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Preface 

Chemistry has witnessed a phenomenal change in the last decades of the twentieth century. 
Research in two areas in particular have driven the emergence and significance of 
supramolecular chemistry. Since the Nobel pri~e-winning work of Cram, Lehn, and Pedersen 
in ihc late 1960's and early 1970's, work in solution host guest compounds, and latterly self- 
assembling and self-organizing systems, has seen a veritable explosion. The older field of solid- 
state inclusion chemistry has, to a very great extent, paralleled these developments with a great 
deal of recent effort in crystal engineering being regarded as solid-state supramolecular 
synthesis. Boih subfields rely crucially on an understanding of the noncovalent bond-the 
quintessence or supramolecular chemistry. The evolution of these areas underscores the 
dynamic growth of supramolecular research and the explosion of interest in the field. 

Clearly onc of the most important goals of the Encyclopedia of Supramolecular Chemistv 
then is to provide a broad-based overview of the discipline and to capture the significance of 
research in this area, with special emphasis on a synthesis of the concepts and language of 
supramolecular chemistry across a wide range of related disciplines. Furthermore, this 
Encyclopedia is not written by, nor written exclusively for "supramolecular chemists"; it is for 
students and practitioncrs of the chemistry (indeed science) of the noncovalent bond wherever 
it occurs. We have made specific efforts to direct the reader to the defining literature in the field 
and specifically included cross-references to help the researcher locate other entries of interest. 

We hope that this two-volume work will become a useful and well-thumbed source of 
information and ideas, as well as a helpful teaching aid as courses in intermolecular interactions 
continue to grow. If browsing through this work stimulates a new idea or a new collaboration 
from an unusual combination or topics, or if it clarifies a point of confusion for an 
undergraduate or senior researcher, then we will have succeeded. 

As editors, we would very much like to thank the very many contributors and the members 
of the Editorial Advisory Board who have donated their time and insights to this work. It is very 
much a community effort and we have spent more time listening and nodding, than talking. 
Finally, we would like to express our heartfelt thanks to the editorial and production staff at 
Marcel Dekker, Inc. who have organized the monumental task of gathering together all or the 
elements of such a diverse production. We are especially grateful to Oona Schmid not just for 
her extremely hard work, but also for her insight into the needs of this work and the community 
as a whole. 

Jerry L. Ahuood 
Columbia, Missouri, U.S.A. 

Jonathan W. Steed 
Durham, United Kingdom 

July 2003 





Foreword 

Molecular chemistry has, over many years, developed a wide range of very powerful 
procedures for constructing ever more sophisticated molecules from atoms linked by covalent 
bonds. Beyond molecular chemistry lies supramolecular chemistry which aims at setting 
up highly complex chemical systems from components interacting via noncovalent inter- 
molecular forces. 

The concept and the term supramolecular chemistry were introduced in 1978, in the words: 
"Just as there is a field of molecular chemistry based on the covalent bond, there is a field of 
supramolccular chemistry, the chemistry of molecular assemblies and of the intermolecular 
bond," reformulated on various occasions, e.g., "Supramolecular chemistry may be defined 
as 'chemistry beyond the molecule,' bearing on the organized entities of higher complexity 
that result from the association of two or more chemical species held together by inter- 
molecular forces." 

The breadth and especially the unifying power of the concept became progressively more 
and more apparent, so that recent years have seen an explosive growth, as measured by the 
increasing number of laboratories that join the Geld and whose work has been reported in a vast 
range of publications, books, journals, meetings. and research networks. 

By the appropriate manipulation of noncovalent interactions, supramolecular chemistry 
became the chemistry of molecular information, involving the storage of information at the 
molecular level, in the structural features, and its retrieval, transfer, processing at the 
supramolccular level, through molecular recognition processcs operating via specific 
interactional algorithms. A further step consisted of the design of systems undergoing self- 
organization, i.e., systems capable of spontaneously generating well-defined supramolecular 
architectures by self-assembly from their components under the control of the molecular 
information stored in the covalent framework of the components and read out at the 
supramolecular level through specific interactions. Self-organization processes thus represent 
the operation of programmed chemical systems leading to the spccific generation of well- 
defined entities. 

The design of such molecular information-controlled. "programmed," and functional self- 
organizing systems provides an original approach to nanosciencc and nanotechnology, offering 
a powerful alternativc/complement to nanofabrication and to nanomanipulation. 

Supramolecular chemistry is also intrinsically a dynamic chemistry in view of the lability of 
the interactions connecting the molecular components of a supramolecular entity and the 
resulting ability of supramolccular species to exchange their constituents. Thus, in addition to 
self-organization by design, which strives to achieve full control over the output 
supramolecular entity by explicit programming, a new development resides in the 
implementation of self-organization by selection, operating on dynamic constitutional diversity 
in response to either internal or cxternal factors to achieve adaptation. 

Fi-orn molecular recognition to self-organi~ation, to prograinmed chemical systems, 
supramolecular chemistry progressively leads up the ladder of complexity and opens new 
hori~ons for chemistry toward a science of informed, organized, and adaptative matter. 

Supramolecular chemistry is a highly interdisciplinary field of science. A major feature is 
the range of perspectives offered by the cross-fertilization of supramolecular chemical research 



due to its location at the intersection o f  chemistry, biology, and physics. Drawing on the physics 
o f  organized condensed matter and extending to the complex entities and processes o f  biology, 
supramolecular chemistry expands into a supramolecular science. It has penetrated such diverse 
areas as for instance: polyiner chemistry and materials science, solid-state chemistry and crystal 
engineering, species for nonlinear optics, biological interactions and drug design, sensor and 
diagnostic procedures, nanoscience and nanotechnology, etc. 

S~~pramolecular chemistry has thus become a highly diverse but coherent and lively body o f  
concepts and objects, generating and incorporating novel areas o f  investigation. Such wide 
horizons are a challenge and a stimulus to the creative imagination o f  the chemist. 

As a new field o f  science emerges, grows, and matures, it generates novel terminology to 
name the concepts that define it and to describe the objects that constitute it. The language o f  
supramolccular chemistry, its vocabulary, and syntax have been progressively developed, 
leading to the introduction o f  new terms or to the reappropriation o f  old ones. 

Such conceptualizing and naming play a very important role, not only for shaping the field 
but also by the ground they offer to the creative imagination. Indeed, one may let one's 
imagination be carried by the magic o f  the word and pulled by the evocative and stimulating 
power of the concept. 

I t  is clear that the time is ripe for an Encyclopedia oj'Suprumolecular Chemistry, presenting 
its basic concepts, its various objects, and processes as well as its relations to other areas o f  
basic and applied science. It will be o f  great value to the many practitioners in the field as well 
as to those, perhaps even more numerous newcomers, who wish to get acquainted with it and 
may wish to join the family and become part o f  the adventure! 

The editors and authors deserve our warmest thanks for their timely work to the benefit o f  
the common good. 

Jean-Marie Lehn 
Strasbourg, France 

September 2003 
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Alkali metals easily lose one electron at the outer s-shell 
to form singly charged cations. Among these, thc Naf and 
K+ ions play the most important biological roles. Because 
of the weak and nonspecific naturc of the interaction with 
other ligands, the biological significance is determined 
primarily by the magnitude of the concentrations. Similar 
chemical principles are applicable in a series or alkaline 
earth metal cations, except these are doubly positively 
charged. Moreover, the sizes become smaller, because the 
biologically important Mg" (0.60 I%) and ca2+ (1 A) ions 
correspond to Li+ (0.6 A) and Na+ (0.95 A) ions, 
respectively. These concentrations of the alkali and 
alkaline earth metal ions reflect those of seawater, and 
this coincidence evidences that the first life was born 
in archeological seawater. Thcrefore, the "physiological 
salt solution" employs concentrations in which 
N ~ + > K + > M ~ ~ + > C ~ ~ ' .  This order, however, shows a dis- 
crepancy from the one found in the earth's crust, where 
Ca, Na, K, and Mg occupy the fifth to the eighth elements 
in this order. The reason for this difference is that the 
ca2+ ion is selectively eliminated from solution by the 
tendency to form insoluble precipitates such as CaC03 
or Ca, (PO,),. According to this tendency, CaCO, is 
accumulated in rocks, and Ca4 (PO4), is an important 
component of bone and tooth in the biological systems. 

Dominant alkali metal ions, Na+ and K+, are highly 
soluble in aqueous solution and are the most important 
components in maintaining the salt concentrations inside 
and outside the cell, necessary to keep homeostasis of 
biological cells. At the same time, their single charge is 
associated with relatively small solvation energies, 98.5 
and 80.5 kcal molpl for Na+ and K+ ions, respectively, 
reflecting the size difference on delocalizing the positive 
charges. These ions are most appropriately employed as 
messengers of biological signal transduction by mass (i.e., 
charge) transport across the membrane.'ll Compared to 
these ions, M ~ ~ +  with two positive charges is constrained 
in a small atomic volume and must compensate by strong 
ion pairing with anionic counterparts of high charge 
densities. Phosphate anions are the most satisfactory as a 

pair component, and Mg -phosphates behave like mole- 
cules in many chemical events. The high solvation energy 
of the Mg2+ ion (454 kcal m o l l )  makes it difficult to use 
as the charge messenger of signal transduction. 

The ca2+ ion possesses properties that are intermediate, 
and it is associated with various biologically important 
roles. It does not favor any specific coordination structure 
but still interacts strongly with ligands, especially with an 
oxygen anion, to alter the charged state and geometrical 
structure of the ligands, just as transition metal ions do. At 
the same time, the ca2+ ion can be transferred into the cell 
across the biological membrane, in spite of its high 
hydration energy (379 kcal m o l ' ) ,  and plays a role as a 
second messenger in the cell. For example, acetylcholine 
is ejected into a synaptic crevasse triggered by the entry of 
a ca2'  ion. However, the presence of the ca2+ ion in thc 
cell is hazardous because of its wide spectrum of actions 
and is eliminated from the inside cell and stored in 
endocellular cavities immediately after the completion 
of the specific role. When the ca2+ concentration is 
monitored by, e.g., ca2+-specific sensors, a Ca2+ wave can 
actually be observed. When this control system is 
destroyed, cells suffer fatal damage. For example, Alzhei- 
mer's and other related diseases are believed to induce 
such an uncontrolled entry of ca2+ ion and to cause fatal 
damage to nerve cells. The entry of the ca2+ ion was 
demonstrated by single channel measurements, and its 
close relationship with diseases was in~oked . '~ '  

BIOLOGICAL ENERGY CONVERSION 
AND ION CHANNELS 

A biological energy conversion system stores energy first 
in the form of a proton concentration gradient across the 
biological membrane via coupled electron and proton 
transport using the action of a photosynthetic or metabolic 
energy-producing pathway in many plants and animals.13] 
This is a universal expression of energy storage, but it 
relies on the presence of the membrane as the separation 
barrier of the H+-concentration gradient and must be 
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a) Extracelilslar side 

Fig. 1 Crystal structure of Kf channel from Streptornyes lividuns. a) Top: A ribbon representation of the KcsX tetramer viehbed from 
the side. The four subunits are distinguished by color. Selectivity filter (black sticks) locates extracellular side in interface. K+ ions are 
represented by green spheres. Bottonl: Selectivity filter with four chains represented are comprised of the signature sequence amino 
acids Thr, Val. Gly. Tyr. Gly running from bottom to top. Two Kf ions (green) are located at opposite ends of the selecti\#ity filter, 
roughly 7.5 A apart. with a single Lvater molecule (red) in between. The inner K' is in rapid equilibrium between adjacent coordination 
sites. b)  Kf channel selectivity filter viewed from the extracellular side. Carbonyl oxygens of the main chain Thr75-61~79. and the side 
chain of the Thr are shown as red spheres. The Tyr side chains are directed away from the ion conduction pathway. Blue dotted line 
represents hydrogen-bondings, c) Overall representation of K+ channel stabilizing a cation in the middle of the membrane. A large 
aqueous cavity stabilizes an ion (green) in the otherwise hydrophobic n~e~nbrane  interior. Oriented helices point their partial negative 
charge (carboxyl end. red) toward the calrity. Fig. l a  and b were produced with a PDB file (code: IBL8.pdb from Ref. [5]) and Raswin 
Moleculas Graphics (version 2.7.2. Glaxo Research and Development. U.K.). 

comerted to another form of stable enelgy In order to be 
transferred to the spot where energy 1s required Thia 
t~dnsformatio~~ ir accompl~rhed by PI'-ATPase. \vhere 
the vectoilal proton flux across the membrane can 
produce adenosine trlphosphate as ~nolecular energy or 
the so-c'illed "energy coin .' Thrs energy in the form of 
pyrophosphate bonds can be transpolted to nuineious 
energy-demanding organs. Around one-third to one- 
fourth of t h ~ s  ATP is then consumed for the generation 
of Na+lK' concentlation gladlent acloss the membrane 
of nerke cells through the actlon of Na'/K+-ATPase ''I 

Consumption of one molecule of ATP transports 3Na' 
and 2K' ions outside or inside the cell. respectively. 
These concentration gradients are maintained across the 
impermeable membrane, but large ionic fluxes are 
generated once these ions becoine permeable through 
the membrane. This ion-permeating device, the ion 
channel, is a inolecular machine of signal transduction 
located in the brain and nervous systems.i11 Ion transport 
across the membrane, generally in a form of a large flux, 
induces a rapid change of membrane potentials. The 
opening and closing of the ion channels are controlled by 



Alkali Jletal Cations in Biochemistrj 

the gate systems equipped intrinsically in the channel. 
Ton channels can recognize cation and anion and K+/Na' 
ions with high selectivities. Once a Na+ channel is 
opened. Nai ions accumulated outside the membrane 
enter into the cell, shifting the membrane potential 
toward a positive value. This channel is then inactivated 
and followed by the opening of a Kf channel to shift the 
potential toward a negative value by the outtlux of K' 
ions. The temporary shift of the lnembrane potential is 
large enough to induce the opening of a second Na+ 
channel. located close to the first channel, and a second 
cycle follows. In this way. the wave of membrane 
potential, terrned an "action potential." is transferred 
along the nerve axon. The ion channel is regarded, 
therefore; as a molecular device of signal transduction, 
relying on Na+. Mf, ~ a ' + .  and C l  ions as thepredomi- 
nant messengers. 

The chemistry of alkali and alkaline earth metal ions is 
~rnderstood most comprehensively through analyzing the 
function of ion channels, especially mechanisms of ion 
selectivity and gating. An ion channel with a typical 
conductance of 10 pS allows the passage of 5 x lo6 ions 
per second through a single molecular pore. Even op- 
erating at such large ionic fluxes, ion channels generally 
discriminate between different ionic species. for example, 
cation and anion and Mf/Na+, by passing them through the 
selectivity filter. Permeability ratios. PNa/PK, for several 
K+ channels are less than 0.01 -0.07.~" This reinarkable 
selectivity of M+ may be understood by examining how 
the structure of a selectivity filter manages different 

a> Extracellular side b) 

hydration energies and ionic radii. In this article, recent 
advances in this area will be described in light of mech- 
anisins of high selectivity and gating based on x-ray 
crystallographies. Furthermore. approaches to the con- 
struction of artificial ion channels are focused on these 
specific functions. 

STRUCTURE OF %ON CHANNELS 

X-Ray Analysis of Selectivity Filter and 
ion-Conducting Mechanism 

The first x-ray crystal structure of an ion channel appeared 
in 1998 from MacKinnon's group (Fig. I ) . ' ~ '  The structure 
of the selectivity filter forced scie~ltists to abandon the 
previous hypothesis that Kf ion should be stabilized by 
cation-n interactions in the aromatic cage when sur- 
rounded by four tyrosine residues. In the selectivity filter 
located near the extracellular surface. one Thr OH and 
four main-chain amide carbonyls from Val-Gly-Tyr-Gly 
are lined up in a 12A length. Because the K+ channel is 
composed of four identical subunits. this provides four 
consecutive spherical cavities for K+ binding by -wrapping 
each K+ with eight neutral oxygen atoms. This mode of 
binding is remilliscent of valinomycin and sandwiched 
crown complexes. The Tyr unit does not contribute to the 
direct stabilization. but it is directed outwardly toward the 
pore and interacts with a Trp residue by a phenolic 

Extracellular side 

Fig. 2 Crystal structures of K+ ion channel with different K+ concentrations. a) K' channel selectivity filter with high colicentration of 
K+ ions (green spheres) along the ion pathway. and water molecules (pink spheres) in the vicinity. b) K+ channel selectivity filter with 
lo\\# K' concentration of K+ ion (green spheres). Main-chains of the selectivity filter are disordered. Fig. 2a and b were produced with 
PDB files (code: lK4C and 1K4D from Ref. [8]) and ViewerLite (version 5.0 Accelrys. Inc.. U.K.). 
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OM. . .N (indolyl) hydrogen bond (Fig. Ib). This unit may 
keep the pore wide and contribute to the K+ /Na+ 
selectivity through decreasing the stabilizing power for a 
smaller Na+ ion. The selectivity filter is composed 
co~npletely of neutral oxygen atoms in favor of stabilizing 
the K+ rather than the Naf ion, which demands stronger 
electrostatic interactions. The selectivity filter of the Na+ 
ion is believed to contain ionic pairs,r61 and its structural 
elucidation is highly desirable. Furthermore, the selectiv- 
ity ratio PK/PNa of this Kf channel KcsA shows only a 
moderate value of 11 ,'71 and it is interesting to imagine 
how highly selective K+ channels introduce any addi- 
tional recognition principle(s). Another characteristic 
point of this x-ray structure is that the transmeinbrane 
pore contains a Iarge water pool in the middle of the 
membrane. to which helical negative dipoles direct. 
Further, the inner half of the conduction pathway is lined 
with hydrophobic side chains and is wide enough to be 
filled completely with water molecules. These are thought 
to be features that allow a high throughput of K+ ions 
(Fig. Ic). 

The above selectivity filter constrained two K+ ions 
about 7.5 A apart. This configuration was thought to 
promote ion conduction by electrostatic repulsion. With 
an increased resolution, MacKinnon also determined two 
crystal structures at high and low Kf concentration 
 state^.'^' At the high concentration, they found four K+ 
ions in the selectivity filter instead of two, and two more 
hydrated K+ ions at its extracellular entryway. Further- 

closed /'- 

Fig. 3 Schematic illustration of the closed conformation of a 
CIC chloride channel. The ion-binding sites S,,, and S,,, are 
occupied by chloride ions (red sphere) stabilized by ClP. . .H 
hydrogen bondings (dashed lines). The external ion-binding site 
S,,, constitutes the gate and is blocked by the side chain of 
61~148 (red). 

more, the K+ ion in the central cavity was fully surrounded 
by eight water molecules. All of these K+ ions were 
embedded in a square antiprismatic geometry by water, 
carbonyl. and hydroxyl oxygen-donor ligand groups 
(Fig. 2). These ordered water molecules make dehydration 
and hydration interconversion processes of K+ ion at both 
entryways easy. The similarity of the coordination 
structures, one at the central cavity, four in the selectivity 
filter, and two at the extracellular entryway, can promote 
the smooth structural interconversion and explain the 
rapid transport of K+ ion through the K+ channel. 

The C1- channel is a physiological counterpart of cat- 
ion channels, and the analysis of C l  selectivity may con- 
tribute to the true understanding of the whole series of ion 
selectivities. In the x-ray crystal structure of the closed state 
of the Cl- channel, two C1- ions detected inside the pore 
were stabilized by hydrogen bonding with main-chain 
amide NH and side-chain hydroxyl groups of Ser and Tyr 
(Fig. 3).'9,'01 

Gating Mechanisms of Bsn Channels 

Gating is one of the principal functions of ion channels. 
Ion permeation occurs only when the corresponding ion 
channels open on accepting their own stimuli. This gating 
information is classified into three types: voltage across 
the membrane (voltage-gated): binding of ligands such as 
neurotransmitters or second messengers (ligand-gated): 
and membrane deforlnation (inechanosensitive). In any 
event, in opening the gate, massive mechanical variations 
of channel structure must be performed when responding 
to the sensor unit. Recent developments in crystallograph- 
ic structure determination enabled the identification of the 
open and closed states of several ion channels and 
discussion of the mechanisms based on these experimen- 
tal structures. 

In voltage-dependent K' channels, the nurnber of 
gating charges amounts to 12-14 electron charges as a 
result of the assembly of four identical subunits having 
3-3.5 charges. This large gating charge responds sharply 
to change of the membrane voltage. X-ray analysis 
elucidated the movement of this gating charge across the 
membrane, as shown in Fig. 4.'1'."1 Here. the sensor 
units are composed of a highly conserved Arg-rich 
domain in the S4 helix. Its movement across almost the 
entire membrane can deform the channel geometry from 
trapezoidal to cylindrical forms and open the central pore 
(Fig. 4b). This new proposal differs from the conven- 
tional hypothesis of charge movement within the "gating 

. [ I 3 1  pore. 
Voltage-dependent M+ channels close by a process 

called "inactivation," rapidly after opening. In drosoph- 
ila mutant K+ channels, the cytoplasmic amino terminus 
in its own channel forms the inactivation gate. The central 
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a) 
closed form open form 

Extracellular shide 

0 open pore 

Fig. 4 Movement of voltage-sensor in voltage-gated K' channel. a) Positions within the membrane of the voltage-sensor paddles 
S4 (red) during closed and opened conformations. with coupling to pore opening. b) Gating charges (red plus signs) are carsied through 
the membrane from inside (bottom) to outside (top) by movements of the voltage-sensor paddles against the lipid rnembrane and 
the open pore. 

cavity and the inner pore of the K+ channel provide the the gate peptide is bound initially to the cytoplasmic 
receptor site for the inactivation gate and inhibitors such channel surface and then enters the pore (Fig. 5b). 
as hydrophobic quaternary ammonium ions (Fig 5a).[l4' The struct~tral basis of ligand gating was reported for a 
The inactivation occurs by a sequential reaction. in which Ca2+-gated K" channel. Here, eight RCK (regulator of M" 

Fig. 5 Inactivation of K+ channel. a) Crystal structure of KcsA Kf channel with a hydrophobic cation, tetrabutylammoniun~ TBA. 
b) Composite model of a voltage-dependent K+ channel. The z-subunit is shown in blue and the P-subunit in red. The pore is 
represented by the KcsA K+ channel ( 5 )  and the T1-p complex (15). The structures of the linker (TI-S1) connecting the voltage 
sensors to the TI domain are unknown. An N-terminal inactivation gate is shown entering a lateral opening to gain access to the pore. 
Fig. 5a was produced with a PDB file (1J95.pdb from Ref. [14]) and Raswin Molecular Graphics (version 2.7.2. Glaxo Research and 
Development. U.K.). 
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Fig. 6 '3chernatlc model for the gatlng and openlng of a bacterial Ca2+ -gated Kf channel a) The closed and b) the open contorrnat~ons 
Three of the four iubunits of a K' channel are shown In brovn The purple and red circles lepresent the elght RCK dornalas, a hlch. after 
b~ndlng ~ a ' + ,  ale thought to deform ~ ~ t h  respect to each other, causlng changes In the pore In the center of the channel 

w Closed 
ria Intermediate 

m intermediate 

Fig. 7 Modeling structure of the MscL transrnembrane segments. a) Top vieu (from extracellularj and bj  side 1-iew in the intermediate 
closed state (orange ribbon) compared with closed structure (green ribbon). Not rnuch difference betaeen closed and intermediate s~aies.  
c) Top \ie\$ of open from (from extracellular) with a wide open pore. d) Side view of the open form. 
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Ft 9 R = vv-/.-, --,-..<- 
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Fig. 8 Chemical structures of molecular ion channels with K+ ion selectivity, 1, 2. Schematical illustration of expected structures of a 
tail-to-tail dimer. The side chain opposite to the reader is eliminated for clarity. 

conductance) domains assemble to form a large gating 
ring at the intracellular membrane surface. The cooper- 
ative binding of eight Ca2+ ions from the intracellular 
solution induces conforlnational change of the gating ring 
in such a way that it can open the inner helices of the pore 
to permit ion conduction. The gating behavior is shown 
schematically in Fig. 6, where the upper part forms an ion 
conduction pore in the membrane. The lower part from 
solution represents the RCK domain, where eight Ca2+ 
ions are bound a l l o s t e r i ~ a l l y . ~ ' ~ . ~  

The open and closed conformations on binding ligands 
to the nicotinic acetylcholine receptor channei were 
already trapped and observed by electron microscopy. 
Here again. the cooperative binding of ligands induces 
large rotational movements of the pore-defining sub- 
u n i t ~ . ~ ' ~ '  

Mechanosensitive ion channels act as membrane- 
embedded mechanoelectrical switches that open a large 
pore in response to membrane deformations. It is a way of 
biological signal transformation of physical stresses such 
as touch and hearing to changes into electrochemical 
responses. The gating mechanism of a large-conductance 
mechanosensitive pentameric channel (MscL) was eluci- 
dated as shown in Fig. 7.1'y.201 Transitions from the closed 
or intermediate state to the open states upon application of 
tension to the membrane are accompanied by massive 
real~angeinents of the two transmembrane helices TM1 
and TM2. The inner TMI. creating the bulk hydrophilic 
pore containing Thr, Eys, and Asp units, rotates along its 
principal axis and shifts away from the symmetrical axis to 
open the water-filled pore of 3 0 4 0  A, leadin, u to con- 
ductance at nano-Siemens levels (Figs. 7c.d). 

ARTIFICIAL ION CHANNELS 

Construction of artificial ion channels according to simple 
principles[2'.221 is ' interesting for obtaining molecular 
devices that mimic the biological signal transduction sys- 
tem. There are two ways to prepare ion-conducting arti- 
ficial pores-molecular and supramolecular methodolo- 
gies, along with modification of ionophoric antibiotics. 

MoIecu8ar $on Channels 

A macrocyclic resorcin[4]arene with four hydrophobic 
substituents in the axial position provides an ion-conduct- 
ing molecular pore by tail-to-tail d imer i~at ion. '~~ '  Be- 
cause the pore size and characteristics of the entryway are 
defined explicitly by the molecule, only one conductance 
level is observed. The relatively simple structure is amena- 
ble to systematic structural modifications and is, there- 
fore, appropriate in establishing the structure-function 
relationships. When a methyl ether derivative of cholic 
acid was employed as the axial ~ubstituent,'~" the con- 
ductance was increased by 50% to 9.9 pS, compared with 
the value 6.1 pS observed for 1 with simple alkyl sub- 
~tituents. '~" The cation and anion selectivity ratio PK/PCl 
was 20 for 2. showing a significantly larger selectivity 
factor compared to 8 for 1. A hydrophilic molecular plane 
of methoxy substituents certainly contributes to the 
increase of conductance and a higher cation and anion 
selectivity by the arrangement of a more hydrophilic en- 
vironment at the central pore. Both ion channels exhibited 
moderate K+ preferences compared to Na+ by a facior of 
ca. 3. The aromatic moiety provides a weak electric field 
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Fig. 9 Chemical structure of supramolecular ion channels with 
K+ ion selecti\-it?. 3, 4 and with voltage-dependent properties 5. 
Schematic illustratioil of supramolecular ion channels 5 with 
different mouth diameters in bilayer lipid membranes. 

that can desolvate the K+ ion with a lower dehydration 
energy to pass through the cavity but can only partly 
desolvate the more hydrophilic Na+ ion (Fig. 8). The 
inverse selectivities. a preference for Na+ and CIp, were 
not yet obtained. and their embodiment remains a 
challenging target in this field. 

Supramolecular Ion Channels 

Besides synthesizing a molecular pore of a definite di- 
ameter. supramolecular pore formation provides an at- 
tractive alternative. This inethodology is also adopted in 
Nature for the formation of the Kf and acetylcholine 
receptor channels as homotetrarner and heteropentamer. 
respecti\~ely."' The assembly numbe

r 

of artificial supra- 
rnolec~rlar channels is generally not controlled, and 
various levels of conductance are usually observed. Two 
cholic acid methyl ether derivatives were connected via 
bisurethane linkages to obtain a membrane-penetrating 
component in its extended conformation. The carboxylate 
3 and ammonium 4 head groups provide supramolecular 

ion channels showing stable open dura t i~ns .~" . '~~  Both 
channels are cation selective. irrespective of different 
charges of head groups. The cation and anion selectivity 
values PK/PC1 were 17 and 7.9 for 3 with negative head 
groups, and 4 with positive head groups, respectively. 
Therefore, the terminal charges reasonably perturbed the 
entry of the cation relative to the anion. The discrimina- 
tion factor between Kf and Na+ ions was again moderate. 
PKIPNa being three for both channels. The metal ion 
selectivity is determined primarily at the critical domain 
of the pore eilviroilment and is separated substantially 
from the charged head groups. 

Two head groups of carboxylic and phosphoric acids 
were introduced to displace different charges at the ends 
of the membrane-penetrating cholic acid dimes unit 5.'271 
The head group charges should be asymmetric under basic 
conditions (- 11-2 at pH 8.2).  When 5 was introduced 
into a planar bilayer membrane under an application of 
the asymmetric voltage to facilitate the vectorial incor- 
poration of the channel, the current values at a positive 
voltage range were larger than the corresponding values 
at the negative one. The current-voltage plots were 
fitted by curves passing through a zero point to show 
clear rectification properties. Without asymmetric voltage 
application. the current observed was symnletric. The 
rectification currents observed seem to be a result of the 
different radii of the channel mouths controlled by the 
displacement of different charge numbers at the lnolecular 
terminals. as shown in Fig. 9. 

Ion channels can produce large ionic fluxes across the 
bilayer lipid membrane. Because living cells. includ- 
ing bacteria, rigorously maintain ionic concentrations and 
rely on the ion impermeability of the biological mem- 
brane. incosporation of foreign ion channels disrupts such 
oslnotic balance. Recently, antibiotic activities of artificial 
ion channels were demonstrated independently by Gha- 
dirii'" and ~ o k e l . ' ~ ~ '  Supramolecular assembly of cyclic 
oligopeptides increased ion permeability in bacterial mem- 
branes. induced the collapse of the transinembrane ionic 
potentials, and finally caused rapid death of the cell. Siin- 
ilar activities were observed for crown-ether-based arti- 
ficial ion channels against the bacterium Eschericlzia coli. 
These are thought to have considerable potential against 
the rapid emergence of drug-resistant bacterial infections. 

Antibiotic-Based ion Channels 

Gramicidin antibiotics form a head-to-head dimer in a 
bilayer lipid membrane to afford a stable cation-selective 
ion channel. A half-gramicidin unit was introduced into an 
inner half-membrane with anchoring on gold surface and 
the other half counterpart was incorporated into the outer 
half membrane as a lnobile unit.'"'' The diffusion of the 
mobile half gramicidin unit carrying a guest molecule 
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B-CD 

Fig. 10 Artificial ion channel with staphylococcal r-/zernol?sin (YHL) with a molecular adaptor. a) Schematic of the YHL pore 
showing PCD loged in the lumen of the channel with adapters. PCD and hepta-6-sulfato-0-cyclodextrin. b) Detection of organic 
niolecules by stochastic sensing. The pore contains a noncovalent PCD adapter. which is capable of carrying out host-guest chemistry 
while lodged in the lumen. Upper trace, promethazine: middle trace, imipramine; loner trace, mixture of prornethazine (100 LLM). and 
i~uipra~nine (1 00 pM). 

within the outer half of the membrane was switched off by 
an interaction with a receptor immobilized at the 
membrane surface. This prevented the grarnicidin dirner 
formation and decreased the ionic currents across the 
membrane. The addition of competitive guests recovered 
the conductance state. In this way, the pop~ilation of mo- 
lecular ion channels could be switched on and off by rec- 
ognition events mimicking biological sensory functions. 

y.-Heiuolysin (%HE) is a heptarneric assembly of /?- 
sheet turns to make a mushroom-shaped large pore (near 
30 A diameter) su~~ounded  by 14 P-sheets in a biological 
membrane. Through this cavity. a large ionic flux can be 
generated. and a-HL is a highly toxic material. This cavity 
interestingly can accommodate /?-cyclodextrin (P-CD) to 
make an ion channel of a moderate pore size, therefore. 
affording inoderate c o n d ~ c t i v i t i e s . ~ ~ ' . ~ ~ ~  Weakly anion- 
selective %-HE becomes more anion selective when /I-CD 
is accomrnodated in the middle of the channel pore due 
to a favorable interaction of ,!?-CD with anions. By con- 
trast, hepta-6-sulfato-B-cyclodextrin carrying high nega- 
tive charges produces reversed cation selectivities. It is 
noteworthy that this molecular adapter system can gen- 
erate high permeability ratios (PK/PCI) over a 200-fold 
range.'"'] 

As B-CD is an effective host for various substrates, the 
binding of guests in the cavity modifies the mode of ionic 
flux of the P-CD adapter channel. Depending on the 
binding characteristics of the guests. the conductance and 
time profiles of open-closed transitions can be modified. 
Because an ion channel is a molecular device used to 
amplify events at a single molecular level into a massive 
ionic flux. it affords a highly sensitive stochastic sensor 
for guest molecules (Fig. 10). 

Alkali metal ions cany important messages and biological 
signals by their movements. By controlling the ionic 
species (Na'. K', along with Ca2+ and C l  ions), 
magnitude of the flux (conductivity). triggering signals 
(voltage variation; ligand binding. and ineinbrane defor- 
mation), and dynamic behavior (duration of open-closed 
times), ion channels play critical roles in biological 
processes in the brain and nervous system. The mode of 
information transfer is totally different from the electronic 
systems we developed for computer systems. Although the 
achievements of dry electronic systems are magnificent. 
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the wet biological system is still far advanced in many 
respects. However, the use of wet systems in vitro is far 
less developed, and we need to gain an understanding of 
numerous principles of such biological systems. The 
construction of artificial ion channels may help scientists 
develop ways to comprehend these basic units and their 
systems. With further exploration to be undertaken in this 
area. the future picture can not easily be foreseen. 
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Alkalides and Electrides 
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Crystalline alkalides are salts with alkali metal anions 
( N a  , K ,  Rb , or Cs ) that have been known since 1974, 
when the first sodide was synthesized.['l The first crys- 
talline electride, in which trapped electrons serve as the 
anions, was first fully characterized in 1986."' The key to 
the formation of both classes of materials is complexation 
of the countercation (Li+ through Cst) by organic 
macrocyclic or macrobicyclic molecules such as crown 
cthcrs and cryptands. Seven clcctrides and 37 alkalides 
have now bccn synthesized and their structures were de- 
termined by single crystal x-ray c r y ~ t a l l o g r a ~ h ~ . ~ ~ ~  Their 
properties were studied by a number of methods, including 
optical, electron paramagnetic resonance (EPR); and 
nuclear magnetic resonance (NMR) spectroscopy, mag- 
netic susceptibility, conductivity, and dirfcrential scanning 
calorimetry (DSC). 

Both alkalidcs and electridcs are powerful reducing 
agents; so powerSul, in fact, that most cannot survive, 
even in vacuo at temperatures above about 3 O 0 C .  The 
organic coniplexant is irreversibly destroyed by cleavage 
of the 0-C or N-C bonds of the complexant. This 
reducing ability of alkalides is, however, uscrul in or- 
ganic synthesis when a powerr~~l  two-electron reducing 
agent is Alkalidcs and electridcs in solution are 
able to reduce nearly all metallic cations to form 
nanoscale mctal particles.r" 

In this overview of alknlides and electrides, the meth- 
odologies and special techniques used will be briefly de- 
scribed, and thc structural features and electronic, optical 
and magnetic properties will be surnmari~ed. The rcScr- 
ence list is far from complete, but thc information given 
can provide many additional references to thc original lit- 
erature in this Sield. 

however, that the formation and use of alkalides such as 
K+(15-~rown-5)~ N a  in solution (in THF, for examplc) 
can bc carried out at room temperature in a glove box, 
Schlenk line, or by syringe techniques. Thus, organic 
synthetic methods that need a powerful two-electron re- 
ducing agent need not be as rigorous as those required to 
prepare crystalline alkalides and electrides. 

Synthesis is simple and straightforward in principle. 
One merely needs to prepare a solution of the com- 
plexant and alkali metal in a pure aprotic solvent such as 
methylamine (MeNH2) or dimethyl ether (Me20), filter 
the solution through a porous glass frit into a second 
compartrncnt of a K-cell,'" and add a lcss polar cosolvent 
such as diethyl ether (EtzO) or trimethylaminc (MelN). 
Then the more polar primary solvent is removed by 
evaporation until the solution is saturated at about 4 0 ° C .  
Slow cooling over a I-or 2-day period (sometimes with 
temperature cycling back to the starting temperature to 
dissolve small crystals) results in crystal growth. The 
crystals can then be washed with the secondary solvent by 
pouring the liquid back thro~lgh the frit and redistilling it 
for further washes. Finally. vacuum evaporation of all 
solvents leaves dry crystals for study. In some cases, 
solvent molecules are included in the crystal structure so 
that wet crystals must be harvested. 

In practice, things arc not as simple as indicated above. 
Because the metal solutions are thermodynamically un- 
stable, all glassware used must be rigoro~isly cleaned, and 
solvents must be free of reducible impurities. Control of 
the stoichiornctry can sornctirncs dctcrmine whether an 
clectride or an alkalide (or a mixture of thc two) is formed. 
For example, the preparation of an electridc or a ceside 
can be controlled by the relative amounts of 18-crown-6 
(IXCh) and ccsium metal according to 

EXPERIMENTAL METHODS 

The major concern in the preparation and study of 
alkalides and clcctrides is their extreme sensitivity to 
air, moisture, and especially elevated temperatures. Thus, 
ordinary glove box proccdures do not suffice without 
provision to kccp the samplcs cold (below about 4 0 ° C )  
at all times during and after synthesis. It should be noted, 

By using a slight excess of l8C6, the electride is formed, 
while an excess of cesium gives the ceside. Rccause 
cesium mctal is insoluble in Mc20, this solvent can bc 
~tsed as a primary solvent. When preparing the clcctride, 
excess 18C6 is removed by washing with the secondary 
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solvent. Again. complications often occur. It is easy to use 
cryptand[2.2.2], (C222) to prepare K'(C222) Na

p 

by 
using a mixture of K and Na metals and to prepare Na' 
(C222)Na

p 

with just sodium. But, we have never been 
able to make crystalline Na+(C222)ep. Whenever sodium 
is present in solution, regardless of the complexant used, a 
sodide is formed. Another complication that can occur, 
especially with MeNH2 and either Et20 or 1Me3N, is phase 
separation of the liquid solutions. One gets a concentrated 
MeNH2-rich phase and a more dilute cosolvent-rich 
phase. Also, of course, the growth of high-quality crystals 
remains more an art than a science; we frequently obtain 
apparently well-formed crystals that do not diffract x-rays 
well enough to permit structure determination. In the 
descriptions of structures and properties that constitute the 
balance of this article, only alkalides and electrides of 
known structure will be considered. Many other poly- 
crystalline alkalides and electrides were prepared and 
studied, but without a structure, one can never be confi- 
dent that a pure compound was prepared. This is particu- 
larly true of electrides, which are frequently contaminated 
with alkali metal anions. 

111 this article. we will not describe in detail the ex- 
perimental equipment used to determine the optical, 
electronic, and magnetic properties of these materials. 
Standard instruments were used for EPR, ENDOR. solid- 
state NMR. SQUID susceptibility, powder conductivity, 
optical reflectance and transmittance, and DSC. although 
some home-built instruments were involved. The specific 
equipment used is described in the references. The major 
consideration in designing and using equipment is the 
need to keep the samples cold and away from air and 
moisture at all times. 

Qrigin and Synthesis 

The synthesis of crystalline alkalides had its origins in the 
study of alkali metal solutions in amines and ethers. 
Although genuine alkali metal anions apparently do not 
form in metal-ammonia solutions, they are ubiquitous in 
less-polar solvents. A great deal of confusion in early 
work was removed when Hurley. Tuttle, and C3oldenL7] 
showed that Na' in sodi~tm borosilicate glass was readily 
exchanged by other alkali cations in solution. This 
exchange yielded the peak of Na-, even when no sodium 
was added to the solution. The optical absorption spectra 
of alkali metal solutions in ethylenediamine at room 
temperature (shown in Fig. 1) (corrected for Na

p 

contamination when necessary) were obtained by Dewald 
and Dye in 1944.'~' Later work[" clearly identified the 
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Fig. B Optical spectra of alkali metal solutions in ethylene- 
diamine (S), corrected for sodide absorption (bottom) and from 
thin solvent-free films (top). The solution spectrum labeled e- is 
that of lithium. Kote also the shoulder due to e,,,, in Cs. Rb. and 
K solutions. 

peaks of e

p

, Cs

p

, R K ,  Mp, and N a :  as labeled in the 
figure. Note the absence of Li

p

. a result of the high 
solvation energy of Lii. 

The study of more concentrated alkali metal solutions 
in a variety of solvents became possible in 1970, when 
crown ethers were to enhance the solubility of the 
metal. The use of crown ethers and cryptands permitted 
extensive studies of the optical spectra of solvated 
electrons and alkali metal anions in solution. After the 
isolation of the first sodide salt in 1974,"' the optical 
spectra of polycrystalline films of various alkalides and 
electrides were determined by rapid evaporation of all 
solvent from a liquid film on the walls of the optical 
cell."11 Displayed in Fig. 1 are the optical spectra obtained 
in this way. Clearly. there is a 1: 1 correspondence between 
the spectra in solution and in the solid state. Although the 
peak positions shift somewhat with temperature and with 
the co~nplexant used, the optical peaks can be used to 
verify the presence of particular alkali rnetal anions or 
trapped electrons. In addition to rapid solvent evaporation. 
solvent-free alkalide and electride films can be made by 
codeposition of the complexant and alkali metal in high 
vacuum (lo-' ton-).[12' This permitted the study of optical 
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Fig. 2 Exainples of M chain formation (left) and isolated Mp 
(right) in two rubidium rubidides. The Rb+ and Rb- ions are 
drawn to scale. while ball-and-stick nlodels are used for 18C6 
and ljC5. 

transmission spectra, conductivity, and thermionic elec- 
tron emissioia.'"' 

Structural Features 

Alkali metal anions are large and highly polarizable. With 
two electrons sharing the outer s-orbital, expansion occurs 
to yield radii of about 2.8, 3.1. 3.2, and 3 . 5 ~  for Na

p

. K

p

. 
Rb

p

, and Cs

p

, respectively.["' Crystal structure determi- 
nation permitted the identification of a variety of structural 
motifs. In addition to isolated anions. various structures 
include contact ion pairs between M+ and M

p

. dimers of 
the anions. and anionic chains. (M-),I.r'" Although 
one might think that coulolnb repulsion would prevent 
dimerization of M

p

. a theoretical studyL'" showed that 
such dimers can be stabilized by adjacent cations. Dinless 
and chains presumably form by partial hybridization of 
the diffuse s-orbital with empty p-or cl-orbitals. 

Two extremes are shown in Fig. 2. Isolated anions, 
separated from the cations by the complexant. are pres- 
ent in Rbi(15C5)?Wbp. while chains of Rb- in close 
contact with Rb+ form in Rb+(18C6)Rbp. The cesides, 
kif (C2 1 1)Cs and Cs+(C222)Csp also form chains of 
anions. while anionic dimers are present in K+(C222)Kp 
slid Rb+(C222) Wb

p

. In illost alkalides. the alkali metal 
anions are isolated from one another and from the cations. 
However. cation-anion contact pairs are present in M+ 
(hexamethyl hexacyclen) Na

p

. with M=K, Rb. ~ s . " ~ '  

Properties 

Many properties of alkalide crystals. powders. and films 
were measured. The original alkalide, Na+(C222)Nap, has 
been most thoroughly studied, in part because of the high 
stability of pure samples. In contrast to most alkalides, 
single crystals and vapor-deposited filnls of this sodide are 
stable in vacuo for many hours, even at rooin temperature. 
In addition to the crystal structure; we measured the 
thermodynamics of formation by an EMF method, optical 

transmission spectra of polycrystalline films. reflectance 
spectra of single crystals, single-crystal fluorescence 
spectra, EPR of defect electrons, "Na-NMR spectra of 
powder and oriented single crystals. powder-and single- 
crystal conductivity, exciton formation and mobility, 
photoelectron emission spectra, and ~nultiphoton photo- 
bleaching. Only limited sets of such measurements were 
made on other alkalides; Naf(C222)Na

p 

could be viewed 
as the best-understood model of an alkalide with isolated 
alkali metal anions. 

Optical spectra 

The optical transmission spectra of polycrystalline films 
are shown in Fig. 1. The spectrum clearly arises primarily 
from an rzp t rzs  transition. The peak positions correlate 
well with the corresponding dissociation transitions in the 
gas phase. The anisotropy in the solid leads to a sinall 
orientation dependence of the peak position in the single- 
crystal reflectance spectrum of N a + ( ~ 2 2 2 ) ~ a ~ . ~ " '  Recent 
unpublished work in our laboratory showed that the effect 
is much larger in Lit(C21 1)Cs-, which forms extended 
chains of ceside  anion^."'^ This orientation dependence is 
a natural consequence of the removal of excited p-state 
degeneracy in the anisotropic solid. 

Pure alkalides are diamagnetic insulators or semi- 
conductors. It is practically impossible, however. to avoid 
the incolporatio11 of defect electrons in the structure. They 
are easily detectable by EPR spectroscopy and contribute 
to defect conductivity and a "Curie tail" in the magnetic 
susceptibility. When defect electrons in Nai(C222)Nap 
are photoexcited. they remain for Illany minutes in states 
near the vacuum level and can be photoejected with 
infrared (IR) photons.[181 The effect is co~npletely absent 
in defect-free crystals of this sodide. 

NMR spectra 

Alkali metal NMR spectroscopy provides a good diag- 
nostic tool for isolated alkali metal anions in solution and 
in solid alkalides. The chemical shifts are close to those 
calculated for the gaseous anions: much Inore diamagnetic 
(negative) than the reference state of M'(aq.). In solution, 
the chemical shifts of M are about - 62, - 100, - 190. 
and - 290 pprn for M=Na. K. Rb, and Cs. respectively, 
compared with calculated gas-phase values of -63. 
- 103, -214. and -346 ppm.'l" The values in solid 
alkalides are somewhat dependent on the conlpound. but 
for salts with isolated anions, the values are about -61, 
- 10.5. - 190. and -220 ppm, in agreement with the 
solution values and. at least for Na and K, nearly the same 
as the gas-phase chemical shifts. The absence of signif- 
icant shifts from those of gaseous Mp is a consequence of 
the large size of the anions and their nearly spherical 
shape. Shifts in the paramagnetic direction (Ramsey 
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shifts) are c a ~ ~ s e d  by mixing of the unoccupied orbitals of 
the alkali rnetals with those of surrounding molecules. The 
large size of the alkali metal anions tends to minimize 
such shifts. 

When dimers or chains of alkali metal atoms are 
present, the anion chemical shift is considerably more 
paramagnetic, even to the extent of having the shift of CsK 
confused with that of Cs+ in early work.['91 Recent studies 
indicate that dimes or chain formation can shift the peaks 
of KK. RbK, and CsK by hundreds of ppm. The mixing of 
1) or d orbitals to provide some bonding between adjacent 
anions would introduce considerable spin-orbit coupling 
that would result in a pronounced paramagnetic shift. 

Because the alkali metal nuclei have quadrupole 
moments. the lines are considerably broader than those 
of nuclei with spin 112. The effect is small for 'Li and 
133 Cs and only moderate for " ~ a .  With "K, 8 5 ~ b ,  and 
87 Rb. quadrupole broadening makes solid-state NMR 
studies difficult. but even in these cases, the static line 
shapes can provide considerable information about the 
quadrupole coupling constants. asymmetry paramete

r

s, 
and chemical ~hif ts . '~"  

studied species in chemistry. Electrons trapped at defect 
sites in crystals (F-centers and clusters) have also been 
studied extensively for over a Alkali metal 
incoqoration in alumino-silicate zeolites to yield elec- 
trons trapped near clusters of cations has been the subject 
of many experimental and theoretical studiesr2" since first 
observed in 1 9 6 6 . ~ ~ ~ '  Even simple alkali metals, with a 
"sea" of electrons filling the space between cations. have 
one electron per cation. What then distinguishes true 
electrides from all these other materials? 

As the "-ide" ending suggests. the electrons in 
electrides take on the role of anions.["' This implies that 
electrides are crystalline ionic compounds with one 
electron per cation. They could be viewed as salts that 
contain stoichiometric F-centers. with electrons as the 
only anions. But because one cannot suppress the quantum 
nature of electrons, these "anions" are special. The line 
between localized weakly interacting electrons and de- 
localized, or metallic electrons is blurred. and both ex- 
tremes are encountered in electrides. Because most of 
the electron density in electrides is present in otherwise 
empty. well-defined pseudo-one-dimensional cavities and 
channels, they could also be viewed as forming low- 
dimensional correlated electron gasses. 

The tendency of alkalides to decompose above about 
-30°C made the study of iheir properties difficult. The 
decomposition mode with crown ethers and cryptands is 
the rupture of 0-C bonds. For example. M,+(C222)Mh-- 
(with M,  and MI] the same or different alkali metals) re- 
leases ethylene from the -0-CH2-CH2-0-moiety 
with formation of alkoxide units.i211 The N-C bonds in 
perazacryptands and cyclens is considerably more resistant 
to reduction. We recently prepared the sodide and potasside 
of fully iuethylated perazacryptand [2.2.2] and found them 
to be stable at roo111 temperature for The flip- 
side of this story is that aza coinplexants have generally 
much poorer complexing ability for alkali cations. When 
a complex forms, it frequently dissociates at elevated 
temperatures to yield the metal and free complexant. Thus, 
a synthetic challenge in this field is to find peraza com- 
plexants with just the right size and lone pair orientation to 
form strong con~plexes with alkali cations. 

Background and Definitions 

In contrast to alkali metal anions. which were first posi- 
tively identified as solution species in 1970. solvated 
and trapped electrons have been known for more than a 

With the advent of pulse radiolysis, the 
solvated electron has become probably the most widely 

General Structural Features 

Except for zeolite-based electrides. to be considered 1ate1-. 
the cations in all electrides synthesized to date are alkali 
cations, Lif9 K+, Rb+. or Csf, sequestered inside a 
cryptand cage or sandwiched between two crown ether 
molecules. Thus, the cations are well shielded fi-orn the 
electrons. The temperature dependence of the "ks-NMR 
chemical shift (Knight shift) in two electrides sho~vs that 
the unpaired electron density at the Cs+ cation is less than 
0.1% of the value for the isolated atom.[281 The structures 
of the coinpiexed cations are practically identical to those 
of corresponding allialides and normal salts. Because the 
electron density of the trapped electrons is too low to 
detect by x-ray crystallography, the major structural 
difference between an electride and the corresponding 
alkalide is that the former has large voids at the anionic 
sites. To a first approximation, then. the electrons could be 
viewed as particles in adjacent, nearly spherical boxes. 
The common feature of an intense optical absorption band 
in the near IR at 1200-1500 nm. with a long tail into 
the visible, is the counterpart of the optical behavior of 
solvated electrons. The optical bands of solvated electrons 
were attributed, for many years. to electrons trapped in 
otherwise empty cavities.1231 The similarity to electrons in 
electride cavities is striking. 

A complication that caused confusion in the study of 
electrides is structural polymorphism. Each of the elec- 
trides Cs+(18C6)?eK. Cs"( 1 5C5)?eK. Lii(C2 1 l)e-, and 
Rb'(C222)eK exists in at least two p~l~morphs ." '  Only 
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Fig. 3 Channel structures of four electrides. The general 
shapes of the cavities and chan~lels are represented. (Frorn 
Ref. [29].) 

one form of each eiectride has a known structure, but the 
properties of the two forms are different. The factors that 
determine which form precipitates from solution are not 
known, and transitions between the types are slow. In the 
case of Rb'(C222)e-. mixtures of the two forms were 
usually produced, and it was necessary to use the magnetic 
properties to determine the amount of each pre~ent . '~ '  

Electron-Electron Interactions 

The cavities and channels left by close-packing of the 
complexed cations tend to form uniform one-dimensional 
chains, like beads on a string. in five of the seven elec- 
trides of known struct~re.["~ The electrons are coupled 
antiferromagnetically. and the magnetic susceptibilities 
are well-fit by the Heisenberg linear-chain model, with a 
single negative coupling constant, J."~" The mixed crown 
ether electride, [C~+(15C5)(18C6)e~]~.[18C6), has a 
complex structure.'"' while Kt(C222)e- has a two- 
dimensional channel-cavity structure with open channels 
in one direction and constricted channels in a second 
direction.["' As with the corresponding potasside 
K'(C222)Kp. this electride has open dumbbell-shaped 
cavities that contain two  electron^."^' The coupling is so 
strong in this case that the electride is nearly diamagnetic. 

The temperature dependence of the susceptibility is 
well-described by the alternating chain antiferromagnetic 
Heisenberg model. 

The correlation between the magnetic coupling con- 
stant, J, and the geometry of the cavity-channel systems is 
remarkable. It provides strong experimental evidence for 
the theoretical finding that the excess electron density 
resides primarily in the cavities and The 
geometry of the channels in three electrides is shown in 
Fig. 3. Becaue the distance between cavity centers only 
slightly varies from one electride to another, the major 
effect on the interelectron coupling is the size of the 
connecting channel. Shown in Fig. 4 is the stron, 0 cor- 
relation between the magnitude of the coupling constant 
and the cross-sectional area at the minimum diameter of 
the channel. Clearly, the overlap of the electronic wave 
functions is strongly influenced by the available void 
space between the electrons. This behavior of a well- 
defined; one-dimensional correlated electron gas of elec- 
trons should be a fruitful area for theoretical treatment. 

Optical and Electrical Properties 

The intense near-lR absorption of electride films (Fig. 1) 
is characteristic of localized electrons with little inter- 
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Fig. 4 Correlation of the antiferromagnetic coupling constants 
of electrides with the rninimum cross-sectional area of the 
channels that connect the cavities. Reprinted with permission 
from Ref. 1301. Copyright 1997. American Chemical Society. 



Alkalides and Electsides 

-2 
[csi(l 5C5)(18~6)e'],(l8C6) ......... ..... ....... ..... (Sandwich Electride) - ....... ....... e, ....I...... 

0 ...... 
c' ..... ...... ...... ........... B -4 ......... 
0 
3 
U 
6 

8 

Fig. 5 Comparison of the conductivities of various electrides 
as functions of temperature. Reprinted with permission from 
Ref. [3]. Copyright 1997. American Chemical Society. 

electron coupling. The electride K'(C222)ep has a more 
open structure and far stronger coupling between elec- 
trons. This also has a profound effect on the optical 
spectrum and conductivity. Films of this electride. formed 
by high vacuum codeposition of K metal and cryptand 
[2.2.2] in 1:l stoichiometry were extensively studied by 
optical transmission spectroscopy and four-probe conduc- 
tivity .i341 

Freshly prepared films show the absorption peak of 
K

p

. This tends to anneal with time to a combination of 
a localized electron peak at --I250 nm and an ab- 
sorbance that rises steadily with increasing wavelength. 
The spectra are remarkably similar to those of concen- 
trated metal-ammonia solutions as they move through 
the nonmetal to metal tran~ition.[~" The rising absorb- 
ance is attributed to the plasma edge that is charac- 
teristic of metallic behavior. The electrical coilductivity 
of powders and films of this electride is far greater than 
that of other electrides, as shown in Fig. 5.  Whether 
these collductivities are intrinsic or defect-dominated 
is uncertain; but clearly. the open-channel nature of 

K+(C222)e- has a profound effect, bringing this elec- 
tride to the threshold of metallic behavior. Four-probe 
single crystal studies show that the conductivity is 
highly anisotropic.i361 It is nearly metallic along one 
direction in the plane of the channels and insulating 
perpendicular to this plane. 

The Search for Stable Electrides 

It is likely that the study of electrides would be more 
widespread if thermal stability at room temperature could 
be achieved. The recent success in synthesizing a sodide 
and potasside that are stable at room tempe~ature '~ '~ 
provided the incentive to find aza-based complexants that 
will permit the crystallization of stable electrides. The 
cation of choice would be Li+, because there would be no 
competition from Li

p

. an alkalide that has never been 
made. A number of candidates were tried. from methyl- 
ated cyclens to fully methylated azacryptands to ada- 
manzane-like complexants. Thus far: none produced a 
crystalline electride of known structure. When the cation 
is kinetically able to leave the complexant. dissociation 
without decomposition occurs. The aza complexants used 
to date apparently do not form strong enough complexes 
to yield thermodynamically stable electrides. although 
alkalides can be made in some cases. The search for the 
ideal aza complexant continues. 

F-centers in alkali halides are stable. In 1966 Kasai and 
coworkers found that electrons could be trapped in a 
zeolite by incorporation of sodium from the vapor 
phase.r261 They identified the species IVa4"+, an electron 
trapped by a cluster of four sodium cations. Since that 
time, a great deal of work was done on the inclusioll of 
alkali metals in various a luminosi l i~ates ,~~"~ including the 
formation of a stoichiometric sodium sodalite that has 
P4a4'+ units inside every sodalite cage.[371 In common with 
electrides, these paramagnetic centers are coupled antifer- 
romagnetically and undergo a NCel transition at 48 K. 
While these metal adducts to zealots could be (and have 
been) called ' k l e ~ t r i d e s , " ~ ~ ' ~  they differ from the organic 
electrides by having several cations for each electron. 

We recently added alkali metals from the vapor phase 
to two pure silica zealots to yield adducts that have a 1: 1 
stoichiometry of cations to electrons.r381 The properties 
strongly point to ionization to yield alkali cations that 
interact with the Si-0-Si units that line the zeolite 
channels. Apparently, the released electrons occupy the 
open spaces of the channels, which have diameters of -7 
A. The electrons are strongly coupled to form nearly 
diamagnetic materials. These inorganic electrides are 
stable to at least 100°C. Potentially, zeolite-based systems 
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rnight be made that would have an even closer relationship 
to organic electrides. If a pure silica zeolite could be made 
that contains open channels and separate cation-trapping 
sites, it should be possible to prepare a stoichiometric 
electride with trapped cations and electrons that are free to 
roam the channels. Such systems might have interesting 
properties. including, perhaps, metallic conductivity. 

Although we studied alkalides and electrides for nearly 30 
years. there is much that iemains to be done to make them 
useful members of the chemistry-phyc~cs comniunitles 
We hope that the existence of stable, easy-to-plepare 
alkalldes and electrides will ploinpt a number of other 
lesearchei s to entei this intriguing field 
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INTRODUCTION 

The allosteric regulation of ligand binding to proteins is 
the principal regulatory inechanism in living systems on 
the illolecular The allosteric effect means the 
situation when the binding of one ligand at its binding site 
is influenced by the occupation of another binding site by 
another identical (homotropic effect) or different (hetero- 
tropic effect) ligand (effector). In biological systems. the 
allosteric effect is usually considered for oligomeric 
proteins, e.g.. hemoglobin. and reflects interactions 
between subunits. In chemistry. it is studied with low- 
molecular-weight receptors possessing two or more 
binding sites, the interaction between which is mediated 
by conforrnational changes induced in the receptor upon 
occupation of one site. The positive allosteric effect, when 
the occupation of one site increases the affinity to the 
ligand on the other site, leads to positive cooperativity in 
Iigand binding and may be used for amplification of the 
signal produced by the effe~tor. '~." Allosteric regulation 
is a possible Ivay to operate molecular switches. and it is 
importanl for the functioning of molec~~lar machines.'" 

BlNDlNG ISOTHERMS FOR 
AkLOSTERBC SYSTEMS 

In a general cabe of a receptor possessing N blnding sites, 
tile stepwlre sto~chlornetiic for~nation constants ale 
defined as follows 

= ,RL1/(IRL,-~],L1) 

where 1 5 1 < N ,  and the overall formation constants are 
dehned as 

B1 = KlM2 K,-lKl 

In addition. one can define a single-s~te bind~ng constant 
Q 'i5 

Q = loccupied m g l e  site7/(lfiee single site] ill) 

The expression for the degree of complexat~on (or degree 
of saturation) Y is dei-lned ,is follov, s. 

Y = (concentration of occupied sites) 

/(total concentration of binding sites) 

It has the following form: 

Another useful function for the analysis of binding is the 
Bjerrum complex fornlation function ii, which gil es an 
a\ erage  lumber of ligand inolecules bound per receptor: 

In the case when the receptor possesses N identical and 
independent sites: 

and the ratio of two successive stability constants isL6' 

Evidently each next stability constant is smaller than the 
preceding one due to only statistical factors. Any 
deviation froin the statistical ratio Ki+llKi implies a 
nonequivalence of binding sites or some sort of interaction 
between sites, in particular due to the allosteric effect. In 
the latter case. deviations from statistical binding are 
commonly referred to as cooperativity, which can be 
positive or negative. depending on whether the ratio of 
successive stability constants is higher or lower than the 
statistically expected value.i61 

The binding isotherm for the statistical binding takes a 
form of Eq. 3: 

A modified linear formr6] of Eq. 3 is as below: 

This is known as the Scatchard equation. Eq. 3 describes a 
simple hyperbolic binding isotherm, like in a case of a I :1  
complexation. The cooperative binding. however. tnodi- 
fies to a smaller or greater extent the shape of the 
isotherm, in particular. positive cooperativity leads to 
"sigmoid9' binding isotherms. The oldest and still popular 
way to diagnose cooperativity by the analysis of the shape 
of the binding isotherm is to calculate the so-called Hill 
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coefficient 11. which IS the slope of the plot of log(Y1 
( I  - Q) versus l o g [ ~ ] : ' ~ ]  

The Hill equation was derived originally for a complex- 
ation process, which involves only one equilibrium 
between R and 11 molecules of L affording the single 
complex EL,,. The degree of saturation is given in this case 
by the following equation: 

~vhich for h>l describes a sigmoid-binding isotherm. 
Usually a linearized form given by Eq. 7 is used for the 
data fitting: 

log(Yl(1 - Y ) )  = h log1k1 t log Bt, (7 1 

Evidently this equation implies an infinite cooperativity 
when the binding constants for all complexation processes 
with i<h=N equal to zero. In real cases. the value of 
11 defined as in Eq. 5 is approximately constant only in a 
restricted range of concentrations of L, typically around 
50% of saturation. It approaches N when the positive 
cooperativity is high, equals unity for statistical binding. 
and is smaller than unity for negative cooperativity. 

Typical sigrnoid isotherms are shown in Fig. I for 
cooperative binding of dicarboxylic acids 16 and 14 to a 
double-decker porphyrin with pyridine substituents 15a 
(see below, Fig. 5) .  The Hill coefficient for these systems 
h=4 equals the total number of bound guests as a result of 
a strong positive allosteric e f f e ~ t . ' ~ ]  

Classical models for the cooperative binding to 
oligomeric proteins, which are formally applicable also 
for synthetic receptors, include the symmetry inodel of 

Fig. I Binding isotherms of Guests 16 and 17 to Receptor B5a 
(see Fig. 5 )  followed b) the complexation-induced circular 
dichroisn~.".~" Reprinted with permission from Ref. [4]. 
Copyright 2001 by American Chemical Society. 

Monod-Wyman-Changeux (MWC model)17' and the 
sequential or induced-fit model of Koshland-Nemethy- 
Filmer (MNF model).'" 111 the MWC model. the positive 
cooperativity is due to a mechanism that does not involve 
any positive site iilteractions. It results from the complex- 
ation-induced shift of preequilibrium between two states 
of the receptor. in which all binding sites have different 
conformations possessing different affinities to the ligand 
[the tense (T) or relaxed (R) state in hemoglobin]. In the 
MNF model, Iigand binding induces a conformational 
change in the receptor-binding site, which is transmitted 
to other binding sites. If the interaction between sites is 
strong, the conformational change may occur in a 
concerted manner involving all binding sites and, in this 
case, the model formally coincides with the iMWC model. 

A large number of allosteric systems discussed below 
involve a receptor R possessing two binding sites for two 
differellt ligands (heterotropic system). Analysis of such a 
system is straightforward: one can measure the single-site 
binding constant for any ligand in the absence of the other 
ligand and then compare it with the bindin, a constant 
determined in the presence of the other ligand. Analysis 
of homotropic systems is more complicated. Eqs. 8-1 1 
describe such a system: 

Here. superscripts 1 and 2 refer to first and second binding 
sites: Q1 and Q2 are the respective single-site binding 
constants; and a is the interaction factor that shows how 
the binding constant for a given site changes upon 
occupation of the other site. Note that the interaction 
factor is the same for both binding sites. The stepwise 
stoichioinetric formation constants equal: 

Obviously. in this case, the single-site binding constants 
and the site interaction factor cannot be calculated from 
the experi~nentally determined constants K ,  and K2 with- 
out making additional assumptions concerning possible 
equivalence or mutual dependence of the binding sites. In 
the case of statistical binding. Q I  = Q2= Q and a=  1 : 
therefore K1=2Q, K2=Q/2, and the ratio K2/K1=1/4. If 
the binding sites are equivalent (QI=Q2=Q) but not 
independent (cx# I),  one observes positive (K21Kl > 114) or 
negative (K2/M1< 114) cooperativity when .r. is larger or 
smaller than unity. respectively. Alternatively. if the 
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binding sites are nonequivalent (QI f Q2) but independent 
( r= 1). the ratio K2/K1 equals 

Predicted wlth Eq. 14 is that K2/KI has the maximum 
value of 114 at Qz/Q, = 1, and, therefore. at all nonequal 
values of Q, and Q2. the ratio K2/K, is less than 114. In 
this case. a negative cooperativity without negative 
interaction between the binding sites is obcerved. 

It should be noted that cooperativity does not neces- 
sarily result from site ~nteraction. Often. the mutual 
attraction or repulsion of bound ligands leads to posi- 
tive or negative cooperativity, respectively. For example. 
highly cooperative binding of four moleculec of n-octyl 
P-D-glucopyranozlde to the resorcinol cyclic tetramer in 
CHC13, which is characterized by the Hill coefficient h=4.  
results from intracomplex guest-guest hydrogen bonding 
involving the 5-CH20H and 2-OH groups of adjacent 
glucopyranoz~de  molecule^.^^' 

ALbOSTEWlC SYSTEMS BASED ON CROWN 
ETHERS AND PBDANDS 

The earliest examples of synthetic allosteric systems 
involved modification of binding properties of crown 
ethers by changing their conformations as a result of 
complexation with another metal cation at an adjacent 
binding site. For example, complexation of a bipyridine 
moiety of 1 (Fig. 2) with WI(C0)' changes the selectivity 
of the crown ether frorn preferable binding of Kt over Na+ 
to preferable binding of Nai over K+.''"' In a more recent 
study of the cooperative binding of K+ or Ca2+ and 
monosaccharides to Receptor 2 (Fig. 2). relniniscent by its 
design of 1, a negative allosteric effect was reported.["] 
Cation-induced changes in the macrocycle conformation 
produced a disposition of boronic acids unfavorable for 
the saccharide complexaiion. 

The bis-crown ether 3 (Fig. 2) showed a negative 
cooperativity in binding two Kt or Naf cations. which 
resulted, however. from mutual repulsion of metal ions 
rather than from a negative allosteric effect.[12' Binding of 
two neutral Lewis acids. e.g., Hg(CN)? showed a positive 
cooperativity with the Hill coefficient h= 1.5.1'21 This was 
interpreted as a restilt of positive allosteric effect due to 
the reduction of the conformational freedom of the second 
macrocycle favorable for complexation conformation 
upon binding of the first Hg(CN)2 molecule. 

A strong negative allosteric effect was found for the 
complexation of diquate dication by Dis-crown receptor 4 

(Fig. 2) in the presence of transition metal complexes like 
CS(CO)~ and ~ u ( B i p y ) ~ ~ + . ' " ~  Bindin g of these complexes 
to a bipyridine moiety of 4 induces rotation of the 
aromatic rings and formation of a planar structure, which 
does not bind diquat dication. 

A large group of receptors showing a positive coopera- 
tivity in metal ion complexation is based on polyether 
(podand) compounds bearing terminal groups capable of 
chelation of transition metal ions.[''] As an example, in 
Fig. 2 (9, a complexation-induced cyclization of a podand 
bearing P-diketone terminal groups is shown.["' The 
resulting complex is capable of complexation of alkali 
metal cations. Other examples of such pseudocrown ethers 
can be found in Ref. [14]. As pointed out in the preceding 
section, the interaction factor must be the same for two 
binding sites of a receptor. Therefore, one should expect 
that the complexation of a podand with an alkali metal 
cation in its turn must promote the interaction between the 
terminal groups. Such an effect was demonstrated for 
system 6 (Fig. 2).1161 A podand bearing two Zn(II) por- 
phyrin complexes recognizes diamines by sandwiching 
them between two metal centers. The addition of sodium 
cations increases by a factor of 2 the affinity of the 
receptor to 1 $2-diaminocyclohexane. 

The allosteric regulation of the binding of an organic 
guest by complexation with alkali cations is illustrated by 
the molecular clip 7a, Fig. 2.['71 It exists in three confor- 
mations ss. sa, and an. interconverting slowly on the NMR 
time scale. The predominant conformer sa (as well as a 
minor conformer sa) converts upon uptake of a potassium 
ion in the crown ether bottom unit to an conformer, which 
then binds an aromatic guest. such as 1.3-dinitsobenzene. 
about four times better than without K+ (Fig. 2. 7b). 

The allosteric effect also plays a role in the cooper- 
ative binding of anions and cations by some ditopic 
receptors, such as in the case of Receptor 8; Fig. 2.[l8] 

The positive cooperativity in the binding of Cl- in the 
presence of M+ partly results frorn the electrostatic 
attraction between oppositely charged ions. But, at the 
same time. binding of H 2 P 0 4  shows a negative 
cooperativity with K+; and this specificity to the type of 
anion indicates a contribution of some nonelectrostatic. 
most probably, conformational effects. 

ALLOSf ERIC SYSTEMS BASED 
QN CVCLOPHANES 

A cyclophane possesses a hydrophobic cavity suitable for 
complexation of nonpolar organic guests. Several heiero- 
tropic allosteric systems based on cavity formation in- 
duced by complexation with transition metal cations were 
reported. The idea is generally similar to metal-induced 
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Fig. 2 Allosterlc systems based on complexdtion wlth crown e the~ \  and podands Fntry 6 From Ref 1161 Reproduced b) pcrmlsslon 
of The Royal Soc~ety of Chemistry (RSC) on behalt of the Centrc Natlonal de la Iie~herche Sc~entli~que (CNRS) 
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Fig. 3 Allosteric s j  stems based on complevat~on \I ~ t h  c) clophanes 

cyclizatioil of podands described in the preceding section 
[see Fig. 2 (5) as an example], but instead of leading to 
cooperativity between binding of two different metal ions. 
it leads to the cooperativity between binding of a metal ion 
and an organic molecule. Illustrated in Fig. 3 (9) is a 
coope

r

ative complexation of Zn(1P) or Cu(I1) and a 
fluorescent indicator dansylamide to an open cyclophane 
precursor bearing ethylenediamine terminal 
Addition of the metal ion closes the cavity and allows the 

indicator to form an inclusion complex with the stability 
constant ca. 10 M - '  in water. This is ca. 100 times less 
than the stability constant for inclusion of the satne guest 
in a normal azaniacyclophane of the same size. but the 
important thing is that in the absence of metal ions; the 
open host does not bind the indicator. 

A similar principle was applied for the construction of 
metallocyclophanes 10, Fig. 3.'"" For this system. it was 
shown that the shape of the hydrophobic cavity depends 
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on the type o f  metal cation: when IVI=Zn. the host inore 
strongly binds a guest that is a naphthalene derivative than 
a guest that is a biphenyl derivative. but when M=@u, the 
binding preference is inverted. Thus. the distinct coordi- 
nation geometries o f  these metals differently affect the 
shape o f  the cavity. 

Another principle operates in System I1 (Fig. 3).lX1 
Here. the metal binding leads to the ring contraction and 
better accornlnodation o f  the organic guest in the cavity, 
which is too large. The stability constant for guest 
inclusion increases by a factor o f  100. 

ALLBSTERIC SYSTEMS BASED 
ON GALBXAREMES 

Calix[4lareiles are conforrnatioilally flexible hosts partic- 
ularly suitable for design o f  allosteric receptors due to a 
possible cominunication between binding sites situated at 
the upper and lower  rim^.^'.^'^ Positive and negative 
heterotropic allosterism was demonstrated by using a 
calix[4]arene with the metai-binding lower rim and the 
sugar-binding upper rim created by introducing two 
boronic acid groups."21 Additions o f  hard cations (Ca2', 
WIg2'. or Naf )  decreased, but additions o f  soft cations like 
K', Rb'. or Cs' increased the sugar binding. This switch 
from a negative to a positive heterotropic allosteric effect ,  
depending on the type o f  inetal cation uithin a series o f  
cations. which are similar by their chemical natures. 
clernonstrates a possibility o f  a fine tuning o f  the binding 
site confor~nation o f  calixarene hosts. 

Receptor 12 (Fig. 4 )  binds urea deri~atives in CWCli 
via hydrogen bonding to two aryl carboxyla~e groups 
with a positive allosteric effect based on the conforma- 
tion change induced by complexation o f  Na+ with the 
crown ether fragnleilt o f  the receptor."" 111 the free re- 
ceptor. carboxylic groups are at a short distance. favoring 
intramolecular hydrogen bonding. The addition o f  Na' 
leads to a larger separation between the carboxylic 
groups. favoring the intermolecular hydrogen bonding 
with the guest. 

A similar effect o f  metal-induced conversion o f  a 
calixarene conformation with intramolecularly bound 
amide groups (closed form unable to bind guest mole- 
cules) into a conformation with more separated unbound 
amide groups (open form) capable o f  complexation with 
anlicle guests operates in the allosteric regulatio~l o f  the 
host 13 (Fig. 4).15] 

Widening the opposite side o f  a calixarene upon 
complexarion o f  small cations to the oxygen atoms o f  a 
calixarene lower riin leads lo the positive heterotropic 
allosteric effect in the inclusion o f  [GO]fullerene in a cage 
molecule 14 (Fig. 4 )  derived from two calix[3]aryl esters 
by colnpiexation o f  their pyridine groups u-ith $d(11).'"' 

Receptor 14 biilds [60]fullerene in CHClzCHC12 with the 
stability constant K=39 M - ~ .  The addition o f  Li+ cations 
induces flattening o f  the cage and an increase in K up to 
2100 M- ' .  Interestingly, the addition o f  Na' cations 
produces a strong negative allosteric effect. 

Face-to-face dimeric metalloporphyrins represent a 
new class o f  homotropic allosteric receptors that show 
strong positive cooperativity in binding different 
g~~ests .~~~' . ' "  As an example, in Fig. 5 .  the cerium(1V) 
bis[teti-akis(4-pyridy1)-porphyrinate] double declter is 
shown, with 15a designed for complexation o f  dicarbox- 
ylic acids 16 and 17. The addition o f  any o f  these guests to 
15a in dichloromethanelethyl acetate (3011) leads to the 
appearance o f  circular dichroism spectra. The value o f  
[€I],,, at 310 nm was found to be proportional to the 
amount o f  complexed receptor. Shown in Fig. 1 are the 
respective plots o f  [8],,,, versus guest concentration. 
which have typical sigmoid shape and give lz=4 in the Hill 
coordinates. The binding mode o f  the guests is ill~lstrated 
in Fig. 5 (18).  It is proposed that successive binding o f  
guest molecules reduces the degree o f  free rotatio~l o f  
porpliyrin rings in the double decker, which makes the 
binding o f  each next guest more energetically favorable. 
Binding o f  the same guests to 15b, which can bind only 
one guest molecule, is too weak to be detectable in 
agreement with weak binding o f  the first guest to 1% 
required for high cooperativity. 

Interestingly, a similarly designed double decker for 
the complexation o f  saccharide guests. 19 (Fig. 5), shows 
negative cooperativity: only one guest can be bound to the 
receptor. The difference between these two systems is that 
in the case o f  15a. binding o f  the guests does not change 
the basic structure o f  the double decker. But in the case o f  
19, binding o f  the first guest induces deformation o f  the 
receptor structure. which makes more distant other 
boronic acid groups and thus precludes the binding o f  
additional guests. 

ALbOSTEWlG REGULATlON OF 
REACTlVlTV AND CATALYSIS 

Enzyme reg~ilation is one o f  the most important biological 
applications o f  the allosteric effect. There is. however, 
little progress in reproducing regulation o f  reactivity and 
catalysis in chemical systems. Earlier works demonstrated 
a possibility o f  allosteric regulation o f  reactivity in several 
simple systems possessing a 2.2'-bipyridyl unit as a reg- 
ulatory switch relevant to allosteric receptors o f  type l.r261 



The Allosteric Effect 

Conformat~onal Change 

iBu 

"Closed" "Open" "1 :2 HosVguest complex" 

13  

g !N 9 +id 
LPd PdL ,PdL = kJ  * "  

LPd PdL 'PdL 

IbbtJ, 
&:<Ax 

6 CF,SO, 
6 CF3S0,- 6 CF3S0, 

84 14 (Li+)2 complex 14 (L?)2 [60]fullerene 
with a flattened structure complex 

Fig. 4 Positive heterotropic allosteric regulation of complexation with calixarene hosts. Entry 12: Reprinted from Ref. [23] .  Copyright 
1998. with permission from Elsevier; Entry 13: Reprinted with permission from Ref. [j]. Copyright 2001 by American Chemical 
Society; Entry 14: Reprinted from Ref. 1241. Copyright 2000, with permission from Elsevier. 

For example, rate of cyclization of 20 strongly increases in 
the presence of Ni(l1) cations. Rates of nucleophilic 
substitution in and elimination from 21 strongly increase 
in the presence of Pd(I1) (Fig. 6). These systems, however. 
did not allow a clear separation of conformational and 
electronic, in particular, inductive effects. 

The allosteric 30-fold acceleration of the reduction of a 
podand bearing a quinone group by 1-propyl-1,4-dihy- 
dronicotinamide in the presence of potassium cations[271 is 
illustrated in Fig. 6 (22). The system is based on the same 

principle as 6 (Fig. 2). A different approach was proposed 
for the allosteric regulation of a catalyst for the phos- 
phodiester cleavage, 23 (Fig. 6).["] The catalyst is a 
trinuclear metal complex with two functional metal ions 
(%). which activate the phosphodiester substrate. and one 
structural ion (Ms) ,  which has the regulatory function. 
With MF=Cu(1I), variation in Ms=Cu(II), Ni(P1). or Pd(I1) 
leads to significant changes in the catalytic activity attri- 
buted to subtle differences in the ionic radius and co- 
ordii~ation geometry of the allosteric metal ion. 
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Fig. 4 Allosteric reg~~lation of reactivity. 

bAiSCEhkANEOU% ALLBSTERIC SYSTEMS preorganiration of oligobipyridine ligands by coordina- 
tion with Cu(1) leads to self-assernbly of interesting metal 

Not unexpectedly. many attempts were made to imitate helicates with strand characteristics of D N A . ' ~ ~ "  A similar 
the cooperativity of oxygen binding by hen~oglobin, e.g., effect was reported in complexation of Fe(PB1) with tripo- 
by using his-metalioporphyrin complexes.i2" Allosteric dal hydroxaixate ligands: each next step in the consecutive 
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complexation of three metal ions has a larger stability 
c o n ~ t a n t . ' ~ ' ~  Strong cooperativity between cation and 
anion binding to a cyclopeptide in CHCl; was attributed 
at least partially to the allosteric effect."21 

CONCLUSION 

Allosteric regulation requires a certain conformational 
flexibility of the receptor. The positive allosteric effect 
may be considered a preorganization of one binding site 
by a conformational change induced by the occupation 
of the other binding site. Many widely used types of 
synthetic hosts, such as crown ethers, cyclophanes, and 
calixarenes. have suitable confornlational dynamic prop- 
erties, but the recent discovery of other highly efficient 
allosteric systems based on. e.g., porphyrin double-decker 
structures points to the possibility of using receptors of 
different structural types. It should be noted that the actual 
mechanis~n of the allsoteric effect in many systems 
remains essentially hypothetical. With oligomeric pro- 
teins, binding sites are separated by large distances, 
excluding any mutual interaction between bound guests. 
In synthetic hosts. binding sites are close enough to expect 
some contribution of such interaction to the observed 
cooperativity. which is difficult to separate from the 
purely conformational effect. Practically. further devel- 
opment of allosteric systems promises considerable 
progress in the creation of new receptors and catalysts 
with tunable properties. as well as new analytical and 
other devices with improved sensitivity and selectivity. 
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INTRODUCTION 

Among the armory of functional groups capable of bind- 
ing anions,"-" the amides and the ureas are the most 
commonly employed anion binding sites in ileurral 
orga~lic anio~l receptor species (Fig. la. b). Oxyanion 
binding in proteins occurs through hydrogen bond 
donation froin. most commonly. the peptide backbone 
NH groupr and from arginine.["61 One challenge that has 
been increasingly well met by the supramolecular chem- 
istry community over the last 15 years, has been to design 
ailion receptors with increasing selectivity for particular 
anionic guests. Of course. the supramolecular chemist 
does not (yet) have the precise coiltrol over the position- 
ing of fu~lclional groups in three-dimensional space of- 
fered by the tertiary structure of a protein. 111 spite of this. 
great progress has beell made in the design of neutral 
anion receptors, with systems now displaying exception- 
ally high association constants with anions. One of the 
major design criteria used in developing these syste~ns is to 
prevent self-association (Fig. lc)  that competes with anion 
complexation and. hence. lowers association constants. 

The first synthetic amide-based anion receptor 1 was 
reported in 1986 by Pascal Jr. and c o ~ o r k e r s . ~ ' ~  This 
neutral cyclophane-type receptor was synthesized by 
reaction of 1.3.5-tr-is-(bromo~netliy1)benzei1e with three 
equivalents of cystearnine to form a triamine which was 
then clipped with one equivalent of the tris-acid chloride 
of 1.3,5-benzeaetriacelic acid. The receptor contains three 
amide WH groups chat may be directed into the center of 

the receptor to form a binding site for smaller anions. 
Preliminary 'H- and '%-NMR studies in DlbaSO-d6 sug- 
gested that there was an interaction with fluoride anions 
in solution. 

In early work. tri.s-amide-based anion receptors were 
also prepared by the groups of Reinhoudt and Beer. 
Reinhoudt and coworkers prepared a series of tr-is-amides 
and sulfonamides (2-7) that are selective for dihydro- 
g e n p h ~ s p h a t e . ~ ~ ~  The receptors were synthesized from 
tl-is(aminoet11yl)amine (tren) by reaction with an appro- 
priate acid chloride in the presence of triethylamine 
and were purified by recrystallization from metha1101 
with isolated yields ranging from 70-90%. Associatioil 
constants n.ere determined with tetrabutylammonium 
dihydrogen phosphate. hydrogen sulfate. and chloride in 
acetonitrile by conductometry. The receptors show the 
selectivity trend HIPOy > C l  > HSOJ . with receptor 7 
having the highest affinity for dihydrogen phosphate 
(presumably d ~ l e  to the increased acidity of the sulfona- 
mide NH group and rc-stacking effects of the naphthalene 
groups.) Beer and coworkers also synthesized tren-based 
anion receptors in the early 1990s."' These systems 

Eiic.~clopc.din of' Sic~1i~~ir7zolec11iai- C l ~ e n ~ i ~ t i ?  
nnr. i n  111s i IF.FST\.ICI I ? o n 1  ?X?n 
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self-associalion 

Fig. 1 (a) Amides and thioamides are excellent hydrogen bond donors to anions; (b) ureas and thioureas are complementary hydrogen 
bond donors for carboxylates: (c) amides can self-associate so lou-ering their affinity for anions: (d) Crabtree's isophthalamide 11- 
chloride complex: (e) Loeb's upper-rim alnide functionalized calix[4]arene-benzoate complex: (f) a schematic diagram of Gale and 
Loeb's receptor 18 forming a 1:2 receptor:nitrate complex: (g) crystal structure of the perrhenate complex of receptor 18; (h) a 
squaramide-acetate complex; (i) crystal structure of the sulfate sandwich formed by receptor 20 and the anion; (j) a phenolate anion 
bound to a tetralactam macrocycle-a precursor to rotaxane formation. (Viiien. this art in color at ~s~s~s .dekker:con~.)  
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contained ferrocene 8 or cobaltocenium 9 moieties that 
act as electrochen~ical reporter groups and. in the case of 
9, add an electrostatic component to the anion complex- 
ation.'" These systems show similar anion selectivity 
trends as those shown by receptors 2-7.  in addition to 
being able to sense the presence of anions via cathodic 
shifts in the metallocenes' redox potentials. Receptor 8, 
for example. is capable of detecting dihydrogen phosphate 
anions in the presence of 10-fold excesses of chloride and 
hydrogen sulfate. 

More recently, some simple and yet highly effective 
amide-cleft-based anion receptors were synthesized by 
Crabtree and Receptors 10-14 are based 
upon benzene or pyridine rings that are substituted in 
the 1- and 3-positions, or in the case of pyridine 2- and 
6-positions. with either amide or sulfonamide groups. 
Proton NMR titrations in dichloromethane-c12 were used 
to determine the association constants of the receptors 
with halide anions and acetate. All the receptors displayed 
solely 1:1 receptor:anion complex stoichiometry in solu- 
tion. except receptor 13 that showed behavior coizsistent 

Ar' 
ALH H N , ~ ~  

40 Ar = Ph 
11 Ar = p-(n-Bu)C6H4 
12 Ar = 2,4,6-Me3C6H2 

Ph' 
13 

with the formation of I :1 and 1:2 receptor:anion corn- 
plexes with fluoride and acetate. Among the halides, the 
receptors have association constants following the trend 
Cl- >Brp  > I

p  

with fluoride and acetate binding being 
either stronger or weaker than chloride binding depending 
upon the nature of the receptor. The highest association 
constant observed with this set of receptors was that of 
the chloride complex of 11 (K,=61.000 M p l ;  Fig. Id). 
Interestingly. the presence of the pyridine nitrogen lone 
pair in receptor 14 serves to decrease the affinity of larger 
anions for this receptor and so increases the selectivity for 
smaller anions. For example, fluoride and chloride bind to 
14 with association constants of 24,000 and 1500 M p l ;  
respectively, compared to 31:000 and 61,000 M- '  for 
fluoride and chloride binding to receptor 11. 

By arranging two amide groups in a parallel arrange- 
ment in space, Cameron and Loeb developed a set of re- 
ceptors that are selective for Y-shaped carboxylate anions 
over tetrahedral or pseudotetrahedral 0x0-anions.'"' 
Calix[4]arenes 15.16, and 17 were synthesized by reaction 
of the upper-rim calix[4]arene bi.r-amine with mono-, di-. 
or trichloroacetyl chloride. Receptor 16 proved to have the 
highest affinity for anionic guests. For example, receptor 
15 binds benzoate in chloroform-d with a stability constant 
of 107 M p  '. whereas the receptor 16- benzoate complex 
has an association constant of 5 160 M ' . This increase in 
binding strength is attributed to the increased electron 
withdrawing effect of the dichloromethyl group in 16 
compared to the n~onochloromethyl group in 15. Com- 
pound 17 did not interact with anions. which model studies 
suggest is due to the steric bulk of the trichloromethyl 
groups that prevent the putative anionic guest approaching 
the upper-rim anion-binding site. These receptors proved 
to be selective for carboxylates over tetrahedral anions 
such as perrhenate. The stronger binding of Y-shaped 
anions is attributed to the calixarene adopting a so-called 
"pinched cone" conformation, with the calixarene rings 
attached to the two a~nide groups becoming parallel, so 
allowing the amide groups to align in a conlplementary 
manner to the carboxylate guest (Fig. le). 

As we have seen. calix[4Jarenes offer an organic 
scaffold upon which receptors may be constructed. Gale. 
Loeb, and coworkers also used a platinu~n tetrapyridine 
complex as an inorganic scaffold with which to arrange 
alnide groups in The square planar Pt(I1) 



34 Amide- and Urea-Based Anion Receptors 

complex was prepared by reaction o f  one equivalent o f  
PtC12(EtCN)2 with four equivalents o f  n-butylnicotin- 
an~ide and two equivalents o f  AgPF6 in acetonitrile. The 
anion coniplexation properties o f  18[PF6I2 were studied 
using ' H - N M R  titration tecllniques. Unfortunately, a va- 
riety o f  solvent conditions were required due to solubility 
problems during the titrations. and therefore. associati011 
constants are not directly comparable. It was found that 
tetrahedral or pseudotetrahedral anions such as ReOT, 
CF3SOi,  and HSOT forrn exclusively 1 : 1 receptor:anion 
complexes with receptor 18. However flat anions such as 
acetate and nitrate form 1:2 receptor:anion con~plexes 
(shown sche~llatically in Fig. I f ) .  O f  particular note is the 
fact that acetate anions are relatively strongly bound even 
in the very polar 9: 1 DMSQIacetonitrile solvent mixture. 
The fact that & (491 M I )  is greater than K, (230 M ~- I )  

infers that binding o f  the first anion has a positive 
allosteric effect. which favors binding o f  the second. The 
1 : l  receptoranion binding observed for the weakly 
coordinaled ReOJ. CF3SG;, and HSOJ anions is 
supported by the x-ray structure o f  I8[ReO4lz. In 
particular. it can be seen that in order to try and maximize 
hydrogen bonding. the relatively acidic nicotinamide CHs 
from the ligands on the opposite side o f  the square plane 
fol-rn hydrogen bonds to the perrhenate anion (Fig. 1g). To 
do this. the complex must significantly distort from cen- 
trosymmetry; a fact that presumably disfavors the inter- 
action with a second ailion. resulting in the observation o f  
1: I binding in solution (Fig. Ig). 

In a different approach to carboxylate coniplexation, 
squaramide (i.e., 3.4-diamino-cyclobutene- 1 M i o n e )  
derivatives have been used by Prohens et al. as selective 
receptors (Fig. lh).'"' These receptors possess a parallel 
ditopic hydrogen bond donor array (c.f .  urea) that show 
good to moderate association constants with acetate 
anions. A variety o f  mono-. di-. and tritopic receptors 
were synthesized, including the ti-is-squaramide receptor 
19 that forms strong complexes with tris-carboxylates 
such as trimesoate and cis-c~rclohexentricarboxylate 
:K,=3.9 x 10' M ' and 7.7 x 10' M '. respectively, 
in 10% D20/DMS0.) 

Bowman-James and coworkers showed that receptor 
283. a tetraarnide-bisami~le macrocycle. forms strong com- 
plexes with oxo-anions in chloroform solution."" Proton 
WMR titration experiments show that hydrogen sulfate 
binds with an association constant log K o f  4.50, while 
dihydrogen phosphate has an association constant log M 
o f  4.66. In these cases, a broadening o f  the NMW spec- 
trum during the titration may be indicative o f  the anions 
protonating the ailline moieties present in the macrocycle. 
Therefore. the si~nple I : I  solution-binding model used to 
calculate the stability constants may no longer be valid. 111 
contrast, aprotic anions such as nitrate. perchlorate. 
chloride, and iodide are bound more weakly ( o f  these 
anions; chloride is most strongly bound log K,=2.70.) 
Most notably, the receptor forills a sandwich complex 
with sulfate in the solid state. This complex was formed 
by slow d i f f ~ ~ s i o n  o f  diethylether into a chloroform solu- 
tion o f  20 and tetrabutylaillmonium hydrogensulfate. The 
sulfate anion is bound by eight hydrogen bonds from the 
eight amide groups in the sa~ldwich (Fig. li). 

Receptors 21 and 22. reported by Choi and Hamilton. 
show a particularly high affinity for iodide and oxo- 
anions such as nitrate."" The receptor features a central 
hole o f  around 5 A diameter lined with three amide N H  
groups and six aryl CH groups. The receptors are skewed 
in a way that allows the three N H  groups to form a com- 
plementary hydrogen-bonding site suitable for pseudo- 
tetrahedral anions (e.g., p-tosylate.) Proton NMR 
spectroscopic titration studies were carried out in the 
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21 R = C02Et  
22 R = NHBoc 

case of both receptors using either 2% DhfSO-d6/CDC13 
or pure DMSO-d6 as the solvent. The results revealed that 
the best-bound anion substrates, namely I- .  NOT, and 
T s O ,  are bound with affinity constants that are on the 
order of 10' M '. Both receptors were found to display 
similar affinities for anions, indicating that the functional 
groups on the periphery of the macrocycles do not serve 
to modulate anion binding selectivity or affinity. Pro- 
ton WMR titration curves involving tosylate anion and 
subsequent Job plot analysis revealed the exclusive 
formation of a 1:  1 receptor:tosylate complex in the case 
of both receptors. However, other anions displayed more 
complex binding behavior. For example, the shift of the 
a~nide NM resonance of 22 observed upon the addition of 
iodide anions reflected the formation of a 2:l receptor:- 
iodide complex during the initial phases of the titration 
(i.e., an iodide sandwich complex in solution), with the 
equilibrium at higher iodide concentrations being pushed 
in favor of a 1 : 1 receptor:iodide complex. 

Anslyn and coworkers used receptor 23. a trigonal box 
containing six convergently arranged amide NM groups 
designed to hydrogen bond to the n-clouds of included 
guests, to examine the role of hydrogen bonding in the 
stabilization of enolate  intermediate^.^'^^ In particular, the 
role of hydrogen bonding to the enolate n-cloud versus 
binding to the enolate oxygen atom lone pairs was ex- 
amined by comparing the pM, shifts of a variety of 
ketones in the presence of 23 and also in the presence of 
another receptor designed to form hydrogen bonds only to 
the enolates' oxygen atoms. It was found that NH-71 
hydrogen bonding has a greater effect on carbon acidity 
than hydrogen bonding to oxygen lone-pair electrons. 

Vogtle and coworkers employed anion complexation 
in new strategies for high-yielding rotaxane ~yntheses."~'  
These workers discovered that phenolate anions. when 
bound to tetralactam macrocycles (Fig. l j )  such as 24. are 
capable of reacting with acid chlorides and therefore may 
be used to form ester rotaxanes. A variety of different 
rotaxanes were synthesized via this method, including 
systems with carbonate and acetyl axles. 

While an amide group can donate a single hydrogen bond, 
urea can donate two in a parallel fashion, and so it is com- 
plementary to oxyanions such as carboxylates (Fig. lb). 
One of the earliest exaruples of anion cornplexation to 
urea-based receptors (e.g., 25 and 26) was reported in 1992 
by Wilcox and  coworker^."^^ Although receptor 26 (the 
thiourea) proved to have a higher affinity for carboxylates 
than the urea-based receptor 25, the binding properties of 
25 were studied in detail, as thioureas are more susceptible 
to electrophilic and nucleophilic attacks. NMR experi- 
ments revealed large downfield shifts of the urea NM pro- 
tons upon addition of oxyanions such as carboxylates, 
sulfonates. and phosphates (as their tetrabutylammonium 
salts in chloroform-d), however, the association constants 
were too high to be accmately determined by 'M-NMR 
titration methods. Therefore, ultraviolet/visible (UVIVis) 
titration experinlents were employed. It was found that of 
the oxyanioi~s used. receptor 25 binds benzoate most 
strongly (Ka=2.7 x i0"- I). 
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Fig. 2 13) A boroi~ate group enhances the acidity of the urea NH protons in Smith's receptors: (b) a dicarboxylate complex of 
Hamilton's combinatorial type ditopic ierpy based receptor 34: (c) the dihydrogen phosphate complex of receptors 36 and 37 (X = 0. S); 
(d) an exarnplc of catalysis by stabilization of an anionic intermediate by receptor 49: (e) amidinothiourea: (9 Mingo's anion templated 
nicliel-amidillothiourea cage and ig) the crystal structure of this complex: (h) Reinhoudt's metal ion switched chloride receptor 9'3. 
(ITielt, r1zi.s ai-t ill coloi- at u',t,n..dekkei..com.) 
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Smith and coworkers increased the affinity o f  both 
amides and ureas for anions by polarizing the hydrogen 
bond donor site using an intramolecular interaction from a 
boronate group.""1 A variety o f  receptors were synthe- 
sized, including receptors 27-30 (Fig. 221). Proton N M R  
titrations in DMSO-d6 with acetate anions were conducted 
with receptors 28-30 and analogues 31-33 which do not 
contain a boronate group. The following association con- 
stants ( M - ' )  were determined: 28/31 &=7 x 10'1 
3.7 x lo', 29/32 K;,=6.9 x 10'13.1 x 10'. 30133 
&=7.1 x 10~12.6 x 10'. These results clearly show 
the enhanced carboxylate complexation properties o f  
the boronate receptors as compared to the regular urea 
systems 31-33. Similar results were observed with aruide- 
baved receptors. 

A i-iumber o f  research groups synthesized ditopic re- 
ceptors containing two urea moieties for the cornplexatio~~ 
o f  dicarboxylates. Hamilton and coworkers used metal- 
templated receptors for this pulpose.L2"1 A thiourea-substi- 
tuted telyyridine was synthesized from inethylterpyridine 
by bromination with N-brornosuccinimide (WBS) followed 
by Gabriel amine synthesis and filially treatment with bu- 
tyl isothiocyanate. The ruthenium complex 34 was ob- 
tained by heating the liga~ld with 0.5 equivalent o f  
RuCL~(DMSO)~ in ethylene glycol and the iron complex 
35 by mixing aqueous solutions o f  the receptor and 
Fe(NH4)2(S04)2. Both co~nplexes were isolaied as their 
PF6 salts. Upon addition o f  dicarboxylates to receptor 35. 
displacement o f  the terpyridine ligands occui~ed. Wowev- 
er. in the case o f  the inert ruthenium receptor 34. 
displacement did not occur, instead the dicarboxylate 
anions bound to the thiourea groups (Fig. 2b). Association 
constants were determined in 5% D201DMSO-d6. Similar 
association constants were obtained for a variety o f  g~iests 

(glutarate K,=8.3 x 10' M '. adipate Ka=2.9 x 10" 
M I, and pimelate=S.0 x lo3 M '); suggesting a 
degree o f  flexibility in the anion-binding site. 

By producing a ditopic receptor containing urea or thio- 
urea groups in close proximity, Umezawa and coworkers 
produced dihydrogellphosphate selective 
Receptors 36 and 37 are selective for dihydrogen- 
phosphate over a variety o f  other 0x0-anions. The two 
urea groups present in the receptor can si~nultaneously 
coordinate to the same dihydrogen phosphate anion 
(Fig. 2c). Thus, NMR titration studies in DMSO-C/~ 
revealed receptors 36 and 37 bind HZPOy with association 
constants o f  110 and 820 M '. respectively. while aon- 
complementary anions such as acetate are bound with 
associatioll constants o f  43 and 470 M '. respectively. 

Reinhoudt. Ungaro, and coworkers synthesized ca- 
lix[6]arenes 38 and 39 that are substituted at the lo\+-er rim 
with three urea or thiourea groups linlted Ilia alkyl 
chains."" The threefold symmetry of the receptor imparts 
a selectivity for threefold symmetric tricarboxylates s~lch 
as 1.3,5-benze1letricarboxyIi1te. This anion was bou~ld by 
receptor 39 with an association constant o f  290,000 M -  
in chloroform-d?, while benzoate was bound with an 
association constant o f  1400 M - I .  
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RECEPTORS THAT UTlLlZE 
AMlDES AND UREAS 

The co~nplexation of biologically important amino acid 
derivatives has been the driving force behind Kilburn 
and coworkers' research in this area.[231 By combining 
thiourea and amide moieties in cryptand-like macrobi- 
cyclic structures. e.g.. 40, Kilburn and coworkers synthe- 
sized receptors for amino acid derivatives that show 
selectivity for particular side-chain residues. Extraction 
methods were used to calculate association constants with 
a number of N-protected tetrabutylammonium amino 
acid salts in chloroform. Receptor 40 is selective for N"- 
Ac-L-lysine (K,=13 x 10' M-I)  over N-Ac-L-glycine 
(Ka=68,600 M-I),  N-Ac-L-alanine (Ka=16,900 M-I), 
and several other protected amino-acid carboxylate salts. 
Kilburn showed that D-amino acid substrates bind pre- 
dominantly on the outside of the macrocycle. whereas 
L-amino acid derivatives bind within the cavity of the 
receptor with the acetyl amide in a cis-configuration, the 
energetic penalty for forming the cis configuration being 
offset by the formation of hydrogen bonds between the 
cis amide and the rim of the macrocycle. 

Over recent years, Davis and coworkers produced a 
variety of anion receptors based upon cholic acid. Re- 
cently, new urea derivatized receptors termed "chola- 
pods" have been synthesized that form remarkably strong 
complexes with bromide and chloride anions in water- 
saturated chloroform solution.[241 Receptors 41-44 con- 
tain two urea or thiourea groups with electron withdraw- 
ing substituents linked to the chloic acid skeleton, while 

45-49 contain an additional sulfonamide group. The 
attachment of the hydrogen bonding groups to the steroid 
skeletoil largely prevents the formation of intramolecular 
hydrogen bonding. while the electron-withdrawing units 
serve to increase the acidity of the urea moieties and, 
hence, increase their affinity for anions. This is reflected 
in the very high association constants with chloride 
(Ka=1.03 x 10" i'v-' with receptor 49). These mole- 
cules may show excellent phase-transfer properties as 
well as display biological activity possibly as membrane 
transport agents for chloride. 

MorBn and coworkers also combined urea and amide 
moieties, in this case, in chiral receptors that are recog- 
nized chiral hydroxycarboxylates such as lactic or man- 
delic acid.'25' Receptor 48 combines a his-chromenylurea 
with a spirobifluorenone linker in a macrocyclic structure 
and is capable of resolving a racemic mixture of the 
tetramethylainmonium salt of mandelic acid by thin-layer 
chromatography. Proton NMR titrations in DMSO-d6 gave 
association constants for lactic acid [(R)-lactic acid K,= 
3.5 x 10' i'v-', (S)-lactic acid Ka=3.5 x lo3 MP1) .  
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Hamilton used an anion-binding strategy with an ami- 
dourea receptor (49) to stabilize an oxyanion transition 
state and so catalyze the 1.4-addition reaction of a thiol to 
maleimide (Fig. 2d).i'61 The enolate intermediate is 
stabilized via two hydrogen bonds to the urea group in 
49, to a greater extent than the carbonyl oxygen present in 
the starting material. Therefore, the transition state of this 
reaction is stabilized relative to the starting material, and 
the reaction is accelerated. 

ION PAIR COMPLEXATION BY AMBDE- AND 
UREA-BASED RECEPTORS 

Finally we will briefly examine receptors for ion pairs that 
contain amide or urea groups. An elegant self-assembly 
process of an amidinothiourea (50) (Fig. 2e) with NiC12 
has been reported by Mingos and ~oworkers. '~" Corn- 
plexation of NiC12 by amidinothiourea in methanol 
yields crystals of a cage conlplex (Fig. 2f). The cage 
[Ni6(at~l)8C1]C13 consists of eight a~nidinothiourea units 
that coordinate six nickel ions through both nitrogen and 
sulfur donor atoms. A chloride anion is encapsulated 
within the cage by eight N H . .  421 hydrogen bonds (as 
revealed by the crystal structure shown in Fig. 2g). An 
analogous complex can be formed between amidi- 
nothiourea and NiBr'. however. when nickel salts contain- 
ing noncage complementary anions such as nitrate, 

acetate. or perchlorate salts are used. the sinlple monomer 
[ ~ i ( a t u ) ~ ] ' +  complexes are formed. Interestingly, if 
chloride anions are subsequently added to these com- 
plexes, the cage complex spontaneously assembles. 

Kubo and coworkers synthesized a his-thiourea func- 
tionalized dibenzo-diaza-30-crown-10 51 that wraps 
around potassium cations, so bringing the two thiourea 
groups into close proximity, forming an anion binding 
site.L281 NMR titration experiments with (Ph0)2P(0)Op 
anions (which form both 1: 1 and 1 :2 receptor:anion com- 
plexes with 51) in acetonitrile-c13 solution in the absence 
and presence of potassium cations show an increase in K1 
fronl 490 to 9200 M ' upon addition of three 
equivalents of potassium cations. 

In the area of amidic receptors, the tris-crown-ether 
tren-based receptor 52,  synthesized by Beer and co- 
workers was recently shown to efficiently extract 
pertechnetate anions from simulated nuclear waste 
streams in the presence of sodium  cation^.''^^ 

Reinhoudt and coworkers produced a switchable anion 
receptor.i301 Receptor 53  (Fig. 2h) is a calix[4]arene 
substituted at the lower rim with cation-binding ester 
groups and at the upper rim with two distally arranged 
urea groups. In chloroform solution; intramolecular hy- 
drogen bonds between the urea moieties block the poten- 
tial anion-binding site. Upon addition of sodium cations, 
the lower rim of the calixarene contracts as the sodium 
ions are bound by the four ester groups. This conforma- 
tional rearrangement separates the two urea groups at the 
upper rim; so disrupting the intramolecular hydrogen 
bonding and. therefore. allowing anions such as chloride 
to conlplex the receptor (Fig. 2h). 

CONCLUSION 

Amides and ureas have proven to be excellent anion 
receptor groups, widely employed by the supramolecular 
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chemistry community in receptors for anions and ion 
pairs. This is due in no small part to their ease of synthesis 
and stability. The roles amides play in binding to anions 
in  protein structures is being revealed by protein crys- 
tallography, and these structures are inspiring new gener- 
ations of synthetic receptors containing peptide groups 
capable of functioning as anion receptors in aqueous so- 
l u t i o n ~ . ~ ~"  There is much yet to be explored in this fas- 
cinating a

r
ea of supramolecular chemistry. For more in- 

formation. the reader is directed to reviews
r1-" that 

provide entry to the extensive literature in this area. 
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INTRODUCTION 

J.M. Lehn first introduced the term "supramolecular 
chemistry" in the literature in 1969 while he was studying 
the inclusion complexes of ELI'+ with its receptor-mol- 
ecule cryptands. Eehn defined supramolecular chemistry 
as "the chemistry of intermolecular bonds"; in a 
supra~nolecular system. the same or different chemical 
compounds are held together by various noncovalent 
interactions. Arnino acids. the building blocks of proteins 
and peptides, are usefill in constructing various supramo- 
lecular architectures and forming inclusion complexes 
with different receptor molecules. including cyclodextrins 
and calixarenes. Arnino acid derivatives also form host- 
guest inclusion complexes with structurally different 
receptor molecules. such as chiral crown ethers and cy- 
clodextrines. 7,-Amino-acid-derived lipids become supra- 
n~olecular receptors through self-assembly. and they host 
styryl dyes. Many %-amino acids form complexes with 
various types of transition metals, including ~ t ' +  and lan- 
thanides. Leading to the formation of different supramo- 
lecular architectures. 

Peptides composed of \~arious coded and noncoded 
alnino acid residues self-assemble to form various types of 
supramolecular architectures. including supramolec~tlar 
helices and sheets, nanotubes, nanorods, nanovesicles, and 
nanofibers. The higher-order self-assembly of supramo- 
lecular P-sheets or supramolecular helices composed of 
short synthetic acyclic peptides leads to the formation of 
amyloid-like fibrils. Syntlletic cyclic peptides were used 
in supramolecular chemistry as molecular scaffolding for 
artificial receptors. so as ~o host various chiral and achiral 
ions and other small neutral substrates. Cyclic peptides 
also self-assemble like their acyclic counterparts to form 
supramolec~~lar structures, including hollow nanotubes. 
Self-assembling cyclic peptides can be served as artificial 
ion channels. and some of thein exhibit potential antimi- 
crobial activities against drug-resistant bacteria. 

SVNTWETlC CYCLIC PEPTIDES 
AS RECEPTORS 

Artificial receptor decign is an Important aspect of su- 
pramoiecular chemi\try. Synthetic cyclic pepiides were 

not used extensively so far. probably due to their usual 
relative flexibility compared to other macrocycles that 
contain a rigid framework or backbone (e.g., crown ethers, 
calixarenes. etc.). In spite of their cyclic structure, they are 
hardly able to bind guests in a well-defined cavity. 
However, cyclic peptides with conformationally con- 
strained subunits like aromatic or alicyclic backbones or 
those containing rigid subunits were used for binding 
substrate molecules such as amino acid derivatives,'" 
aromatic compounds,121 or dicarboxylic acids.13] Follow- 
ing this approach. Ishida and his colleagues demonstrated 
the coinplexation of phosphate ions with cyclic oligopep- 
tides (with six to 14 residues) containing 3-aminobenzoic 
acid (AB) and protein amino acids in an alternating 
sequeilce.[" Kubik established that a cyclic hexapeptide 
cornposed of alternating L-glutamic and 3-aminobenzoic 
acids binds to quaternary ammonium ions in CHC13 
through cation-.rr interactions."' The cation-binding prop- 
erty of this cyclic peptide was enhanced by a factor of lo3- 
10' in presence of certain anions (e.g., tosylate or phenyl 
phosphonate). This is due to the allosteric effects of these 
anions from binding to the cyclopeptide NH groups and 
stabilizing the receptor structure, which is essentially 
appropriate for interactions with positively charged ions.151 
The introduction of L-Pro in the cyclic peptide backbone 
was shown to rigid if^^ the cyclic peptide structure and to 
increase the cation-and anion-binding affinities. Kubik and 
his coworkers established that cyclo[(~-Pso-AB)~] has 
greater cation and anion affinity than the receptor 
molecule c y c l o [ ( ~ - ~ l u - A ~ ) ~ ] , ~ ~ ~  This is because anion 
complexation is reduced to a great extent. As in the latter 
peptide, the amide NFI groups in the L-Glu residues are 
involved in strong intramolecular hydrogen bonds, and 
are. therefore. not available for binding with host anions. 
Consequently. the stability of the cation complex also 
decreases. Using different amino acid subunits in the 
cyclic peptide backbone can regulate the solution confor- 
mation of these cyclic hexapeptides, which. in turn, can 
tune receptor properties. A11 these above-mentioned cyclic 
oligopeptides exhibit ditopic receptor properties for 
simultaneous complexation of cations and anions. Kubik 
and his coworkers improved the cation-binding affinity 
and incurred a significant loss of anion-binding ability 
by using intramolecular conformational control in a 
cyclic hexapeptide containing alternating L-proline and 
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substituted 3-aminobenzoic acid  residue^."^ The presence 
of methoxy carbonyl groups in the fourth-position of the 
aromatic ring of the 3-arninobenzoic acid subunits helps to 
form hydrogen bonds to adjacent amide NH protons. 
inducing the orientation of an amide group parallel to the 
aromatic rings. This causes the amide protons to point away 
frorn the central cavity and to be unavailable for binding 
with anions. The investigation of the optiiuum ring size 
required for good cation binding revealed that cyclotetra- 
peptides with alternating L-Pro and 3-aminobenzoic acid 
possessa  lower affinity toward cations than the cor- 
responding hexapeptides.[" it was observed that the phenyl 
urea substituted at the benzene ring of cyclotetrapeptide can 
be used as the anion (iodide or acetate) receptor in DMSO- 
d6 S O I U ~ ~ O T I . ~ ~ '  Artificial receptors that discriminate between 
two ena~ltiomers of a given substrate are important in 
bioorgallic and suprarnolec~ilar chemistry. Recently. Kubik 
and his coworkers achieved the enailtioselective recogni- 
tion of a chiral quaternary ammonium ion (e.g., N,N,N- 
trimethyl.1 -phenyl ethyl ain~nonium cation) using C; sym- 
inetric cyclic hexapeptides cornposed of L-proline and 
substit~!ted 3-aminophenyl benzoic acid in 0.1% DMSO- 
d6-CDC13 sol~itioi~.~" 

INCLUSION COMPLEXES OF AMINO 
AGBDS AND THEIR DERIVATIVES 
WlTH THEIR HOSTS 

Host-guest complexation. by cyclodextrins for example. 
plays an important role in biomiinetic and supramolecular 
chemistry. Cyclodextrins (CDs) are banel-shaped cyclic 
carbohydrate molecules conlposed of six, seven or eight 
glucose residues. which are terrnecl r ,  P. or y cyclodextrin. 
respectively. Due to the presence of an internal cavity. 
CDs call be used as versatile hosts. Amino acids form gas- 
phase inclusion complexes with CDs and they can be 
detected using ES-MS and a gas-phase guest exchange 
~eact ion.~" '~  Ghiral discriminatioil of amino acid guests in 
CDs hosts was also achie~ed in the gas phase. The rCDs 
and PCDs form inclusion coinplexes with cumarin-6- 
sulfonyl amino acid derivatives in water. Theoretical 
modeling and fluorescence experimental results suggest 
the possibility of forlning 1:2 guest-host coinplexes for 
PCD.'"' A recent report described the cornplexation of 
native L-Y-amino acids with aliphatic or aromatic side 
chains by n-ater-soluble substituted calix[4]arene~."~~ The 
host-guest cornplexation was studied using 'H-NMR 
experiments. The upfield shift of some specific aromatic 
protons (B metu and H para) of the guest molecules 
coinpared to the free guest. due to the ring current effect of 
the aromatic nuclei of the host, confirms the formation of 
an inclusioli complex. The inclusion of aliphatic or 

aromatic apolar amino acid residues within the calix[4]- 
arene cavity occurs either by CH-71. interaction (for L-Val 
and L-Leu) or by n-x interaction (for L-Phe. .I>-His. L- 
Trp.). Another macrocyclic receptor, cyclotetrachrorno- 
tropylene, forms 1: I host-guest complexes with various 
native Y-amino acids in water at pH 7 and 25°C. This 
phenomenon was studied using 'H-NMR spectroscopy.['31 
Sometimes host-guest complexation helps in useful 
chemical transfornlations like hydrolysis. A recent study 
indicated the formation of inclusion complexes of -/-CD 
and various amino acid methyl esters. This formation 
eventually leads to hydrolysis of host molecules. In the 
entire process. a high stereoselectivity was obse~ved.~'" 

METAL ION-AMINO ACID COMPLEXATION 
IN SUPRAMOLECULAR GHEMiSTRY 

A pentadecanuclear complex of EU"' with tyrosine at high 
pH provides a novel supramolecular architecture, which 
involves 15 ELI''' ions and 10 tyrosine ligands pl~is 
hydroxo and aquo ligands associated with hydrolysis. In 
this structure. the europium(l1I) ions are assembled into 
three parallel layers. and each of the layers contains five 
~u"' ions that occupy the vertical positions of a nearly 
perfect pentagon. The 10 tyrosine ligands can be grouped 
into two equivalent classes. each of which extends its 4- 
hydroxybenzyl side chains ortllogo~lal to the crystallo- 
graphically imposed C2 axis.'"' The side chains do not 
take part in coordination. while the arnirio and the car- 
boxylate groups of each tyrosine residue participate in 
inetal ion chelation. making each of the 10 tyrosinate 
grotips become a tetradentate ligand. Near physiological 
pH (which is 6-7), ~nultinuclear lanthanide cornplexes of 
various Y-amino acids (e.g., Gly. Aia, Val. Giu) fo r~n  a 
cubane-like cluster core that assembles to form 3D porous 
framework s t ruct~~res ."~ '  

SELF-ASSEMBLY QF 
a-AMINO-ACID-DERIVED LIPIDS 

Study of the inclusion behaviors of the cavity of many 
commonly known macrocycIic receptors like calixarenes, 
cyclodextrins and cyclic oligopeptides draws considerable 
interest irl supramolecular chemistry. However. the con- 
struction of inclusioil compounds using self-assembly of 
x-ainino-acid-derived lipids is relatively L- 

Glutarnic-acid-derived anionic lipids act as supraruolec- 
ular receptors and provide specific hydrophobic cavities 
for accorn~nodating cationic dyes.i'7.'81 Cationic dyes 
are incorporated inside. due to their molecular planar- 
ity. Hachisako and his co\vorkers studied various types 
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Fig. 1 Packing diagram of individual columns of the tripeptide 
Boc-Leu-Aib-phe .~~e  in the projection. illustrating the Fig. 2 The packing diagram of the tetrapeptide Boc-Leu-Aib- 
formation of a highly ordered supralnolecular helical assembly Phe-Aib-OMe showing a higher-ordered supramolecular helical 

via van der Waals' interactions. assembly as determined by x-ray crystal structure analysis along 
the b axis. Hydrogen bonds are shown as dotted lines. Side 
chains of Lue. Phe, and nonhydrogen-bonded hydrogen atoms 
are omitted for clarity. 
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of r-amino-acid-derived cationic lipids containing mul- 
tiple amide linkages per molecule. to probe the role of 
3-amino-acid residues and the chemical structural require- 
ments needed to form specific hydrophobic cavities of 
supramolecular receptors in aqueous solution."01 The role 
of amino acid residues on inclusion and molecular recog- 
nition were examined using structurally related cationic 
styryl dyes like 4[4-(dimethylamino)styryl]-Methyl 
pyridinium iodide, 2-[4-(dimethylamino)styryl]-N-ethyl 
pyridiniuin iodide. and 2-[4-(dimethy1amino)styryll-N- 
methyl pyridiniuln iodide. These dyes not only act as host 
molecules but also serve as microenvironmental probes 
due to their sovatochromic nature. 

Supramolecular Peptide Helices 

The design and construction of monomolecular peptide 
helical structures using appropriate, conformationally 
restricted amino acid residues were extensively studied. 
However. relatively less attention was paid to the con- 
struction of a supralnolecular peptide helix. In biolog- 
ical systems. suprarnolecular helices with various levels 
of self-organization and self-assembly of the peptide 
backbone are common. My research group is involved 
in constructing various supramolecular helical structures 
from acyclic oligopeptides containing noncoded amino 
acids with appropriate conformations, which can act as 
subunits for ~ e l f - a s s e m b l y . ' ~ ~ ~ ' ~ ~  

The majority of the backbone torsion angles of the 
terminally blocked tripeptide Boc-Leu-Aib-Phe-QMe 
[Aib: r-aminoisobutyric acid] falls within the helical 
region. and it fails to form any intrarnolecularly hydrogen- 
bonded turn structures. However, this helps to form a 
supramolecular helical structure (Fig. 1) through nonco- 
valent interactions in the solid state.['" The scanning 
electron microscopic (SEM) picture of the tripeptide Boc- 
Leu-Aib-Phe-QMe shows the filamentous ribbon-like 
fibrillar morphology that is reminiscent of neurodegener- 
ative disease-causing amyloid fibrils. 

The terminally protected tetrapeptide Boc-Leu-Aib- 
$he-Aib-OMe adopts a consecutive double-bend confor- 
mation with two successive p-turns. It self-assembles 
through various noncovalent interactions, including inter- 
molecular hydrogen bonds, to form a supramolecular 
helical str~icture in crystals (Fig. 2).["] Similarly, another 
double-bend-forming peptide Boc-Ala-Aib-Leu-Bib-OMe 
self-associates to form a supramolecular helix via inter- 
mo!ecular hydrogen bonding in the crystal structure.'"' 
However, the tetrapeptide Boc-P-Ala-Aib-Leu-Aib-QMe 
[p-Ala: (3-alanine] adopts a new type of consecutive 

Fig. 3 A cross-eye stereo, space-filling representation of the 
tetrapeptide Boc-P-Ala-Aib-Leu-Aib-OMe showing a higher- 
ordered supramolecular helical assembly. as determined by 
single-crystal x-ray diffraction studies. Kitrogen atoms are blue. 
oxygen atoms are red. and carbon atoms are gray. Nonhydrogen- 
bonded hydrogen atoms and side chains of Lue are omitted for 
clarity. (View this art in color at ,i>vw.dekker.com.) 

double-turn structure, which self-associates to form a 
unique supramolecular helix (Fig. 3).['" The terminally 
protected tetrapeptide Boc-Bib-Val-Aib-P-Ala-QMe 
adopts a double-turn molecular conformation that self- 
assembles to form an anisotropic intermolecularly hydro- 
gen-bonded supramolecular helix with an average diam- 
eter of 1 nrn in the crystal (Fig. 4). This suprainolecular 
helical structure further self-assembles to form polydis- 
perse nanorods with diameters ranging from 10-40 1 1 m . ' ~ ~ ~  

Supramolecular Acyclic Peptide p-Sheets 

The design and construction of acyclic oligopeptide 
molecules. which form ~upramolecular (3-sheet structures, 
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Fig. 4 Space-filling inodel of the supramolecular helical array 
of the tetrapeptide Boc-Aib-Val-Aib-P-Ala-OMe showing the 
staking of subunits maintaining proper registry, generating a 
helical structure as cietermined by x-ray crystallographic 
analysis. Nitrogen atoms are blue. oxygen atoms are red. and 
carbon atorns are gray. Hydrogen atorns are omitted for clarity. 
(Vie~t. tlzi.~ LWT i l l  coloi. nt ~ ~ ~ ~ t ~ ~ t ~ . i l ~ k k e r . . c o i ~ z . )  

comprise an emerging field. Formation of supramolecular 
P-sheet structures using various ~loilcovalent interactions 
and their further self-association into highly ordered 
fibriilar structures are responsible for causing many fatal 
progressi\e neurodegenerati\.e amgloid diseases, like 
Alzheimer's and Parkinson's. To understand the molec- 
ular bases of pathogenesis and therapeutics of these 
diseases. it is important to construct supramolecular 
peptide 9-sheet assemblage. There are many reports of 
P-sheet stabilization involving unimolecular P-sheet for- 
mation and subsequent stabilization by only intramolec- 
ular  interaction^.^'^'^" Mowe, er. there are limited reports 
elucidating peptide P-sheet formation and stabilization in 

crystals and in solution by purely intermolecular interac- 
tions, 1"-'21 My research group is actively engaged in 

constructing amyloid-like fibril-forming suprarnolecu!ar 
~ - s h e e t s . ' " - ~ ~ ~  The terminally blocked ti-ipeptide contain- 
ing noncoded amino acids [viz., p-alanine (P-Ala) and rr.- 
aininoisobutyric acid (Aib)]. Boc-P-Ala-Aib-0-Ala-8Me, 
adopts a P-strand structure with an overall extended 
backbone conformation with a slight kink at the middle. It 
self-assembles to form a suprainolecular parallel P-sheet 
structure in crystal (Fig. 5 )  and amyloid-like fibrils in the 
solid state.'28' The supramolecular P-sheet structure is 
formed by various noncovalent interactio~ls. including 
intermolecular hydrogen bonding. This is the first crys- 
tallographic evidence of an amyloid-like fibril-forming 
parallel p-sheet assemblage of a synthetic tripeptide 
coinposed of only nonprotein amino acids. A recent 
report describes that components of a series of terminally 
protected dipeptides. composed of 3-aminophenyi acetic 
acid and AibIVallPro, share a common structural fea- 
ture-an extended backbone conformation-and they 
self-assemble to form an intermolecularly hydrogen- 

Fig. 5 Packing diagram of the terminally protected tripeptide 
Boc-P-Ala-Aib-P-Ala-OMe in the h projection, illusirating 
intermolecular hydrogen bonding in solid state and formation 
of the supramolecular P-sheet. Nitrogen atoms are blue. oxygen 
atorns are red. carbon atoms are black. and hydrogen atoms are 
\+bite circles. Daqhed lines indicate hycirogen bonds. jlJieu' rliis 
nr-t in color- at ~c.~i.lt..clekker.com.) 
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bonded supramolecular P-sheet structure and show amy- 
loid-like fibrillar morphology in the solid state.'291 
Similarly. other terminally protected tripeptides Boc- 
~ l a - ~ l y - ~ - ~ l a - ~ i ~ e ~ ~ '  and B O C - ~ e u - ~ i b - ~ e u - ~ ~ e ' ~  
self-assemble through intermolecular hydrogen bonding 
to form supralnolecular P-sheet structures in crystals. Both 
tripeptides form the antiparallel P-sheet structure. The 
tripeptide Boc-Leu-Aib-P-Ala-OMe adopts an intramo- 
lecularly hydrogen-bonded p-turn conformation in the 
crystals. There are two molecules in the asymeric unit to 
form a molecular dimes of two different 
This peptide celf-assembles by intermolecular hydrogen 

bonds and other noncovalent interactions to form a 
supramolecular P-sheet structure in crystals (Fig. 6). This 
is the first example of a p-turn fonning short acyclic 
peptide, which forms the supramolecular P-sheet structure 
in crystals instead of a supramolecular helix. 

Self-Assembling Cyclic Peptides 

Cyclic peptides with an even number of alternating D-and 
L-r-amino acids adopt flat ring-shaped structures in which 
the backbone amide groups are arranged perpendicular to 
the side chains and the plane of the ring conformation. 

Fig. 6 The packing of the terminally protected tripeptide Boc-Leu-Aib-B-Ala-OMe. showing the formation of a continuous P-sheet 
column along the crystallographic b axis via intermolecular hydrogen bonds and van der Waals' interactions in the crystal. Dashed lines 
indicate hydrogen bonds. Nitrogen atoms are blue. oxygen atoms are red. carbon atoms are green, and hydrogen atoms are white. (View 
this nrr in color. at ~.v~v~r,.d~kker..cotn.) 
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Under favorable conditions. these cyclic peptide rings 
self-assemble through intermolecular hydrogen bonding 
to forin open-ended hollow P-sheet-like nanotubular 
structures. keeping the amino acid side chains outside 
the surface of the ensemble. In a pioneering work. Ghadiri 
and his coworkers demonstrated the formation of hollow 
tubular suprarnolecular structures with an appropriate 
internal diameter of 7 A from a self-assembling cyclic 
octapeptide ~ ~ ~ ~ ~ - [ - ( L - G I u - D - A I ~ - L - ~ ~ u - D - A ~ ~ - ) ~ ] . ~ ~ ~  The 
internal diameter of cyclic peptide nanotubes can be 
altered by varying the peptide ring size. The 12-residue 
peptide c y c i o - [ - ( ~ - G l u - ~ - ~ ~ a - ~ - ~ l u - ~ - ~ l a - ) ~ ] ~ ~ ~ ~  was 
shown to undergo proton-triggered self-assembly. which 
leads to the formation of a nanotubular structure of an 
enhanccd van der Waals. diameter of 13 A. A remarkable 
feature of these cyclic peptide nanotubes is that the surface 
properties of the tubular structures can be varied by 
appropriateiy selecting the amino acid side chains. Cyclic 
D, L-peptides with appropriate hydrophobic side chains can 
be partitioned in nonpolar lipid bilayers and undergo self- 
association to form transmembrane ion channels. In 1994, 
Ghadiri and his coworkers demonstrated the formation of a 
transinelnbrane ion channel based on a self-assembled. 
cyclic ~ , r - o c t a ~ e p t i d e , [ ~ "  Single-channel conductance 
measurements and fluorescence proton transfer assays 
mere used to examine the channel-forming properties of 
cyclic D.L-peptides. These ion channels exhibit transport 
activity for Na+ and K+ greater than 10' ions s i .  The 
cyclic clecapeptide cyclol-(-L-Trp-D-le~)~-~-Gln-~-Leu] 
wit11 an internal van der Waals diameter of 10 A, 
was sho~vn to transport glucose inolec~lles across the 
lipid bilayer inemhrane."" A report from Seebach and 
his group noted that cyciic tetrapeptides containing only 
chiral p"amino acids can form hollow tubes similar to 
those exhibited by cyclic ~ . ~ - x - ~ e p t i d e s . ~ " ~  Ghadiri et al. 
demonstrated the formation of ion channels by two self- 
assembling cyclic ~ ' - ~ e ~ t i d e s . ' ~ ~ ~  Described in recent 
report fro111 Chadiri's group was that self-assembling 
cyciic D.L-z-peptides coinposed of six and eight residues 
can serve as potent antibacterial agents against drug- 
resistant bacteriai3" by enhancing the membrane perme- 
ability, collapsing the transmembrane potential. and 
e\.entually causing rapid cell death. These antibacterial 
cyclic oligopeptides were found to be nontoxic in mice, 
and they hoid considerable promise in combating many 
drug-resistant bacterial infections in human beings. 

CONCLUSION 

The applrcation5 of amino acids in supramolecular 
chein~str~.  are multipurpose. One pulpose is to make 
~nclusion complexes with common macrocyclic hosts. like 

CDs or calixarenes. Other applications include complexa- 
tions of metal ions with amino acids, leading to various 
supramolecular architectures. In addition, various amino 
acids are used to synthesize cyclic and acyclic peptides 
that have wide applications in supramolecular chemistry. 
such as creating nonself-assembling cyclic oligopeptides 
with well-defined cavities that can be used as hosts for 
various cations (including the chiral one), anions, and 
electroneutral substrates. Finally, self-assembling cyclic 
and acyclic peptides not only form various supramolecular 
architectures, but also, cyclic oligopeptides can be used as 
artificial ion channels and antibacterial agents. 
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There is great current interest in developing strategies for 
the synthesis of complex molecular architectures with 
novel properties and potential in a wide range of ap- 
plications. During the past few years, supramolecular 
chemistry provided important advances in this direction. 
The increased control over the assembly of molecular 
components led to the rational synthesis of novel species 
such as molecular cages, helicates, rotaxanes, and cate- 
nanes, among several others. A common strategy used to 
prepare such assemblies involves the use of chemical 
templates. As defined by Busch, "A chemical template 
organizes an assembly of atoms. with respect to one or 
more geometric loci, in order to achieve a particular 
linking of atoms" (p. 389).['] When there are several 
potential ways of linking a group of lnolecular compo- 
nents, the template provides the instructions for the 
formation of a single product. In the presence of another 
template. a different assembly is expected. and as a 
consequence, a different product should be formed. In 
generai, after the ternplate has directed the formation of 
the assembly. it can be removed to yield the template-free 
product. However. this is not possible if the teinplating 
agent is an integral part of the final product. In this entry. 
a template (or directing agent) will be considered to be 
any species that organizes an assembly of atoms or 
molecules h r  specific linking and is either removed from 
the final product or kept as an integral part of it. 

ANIONS AS TEMPLATES 

In contrast to the well-studied ternplating properties of 
cationic and neutral species.i29" anions have been largely 
neglected as templating agents until recently. Up to 1996 
there were only a handfill of examples of anion-directed 
assemblies, the first ones being reported in the early 
1990s.~'." The relative lack of anion-templated assem- 
blies bas been partially attributed to intrinsic properties of 
anions. such as their diffuse nature (i.e.. small char, oe-to- 
radius ratio); pH sensitivity, and their relative high 
solvation-free energies.[" However. as demonstrated over 

the past few years, these limitations can be overcome 
by appropriately modifying the experimental conditions, 
and several anion-directed assemblies have now been 
reported. The importance of anions as templates is also 
seen in biological processes where, for example. anions 
have been identified as directing agents in protein 
folding.[61 

This entry provides a co~npilation of anion-directed 
asse~nblies and analyzes some of the factors that have 
made these syntheses possible. This is the first time that 
the subject is specifically reviewed, even though Beer and 
Gale incorporated a section on this topic in their three 
reviews on supramolecular chernistry of  anion^.'^^'^ The 
current entry will be divided into two main sections: 
anion-directed synthesis of metalla-assemblies. and an- 
ion-directed assembly in organic synthesis. While in the 
first type of assemblies the anions use mainly electrostatic 
and Lewis-acid-base interactions to direct the syntheses. 
in the second case hydrogen bonds play a very important 
role. The size and geometry of the ternplating anions are 
also essential in dictating the final structure to be formed 
(as it is in any other templated reaction). Due to space 
limitations, this entry will concentrate on anion-directed 
assemblies that yield well-defined molecular species. The 
anion-directed assembly of polymeric materials, although 
an important area within supramolecular chemistry. is out 
of the scope of this review. 

ANION-DIRECTED SYNTHESIS OF 
METALLA-ASSEMBLIES 

Metalla-Macrocycles and Circular Helieates 

One of the first anion-directed assemblies is the [12]mer- 
curacarborand-4 (I) reported by Hawthorne in 1991. 
which can be prepared in high yields by reacting 1-2- 
dilithio-carbora~le with mercuric chloride (see Fig. l)."' 
This compound consists of four bivalent 1.2-carborane 
cages linked by four mercury atoms forming a macrocycle 
with a chloride ion located at its center. The anion displays 
strong Lewis-acid-base interactions with the four mercury 
atoms of the macrocycle. Such interactions play an 
important role in directing the formation of the cyclic 

E i l c ~ c / o [ ~ e ~ l i c ~  of S~~piz in~oiec~t lnr  C l~e tn i s t t~  
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Fig. 1 The anion-ternplated assemblies reported by ~awthorne." . '~ '  ~ehn, ' " . ' "  and  unbar.'^^."' (Vie)$' this art in color ut 
~+w~..dekker.com. ) 

structures as opposed to the noncyclic ones. The same 
authors later showed that an analogous cyclic tetramer is 
obtained when mercuric iodide is used for the cyclization 
reaction but; in contrast, an acyclic polymer is formed in 
the presence o f  mercuric acetate.'"" 

Elegant examples o f  anion-temptated synthesis are the 
penta- and hexanuclear circular helicates reported by Lehn 
(see Fig. I ) . ' '  ' , I 2 ]  In this work it was demonstrated that the 
self-assembly o f  iron(l1) salts and a tris-bipyridyl ligand 
(L) is highly dependent on the presence o f  specific anions. 
With Feel2, the pentanuclear circular helicate [ F ~ ~ L ~ c ~ ] ~ '  
(2 )  is obtained. while the hexanuclear analogue [Fe6- 
L~( soJ ) ] "+  (3)  is formed in quantitative yields with 
FeS04 [hexanuclear systems are also formed with Fe(BF& 
and FeSiF6]. The structural characterization o f  [@es- 
~ ~ ~ 1 1 "  demonstrated it to be a circular double helix with 
an inner cavity radius o f  1.75 .&. The chloride ion is 
contained within this cavity (which provides an excellent 
size match for this halide) and is tightly bound thanks to 
the 10 positive charges from the five iron(I1) centers lo- 
cated in the periphery. By increasing the size o f  the tern- 
plating anion, i t  is then possible to assemble structures 
with larger cavities such as [ F ~ ~ L ~ ( s o ~ ) ] ' ~ ) + .  In these 
examples, electrostatic interactions and good ion-to-cavity 
size match are the directing forces behind the anion-tem- 
plated self-assembly process. Using a similar approach, 
McCleverty and Ward reported the synthesis o f  the cyclic 
supramolecular complex [ @ o ~ L ~ ~ ( c I o J ) ] ' +  (where L= bis 
{ 3-(2-pyridy1)pyrazol- 1 -yl}dihydroborate) with a perchlo- 
rate anion encapsulated in the central cavity."" The anion 
is likely to play an important role in the selective forma- 
tion o f  this structure. 

More recently, Dunbar demonstrated that the structures 
resulting from the self-assembly o f  metal cations with the 
his-chelaling ligand 3.6-bis(2-pyridyl)l,2,4,5-tetrazine 
(bptz) are strongly dependant on the anions present in 

the reaction m i x t ~ r e . ~ ' ~ . " '  In the presence o f  B F 4  and 
CIOl , the molecular squares [Nil(bptz)J(CF13CN)s] [XI8 
(4.73 (X = BF4-, ClQ4--) are formed in approximately 
75% yield (see Fig. I ) .  while in the presence o f  SbF6-, 
the molecular pentagon [NiS(bptz)5(CH;CN)lo][SbF6]lu 
(5) is obtained (in 60-70% yields). The structural 
characterization o f  the molecular square 4-BF4 showed 
that it has a void space with an approximate diameter o f  
4.6 .&, which is o f  the ideal size match for the BFJP 
anion. In the case o f  the pentagon, the void space at its 
center is larger, providing a better size match for larger 
anions such as SbFhP. The structures observed in the 
solid state are retained in solution, as demonstrated by 
ESI mass spectrometry. 

Examples o f  metalla-macrocycles where hydrogen 
bonding (in addition to electrostatic and Lewis-acid-base 
interactions) is used by the templating anion to direct 
the assembly are the Ni/Pd boxes reported by ViIar (see 
Fig. 2).'16' The N i ( a t ~ ) ~  fragment (atu=deprotonated 
arnidinothiourea) reacts with PdX2(PPh3)2 to selectively 
form the metalla-macrocycles [ ~ d ~ N i ~ ( a t u ) ~ ( ~ ~ h ~ ) f l +  
(6-X) (X=Cl, Br; and I )  in 55-74% yields. In the 
presence o f  other anions such as triflate. nitrate, or 
acetate: the formation o f  the macrocyc!e is not observed, 
and instead monometallic species are obtained. Interest- 
ingly, i f  stoichiometric amounts o f  chloride, bromide, or 
iodide are added to these mixtures, the corresponding 
macrocycles are formed quantitatively. confir~lning the 
templating role o f  the halide anions. The structural 
characterization o f  these macrocycles demonstrates that, 
in the solid state, the halides located at their center form 
hydrogen bonds with four NM groups from the am- 
idinothiourea ligands and with several C-H grou-ps from 
the phenyl rings o f  the phosphines. The halides also 
interact with the palladium centers in a Lewis-acid-base 
fashion. "P-NMR studies revealed that the halides 
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X = CI, BF, I; L = PPh3 

6eX 

Fig. 2 Anion-templated metalla-macrocycles 6 0 ~ ~ ' ~ ~  and silver-alkynyl cages (Views this art in color ut ~.t,+i~w.dekker.com.) 

bound to the metalla-macrocycles can be exchanged 
in solution. 

Metalla-Cages 

The first examples of metalla-cages synthesized by anion- 
directed processes are a series of polyoxometallates 
reported by ~ i i l l e r . ' ~ . " ~  In these species, anions control 
the aggregation of Vn+O, polyhedra into cage-type struc- 
tures such as [HV1 8 0 4 4 ( ~ 0 3 ) 1  l o + ,  [ H V ~ ~ O ~ ~ ( S C N ) ] ~ + ,  
and [ P I ~ V , ~ ~ ~ ~ ( P ~ ~ ) ] ~ + ,  in which the anions are situated 
inside the cavity of the cages. With other anions such as 
acetate. V - 0  aggregates are formed in which the anions 
are located on the outer surface of the shell. Similarly, 
Zubieta reported that the synthesis of a series of 
oxovanadium-organophosphates such as [(V0)6(tB- 
u P ~ ~ ) ~ C ~ ]  may be directed by the encapsulated chloride 
anion.['s1 

An interesting example of anion-directed assembly is 
the "super-adamatoid" silver cage [ ~ g ~ ( t r i p h o s ) ~ ~ ~ ] ~ +  
('3.X) [X=03SCF3, Clod,  and NO3; i r i p h o ~ = ( P P h ~ C H ~ ) ~ -  
CMe] reported by James and ~ i n g o s . [ ' ~ '  The formation 
of these cages is anion-specific, because they are only 
obtained in the presence of the above-mentioned anions. 
When other species such as B F 4  and S b F 6  were used. 
the corresponding rigid cages were not formed but 
instead. more labile products in which the phosphines 
dissociate were obtained. These results indicate that, in 
order to form the silver cages, a nucleophilic anion with 
the appropriate geometry to bridge three silver atoms is 
essential. This process has been further exploited by 
James to prepare metallo-dendrimers by using benzylsul- 
fate dendrons to direct the assembly of the silver cage.i201 

Another example of silver assemblies obtained by 
anion-directed synthesis["] are the silver cages [Ag14- 
(C = CtBu),2X]' (8-X) (X=F,Cl,Br). The reaction of t- 
butylalkyne and AgBF4 in the presence of a base yields 
the organometallic polymer [Ag(C r CtBuj],, which is 
converted (in high yields) into the cages [Ag14(C=Ct 
B U ) ~ ~ X ] +  (see Fig. 2) upon addition of fluoride. chlo- 
ride, or bromide salts (but not when other anions such as 
triflate or tosylate are used). Their structural character- 
ization demonstrated cages 8.X to have a rhombohedra1 
geometry with the corresponding halide encapsulated at 
their center. The cavity generated by this specific as- 
sembly is of the right geometry and dimensions to en- 
capsulate spherical anions with a maximum radius of 
approximately 2.0 A. Electrospray ionization mass spec- 
tometry (ESI-MS) and solution state infrared (IR) studies 
demonstrated that the cage-type structure is retained 
in solution. The silver atoms are held together by the 
bridging alkynyls and a combination of metallophilic 
attractions between the silver centers and Lewis-acid- 
base interactions between the silver atoms and the en- 
capsulated halide. 

Fujita reported a wide range of systems formed by the 
self-assembly of several nitrogen-donor ligands and 
palladium and platinum  center^.'"^ In the assembly of 
some of these systems, the ternplating properties of anions 
play an important role. When the square planar complex 
[ P ~ ( ~ I I ) ~ ( N O ~ ) ~ ]  is reacted with 1.3.5-tris(4-pyridyl- 
methy1)benzene in the presence of anionic species having 
a hydrophobic moiety (such as 4-methoxyphenylacetate), 
the nearly quantitative formation of the cage structure 9 is 
observed (see Fig. 3).["] 1n the absence of the anionic1 
hydrophobic species, this reaction gives rise to a con- 
siderable amount of polymeric material. Similarly, the 
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X = CI, Br: M = Ni, 1I.X 
Pd. 12eX 

Fig. 3 Anion-directed cages 9. BBsX, l 2 - ~ , [ " , ~ ~ . ~ ~ ~  and Fujita's nanochannels.['" (View this art in color at \t%,vu'.dekker.cor~l.) 

quantitative formation of coordination channels such as 
BO has been reported to occur when [Pd(en)2(N03)2] is 
reacted with oligo(3,5-oligopyridine)~ in the presence of 
rod-like anion species such as 4.4'-biphenylenedicarbox- 
plate (see Fig. 3)."" In these examples. the template 
directs the assembly not only through electrostatic 
interactions but also through n-n stacking and the use of 
hydrophobic effects. 

A combination of metal. . .anion and hydrogen-bond- 
ing interactions has been used in the anion-directed syn- 
thesis of a series of hexarnetal  cage^.'^"^^^ The nickel 
complexes [ ~ i ~ ( a t u ) ~ X ] ' +  (1l.X) can be prepared by 
mixing stoichiometric amounts of Nix2 and Hatu (X = 
C1,Br; Hatu = amidinothiourea) in methanol. The struc- 
tural characterization of the resulting compounds demon- 
strated that the six nickel atoms are assembled in an 
octahedral geoinetry around a central anion and are linked 
by eight deprotonated Hatu ligands. The correspond- 
ing halide anion is encapsulated at the center of the cage 
and forms eight M-bonds with the ligands' NH groups. 
There is also an important attraction between the NiS4 
units located at the poles of the cage and the central anion. 
The analogous hexanuclear cages [ ~ i ~ ~ d ~ ( a t u ) ~ ~ ] ~ +  

(B2.X) (X = C1,Br) can be prepared by reacting four 
equivalents of the preformed Ni(atu)> complex and two 
equivalents of Pd(PhCN)2X2. In the presence of other 
anions (such as I -, C104 -, OAc -. or NO? - ), the 
hexanuclear cages do not form, indicating the important 
geometrical constrains (both regarding their volume and 
spherical shape) imposed by the templating halides for the 
formation of these specific structures. 

ANION-DIRECTED ASSEMBLY IN 
ORGANIC SYNTHESIS 

Macrocycles 

Cation-directed synthesis of organic macrocycles such as 
crown ethers is a well-established procedure that has been 
widely utilized for many years. However: the use of 
anionic species for this purpose has only recently begun to 
be exploited. One of the first examples of anion-directed 
organic synthesis is the oligopyrrolic macrocycle 13 
reported by Sessler (see Fig. 4).L271 This macrocycle was 

I 3  14 15 

Fig. 4 Products of the anion-directed rnacrocycl~rdt~on reactions repolted by ~essler,'"' ~ l c a l d e , [ ' ~ ]  and Klrn '"I 
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prepared quantitatively using HN03 (rather than HCl) as 
acid catalyst for the cyclization. Under these conditions. 
the nitrate salt of the protonated macrocycle precipitated 
out of the reaction mixture. These results led the authors 
to suggest a possible ternplating effect exerted by the 
anionic species. Similarly, Alcalde recently reported[281 
the chloride-directed synthesis of a series of [14]imidaz- 
oliophanes such as 14 (see Fig. 4). The macrocyclization 
reaction leading to these species was studied in the 
presence of a wide range of anions and demonstrated to 
give greatly increased yields when chloride (and in some 
cases, bromide) was used. In the presence of larger anions 
(such as BF4-, PF6-, and H2P04-) ,  the yields were 
considerably lower, suggesting a good size-match be- 
tween the cavity of the mdcrocycles and the two halides. 

Another exainple in which anions seem to play an 
important directing role is in the synthesis of oligoamide 
macrocycles."" Following observations that certain salts 
(such as EiCl and CaCI2) have an influence on the 
formation of polyamides. Kiln engaged in studying the 
influence of such salts in model macrocyclic compounds. 
Specifically. the high dilution reaction between iso- 
phthalic acid chloride and r?z-phenylenediamine was 
studied and reported to yield a complex mixture of cyclic 
and oligomeric species. However, when this reaction was 
repeated in the presence of CaCl,, the main product 
obtained was the cyclic hexamer 85 (see Fig. 4) in pref- 
erence to the other cyclic and oligomeric species. 
Structural characterization of 15 demonstrated it to have 
a C a C I ,  anion (formed in situ from CaClz and free 
chloride) positioned in the inner cavity of the macrocycle. 
These results suggested a directing effect of the anion. 

because in its absence. the main product of the reactions 
was not the hexamer $5 but oligomers and rings of 
different sizes. 

Rotaxanes and Psegedorotaxanes 

The interest in rotaxanes, pseudorotaxanes, and catenanes 
(i.e., molecules that contain non-covalently interlocked 
components) stems from their potential use as building 
blocks in molecular devices. Their syntheses usually rely 
on some sort of template assistance, such as the pre- 
organization of the assembly's components around a 
metal center. While cationic templates have been widely 
used in this context, only a few examples of anion- 
directed synthesis of interlocked molecules have been 
reported. In fact, although rotaxanes and pseudorotaxanes 
have been prepared in this way (as discussed in this 
section), to date there is no reported example of anion- 
directed synthesis of catenanes. 

Stoddart and Williams reported the first example of 
anion-assisted self-assembly of a pseudorotaxane.['O1 By 
mixing four equivalents of [PdH2(CH2Ph)2][PF6] with one 
equivalent of a large macrocycle (tetrakis-17-phenylene 
[68]crown-20), the pseudorotaxane (16) shown in Fig. 5 
was obtained. This superstructure was structurally char- 
acterized, revealing the presence of the PF6- anion at 
its center, which forms multiple C-H . . . F hydrogen 
bonds with the hydroquinone methine and the benzylic 
methylene hydrogen atoms. The presence of an encap- 
sulated P F 6  and its multiple interactions with the re- 
ceptor suggest that it plays an important directing role in 
the self-assembly of this superstructure. Further studies in 

Fig. 5 Two examples of pseudorotaxanes reported by Stoddart and ~ i l l i a m s ' ~ ~ ~  and by ~ee r . ' " '  (View this art in color at 
~.t>~r.~t..dekker..corn.) 
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Fig. 6 Reaction scheme for the anion-directed synthesis of Vogtle's rotaxane~.'"~ (View this art iiz color lit ~+~v~~,.dekker.coi?z.)  

the presence o f  other anions would provide interesting 
insight into this reaction. 

Beer recently reported the anion-directed assembly o f  
the [2]pseudorotaxane 17.~"' In this system (see Fig. 5 ) .  a 
chloride anion has been employed as the central core 
about kvhich two ligands (the macrocycle and the liner 
species) are orthogonally disposed by means o f  H- 
bonding to the anion. The formation o f  I 7  was studied 
in solution by UVIVis spectroscopy and ' H - N M R  and 
confirmed in the solid state by an x-ray crystal structure. 
While chloride was demonstrated to be a good directing 
agent for the formation o f  17, other anions such as B r

p

.  
I p .  and P " F 6  proved to be poor templates. This de- 
monstrates the importance o f  the geometries and dimen- 
sions o f  the templating anion for the formation o f  a 
specific assembly. 

In 1999 Vogile reported the first example o f  anion- 
directed synthesis o f  rotaxai~es.'"~ The first step in this 
synthesis consisted o f  forming a strong host-guest com- 
plex between a tetralactam macrocycle and a phenolate 
anion (see Fig. 6 ) .  With this, the anion (also a good nu- 
cleophile) is properly positioned to further react with the 
adequate component to form a rotaxane. Using this ineth- 
odology. different rotaxanes were prepared depending on 
whether the phenolic functionality was located at the 
stopper component or at the axle precursor. 

In contrast to the well-documented assembly o f  helicates 
around metal centers. there are only two examples o f  

well-identified anion-assembled helicates. De Mendoza 
reported the first in 1 9 9 6 , " ~ ~  while Kruger and Martin 
only recently published the ~econd.'"~ The former 
reported that a tetraguanidinium strand self-assembled 
around a sulfate anion to produce a double helical 
structure. The formation o f  this assembly was proposed 
on the basis o f  NMR and CD spectroscopic studies. More 
recently, Kruger and Martin structurally characteri~ed a 
double helicate formed by assembling a diammonium-bis- 
pyridiniuln salt around two chloride anions. In both o f  
these examples, the directing forces to form the as- 
semblies are based on H-bonding interactions between the 
anions and the N-H groups present in the ligands. 

CONCLUSION AND OUTLOOK 

Important developments in the supramolecular chemistry 
o f  anions were seen in the last few years. As a con- 
sequence; anion-directed assemblies have started to 
emerge, providing synthetic chemists with a new ap- 
proach for the synthesis o f  complex molecular architec- 
tures. The anion-directed assembly o f  macrocycles. 
molecular cages, nanotubes, helicates, rotaxanes. and 
pseudorotaxanes is already a reality. These examples have 
established the foundations for a systematic and rational 
approach to the anion-directed synthesis o f  novel supra- 
n~olecular (and molecular) structures. Moreover, they 
suggest that even in well-known reactions. the partic- 
ipation o f  anions might have been ignored until now. In 
the years to come. we will certainly see an increasing 
number o f  assemblies prepared through anion-directed 



Anion-Directed Assemblj 

approaches, which will provide new methodologies for 
synthetic chemistry. 
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INTRODUCTION 

The [nlannulenes may be defined as cyclic polyalkenes 
possessing a closed circuit of n n-conjugated p,-orbitals. 
The first t h e e  small annulenes are shown in Fig. 1 and 
include [4]annulene (cyclobutadiene), [6]annulene (ben- 
zene), and [Xlannulene (cyclooctatetraene). The bracketed 
number, n, can be classified as either a 4n+2 (Hiickel 
aromaticMobous antiasomatic) or 4n (Huckel antiasomaticl 
Mobius aromatic) delocalized n-electron species. That said, 
it is not surprising that the concept of aromaticity[" is 
closely associated with the annulenes. Indeed, the first t h e e  
annulenes listed cover the concepts of Hiickel aromatic, 
antiaromatic, and nonaromatic properties (see Fig. 1). 

Given that the annulene literature is vast and has 
already been covered within many excellent  review^,'^"' 
this work is not intended to be comprehensive. Instead, 
this review will reflect a sampling of current annulene 
chemistry. focusing on representative aspects of [4]-, [6]-, 
[8]-, [12]-, [14]-, 1161-, and [18]annulenes. 

DEFiNlf IONS AND ACRONYMS 

For convenience, definitions of key terms and acronyms 
used in this review are provided below: 

ACID (Anisotropy of the Current-Induced Density): A 
theoretical method for visualizing, as an isosurface, 
delocalization of electrons in molecules. 

[n]Annulene: A cyclic polyalkene possessing a closed 
circuit of FZ n-conjugated p,-orbitals. 

Antiaromaticity: A property associated with [nlannulenes 
possessing either 412 electrons (Huckel) or 4n+2 
electrons (Mobius). such that the acyclic homologue 
is more stable than the cycle. A paratropic compound. 

Aromaticity: A property associated with [nlannulenes 
possessing either a 4rz c 2 (Hiickel) or 4n (Mobius) 
number of delocalized n-electrons capable of sus- 
taining a ring current.[" 

Hgckel arornatici@s An aromatic annulene composed of 
a continuous circuit of p,-orbitals oriented along the 
same axis (or plane) and possessing 411 + 2  electrons. 

M6bius Aron~alicily: An aromatic annulene composed 
of a continuous array of p,-orbitals containing a 4n 

number of n-electrons, arranged such that an (ideal) 
180" twist occurs within the orbital circuit. 

BEE (Bond Localization Energy): The energy neces- 
sary to localize a common bond between two cyclic 
n-systems. See the work of Mitchell, sited herein.'"'] 

Diatropic ring current ('H-WMR): An induced ring 
current within the annulene n-circuit that opposes the 
applied magnetic field, resulting in a downfield shift 
of protons on the outside of an aromatic annulene. 

Frost's circle: A simple, geoinetrical approach to approx- 
imating the HMO energy levels for planar annulenes. 
The lowest energy MO has an HMO energy of cl+2P. 

HMO theory (HGckel Molecular Orbital theory): A 
simple molecular orbital theory applied to planar 
n-conjugated systems. A key simplification involves 
treatment of the n-system independently from the 
o-system. The HMO molecular orbital energies are 
in terms of cx. and p, where cx. is equated with the 
energy of an isolated p, orbital, and P is the reso- 
nance integral, equated to the energy associated with 
having electrons shared by atoms. As reference, ben- 
zene is 4P more stable than an isolated p, orbital. 

Homoaromaticity Cyclic conjugation of a n-system that 
bypasses one (or more) saturated atoms. 

NHCS (Nucleus-Independen& Chemical $hifts): A theo- 
retical method for determining the ring current at the 
center (or any position in space) of an annulene or 
other delocalized system. 

Paratropic ring current ('H-NMR): An induced ring 
current within the annulene n-circuit that aligns with 
the applied magnetic field, resulting in an upfield 
shift of affected protons. 

The instability of [4]annulene (a neutral 4n n-electron 
annulene) can be gleaned from either Frost's Circlet6' or 
HMO theory.[71 As shown in Fig. 2. the former predicts an 
open-shell triplet, implicating instability. The latter reports 
no gain in energy (0 P) relative to its acyclic analogue, 
butadiene. Experimental evidence shows that cyclobuta- 
diene is. in fact, a closed shell species, with alternate single 
and double bonds. Regardless, as predicted. [4]annulene 
proved to be an unstable compound. 
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[4]annulene [6]annulene 
4n n electrons 4n+2 w electrons [8]annulene 
n=l  n= 1 4n n electrons 
Huckel antiaromatic Hiickel aromatic n=2 

non-planar 
non-aromatic 

Fig. 1 Depicting the first three simple [iz]annulenes along with 
their n-electron count and Hiickel aromatic/antiaromatic/nonar- 
omatic classification. 

[4]annulene: 
cyclobutadiene a 

Fig. 2 Fro5t.s circle applied to [4]annulene. 

Harnessing the reactivity of [4]annulenes has allowed 
for their controlled use in [ ~ T T , + ~ T c , ]  cycloaddition reac- 
tions, playing the role of diene, dieneophile, or both.L8p111 
Transient tetraalkylcyclobutadienes can be readily pre- 
pared via DMF-promoted decomposition of the corre- 
sponding tetraalkylcyclobutadiene-aluminum trichloride 
complex. The complex is stable and can be readily pre- 
pared by reaction of aluminum trichloride with a dial- 
kylacetylene. In the absence of a good dienophile. the 
reactive tetraalkylcyclobutadienes undergo dimerization 
to yield 1,2,3,4,5,6,7.8-o~taalk~l-tri~clo[4.2.0.0~'~~)]ocia- 
3.7-dienes (Scheme 1). In the presence of a good di- 
enophile, such as acetylenedicarboxylic acid or its cor- 
responding esters, the Diels-Alder adduct can be isolated 
in high yield.L1O.lll It is noteworthy to mention that the 
product of this [4n+2n] reaction is a substituted Dewar 
benzene, itself a high-energy isomer of [6]annulene. Thus, 
from a synthetic standpoint, a substituted [4]annulene can 
be converted to its isomeric [Glannulene via two pericyclic 
reactions: a thernial [4nS + 2ns] followed by a pho- 

E+E E = ester 1 
R  "::"_' hv or R@E 

R R E  
R  E 

Dewar form R  
[6] annulene from 

Scheme 1 Synthesis of a [hlannulene via its Dewar benzene 
isomer. The Dewar form is prepared via a [4n+2x] cycloaddi- 
tion with [4]annulene and a substituted acetylene. 

tochemical 4n electrocyclic ring opening (Scheme 1). 
Due to this fact, Dewar benzene was proposed as a 
supramolecular protecting group for aromatic rings, 
preventing aryl-aryl stacking interactions from biasing 
solid-state properties.["' 

An elegant use of [4]annulene chemistry utilizes the 
stable tricarbonylcyclobutadiene iron complex as a pro- 
tected cyc~obutadiene.[~." One advantage over the alumi- 
num cyclobutadiene complex is the ability of the 
tricarbonylcyclobutadiene iron complex to be amenable 
to synthetic modifications of the four-membered ring. 
Typically. ceric ammoniuin nitrate (CAN; or other 
oxidants) may be used to oxidize the iron and liberate 
free cyclobutadiene. An example of this methodology 
is shown in Scheme 2, as applied to the synthesis of 
(+)-asteriscanolide. Further examples of reactions utiliz- 
ing this chemistry are shown in Table 1.  

Benzene embodies arornaticity and is the standard by which 
the property of aromaticity is measured. Given that fact. it is 
worthwhile to provide an overview of recent techniques that 
attempt to quantify the property of aromaticity. 

Scheme 2 (a) h\,. ChEh Fe2(C0j9. 50°C (61%), (b) LAH. BFI OEtr (934): (c) Me2NCHrZ\;Me2. H?P04. CH;CO:H. 100°C (67%). 
(d) MeI, TFIF: SaH, 5.5-dimethyl-cyclopent-2-enol. THFDMF (50%). and (e) Me?NO, acetone. 56°C (634)  



Table B Showing substrate and cycloadduct product from the intramolecular [4x+2n] cycloaddition involving the 
[4]annulene moiety 

Substrate Cycloadducl Substrate Cycloadduct 

From a theoretical standpoint, simple analysis via 
Frost's circle yields a closed-shell system, implying 
stability (compare to cyclobutadiene) (Fig. 3). The HMO 
theory renders benzene ca. I P more stable than its acyclic 
analogue, hexatriene. Although these pen and paper 
methods cannot compare to modern computational meth- 
ods presently available for a desktop computer. they are 
elegant in their simplicity and qualitative predictive 
power. However, given the interest in quantifying some 
measure of aromaticity (or antiaromaticity) among differ- 
ent annulenes." much higher levels of theory are desired 
and have been developed. Recently, two new tech- 
niques were reported that integrate the power of ab initio 
calculations with simple protocols that are generally ap- 
plicable to a wide variety of annulenes and related com- 
pounds. Both methods can take advantage of the popular 
~aussian'"' suite of computational chemistry programs. 
Given their generality, availability. and ease of setup, they 
were highlighted in brief below. 

Proton chemical shifts of annulenes have long been 
utilized as probes of ring currents.['" For example. 
protons outside and inside of an aromatic annulene will 

[Glannulene: 
benzene 

shift downfield and upfield, respectively, as a function of 
the induced ring current. In general, those protons at (or 
above) the annulene center experience a greater magni- 
tude of shift than those outside the annulene ring. One 
synthetic/experimental limitation of this "internal probe" 
technique is the ability to place an NMR active nucleus at 
a ring center. A theoretical technique designed to 
overcome this problem places a ghost atom at the ring 
center (or any position in space). Absolute magnetic 
shieldings can then be calculated using available compu- 
tational chemistry programs. This facile technique, known 
as Nucleus-Independent Chemical Shifts (NICS), is 
establirhed as an effective aromaticity criterion. Some 
values are given in Table 2 (note that negative NICS 
values denote aromaticity, and positive NICS values 
denote antiaromaticity). 

The ACID method (anisotropy of the current-induced 
density) provides a method to visualize, as an isosurface. 
delocalization of electrons in  molecule^.""'^' One major 
advantage of this method is its invariance with respect to 
the relative orientation between molecule and magnetic 

Table 2 Nics values for several aromatic and antiaromatic 
species 

Annulene Point group NICS (6-31 + G*) 

Benzene Doi - 9.7 
[SIAnnulene dianion Dsi, - 13.9 
[4]Annulene D ~ I ,  +27.6 
Naphthalene D2h - 9.9 

Fig. 3 Fro5t.s circle applied to [blannulene. 



62 Annulenes 

lapping p-orbitals lie in-plane (as opposed to orthogo- 
nal). Given that this arrangement constitutes a closed 
circuit of 4n + 2 ?T-electrons, the system. according to 
the definition provided herein. constitutes a (homo-) 
[blannulene. Within the reported series. a maximum 
NICS value of 3 0 . 1  ppm was found at the ring center. 

Fig. 4 ACID surface lnapped onto the localized, tub conforlner it was determined lhat such in-~lane  annu- 

of [8]annulene (left), and the planar. delocalized [8]annulene lenes may possess lhan One third the aromatic 
dianion (right). Discontinuous surfaces imply no delocalization stabilization energy of benzene, thus constituting the 
at those corresponding points in space (with respect to the best candidates yet proposed for a neutral trishomoaro- 
selected isosurface value: here set at 0.05). (Vieci, this art in inatic compound. 
color crt \~'\v,v.dekker.conz.) 

field. Furthermore. it is not a simple function of the 
electron density. and it utilizes the same symmetry as the 
wave function. In the proverbial sense that ' b n e  picture is 
worth a thousand words." the ACID technique is best 
summarized by direct visualization of such an isosurface. 
As such, illustrated in Fig. 4 is an ACID isosurface 
mapped onto both the (localized) tub conformer and 
(delocalized) planar conformer of [Slannulene and its 
aromatic dianion. respectively. 

In addition to the classical [6]annulene. benzene, 
neutral in-plane tl-ishomoaromatic "benzene' ' frame- 
works (such as that depicted in Fig. 5 )  were also stud- 
ied.['71 Although not yet synthesized, these compounds 
were collectively studied using a variety of computa- 
tional techniques. Unique from benzene, the six over- 

[g]Annulene is a 412 ?T-electron system, and thus, the 
(neutral) planar form would be expected to exhibit 
antiaromatic behavior. Indeed: Frost's circle analysis 
predicts an open-shell species (as with [4]annulene: see 
Figs. 2 and 6). Extensive studies of cyclooctatetraene were 
performed,i'8.'y1 and it was established that the neutral 
state avoids the problem of antiaromaticity by adopting a 
tub conformation. Both the anion and dianion are known 
to exist in a planar conformation, the latter being aro- 
ma ti^.['^' This fact is also predicted by simple analysis of 
the [glannulene dianion by Frost's circle (see Fig. 6). It is 
predicted that the planar [8]annulene dianion is a closed- 
shell system. 

x-y plane 

Fig. 5 (a) Benzene p-orbitals are orthogonal to the x-y plane. (h) In an in-plane benzene. six p-orbitals lie in-plane. (c) Stereoview 
(cross-eye) of an in-plane benzene skeleton. 

[8]annulene: 
cyclooctatetraene 

- 
- - 

Fig. 6 Frost's circle applied to [8]annulene and its dianion. 



Annolenes 

Fig. '7 Stereovieivs (cross-eye) of a shape-changing cyclophane composed of two [8]annulene moieties. The stereoviews were modeled 
at ihe PM3 level of theory and optimized only for illustrative purposes (structures may not correspond to true global minima). 

At the ab initio level of theory, a NICS calculation of 
the dianion yields an (aromatic) value of - 13.9"~' (see 
Table 2). and  ACID''^' clearly illustrates the corse- 
sponding shift from the localized neutral tub conformer 
to ihe delocalized planar dianion (see Fig. 4). 

The redox-induced confosmational change associated 
with [Slannulene was utilized as the key element in the 
design of shape-changing molecules. A shape-changing 
cyclophane was reported."01 likely capable of functioning 
as a redox-triggered two-state host (Fig. 7). In an analogous 
manner. ri polymer composed of tetra[2.3-thienylene] 
monomers (a thiophene-fused [Slannulene) was also 
repos~ed.12'-23] a design intended to translate additive tub- 
to-planar conformational changes into an overall perturba- 
tion of polymer chain length (i.e.. a polymeric electrome- 
chanical actuator or molecular muscle, see Fig. 8a,b and 
Table 3). In contrast to the aforementioned conformation- 
ally dynamic [Slannulenes, oxidation of the constrained 
tub conformer of octamethoxytetraphenylene (an o-dial- 
koxybenzene-fused [Slannulene): yields electrochro~nic 
switching via redox-triggered reversible carbon-carbon 
bond formation (Fig. SC)."'~ 

Tetra[2,3-thienylene] was also utilized as a rigid unit, a 
double-helical s~affold.~"' Specifically, a racemic mix- 

Me0 OMe M e 0  

Fig. 8 (a) Depicting teira(2.3-thienqlene) and correspond- 
ing descriptors. @ and d (see Table 3). (b) Poly(tetra[2. 
3-thienylene]). a putative ~nolecular muscle. (c) Depicting re- 
dox-induced reversible carbon-carbon bond formation in octa- 
methoxy tetra-phenylene. 

ture of the corresponding octaaryl double helix. shown in 
Fig. 9, crystallizes to yield homochiral, supramolecular 
poly~ner chains extending in the direction of the long 
crystal axis. Edge-to-face stacking of neighboring (in- 
termolecular) terminal phenyl groups dominated the 
homochiral supramolecular assembly (Fig. 9). Simi- 
larly, tetraphenylene was also used as a scaffold for 
the synthesis of octaaryl double-helical monomers 
(Fig. 1 0 ) . ' ~ ~ '  

M6BlUS [$N]AMNULENES: [Q]-, 
[Is]-, AND [28]ANNULENE 

Although the concept of Mobius aromaticity was put forth 
in 19f14,'~'I no neutral [4r1]annulene exhibiting a Mobius 
strip conformation (Fig. 1 I )  and Mobius aromatic char- 
acter has yet been prepared. It was originally predicted 
that all [4n]anulenes > [20]annulene should be capable of 
accommodating a Mobius strip conformation with mini- 
mal strain. Recent theoretical studies revealed that the 
[4r7]annulenes, [12]-. [16]-, and [20]annulene. exhibit 
Mobius conformers (local minima) and corresponding 
asonlatic character (IVICS \,slues of - 14.6. - 15.6, and 
- 10.2 ppin at ring center, respecti\ely), although the 
lowest-energy conformers (global minima). in all cases. 
are of Hiickel topology.L'X1 Clearly. control of conforma- 
tion via the targeted synthetic design of a [411]annulene 

Table 3 Report~ng the ledox-lnduced perturbatron of S-C-C-S 
d~hedral angle. 0. and correspond~ng cliinelic~onal change. il (see 
Fig 821) 

Compound Charge @(deg) aB (i) Ad (%) 

Monomer 0 49.5 6.87 - 

Monomer 1 + 34.8 7.27 5.69 
Dimes 0 48.9 6.90 - 

Dimer 1 + 38.6 7.14 3.54 
Dimer 2 + 3 1.4 7.33 5.92 

Charges mere determined \-in electrochemical analqiir of tetra(2. 
3-thien) lzne) monomer arid dirner. and confomier data mas calculated 
at the B3LYP16-3 1 Ci(d.11) le\ el of theor). 



n-Bu 

n-Bu n-Bu 

racernic racemic omochiral supramoiecaelar 

(a) phenylacelylene PdlL,. Cut, NH(/-Pr),, Bu,NI, DMF 

Fig. 9 Synthesis of a racemic octaaryl double helix utilizing tetra[2,3-thienylene] as a core. Supramolecular self-assembly of the 
racemic mixture yields homochiral supramolecular polymers (diiner repeat shown). 

with true Mobius topology will be required to provide 
supporting experimental data to this study. 

[I4]ANNULENE: DlHYBWOPYREME 
VALENCE TAUTOMEWISM AND 
APPLICATIONS DERIVED THEREFROM 

The [14]annulene, diinethyldihydropyrene (DHP), exhi- 
bits rich cheinistry that was reviewed elsewhere in 
detai1.r2.291 A key reaction of this annulene is the 
symmetry-allowed photochemical transforrnaeion between 
the closed [14]annulene form. and the open metacyclo- 
phanediene form (CPD; see Scheme 3a). The transition 
between colorless and colored forms, the perturbations in 
conjugation pathways, and the 'H-NMR shift associated 
with the two inethyl groups poised near the ring center 
(thus, reporting changes in ring currents) made DHP an 
excellent scaffold from which to design photochrornic 
switches and other n-functional molecules. 

The current state-of-the-art DHP photochrornic switch 
is capable of accessing three unique states (CPD-CPD, 
CPD-DHP. and DHP-DHP; see Scheme 13b).'~~.''~ This 
multistate photochromic switch was prepared by fusion of 
two benzo[e]dimetl~yldihydropyrene moieties. The states 
can be optically read and written. although the DHP-DMP 

state rapidly converts back to the CPD-DHP state via a 
thermal (symmetry forbidden) process. 

The DHP to CPD interconversion also perturbs 
conjugation pathways around the perimeter of the mole- 
cule. This fact was capitalized upon to yield an optoelec- 
tronic redox switch (Scheme 3 ~ ) . ' ~ "  Specifically, the 16-n 
linear circuit extending from thiophene A through DHP to 
thiophene B is interrupted upon conversion to Th-CPD- 
Th. This process is reversible, and only the DHP form 
exhibits anodic activity within a window of 0.0-0.75 V. 
Thus, the state of the photochromic switch can be written 
photochemically and read electrochemically (the CPD 
form is redox silent, and the DMP form is redox active). 

In addition to functioning as a switch. DHP also serves 
as a tool with which to probe aromatic character by NMR 
(via monitoring the "reporter" methyl groups).'" It was 
shown that the BLE of any aromatic annulene benzannu- 
lated onto DHP (i.e., [nlannulene, shown in Fig. 3d) can 
be determined by the following equation: 

BLE = [4.18 + 6jAr)j/2.59 

where 6(Ar) is the average chemical shift of ihe internal 
methyl groups. 

This equation is true due to the sensitivity of the methyl 
groupr to the ring current of the DMP skeleton, as well as 
to the fact that annulated DHPs can be dissected into two 
n-circuits (i.e.. red and blue according to Scheine 3d). The 

Fig. 10 An octaaryl double helix formed from the fusion of Fig. BW A conceptual illustration of 12 p, orbitals arranged in a 
two tetraphenylene units. Mobius strip conformation. 
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Scheme 3 (a) The DHP-CPD photochemical interconversion; (b) a DHP-based three-way switch: (c) a thiophene-DHP copolymer 
capable of attenuating effective conjugation length via the DHP-CPD photochemical interconversion; and (d) the two rc-circuits in a 
benzannulated-DHP: blue corresponds to the DHP skeleton. and red corresponds to a benzannulated aromatic. (View this ar t  iiz color at 
~.~~~w.dekker .corn . )  

larger the resonance energy in the red fragment, the less 
delocalization in the blue circuit (i.e., DHP), hence, the 
smaller the diatropic shift of the methyl groups. Of course, 
one drawback of this method is that it requires covalent 
attachment between the DHP "probe" and the aromatic 
[nlannulene to be studied. 

[16]- AND ["B]ANNULENE 

The [16]-annulene and [18]annulene are the smallest 
annulenes (antiaromatic and aromatic, respectively), 
possessing internal protons to be thermodynamically 
stable at room temperature (Fig. 12). Not surprisingly, 

steric interactions between internal protons affect the 
conformer distribution of these systems. Perdeuterated 
[16]- and [lglannulenes were synthesized in an effort to 
attenuate these internal sterics, given that C-D bonds are 
shorter than C-H bonds."21 The results demonstrated 
increased ring currents in both of the perdeuterated 
annulenes, as determined by 'H-NMR analysis (paratropic 
and diatropic, respectively). It is proposed that the shorter 
C-D versus C-H bond reduces internal sterics, allowing 
the o-framework of the annulenes to achieve near ideal 
(120") C-C=C bond angles, and thus increasing the 
enforcement of n-delocalization. It should be emphasized 
that achieving near ideal bond angles was determined to 
be more important than achieving complete planarity (i.e., 
all internal HID atoms in the same plane). 

4 CONCLUSION 

Selected examples of recent properties and applications of 
[nlannulenes (rz=4, 6, 8. 12, 14. 16. and 18) were 
presented. Despite years of investigation. i t  is apparent 

/ / G that that these remain cyclic relevant K-systems to even possess the most intrinsic "modern" properties of 

Fig. 12 [18]Annule11e, emphas~ring internal versus external applications (for example. molecular devices). Further- 
HID environments. more, some interesting properties of as-yet unprepared 



annulenes were predicted from accurate levels of ab initio 
theory. When coupling these facts and recognizing that 
the area of annulene chemistry extends far beyond this 
rekiew. it is clear that interest in these systems will remain 
keen for many years to come. 
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Anticrowns are peculiar antipodes of crown ethers and 
their thia and aza analogues. They contain several Lewis 
acidic centers in the macrocyclic chain and so are able to 
efficiently bind various anions and neutral Lewis bases 
with the formation of unusual complexes, wherein the 
Lewis basic species is si~nultaneously bonded to all Lewis 
acidic atoms of the macrocycle. This remarkable property 
of anticrowns, being reminiscent of the behavior of 
conventional crown compounds in metal cation binding, 
makes them prospective aids in the areas of molecular 
recognition. ion transport. as well as organic synthesis 
and catalysis. 

The first reports on the anion-binding capacity of 
anticrowns emerged in the late 1980s-early 1990s. 
Subsequently, a considerable amount of information on 
different aspects of the chemistry of these novel reagents 
was accumulated. Nowadays. data on coinplexing prop- 
erties of macrocjlcles containing two, three. four: and five 
Lewis acidic centers in the chain were published. 
Especially impressive results were obtained for polymer- 
curamacrocycles. which proved to be efficient hosts for 
binding l~arious anionic and neutral Lewis basic species. 
Polytin- and polysilicon-containing macrocycles were 
also studied as anticrowns. 

In the present article. host-guest chemistry of anti- 
crowns as well as available data on their applications in 
catalysis and as ionophores will be briefly reviewed. 
Strictly speaking. only macrocycles with three and more 
Lewis acidic centers in the chain can be considered as 
genuine anticrowns. Nevertheless. the binding properties 
of some macrocycles containing only two Lewis acidic 
atoms in the ring will also be discussed. 

HOST-GUEST CHEMISTRY OF ANTICROWNS 

Polytin- and Pslysilicon-Containing 
Macrocycles 

111 1987, Newcomb et a1.'I1 reported the syilthesis of the 
macrocqcles [Cl2Sn(CFI2),,I2 (n = 8, 10. 12) c o n t a ~ n ~ l ~ g  two 
tin atoms in the macrocyclic chain. and they showed by 
119 Sn-NMR method that these macrocycles fornl corn- 

plexes with chloride anion in an acetonitrile solution. 
It was suggested that the anionic species in the resulting 
complexes is bonded to both tin atoms of the cycle. 
The most stable adduct was formed from the macrocycle 
with n=8. 

The interaction of halide anions with a series of 
macrobicyclic compounds (1-4) containing two tin atoms 
in bridgehead positions was also studied by " '~n- 
NMR."' It turned out that bicyclic host 1 is able to bind 
fluoride anion. but it does not react with bulkier chloride. 
bromide, and iodide ions. By contrast, compounds 2-4 
readily coordinate chloride ion but they are unable to bind 
fluoride anion. According to x-ray diffraction data, the 
fluoride ion in the complex with 1 is bonded to both tin 
centers of the Lewis acidic host. whereas the chloride 
ion in its adduct with 2 is coordinated only to a single 
tin atom. 

f CH')ll\ 
Cl- SII- ICH,)lT Sn- Cl 

LccH,i,-' 

In 1989, Jurkschat et al.'" described the synthesis of the 
12-membered rnacrocycles [R 'R 'S~(CH~)~] ;  [R' =R2=C1 
(5 ) ;  R' =Me, R L C l  (6)] containing three tin atoms in the 
macrocyclic chain. According to '"S~-NMR spectra, both 
rnacrocycles are able to bind successively at first one and 
then the second chloride ions. The complex of 5 with one 
chloride ion was isolated from the reaction solution. An 
x-ray diffraction study of this complex revealed that the 
anionic species is coordinated here with two Lewis acidic 
centers of the cycle. For the analogo~is 1:1 complex of 
macrocycle 6. the structure including the simultaneous 
coordination of C 1  with all three tin atoms of the cycle 
was proposed. 

In a subsequent study. the ability of tlie 15-membered 
polytin-containing rnacrocycle [Me2Sn(CH2)4]3 to bind 
chloride and bromide anions as well as to transport the111 
through liquid n~enlbrane was demonstrated.'" Similar 
capacity to transport halide anions (CIF, BrF) through 
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liquid membranes was previously established for the 
macrocycle [Me2Si(CH2)3]3 containing three silicon 
atoms.'" Recently, the synthesis of the eight-membered 
macrocycle [cy~lo-CH~{Sn(Cl~)CN~Si(Me~))~0] with 
two tin and two silicon atoms in the ring was described.16' 
This macrocycle reacts with chloride, fluoride. and 
hydroxide ions to form 1:1 complexes, wherein only tin 
atoms of the cycle are involved in the coordination with 
the anionic guest. 

The possibility of using poly~nercuramacrocycles as anion 
receptors was demonstrated for the first time in 1989. 
when it was reported that cyclic trimeric o-phenylene- 
mercury ( O - C ~ H , H ~ ) ~  ( T ) ' ~ '  containing three Hg atoms in 
a planar nine-membered cycle is capable of binding halide 
anions (C1-, Br-. I-) in halomethane solutions.'" l o w -  
ever, the resulting complexes could not be isolated here 
due to. apparently, their insufficient stability. Further 
progress in nlercury anticrown chemistry was achieved 
when the perfluorinated analogue of 7,  viz. cyclic trimeric 
pe r f l~~o~~o-~-p l~eny le~ le~~le rcury  ~ o - C , F , N ~ ) ~  (8)[" was 
employed as a macrocyclic l~ost."~."' The presence of 
fluorine atoms in the aromatic rings of 8 sharply increases 
the Lewis acidity of the Hg centers and. as a consequence. 
q ~ i t e  stable and isolable complexes of unusual structures 
are formed in the interaction of this macrocycle with 
anions and neutral Lewis bases. Subsequently, one other 
perfluorinated polymercuramacrocycle. [(CF3)2CHg]S 
(9).'"' with five Hg atoms in a planar 10-membered ring 
was also successf~~lly used as an anticrown. 

Macrocycle 8 exhibits a high affinity toward various 
anionic species (C1-. Br-, I-. SCN-. BPI4-. closo- 
[B 1 o ~ l ~ ] ' - .  closo-[B , ,H~']'. etc.): forming complexes 
with coinpositions and structures that are strongly depen- 
dent on the nature of the anion and the reagent ratio. In the 

case of bromide. iodide, and thiocyanate ions, the isolated 
compounds [ [ O - C ~ F ~ H ~ ) ~ ~ ]  (X=Br, I, SCN) contain one 
anionic guest per one molecule of the macrocycle."0.'1.131 
The reaction of 8 with chloride ions gives the complex 
{ [ ( O - C ~ F ~ H ~ ) ~ ] ~ C ~ ~ } ' ,  containing two anionic species 
per three macrocycle molecules.'"" 

An x-ray diffraction study of the complexes of 8 with 
bromide and iodide anions that they are 
polymeric in the solid state and have unprecedented struc- 
tures of polydecker bent sandwiches [(. . . 8 .  . .X. . .),,In- 
(X=Br. I), wherein every halide anion is simultaneously 
coordinated to six Hg atoms of two neighboring molecules 
of 8. A unique feature of the complexes is that the role of 
the coordinating centers in their molecules is played not 
by the metal atoms or cations. as in the case of normal 
sandwich complexes, but by the anions of the halogen. 
An analogous polydecker sandwich structure was estab- 
lished for a 1:l complex of 8 with thiocyanate anion.'131 
The anionic species in this complex is bonded to the Hg 
centers of 8 through the sulfur atom. However, the 
coordination of the anionic guest with Lewis acidic host is 
here less symmetrical: every S C N  ion forms with each of 
the macrocycles two relatively short and one considerably 
longer Hg-S bonds. One may suggest that the above- 
mentioned complex of 8 with cl~loride anions. {[(o- 
c ~ F ~ H ~ ) ~ ] ~ c ~ ~ } ~ - ,  has a structure of triple-decker sand- 
wic l~ ."~ '  Quantum-chemical calculations also predict the 
possibility of the existence of double-decker sandwich 
complexes of macrocycle 8 with halide and sulfide 
anions.1141 

In the interaction of 8 with borohydride anions in THF. 
the complexes of three different compositions, viz. {[(o- 
c6F4Hg)312(BH4) 1 - 9  { [(0-C6F1Hg)31(Bh) 1 .  and 1 [(o- 
C ~ F ~ H ~ ) ; ] ( B H , ) ~ } ~  are formed depending on the 
reagent ratio."" According to IR spectra, the bonding of 
the BH4- ions to the Hg atoms is accomplished here 
through B-H-Hg bridges. Quantum-chemical calcula- 
tions of the complexes suggest that they should have 
unusual double-decker sandwich, half-sandwich (pyrami- 
dal), and bipyranlidal structures. respectikely. The com- 
plexes are quite stable. For example, the stability constant 
of ( [ ( O - C ~ F ~ H ~ ) ~ ] ~ ( B H ~ ) }  in THF at 20°C reaches a 
value of lo7 1' rnolP2. 

The first structurally characterized double-decker sand- 
wich complexes of perfluorinated poly~llercuralllacro- 
cycles with anions were obtained from the reactions of 
polyhedral closo-[B 0~11 01' and closo-[R 1 212 dian- 
ions with the excess of 8."" The anionic guest in these 
remarlcable complexes { [ ( ~ - c ~ F ~ H ~ ) ~ ] ~ ( B , H , ) } ~  (n= 10, 
12) is located between the planes of two macrocycles and 
is bonded to each through B-H-Mg bridges of two types. 
One type i s t h e  simultaneous coordination of the B-H 
group to all Hg centers of the neighboring molecule of the 
macrocycle. The other type is the coordination of the B-H 



moiety only to a single Hg atom o f  the cycle. When the 
interaction o f  8 with the above polyhedral dianions is 
conducted at an eqrrimolar ratio o f  the reagents. the 
corresponding half-sandwiches { [ ( O - C ~ F ~ H ~ ) ~ ] ( B , H , )  } ' - 
are 

For macrocycle 9. complexes with halide, acetate, 
trifluoroacetate; and sulfate anions were obtained. In the 
case o f  halide ions, the isolated compounds, {[(CF& 
C H ~ ] ~ X ~ } ~ ~  (I[=Cl, Br, I), contain two anionic species 
per one macrocycle molecule and have bipyramidal 
structures. [I'L,17.18] The halide anions in these adducts are 
arranged above and below the metallacycle plane, and 
each is symmetrically bonded to all Lewis acidic centers 
o f  the cycle; so that the coordination number o f  the 
halogen atoms here becomes equal to five. In the bis- 
acetate and bis-tril-luoroacetate complexes o f  9. the 
anionic guests are also disposed on different sides o f  the 
metallacycle plane and are bonded to 9 in the same 
manne~.~'" In each o f  the carboxylate ligands. one o f  the 
oxygen atoms is coordinated with three metallic centers o f  
the cycle, whereas the other is bonded to two remaining 
metal atoms. Different coordinated geometry is observed 
in the complex o f  9 with sulfate anion.['" In this 1:l 
complex {[(CF& C H ~ ] ~ ( S O ~ ) } ~ ~ .  the anionic guest 
behaves as a tetradentate ligand and forms three types o f  
the Hg-O bonds with the macrocycle. One type is the 
cooperative binding o f  one o f  the oxygen atoms o f  the 
 SO^' ion by all Lewis acidic sites o f  the host. This 
oxygen atom is located nearly in the plane o f  a 10- 
membered mercuracarbon ring. Two other oxygen atoms 
are coordinated each to a single Hg atom o f  9,  while the 
fourth oxygen atom is bonded to two Hg centers. 

Macrocycle 8 is able to bind effectively not only anions 
but also various neutral Lewis bases. such as nitriles,["] 
carbonyl ~om~ounds .~" . "~  aromatic  hydrocarbon^,"^' and 
some o t l ~ e r s . ~ ~ ~ '  As a result o f  the reactions. complexes 
containing one, two. or three Lewis basic species per one 
macrocycle molecule are produced. depending on the 
nature o f  a Lewis base. For example. the interaction o f  

8 with acry l~n i t r i l e , [~~~  acetone,['" acetaldehyde.["] and 
b e n ~ o ~ h e n o n e " ~ ~  gives 1 : 1 complexes having pyramidal 
structures in which the Lewis basic species is coordinated 
with all mercury centers o f  8. The reactions o f  8 with 
acetonitrile,["] ~,~-dimethylformamide~[~~' and aceto- 
phenone[''] afford complexes containing two Lewis bases 
per molecule o f  8. and these complexes have the 
corresponding bipyramidal structures, with the Lewis 
basic moieties being located on different sides o f  the 
metallacycle plane. And, at last, from the interaction o f  
8 with ben~onitrile,"~" ethyl acetate,'211 and a~etone.'~" 
complexes containing three molecules o f  a Lewis base 
were isolated. Interestingly, in the case o f  the benzonitrile 
complex [ ( O - C ~ F ~ H ~ ) ~ ( P ~ C N ) ~ ] ,  all the nitrile ligands are 
disposed on one side o f  the metallacycle plane and, in 
addition, differ from each other in the geometry o f  
coordination with the macrocycle. By contrast, in the 1:3 
complexes o f  8 with ethyl acetate and acetone, two o f  
three molecules o f  a Lewis base are located above and 
below the lnetallacycle plane. It should be stressed that 
independent o f  their structure. all the 1:3 complexes 
contain at least one fragment wherein the Lewis basic 
guest is simultaneously bonded to all Lewis acidic sites 
o f  the macrocycle. Note also that according to IR 
spectra. the complexation o f  the above carbonyl com- 
pounds with 8 leads to a significant weakening o f  their 
C=O bonds, which is o f  interest for organic synthesis 
and catalysis. 

The reactions o f  macrocycle 8 with benzene. biphenyl, 
naphthalene, and triphenylene result in the fo

r

mation o f  
1 : 1 con~plexes with polydecker sandwich structures in the 
solid state.'"' The bonding o f  the aro~natic molecules to 
8 in these unusual complexes is due to secondary .rc- 
interactions between the C=C bonds o f  the arenes and the 
Lewis acidic Hg centers. Thus, even weak Lewis bases 
such as aromatic hydrocarbons are able to form host-guest 
complexes with 8. 

o-Car$oranylmercu~.y Macrocycles 
(Mercuracarborands) 

o-Carboranylmercury macrocycles or mercuracarbo- 
rands['J.?' I also exhibit a high efficie~lcy in the binding 

o f  anions and neutral Lewis bases. which is due to the 
electron-withdrawing character o f  the carborane cages 
increasing the Lewis acidity o f  the mercury centers. This 
class o f  anticrowns was developed by Hawthorne 
et a1.12'.251 At present. data on the synthesis and complex- 
ing properties o f  mercuracarborands (o-C2BsoHloHg)4 
(10). ( o - C ~ B ~ ~ H ~ ~ H ~ ) ~  (11). and their substituted deriva- 
tives. containing four and three Hg atoms in 12- and 9- 
membered cycles, respectively, are available. 



In 1991, Hawthorne et al. reported that the reaction o f  
1.2-dilithio-o-carborane o-CZBloH10Li2 with HgC12 
results in the formation o f  a 1:l complex o f  mercuracar- 
borand 10 with chloride i ~ n . ~ " ~ " ~  The anionic guest in 
this uniq~ie complex [(o-C2B10MIoHg)4Cl]- (12) resides 
nearly in the center o f  the mercuracarbon ring and is 
symmetrically coordinated to the four Hg atoms o f  the 
cycle. It was proposed that the chloride ion plays a role o f  
a template in this macrocyclization reaction. Similarly. a 
treatment o f  o-C2BlOH1,-,Li2 with Hg12 afforded the 
corresponding mono- or diiodide complexes, [(o-C2B I 

HloHg)4I]- and [(o-GI3 l o ~ l o H g ) 4 1 2 ] Z -  (13). depending 
on the reaction c~ndi t ions . '~~ . '~ '  As in the above-men- 
tioned diiodide complex { [ ( C F ~ ) ~ C H ~ ] ~ I ~ } ~  ; the anionic 
species in 13 are arranged above and below the metalla- 
cycle plane, but their coordination with the mercury atoms 
is less symmetrical here. which can be explained by the 
electrostatic repulsion o f  the iodide anions. The same 
indirect procedure was utilized successfully for the 
synthesis o f  halide complexes with a number o f  substi- 
tuted derivatives o f  ~ B B . ~ ~ ~ . ~ ~ ~  In particular, a 1 : 1  complex 
o f  the tetraphenyl derivative o f  10 with iodide ion, [(3-Ph- 

o - C ~ B ~ ~ H ~ H ~ ) ~ I ] .  having a symmetrical pyramidal 
structure, was synthesized in this way.'"] 

The free macrocyclic host 10 was prepared by the 
reaction o f  its diiodide 13 with silver acetate.[2"251 In a 
similar fashion. a series o f  substituted derivatives o f  10 
was obtained from the corresponding dihalide complexes 
and silver acetate. The structure o f  10 in a form o f  the 
10.(THF)4,(H20)2 adduct was established by an x-ray 
diffraction study. A treatment o f  10 with I regenerates 
the initial 13. 

Macrocycle 10 reacts with two equivalents o f  MNQ3 in 
acetone in the presence o f  18-crown-6 to give the bis- 
nitrate complex [(o-C2B l o ~ l o ~ g ) 4 ( ~ 0 3 ) 2 ( ~ 2 ~ ) ] 2  - (14) 
containing one coordinated water molecule.[261 Both 
nitrate ions in 14 behave as monodentate ligands but 
differ strongly from each other in the mode o f  coordina- 
tion with the host. One o f  the NO3- ions in 14 is bonded 
through the oxygen atom to all four Hg centers o f  10, 
while the second nitrate is bonded to only two Hg atoms. 
The remaining coordination site between two other Hg 
centers is occupied by a molecule of water. Interestingly, 
when the reaction o f  10 with potassium nitrate is 
conducted at a NO3-:lO molar ratio o f  3:  1 the bis-nitrate 
complex [(~-C~B~~H~~H~)~(NO~)~]~ (15) containing no 
water is formed, and this complex has a different struc- 
t ~ r e . ' ~ ~ ~  A remarkable feature o f  15 is that each o f  the 
nitrate ions here is coordinated to BO in an unprecedented 
tridentate, face-on fashion, and, in addition, all four Hg 
atoms o f  the macrocycle are involved in the bonding to the 
anionic guests. 

The interaction o f  10 and its octaethyl derivative (9,12- 
Et2-o-C2B 10H8Hg)4 (16) with c /o .Y~-[B  1 0 ~ 1 0 ] 2  - anions in 
acetone solution affords 1 :  1 adducts even in the presence 
o f  an excess o f  the anionic guest, which is indicated by 
N M R  spectra. However. the crystal product isolated from 
the reaction o f  16 with c l o s o - [ ~ ~ ~ H ~ ~ ] ~  contained two 
polyhedral dianions per one macrocycle molecule. This 
unusual supramolecular aggregate has a bipyramidal 
structure wherein each o f  the [ B , ~ H ~ ~ ] ~  species is 
bonded to all Hg atoms o f  the cycle through B-H-Hg 
 bridge^.'^"^^^ In the case o f  the bulkier c l o s o - [ ~ ~ ~ H ~ ~ ] ~ ~  
ion, no complexation with 10 and 16 occurs. The bi- 
pyramidal complexes o f  16 with neutral closo-9,l 2-12-o- 
C2Bl0HIo and closo-9-I-12-Et-o-C2BloHlo species were 
also described.[2s1 In these 1:2 complexes, an iodine atom 
o f  each o f  the boron-containing guests is bound to four Hg 
centers o f  the macrocyclic host. 

Mercuracarborand 11 is structurally similar to the 
above-mentioned perfluorinated poly~nercurainacrocycle 
8.  It was synthesized by the interaction o f  1.2-dilithio-o- 
carborane with H ~ ( o A c ) ~ . [ ~ ~ ~ ' "  The same method was 
applied for the synthesis o f  hexamethyl derivative o f  121; 
(9,12-Me2-o-G2BloH8Hg)3 (17). The formation o f  11 



rather than acetate complex of 10 or free PO in the above 
reaction can be explained by the greater strength of a 
mercuracarbon ring in 11 than in 10, as well as by the 
inability of noncoordinating acetate ion (in contrast to 
halide ions) to act as a template and thereby to direct the 
process of the cyclization toward PO. 

Both ~nercuracarborands 11 and 17 are able to bind 
halide anions and acetonitrile molecules. In the case of 17, 
the resulting complexes with halide anions (Clp, Brp, Ip) 
contain two molecules of the macrocycle per one anionic 
guest and have unique structures of double-decker 
sar~dwiches.~'~' The halide ion is situated here between 
two parallel rnercuracarbon rings and is syinmetrically 
bonded to six Hg centers. Thus. the coordination number 
of the halogen atom in these sandwiches as in the above- 
discussed polydecker bent sandwich colnplexes of 8 with 
bromide and iodide anions is equal to six. Structures of 
the halide adducts formed by macrocycle 11 are not 
yet determined. 

From the interaction of 11 with acetonitrile. two 
cocry stallired complexes, [(o-C2B 10HloHg)3(MeCN)3] 
and [(o-C2B loHloHg)y(MeCN) j], containing three and 
five nitrile molecules. were In each of these 
complexes, two acetonitrile ligands are coordinated 
through the nitrogen atoms with all Hg atoms of the cycle. 
In contrast to PI. macrocycle 17' gives with acetonitrile the 
sole complex [ ( U - C ~ B ~ ~ H ~ M ~ ~ P I ~ ) ~  (IvI~CN)~]. wherein 
only one MeCN ligand is simultaneously bonded to all Hg 
centers of the ~llercuracai-bon ring. 

The reaction of 17 with acetonelwater (50:l) mixture 
yields the conlplex containing one water and three ace- 
tone species per one inacrocyclic host.12" The water 
~nolec~rle in this complex is coordinated by its oxygen 
atom to three mercury atoms. while the carbonyl oxygen 
atom of each of the acetone ligands is bound only to a 
single Hg center. Interestingly, all four guest species in 
this adduct are arranged on one side of the metallacycle 
plane. An even more unusual host-guest complex { [ ( o -  
C2BloHxMe2Hg)3(H20)]2(C&)} was obtained from the 
interaction of 17 with benzene and water in dichloro- 
methane."" In this complex, every H 2 0  n~olecule is q3- 

coordinated at the center of 17. and the benzene ligand is 
disposed between two [(o-C2B loH8Me2Hg)3(W)] frag- 
ments, forming n-hydrogen bonds with both hydrogen 
acorns of each water molecule. The driving force for the 
formation of such multiple n-hydrogen bonds with 
benzene seems to be an increase in the acidity of the 
hydrogen atoms of water due to its ~l~-coordination with 
the Lewis acidic centers of 17'. 

In 1987. Wuest et al. published data on the synthesis of a 
2:1 complex of THF with the 22-membered rnacrocycle 

[u-C~H~H~OC(O)(CF~)~C(O)OH~]~ (18) containing four 
mercury atoms in the ~ i n g . ' ~ " . ' ~ ~  In this adduct. each of the 
THF ligands is coordinated with two Hg centers of the 
corresponding o-phenylenedimercury unit. Subsequently, 
a complex of the octamethyl derivative of 18. [0-C6 
Me4FIgOC(0)(CF2)3C(O)OHg]2, with four 1 &dime- 
thoxyethane (DME) ligands was prepared and structurally 
c h a r a c t e r i ~ e d . ~ ~ ~ . ~ "  In this complex, one oxygen atom of 
each ~nolecule of DME is bound with two Hg atoms of a 
o-phenylenedimercury moiety, while the other oxygen 
atom is bonded to a single mercury center. Evidently, the 
sizes of both macrocycles are too large, and the distance 
between o-phenylenedimercury fragments is too long for 
cooperative binding of a Lewis base by all Lewis acidic 
sites of these macrocyclic compounds. Wuest et al. also 
described a 2: 1 complex of diethylforlnamide with dicat- 
ionic macrocycle [ ( ~ - C ~ I \ / I ~ ~ H ~ O ( H ) H ~ ) ~ ] ~ +  (19) con- 
taining four Hg atoms in a planar 10-membered 
r.ng.~30.32~ The complex has a bipyramidal structure. The 

amide nlolecules in 19 are located above and below the 
metallacycle plane, and each is symmetrically coordinated 
through the oxygen atom with all four metal centers of the 
host. A high Lewis acidity of this macrocycle is due to its 
dicationic character. 

APPLlCATlONS OF ANTICROWNS IN 
CATALYSIS AND A S  10NoPHORES 

There are at least two types of reactions wherein anti- 
crowns co~ild be successfully used as catalysts. The first 
type is reactions catalyzed or promoted by conventional 
monodentate Lewis acids. An application of anticrowns in 
such reactions could result in an additional increase in the 
reaction rate due to cooperative effects of several Lewis 
acidic centers. The ability of anticrowns to form lipophilic 
anionic species as a result of the complexation with anions 
suggests that these compounds will be capable of 
effectively transferring various organic and inorganic 
cations from an aqueous phase to an organic phase. 
Therefore, another field of synthetic o

r
ganic chemistry in 

which anticrowns could be useful is phase-transfer 
catalysis of electrophilic reactions. 



The first example of the successful application of 
anticrow~ls in phase-transfer catalysis was reported in 
1989, when it was shown that nonfluorinated polymer- 
curamacrocycle 3 is able to catalyze the azo-coupling 
reaction between benzenediazor?ium halides PhW2+Xp 
(X=Cl, Br) and P-naphthol in the two-phase H20- 
CH2Br3 system.'" Diphe~lylmercury proved to be totally 
inactive in this reaction. 

Subsequently. it turned out that pertluori~lated poly- 
lnercurarnacrocycle 8 displays high efficiency in the 
phase-transfer nitration of acenaphthene with 21% nitric 
acid in the presence of sodium nitrite as an initiator and 
NaCl as a promoter."31 The process proceeds at room 
temperature and gives a quantitative yield of 5-nitro- and 
3-nitroacenaphthenes (in a 90-93: 10-7 ratio) after 40 min 
([acenaphthenel,,=O.5 M. a 100: 15 PhH-PhN02 n~ixture 
as an organic phase). In the absence of 8. the yield of the 
nitro compounds does not exceed 1%. even in 3 h. Note- 
cvorthy is ihai macrocycle 8 is stable under the nitration 
coilditions for at least ! h and can be reco\/ered from the 
reaction mixture in a 95% yield. Even greater activity in 
the nitration of acenaphthene with 21% HNO; is exhibited 
by macrocycle 9. in tlie presence of which a practically 
fill1 conversion of the starting aromatic substrate into its 
nitro products is reached after 10 min."" According to the 
kinetic data. the introduction of 9 in the system increases 
the initial nitration rate by nore  than three orders of 
magnitude. Mercury dichloride and bis(perfluoropheny1)- 
mercury show no cataiytic activity. 

Macrocycles 8 and 9 also catalyze the phase-transfer 
ilitration of pyrene, acenaphtheile and 1.3-dirneihylnaph- 
thalene with a mixture of sodium nitrite and 25.6% M2S04 
(i.e., with nitrous acid) in the presence of sodiuin 
chlo~ide.~"' The re action proceeds according to the 
following stoichiometric equation: 

The highest nitration rates are observed for pyrene. 
which in the presence of 8 is quantiiatively transfornled 
into I-nitropyrene within 9 min i r~  a dinitrogen atmo- 
sphere ([ArH],=0.092 M. a NaN02:ArH ~nolar ratio 
is ?:I). When the catalyst is absent. no nitration occurs 
for at least 4 11. The ability of 8 and 9 to transfer protons 
from an aqueous phase to benzene was also ~ e p o r t e d . ' ~ ~ . ~ ~ '  
This result opens prospects for using macrocycles of 
such a type in the phase-transfer catalysis of acid-cata- 
lyzecl reactioiis. 

la/lercui-acarborand 17 and octa~nethyl derivative of 10. 
(9.1 2-Me2-o-C2B loH,Hg)4 (20) were applied as catalysts 
for the Diels-Alder reactiori of a thionoester tr-rrrzs- 
MeCM=CHC(,S)OMe with ~ ~ c i o ~ e n t a d i e n e . ' " ~  It was 
found that on carrying out the reaction in CHIC12 at 03C 
in the presence of 20 (diene:%0=7.5:!. [thioester],,= 1 M) 

lacelnic mixtures of erzdo and PYO adducts ( ~ n  a 60 40 
ratlo) are formed wrth an 89% total 'M-IVMR yield (75% 
isolated y~eld) after 2 5 days When 17 1s used as a 
catalyst almoct exclusir ely. the endo isomer in a 94% 'H- 
NMR yield (83% recovered yield) is produced after 7.5 
days under similar conditions. The replacement of I f  or 
20 by monodentate bis(c1oso-9, 12-dimethyl-1.2-carboran- 
I-yl)mercury (21) leads to a further decrease in the rate of 
the process ( 6 5 8  isolated yield of the endo isomer after 11 
days). in the absence of a catalyst or when Hg12 or 
Hg(OAc)? were employed instead of 17 or 20, no reaction 
was observed. For an explanation of the greater activity 
level of nlacrocycle 28 as compared to 117 and 21 in this 
reaction. it was assumed that among the carboranyl- 
mercury compounds tested. only 20 is capable of co- 
operatively binding the C=S group of the thionoester by 
all Lewis acidic centers. Methyl crotonate does not form 
Diels-Alder adducts with cyclopentadiene in the presence 
of 17. 20. or 21. which is due to its inability to coordi- 

199 nate with the mercury atoms, as indicated by Hg- 
NMR spectra. 

Anticrowns are also promising reagents for the devel- 
opment of a new type of anion-selective electrodes. The 
first success in this importailt area was achieved by 
Hawthorile et al..''71 who described highly sensitive and 
selective cliioride liquidlpolymeric membrane electrodes 
b a e d  on lnercuracarborand 11 as an ionophore and 
tridodecylmethylammoniu~~? chloride as a cationic addi- 
tive. Optimized electrodes show a near-Nernstian behav- 
ior toward chloride anions over a wide concentration 
range and are characterized by a fast response time. short 
recovery time. long lifetime. insensitivity to pH changes 
over the pH range of 2.5-7.0 as well as by micromolar 
detection limits. S~~bsequently. highly selective optical 
sensors for chloride ions based on the same mercuracar- 
borand 11 as an ionophore were developed.i3x1 In their 
selectivity coefficients toward chloride. both types of 
sensors meet the requiremeilts for clinical applications. 

CONCLUSION 

Investigations of latter years led to the discovery of a 
novel class of highly efficient anion receptors-anticrowns 
that can be considered as charge-reversed analogues of 
crown ethers. The host-guest chemistry of anticrowns 
toward various anionic species was explored: the first 
proinising results were also obtained on the use of 
anticrowns as catalysts and ionophores. The efficacy of 
the anion binding by anticrowns depends strongly on the 
Lewis acidity of metal centers incorporated in their 
macrocyclic chain. the number of these electron-deficient 
centers. and size of the macrocycle. The most effective 
anticro\x~ns were found among perfluorinated polymercu- 



ramacrocycles and mercuracarborands containing three. 
four. and five Lewis acidic Hg atoms in 9-. lo-. and 
12-membered mercuracarbon rings. Various neutral Lewis 
bases such as nitriles. carbonyl compounds, aromatic 
hydrocarbons. and some others can also be bound by 
anticrowns. A unique feature of anticrowns is their 
capacity to bind Lewis basic species simultaneously by 
all Lewis acidic centers of the macrocycle. Such cooper- 
ative binding sharply increases the strength of the host- 
guest interaction and leads to the formation of complexes 
of unprecedented structures. 

One of the serious problems of anticrown chemistry is 
a poor assortment of synthetic routes to these remarkable 
reagents. As a result, the range of the presently known 
anticrowns is narrow. being limited only by a number of 
polymercury-, polytin-, and polysilicon-containing mac- 
rocycles. One may expect that a successful solution of this 
important synthetic problem will lead to the wide appli- 
cation of anticrowns in various branches of chemistry. 
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INTRODUCTION 

Study of artificial enzymes began as early as in the mid- 
twentieth century in pioneering work on enzyme model 
reactions.'"' On the basis of a vast amount of findings on 
structures and catalytic mechanisms of naturally occur- 
ring enzymes from the physical, chemical, and bioiogical 
viewpoints. we can now discuss the properties and re- 
actions of enzymes in great detail at the molecular level. 
In general, enzymes are ingeniously designed biocatalysts. 
exhibiting marked rate enhancement. high substrate spec- 
ificity. and distinct reaciion selectivity under mild reaction 
conditions. Such characteristic features of enzymes are 
generated essentially through the formation of specific 
enzyme-substrate col~plexes as key intermediates. On 
these grounds. various artificial enzymes capable of per- 
forming substrate-binding behavior were developed up 
to the present time. In addition, while well-known hydro- 
lases such as r-chymotryp~in~ lysozyme, and ribonuclease 
do not require cofaciors, many enzymes exhibit catalytic 
activity in collaboration with coenzymes and metal ions. 
For siin~~lation of the latter class of enzymatic reactions, 
molecular design of artificial holoenzymes comprising an 
apoenzyme model and a cofactor is Arti- 
ficial enzymes can be classified mainly into the followiilg 
three categories: macrocyclic compounds, molecular as- 
semblies. and macromolecules. 

MACROCYCLIC 60MVBPOUNBS AS 
ARTIFICIAL ENZYMES 

In general. the active site of an enzyme is regarded as a 
hydrophobic cavity or cleft created by folding of the 
polypeptide chain. Such a substrate-binding site is 
provided by ~nacrocyclic compounds such as cyclodex- 
trinsi" ((Fig. 1). crown ethers,'"'-"' c y c l o p h a n e ~ ~ ~ ~ ~ ~ ' ~ ~  
and calixarenes.[' 6-'x1 each having an inclusion cavity as a 
basic skeleton of potent artificial enzymes. 

Cyclodextrins (1) are cyciic glucose oligoiuerr of cy- 
liildrical shape having primary hydroxyl groups at thc 

more restricted rim of the cylinder. The three most 
common cyclodextrins are y.-; j-, y-species, which are 
composed of six. seven, and eight giucopyranose units. 
respectively. In early work in the 1950s and 1960s, it 
was shown that the oxyanion of cyclodextrin could react 
with pyrophosphates and carboxylate esters bound in 
the cyclodextrin cavity in aqueous media. and that acyl- 
group transfer from the esters could be accelerated with 
moderate substrate selecti\,ity. Since then, inany kinds 
of modified cyclodextrins were developed by introduc- 
ing a catalytic group selectively into the primary or the 
secondary hydroxyl moieties. By employing the func- 
tional groups similar to those in the side chain of amino 
acids. such as imidazolyl and thiol groups. the resulting 
cyclodextrin derivatives were expected to serve as 
inimics of hydrolases. In fact. cyclodextrins bearing a 
metal-binding site worked as hydrolytic metalloenzyme 
models. Various functio~lalized cyciodextrins bearing a 
cofactor, such as vitamin B ,, B1, B6. Biz. nicotinamide. 
or porphyrin. were prepared as holoenzyme models. The 
introduction of multiple functional groups into cyclo- 
dextrins is essential to design more sophisticated artifi- 
cial enzymes. For example. a /i-cyclodextrin bearing two 
imidazolyl groups ( 2 )  acts as an excellent artificial 
ribonuclease. showing turnover behavior possibly through 
bifunctional catalytic assistance of the irniclazolyl groups. 
A compouild (3) carrying a pyridoxami~le and an ethyl- 
enediamine unit attached to fl-cyclodextrin on the neigh- 
boring primary methylene groups behaved as a potent 
artificial aminotransferase. Aroinatic k-a-amino acids 
such as phenylalanine. tryptophan. and phenylglycine 
were generated with high (90-96% ee) enantiorneric 
excess by the catalysis of 3. 111 addition, the prototropy 
rate observed with 3 was drastically enhanced relative 
to simple pyridoxamine. However. the true caialyiic cy- 
cle, exhibiting amino group transfer from an %-amino 
acid to an r-keto acid. was not successful with this modi- 
fied cyclodextrin. 

While cyclodextrins are used as enzyme mirnics in 
aqueous media, crown ethers can act as a key component 
of artificial enzymes in organic solutions (Fig. 2). Crown 
ether was discovered by Pedersen in 1967."" which 
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Fig. 1 Cyclodextrin (I) and its derivatives (2 and 3)  as artificial enzymes. 

eventually won him, together with Cram and Lehn. the the pyridiiliurn within the intermediate complex in ace- 
Nobel prize in 1987. This discovery triggered the research tonitrile. In addition, the potentiality in enantioselective 
on host-guest chemistry and artificial enzymes at large, reductions was examined with a series of chirally bridged 
including practical applications. For example. binding of macrocyclic 1,4-dihydropyridines of crown ether type. In 
a pyridinium substrate to a crown ether bearing dihydro- the reduction of ethyl benzoylformate by 5 having L- 
nicotinarnide moieties (4) led to enhancement of the valine residues in the inacrocyclic skeleton. is)-mandelate 
hydrogen-transfer rate froin the dihydropyridine moiety to was obtained with an enantiolneric excess of 90% in 

Fig. 2 Examples of crown ether deri~atihes (4 and 5) as artificial enzymes 
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acetonitrile-chlorofor~~ at room temperature in the pres- 
ence of Nlg(l1) ions. 

Cyclophanes with a sizable internal cavity also proved 
to be useful as supramolecular elements of artificial 
enzymes. While a relati\~ely limited range of st

r

uctural 
modifications is possible with cyclodextrins. a wide 
synthetic variation of cyclophanes can be achieved so 
that an appropriate recognition site with regard to size. 
shape, and microenvironment is provided for a target 
substrate molecule. In an early study in the 1970s. 
[20]paracyclophanes and [10.10]paracyclophanes were 
employed to demonstrate that cyclophanes are effective 
as macrocyclic enzyme mqdels. Since then; various 
cyclophane derivatives were developed as artificial en- 
zymes. While binding constants of simple cyclodextrins 
with typical substrates in aqueous media are ca. 10%- 
or less in general, the substrate-binding ability can be 
enhanced by various types of molecular design of the 
cyclophane skeleton, especially by creating three-dimen- 
sionally extended hydrophobic cavities. Enzyme mimetic 

R--N N-R 

reactions catalyzed by the artificial enzymes of cyclo- 
dextrin type would be duplicated and improvable by 
employing functioilalized cyclophanes. For example, the 
octopus cyclophane (6) bearing eight hydrocarbon chains 
on a macrocyclic tetraazacyclophane ring provides a 
large and flexible hydrophobic cavity in which to in- 
corporate as large as a hydrophobic vitamin B12 deriv- 
ative ('7) through the induced-fit mechanism (Fig. 3). 
The resulting host-guest complex acted as an efficient 
vitamin B12-dependent artificial holoenzyme. showing 
turnover behavior for carbon-skeleton rearrangement 
reactions specifically catalyzed by methylmalonyl-CoA 
mutase and glutamate mutase. In addition, this artificial 
enzyme also catalyzed unique ring-expansion reactions 
for which naturally occurring vitamin B12-dependent 
enzymes are not known. 

Calixarenes developed by ~ u t s c h e " ~ '  belong to a 
family of cyclophanes by definition. and much attention 
has focused on their catalytic functions as artificial en- 
zymes based on their versatile molecular recognition 

Fig. 3 An example of artificial lioloenzyme forlned with the octopus cyclophane (6) and the hydrophobic \-itamin B I Z  derivative (7). 
(Vien. tlzis cirt iiz color at  rt~~~,\t,.dc~kkei:coi/z.) 



Artificial Enzyme? 79 

abilities. Other macrocyclic compounds such as cryp- 
tands, spherands. and cucurb~tunls seem to be feas~ble ac 
equally promising enzyme minilcs. 

MOLECULAR ASSEMBLIES A S  
ARTIFiCIAQ ENZYMES 

There is another type of enzyme mimics that provide a 
substi-ate-binding site as a result of self-aggregation of 
functional eiements through noncovaient intermolecular 
i~iteraciions in solution: reversed micelles in organic 
solutions. and micelles and lipid bilayer membranes in 
aqueous media.[J.'"-" 

Reversed rnicelles formed with various surfactants in 
apolar solvents in the presence of small amounts of water 
were extensively studied on their characteristic features 
of cores in enzyme-mimetic reactions. In the spatially 
restricted microenvironment of reversed micelles, a 
unique catalytic behavior analogous to enzymatic reac- 
iions was observed. 

Aqueous micelles are typical and simple aggregates of 
surfactants, and numerous applications as enzyme models 
were accumulated up to 1980 (Fig. 4). In general, mo- 
lecular structures characteristic of n~icelie-forming am- 
phiphiles are composed of a polar head ~noiety. a long 
hydrophobic chain, and in some cases; an additional func- 
tional group for effective catalysis. Cationic amphiphiles 
having an imidazolyl (8) or a thiol moiety (9) in the polar 
head are typical examples. While micelles provide hy- 
drophobic reaction sites effective for the acceZeration of 
various enzyme-mimetic reactions, those aggregates are 
generally soft, and it is difficulr to fix the disposition of 
substrates in space for regio- and siereospecificity of re- 
actions to appear. 

Another type of well-known molecular aggregate in an 
aqueous media is a biiayer membrane. 111 general. the 
bilayer membrane is superior to aqueous micelles with 
respect to aggregate rigidity and spacial orientation of 
component molecules, so that substl-ate specificity. cata- 
lytic activity. and reaction selectivity are more readily 
exhibited. In addition. phase states, gel and liquid crys- 
talline, and phase-separation behavior among the compo- 
nent species can be utilized to control catalytic pathways. 

Preparation and characterization of liposo~nes formed 
with natural phospholipids were well established. How- 
ever, in using liposomes for simulation of enzymatic 
functions, especiaily in acid-base catalysis. difficulties 
would be encountered due to their chemicai and morpho- 
logical iilstabilities. Thus, bilayer membranes composed 
of synthetic amphiphiles are more favorable candidates 
for enzyme mimics. For example, artificial vitamin B6- 
dependent enzymes were construc:ecl from catalytic bi- 
layer membranes in combination with a bilayer-forming 
peptide lipid (lo), a hydrophobic vitamin B6 derivative 
(11). and metal ions (Fig. 5) .  The catalyst acts as an 
artificial arninotransferase. showing marked substrate 
specificity, high enantioselectivity, and turnover behavior 
for the transamination of 2-amino acid with x-keto acids. 
In addition. the reaction fields provided by the catalytic 
bilayer illembranes are suitable to establish multienzyme 
systems through f~inctional alignments of artificial en- 
zymes and natural ones in a sequential manner. 

MACROMOLECULES AS 
AWTiFlClAL ENZYMES 

On the basis of structural resemblance to enzymes, various 
kinds of macro~uolecules were developed as artificial 
enzymes. These macromolecules are classified mainly 
into two categories: modification of biopolymers and 
totally synthetic f~inctional polymers. 

The design of artificial enzymes through site-directed 
rnutagenesis is well es tab~ished."~~ By single or muitiple 
replacement of an amino acid residue placed in the enzyme 
protein, enzymatic functioils such as reactil-ity; substrate 
specificity. and reaction selectivity, can be altered. Al- 
though the site-directed rnutagenesis gives rise to only a 
small change in the amino acid sequence of a target 
protein, such ~nodification can induce a drastic change in 
the catalytic behavior. Incorporation of unnatural amino 
acids and nonamino acids into proteins is also possible. 

Developnieilt of catalytic antibodies or abzyines is an- 
other fascinating approach to artificial enzymes.'51 The 
concept of catalytic antibodies is that if a putative tran- 
sition state analogue of a reaction for which a selective 
and efficient catalyst is desired is used to elicit antibodies, 

Fig. 4 Examples of micelle-forming amphiphiies (8 and 9) as a component of artificial enzyme 
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Fig. 5 An example of an artificial holoenzy~ne formed with the 
bilayer-forming peptide lipid (10). the hydrophobic vitamin B6 
derivative (11), and metal ions.. (Vien t h i ~  nrf irl color at 
1~'~~1t,.dekker. c o ~ i ~ . )  

they are likely to catalyze the reaction of a parent com- 
pound. Because antibodies are specialized only for bind- 
ing of ligands called antigens or haptens. semisynthetic 
strategies for introducing catalytic f~lnctionalities into the 
active site of an antibody is additionally necessary in some 
cases. Catalytic antibodies were elicited for reactions for 
which no enzyme exists. such as the Diels-Alder reaction, 
Claisen rearrangement. and oxy-Cope rearrangement. 

Although the site-directed mutagenesis and catalytic 
antibody technique are useful genetic methods, chemical 
modification of enzymes remains a valuable tooi for pro- 
tein engineering. The latter approaches are divided into 

direct modification of an enzyme protein and modification 
of a cofactor bound to the enzyme.i2'-261 These chemical 
methods led to modification of existing enzyme activity 
or introduction of new enzyme f~lnctions into proteins 
and enzymes. 

As regard to enzyme mimics formed with totally 
synthetic polymers, relatively simple water-soluble poly- 
mers with catalytic functionalities were employed in 
the early work before 1980.'" Although simulation of 
enzymatic behavior was successful to a certain extent by 
employing such prototype models, recent interests focused 
on more intelligent synthetic polymers, such as imprinted 
polymers['1 and dendri~mers.'"~ 

When a polymer is prepared in the presence of "print 
molecules" as the transition state or intermediate anal- 
ogues, which are extracted after polymerization. the 
remaining polymer may contain catalytic cavities capable 
of recognizing the print molecules. By analogy to the 
catalytic antibodies. where a function complementary to 
that of the hapten can be induced in a specific place, 
polymers can be imprinted with print molecules contain- 
ing suitable catalytic functionalities. Because dendrimers 
are structurally regulated polymers with an inner core like 
an enzyme active site, their characteristics as enzyme 
mimics also attract attention. 

CONCLUSION 

In recent years. the traditional definition of biocatalysts 
with enzymes that are proteins having catalytic functions 
in biological systems was expanded to a point where a 
series of ribonucleic acids, called ribozymes, also acts as 
a biocatalyst. Much effort was devoted to developing 
artificial ribozymes as well."" In such approaches: a 
combination of strategies to mimic ribonucleases and to 
simulate complementary molecular recognition of nucleic 
acids is essential. 

As mentioned above, studies on artificial enzymes 
were extensively developed to date. Although the catalytic 
performance of artificial enzymes rarely surpasses that 
of the corresponding naturally occurring enzymes from 
every point of view, some of them close in on catalytic 
performance of the natural counterparts. In addition, ad- 
vantages of artificial enzymes relative to those of natural 
ones are flexibility in molecular design, structural stabil- 
ity, and possible applications to substrates and reactions 
for which natural enzymes are not available. 

One of the targets in the study of artificial enzymes 
would be creation of integrated reaction systems on the 
nanometer scale inspired by the reaction network in cells. 
fro111 the viewpoint of nanoscience and nanotechnology. 
For such a purpose, construction of artificial multienzyme 
systems. collaboration between enzymes and receptors, 
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and synchroizization of individual supramolecules seem to 
be essential,r7 " .IS.?91 
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The word "aurophilic." derived from the Latin word 
"Aurum" (gold) and the Greek word "Philos" (with an 
affinity for). was coined in the late 1980s['-'' to describe 
the tendency of goldjl) conlpounds to form dimers. oligo- 
mers, chains. or even layers via gold(1)-gold(1) interac- 
tions. h~ these interactions. the distances between the 
adjacent gold atoms range from 2.7-3.6 A. and are shorter 
than the sum of their van der Waals radii (3.6 A). These 
inieractions have a strength between 20-50 kJ/mol, close 
to that found in hydrogen bonds. This result is surprising. 
as two gold(1) centers with an external dl0 configuration 
would normally be expected to repel each other. In 
addition. gold attractions are already present in metallic 
gold; where the gold-gold distances are shorter than the 
corresponding silver-silver distances. This phenomenon, 
although it can be consider a general feature when 
comparing the metallic radii of the second- and third- 
row elements. cannot be considered as the result of a 
lanthanoid contraction, because the rest of the "anoma- 
lies'' of gold. such as its high electroaffinity and elec- 
tronegativity or the presence of highly stable AL~?  mole- 
cules in the gas phase. cannot be explained i11 these terms. 
Of course. with these properties. it is considered to be 
the "king of the metals." 

THEORETICAL 60NSIBERAT88NS 

The latest contributions of physicists and the theoretical 
chemists to the explanation of this phenomenon stem from 
the results of ab initio and density functional theory 
calculations.. which refute the previous s-(1 hybridization 
proposed by the extended Hiickel theory. They suggest 
that the metaliophilic attraction can be considered a 
correlation effect strengthened by the relativistic effect. 
which is important in the case of gold."~51 

Postlanthanide elements have a large number of 
protons in their atomic nuclei (79 protons for gold). 
Moreover, the electrons move in a field with a high 

nuclear charge, and therefore. their speed is similar to 
that of light. Electrons moving at such a speed cannot be 
treated in terms of classical physics. rather they have to 
be treated on the basis of Ei~lstein's Theory of 
Relativity: ~n,=nz,(l - ~ ~ ~ / c ' ) ~ " ?  According to this equa- 
tion. the relativistic mass (m,.) of these electrons is larger 
than the conventional nonrelativistic Inass (nz,).  result- 
ing in a contraction of orbital radius. This effect. known 
as relativistic contraction. is particularly important for 
the orbitals with radial functions that have local max- 
ima in the neighborhood of the nucleus, pa

r

ticularly in 
the s-orbitals. Thus, the expected marked effect on the Is  
electrons of postlanthanide elements also has continuity 
in the 2s. 3s, 4s ,  5s. and 6s orbitals. as they are 
orthogonal to one another. The ratio of the relativistic 
radius of the valence electrons to their nonrelativistic 
radius as a function of the atomic number strongly deviates 
from unity and reaches a local nlini~nuill for gold. 
Therefore, gold occupies a unique position arnong all 
the elements. 

The main consequences for gold are that the energy gap 
between the 5cl. 6s,  and 6p orbitals diminishes. the closed- 
shell configuration §dl0 is no longer chemically inert. 
and the interaction between two gold(1) centers can be 
explained. Furthermore. the formation of linear two- 
coordinate gold(%) complexes is also favored. 

Let us analyze some examples where this interaction is 
present. These examples establish a great affinity between 
gold atoms, which are as close as possible to each other 
and. generally, at distances even shorter than the ones 
found in metallic gold (2.88 A). We excluded gold 
cl~lsters with formal metal-metal bonds and oxidation 
states between 0 and + i fsom the description. We will 
refer only to the interactions among atoms with closed- 
shell configurations. 

GOLD([)-GOLD(!) INTERACTIONS 

The term "aurophilic interactions" was first coined 
in connection mith the chemistry of gold(1). Gold(1) 
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Scheme 1 Some attractive interactions in gold(1) complexes. 

complexes are of general for~nula X-Au-L, where the 
ligands X and L may be neutral or anionic and have a 
linear geometry. After the advent of crystal structure 
analysis in the 1960s, it became apparent that virtually all 
such co~nplexes are packed or arranged in such a way that 
the gold(1) atoms are as close as possible to each other. 
This attractive interaction gathers the gold atoms in pairs, 
rings, chains. or even layers (Scheme 1). 

As can be seen in the scheme, the presence of ligands 
acting as bridges between the gold centers favors the 
appearance of such interactions (c. d, e : f i  and, sometimes, 
ligands have even been considered responsible for their 
presence. In the e case, inter- and intramolecular interac- 
tions are present in the same molecule. Nevertheless, the 
existence of these interactions is undoubtedly evident in 
hundreds of examples of nonbridged complexes (types n 
and b), where the distances between the adjacent gold 
atoms depend on the electronic nature of the ligands 
and their steric requirements.i6-'01 A particularly sophis- 
ticated structural arrangement appears in the complex 
[ A U ( C ~ H ~ N S ) ~ ] C ~ O ~ ,  where five of the six cations in the 
unit cell are linked to one another by short A u  . .Au 
contacts leading to a linear chain. The sixth cation is 
inonomeric and does not show interaction with other 
 cation^."^] In the c case. dinuclear complexes with two 
gold centers bonded by a monoatomic bridge ligand are 
limited to elements of the 16 and 17 groups. Therefore, the 
structure proves the existence of metal-metal interactions 
in the cationic complex [AU~(~-CI)(PP~~)~]C~O~[~~' or the 
neutral derivatives [ A ~ ~ ( p - X ) ( P p h ~ ) ~ l  (x=s,'"' §eil3]). 
In these examples, the environment surrounding gold is 
almost linear and, interestingly. the Au-X-Au angle is 
shorter than expected from the involvement of p orbitals 
of the heteroatom. 

An aryl group can also act as a bridging ligand, 
bonding the two metal atoms with a carbon center. This is 

the case of the complex [Au2(p-C6F3H2)(PPhl)z]ClO1 
obtained by substituting the chloro atom of the chloro- 
br~dged complex by its reactlon with [Ag(2.4.6-C6F3H2)] 
In this case, due to the narrow Au-C-Au angle (79 3"), a 
three-center two-electron bond was suggested "" 

Other amazing cases of a single atom bridging more 
than two gold(1) metal centers are the complexes with 
0,[151 s [I61 se '171 N [1"191 1 POI or c.[" 221 which include 

striking cases of hypervalence at these atoms, a situation 
unknown to typical p-block chemistry or postulated as an 
unstable intermediate. In these examples, the aui-ophilic 
interactions seem to be the driving force that stabilizes 
these complexes and determines their geometry. For 
example. the complex [ S ( A U P P ~ ~ ) ~ ] ~ +  adopts a pyramidal 
structure instead of the expected tetrahedral one (Fig. 1). 

On the other hand, some complexes that attracted 
considerable attention for the study of aurophilicity are the 
homo- or heterobridged diauracycles. In these complexes, 
the two metallic centers are bonded by two bidentate 
ligands such as diphosphines, l,is(ylide) or dithiocarba- 
mates, and intra- or intermolecular interactions appear. In 
most of the examples described, it is possible to observe 
a deviation from linearity around the gold centers caused 
by gold-gold interactions. Besides, the nature of the 
bridging ligands also has an impact on their strength. Thus. 
while [ A U ~ ( ~ - S ~ C N E ~ ~ ) ~ ]  has gold-gold distances of 
2.782 (intramolecular) and 3.004 (inter~nolecular), the 
heterobridged coinplex [Au~(~-(CH~)~PP~~)(~-S~CNE~~)J 
shows distances of 2.865 (intramolecular) and 2.9839 A 
(intermolecular), and the complex [ A u ~ ( ~ - ( C H ~ ) ~ P P ~ ~ M  
only has an intramolecular distance of 2.977 ~ i . [ ' ~ '  

A hexanuclear complex with three pairs of gold atoms 
displaying short contacts can be obtained by using bis- 
(dipheny1phosphino)methanediide as ligand. which can 
act as an eight-electron donor bonded to four gold atoms. 
The reaction of [Au2(p-(PPh2),CH),] with[Au(PPh3j(tht)]- 
CIOJ leads to a tetranuclear derivative that can be further 
deprotonated by reaction with [Au(acac)(PPh3)] to give 
the hexanuclear complex["' (Scheme 2). 

On the other hand, and as we already mentioned. 
gold(1) usually has a linear two-coordinate geometry. 
Nevertheless, three- and four-coordination. altho~rgh 
much less abundant, is also well established."" Unlike 
linear coordination, where the gold(Ij ~nolecules are often 

Fig. 1 Structural arrangement of the cation [ s ( A u P P ~ ~ ) ~ ] ~ + .  
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Scheme 2 Reactions from [ A L L ~ ( ~ - ( P P ~ ~ ) ~ C H ) ~ I  

associated to form dirners, trimers. chains. or even layers 
through gold-gold interactio~~s. in the rest of geometries, 
the presence of these interactions is almost an anecdote. 
Thus, there are a few cases reported. and most are 
examples of gold diauracycles, where solvent molecules 
or anions, with a coordinating capacity, interact with one 
or more gold centers. For instance, this is the case of the 
co~nplex [ ~ u ~ ~ l ~ ( d p p r n ) ~ ] ~ ~ ~ ~  with a gold-gold distance 
of 3.028 A; visibly longer than that of the homologous 
[Auz(dppm)zj(BF4)2 complex[271 with a distance of 
2.93 1 A, and with anions that do not interact with the gold 
atoms. In addition, the ligand coordination causes a small 
deviation from the original linearity in the L-Au-L angles. 

An outstanding example of mixed coordination num- 
bers and geometries of gold(1) is the complex [ A U ~ ( P P ~ ? ) ~ -  
(SCH2CM(OH)CH20H)](m). where the coordinatio~~ 
spheres of the two gold atoms are completely different. 
One of the atoms has a conventional linear two-coordina- 
tion. mihereas the other has a slightly distorted trigonal 
planar coordination with one sulfur and two phosphorus 
atoms. The gold centers exhibit a short gold-gold contact 
of 3.0162 which is not forced by the presence of 
bidentate bridging ligandsL2" ((Fig. 2). 

Che's laboratory studied the strength of the three- 
coordinate gold-gold interaction by Ralnan spectroscopy 
in the coinplex [ A ~ ~ ( d r n p m ) ~ j ( C l O ~ ) ~  [dmpm = bis(dime- 
methylphosphine)methane], with atoms that exhibit an 
interaction of 3.050 A. They obtained a wave number of 
79 c m l  for the gold-gold stretching mode. Significantly, 
the wave number increased to 165 cmp' .  and the gold- 
gold distances decreased when the sample was irradiated 

Fig. 2 Structural arrangement of the cation [AU~(PP~; )~(SCI- I~-  
CFI(OH)CH20FI)]+. 

with 256 nm ultraviolet radiation, suggesting that the 
gold-gold interaction was strengthened in the excited 
state.L291 This result opens a new research field. 

In addition to gold(I), gold(II1) with a d8 configuration 
and a square-planar geometry can be considered a closed- 
shell cation. Thus. interactions with other closed-shell 
centers s ~ ~ c h  as gold(1) can be covered by the general 
term aurophilicity. Nevertheless, in spite of the huge 
number of examples of gold(1)-gold(1) contacts, interac- 
tions involving gold(1II) centers are less represented, and 
inany times. the oxidation states of the gold atoms are 
not cornpletely clear. This is the case of the complexes 
obtained in the reaction of double-bridge ylide derivatives 
with gold(1) or gold(1II) precursor con~plexes. such as 
[AU~(~L-(CH~)~I"P~~)~A~(C~F~)~~ obtained by reaction 
of the dimer [ A U ~ ( ~ - ( C H ~ ) ~ P P ~ ~ ) ~ ]  with the gold(I1I) 
complex [ A U ( C ~ F ~ ) ~ ( O E ~ ~ ) ] .  Nevertheless. the shorter 
distance between the two gold(1) centers of the dimer 
compared with the starting product, as well as the gold(1)- 
gold(1II) distance of just 2.572 A, are indicative of a 
more convincing Au(I)-Au(I1)-Au(I1) sequence than the 
expected Au(1)-Au(I)-Au(1II) one."01 

On the other hand, the reaction between the gold(I1) 
di~ner [Au~(~-(CH~)~PP~~)~(C~F~)(~~~)]C~~~ and NBu4- 
[ A L ~ ( C ~ F ~ ) ~ ]  leads. after the displacement of the weakly 
coordi~lated rht. to a pentailuclear complex, where a for- 
mal gold(1) unit acts as a bridge between two adjacent 
gold(I1) dimers. But. in this case, the theoretical calcula- 
tions provide a sequence of AL~(~II)-A~(T)-AU(I)-A~(I)- 
Au(III) oxidation states based on the charges identified in 
the gold atoms.'"' Interactions in mixed-valence double- 
bridged ylide systems are often proposed due to the 
geometry of the ligands.'3z-351 

Apart from these cases where the double-bridged ylide 
systems force the gold atoms to be in close proximity, 
there are some other examples where the gold(1)-gold(II1) 
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interactron seems not to be influenced by the hgand 
archliecture This is. for instance, the case o f  the poly 
nuclear sulfur-centered co~nplex [ {  S ( A u ~ d p p f )  } {AU~"- 
( 6 6 F 5 ) z ) ] 0 $ f  [dp&= 1,I -bls(d~pheny lphospho)fer l  o- 
cene, O T ~ =  trltluorornethylsulfoi~ate],"~~ the den\. atI\ e 
[AU'AU"~M~~(C~F~(PM~~)~)]~~'~ or the no\ el [AuU'- 
( C ~ F , ) ~ { P P ~ ~ C ~ H ~ N ( A ~ ~ P P ~ ~ ) ~ ] ] C ~ ~ ~ . ~ ' I ~ ~  w h ~ c h  hake 
Au(1)-Au(1IP) distances clo\e to 3 3 A 

F~nally, the case o f  Interacting gold(II1) cellreis 
uuratlon is unknown Elen with the most with a ds c o n f ~ ,  

appropilate \tructuldl arrangement. e . 'i s~ngle atom 
blrdging two gold(I1I) metal centers. t h ~ s  type o f  Inteiac- 
t ~ o n  does not appeal Examples o f  this are. among 
other?. IS(A~PP~~)~(AU(C~F~)~)~]'~~' or [Se(AuPPh3I2- 
( A u ( C ~ F , ) ~ ) ~ ]  '401 In all these cases. the Au(II1)-Au(lI1) 
distances are longei than the sum o f  the11 \an der 
Waals radll 

FUf UWE PERSPECTIVES 

The great develop~neni o f  structural a~ialyses in the last 
few years allowed us to realize that the interactions among 
metal centers at distances shorter than the sum o f  their yan 
der Waals radii are not exclusive to homometallic gold 
systems. In fact, they also appear in molecules containing 
gold and other closed-shell metal centers. Therefore, 
words such as aurophilicity or aurophilic interactions are 
being replaced with more general terms srrch as metallo- 
philicity or metallophilic interactions. Apart from the 
unquestionable interest o f  these moiecules from a theo- 
retical point o f  view, recent studies on their synthesis are 
being performed due to their fascinating and uniquc 
physicochemical properties, properties such as lumines- 
cence or conductivity. for instance. which might be 
exploited by industry in the near 

There are many examples o f  heterornetallic lnolecules 
with gold-closed-shell interactions, including ions such as 
Rh(I), Ir(I). Pd(PI), or Pt(BI) with a d"square planar 
configuration, or Cu(1). AgiI), or Hg(II) and TI(I) and 
Pb(I1) with d"' and s2 configurations, respectively."~" A 
recent ab initio study on bridged dinucleal- Au-Ag and 
Au-Cu molecules concludes that the presence o f  just one 
gold atom is enough to induce metallophilic attractions in 
their group congeners and that this effect  can be 
modulated depending on the gold ligaiidi"' involved. In 
this case, the relativistic effects o f  gold force a numismo- 
philicity. On the other hand. theoretical studies on an Au- 
Pd interaction show that the dispersion is the key  
contributioil to ihe Pd(T1)-Au(1) attraction, whereas the 
charge-transler type contributioi~s are about half as impor- 
tant. collsidering that the two contributions Pd -+ Au and 
Au -+ Pd are energetically comparable.'"' 

In short, it is clear that gold makes an essential 
contribution to metallophilic interactions. Thus, the design 
o f  synthetic strategies to prepare systems with these bonds 
o f  unique versatility and flexibility must iilclude gold as 
an essential building block. 
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The binding o f  a small-molecule ligand to a protein en- 
zyme or receptor is governed by a host o f  weak non- 
bonding electrostatic effects like hydrogen bonds and van 
der Waals interactions. Entropic changes ca~ised by dis- 
placement o f  water and by changes in ligand flexibility 
are also important in determining binding strength. An 
understanding o f  these processes is crucial for the design 
o f  novel enzyine inhibitors and other protein ligands. 
This is an area o f  great importance in the phai-inaceutical 
industry. where more protein targets are becoming avail- 
able. W e  now have high-resolution structures o f  over 
1700 protein-iigand complexes as determined by protein 
x-ray crystallography.i11 This information coupled with 
the measured binding data o f  Inany protein-ligand sys- 
tems is now providing insight into what factors are im- 
portant for ligand binding. W e  provide a broad overview 
o f  the field, lvith examples o f  structures from a variety 
o f  ligand classes (Table 1). Current computational ap- 
proaches for discovering new ligands and estimating the 
strength o f  ligand binding are also described. 

ENERGETICS OF 
PROTEIN-LIGAND INTERACTIONS 

The simple pict~ire o f  protein-ligand binding is given by 
a bimolecular equilibrium (Eq.  1) in which a ligand in 
solution binds to the receptor protein to form a complex. 
In the context o f  this article. we define a ligand to be a 
mainly organic molecule with a ~noiecular weight o f  up to 
1500 Dalton. which may be reasonably expected to form a 
co~ilplex with a protein. W e  restrict our discussion to 
noncovaient complexes. thorigh as in the case o f  
enzymatic reactions or the binding o f  suicide inhibitors. 
covalent bonds can frequently be formed. The binding 
constant (or equilibriunl constant) relates the concentra- 
tions o f  free and bound components. 

where Kd = [P][L]/[P.L] or (the reverse reaction) Kb = 
[P.L]I[P][L], Kd = dissociation constant. Kb = binding 
constant, [P.L] = concentration o f  protein-ligand com- 
plex, [PI = concentration o f  unbound protein, and [L]  = 
concentration o f  unbound ligand. 

Drug-protein interactions tend to have dissociation 
constants ( K d )  in the nanomolar to picomolar range. In the 
field o f  drug discovery. so-called lead ligands with 
potelliials for being developed into drug candidates bind 
to their target proteins with I(d values in the micromolar 
range. The dissociation constantsi'' can be converted 
(Eq. 2)  to binding energies from the following: 

AGO = R T l n  Kd 
= -5.6loglo K 

x (at room temperature 20°C or 293°K) ( 2 )  

where I& = dissociation constant (Mol). AGO = Gibbs 
free energy change o f  the reaction (kJ !nolpl) .  R = 8.31 
(JI" rnol), and T = temperature (OK). 

Thus. a change in the binding constant by an order o f  
magnitude only corresponds to a difference in binding 
energy o f  about 5.6 kJ/mol. A Kd o f  1 0 ~ '  M gives a 
calculated dissociation energy o f  +50.4 kJ11nol (which 
equals a free energy o f  binding o f  - 50.4 kJ/mol). while a 
ligand that binds with a micromolar Kd has a dissociation 
energy o f  +33.6 kJ/mol (see also Table 5 ) .  

This overall binding energy can be regarded as 
consisting o f  a number o f  components including hydrogen 
bonding, van der Waals interactions, and other therrno- 
dynan~ic terms. Approximate energies for these compo- 
nents (Table 2 )  were calculated by correlating structural 
data with measured thermodynamic binding data."-" A 
nrimber o f  empirical energy terins were published. and 
one suc11 example is shown in Eq. 3.'"."l 

As shown in Table 2. AGo. AGhh, @iG,c,n, AGror, AGaro. 
and AG,,,,, are enthalpic terms that describe contributions 
made by H-bond, ionic, rotational. aromatic. and nonspe- 
cific interaction energies. The AC1,,, includes lipophilic 
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Table I Selected PDB entries of protein-ligand complexes indicating structural diversity and biological function 

Biological class Protein-ligand complex Ligand structure 

Saccharide Porcine pancreatic amylase Pseudo-octasaccharide CH,O 

V-1532 (trestatin A) 
Humall lysozyme Hexa-N-acetyl-chitohexose H lLZS 

OH>OVO~ 

Strep. Pneurnoizia Hyaluronic acid HO H O  1C82 
hyaluronate Lysase 

D-mannopyanosidea 
Lipid H~lrnan serum albumin Decanoic acid 

Bovine B-lactoglobulin Palmitatea J- 
Mycobacterium tuberculosis Hexadecenoyl-thioester 2 2 
eno~~l-ACP reductase F 

RAt P-450:nadph-p450 Butei~oic acid 
reductase 

09' 

I BVR 

1 LFO 

Signal Rat phosphatidyli~lositol Phosphatidylcholine ? lFVZ 
molecule transfer protein (Pitp) ?-r-s0 

Catalytic domain of human Guanosine diphosphate" 0-p-0 o 4Q21 
c-H-res p2B. 0 

Growth factor receptor-bound Phosphatyrosyl heptapeptide obNF=o 1 TZE 
protein 2 0 

"Y 
N 

Retinol related Rat cellular retinol binding kns-ret inol  
Protein c-RBP 
Bovine plasma Fenretinide 
retinol-binding 
protein (bRBP) 

Steroid Rat r-hydroxysteroid Testosterone 
dehydrogenases (3 r-HSDs) 
Hurnan sex hormone-binding Dihydrotestosterone. (androgen) 
globuli~l (SHBG) 
17-B-hydroxysteroid 17-p-estradiol (estradiol)" 
dehydrogenase 

Antibiotic @-Lactamase mutant Penicillin-6 (open)" 
Cephaloridine 

1 AFS 
A r\ 

IGHP 
1 GHM 

HOOC 

Drug molecule BHV-I, protease C33-cyclic urea 
inihibitor AhaOOln 

Drug molecule Human rhi~lovirus. 16 coat protein Vp63843 (Plecoaaril) 
Drug molecule Influenza virus. neuraminidase Carboxarnide inhibitor 
Thyroxin Human transthyret~n (TTR) Thyroxin OH 

IAJX 

"Denotes structure shomn. 
Source: From Ref. [I] .  
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Table 2 The relationship and approximate value of individual 
energy terms to the change in Gibbs free energy of binding (AG) 

Energy VaIue Interaction 
component (kJImo8) t~ ~e Example 

60 2 8 AGO Nonspecific 
AGhb - 3  2 AGpol Ir =O - H - - - O  

AGIO,,,, - 5  7 AGpol?, NH;---COO~ 
AGI,,, 0 09 AG\oi\ C,- - -H.O 
AGO, + I  0 AGi~eri C---CH? 

Rotat~on about 
ilngle bond 

AG,,o - 2  6 AGtpo~,, c---c 
AGlipo \\at", 1 3  AG\oii C,,- - - H 2 8  
AGc,iip + O  5 AcpOla, NHLf - --COO

p 

interaction energy as a function of all pair-wise atom-atom 
interaction energies. The AGlipo M.atc,- describes energy 
change through desolvaiioll effects. These energy terms 
contribute to a simple represelltation of the components 
that make up AGbinding. including polar (AGPol,,). apolar 

Table 3 Techniquec for measuring binding constants 

(AGai,ola,). solvation (dG,,,l,). and flexibility (AG*,,,) 
interactions as given in Eq. 3. Approximate energies for 
these terms were calculated by correlating structmal data 
with measured thermodynamic binding data.'3.41 

MEASUREMENT OF LIGAND 
BINDING STRENGTH 

A number of spectroscopic and thermodynamic ineasure- 
ments can be used to measure the strength of protein- 
ligand interactions. including fluorescence spectroscopy, 
surface plasmon resonance, calorimetry. and enzyme 
inhibition. The change in property (for example, fluores- 
cence signal,151 heat of ~eac t ion , '~ '  crystallographic 
occupancy.171 and NMR chemical shiftis1) is measured 
as a function of increasing concentration of added ligand 
until a maximum signal is obtained. For a simple protein- 
ligand binding experiment (with no substrate or other 
inhibitory ligand present); the Kd value can be simply 
determined by titrating a ligand solution into a protein 
solution of known concentration. The Kd is the slope of 

Technique Description Example R e t  

Observation of change in two-dimensional 'H- or FKBP 
IS N-heteronuclear single quantum correlation 
(HSQC) backbone chemical shift spectra upon 
ligancl binding; deycribed as 

Fluorescence spectrophotometry Measurement of fluorescence signal quenching FKBP 
of an active-site tryptophan as a function of 
ligand binding: described as 

X-ray cry-stallography Crystallographic refinement of ligand occupancy Cyclophilin [71 
from a range of ligand soaking concentrations 

Isothermal calorimetry (ITC) Isothermal titration calorimetry (ITC) measures OPPA [lo] 
the enthalpy change caused by a binding e\.ent: 
the gradient of the generated ITC curve can be 
used to determine the binding constant Kb 

Surface plasrnon resonance (SPR) SPR-biosensors measure the change in refractive HIV 1-protease [61 
index units (RU) of a solvent near the surface 
that occurs during complex formation with an 
immobilized protein target 

Enryme inhibition The measurement of the rate (1,) of Bo\ ine cyclophilin P I  
productsireactants formation can be measured 
by spectrophotometry; the dissociation constant 
I(, coi~esponds to the concentration of inhibitor 
at which the observed constant (kubi) is half 
its maximurn value 



the straight-line plot of [PL] against [$LjI[Lj used to fit 
Eq. 4. 

where [PL]  = concentration of the ligated protein, 
[L]  = concentration of the ligand. and [Po]  = total 
protein concentration. 

The HCjo value is the ligand concentration that pro- 
duces 50% reduction (or increase) in the measured effect 
(i.e., the coilcentration of unbound protein [Pj equals the 
concentration of ligand-bound protein [PL]) .  For a simple 
binary protein-iigand mixture. the dissociation constant 
Kd is identical to the I& value. 

In Table 3. a description of different techniques 
employed in the measurenlent of binding constants is 
presented, where A ~ ( ' H . ' ~ N )  is the average weighted 
change in "N- or 'H-arnide cheillical shift in two- 
dimensional 'PI- or "N-heteronuclear single quantum 
correlation (HSQC) spectra, where [L] and Kd are ligand 
concentration and dissociation constants, respectively. The 
AF and AF,,,, is the change in fluorescence measured at 
340 nm. 

The relationship between ICjo and Kd (Eq. 5 )  for 
competitive enzyme inhibition or competitive receptor 
ligand studies is co~nplicated by the additional presence of 
substrate (S). Note that in srich experiments, the dis- 
sociation constant and K, the inhibition constant can be 
used synonymously: 

where K, = equilibrium dissociation constant of the in- 
hibitor ligand. lCjo = illhibitor concentration that pro- 
duces 50% change in the measured effect. [ S ]  = substrate 
concentration used in the assay. and K,, = substrate con- 
centration (in the absence of inhibitor) at which the 
velocity of the reaction is half-maximal. 

The Ki is an equilibrium dissociation conshilt cor- 
responding to the coilcentration of the inhibitor Iigand [I] 
that would bind to half of the binding sites at equilibrium 
(in the absence of other substrates). If [S] is small (usually 
in the nanomolar range) and the TCju is in the micro- 
molar range. then measured ICjo still closely approxi- 
mates the K,. 

FINDING MEW LiGANDS 

Over the iast 10 years, the pharnlaceutical industry 
invested in automatiilg high-throughprrt screening (HTS) 
methods that enable libraries of ligands consisting of over 
250.000 compounds to be screened in biological assays. A 
typical threshold for a hit is binding to or inhibiting a 
Iigand with a Ki of less than about M. It was es- 

timated that it takes over 2 million trials to discover one 
lead compound (roughly defined as a ligand that proceeds 
to preclillical trials). A complementary approach to high- 
throughput screening is a structure-based computer-aided 
approach. A prerequisite is the availability of an accurate 
three-dimensional structure of the protein target. The pro- 
tein data bank PDB~'] now contains nearly 20,000 entries 
mainly determined by protein x-ray crystallography. Of 
these, over 650 are different domain folds;[1" and 1700 
are protein-ligand c~rnplexes.~" 

The structure of a protein's ligand-binding pocket 
provides a template into which novel (mainly inhibitory) 
ligands can be designed and visualized with the aid of 
computer graphics. The traditional method is to make use 
of a known inhibitor complex and make small changes to 
the ligand to modify the binding properties. This is 
exeinplified in the development of influenza neuramin- 
idase antivirals."" Prior to the elucidation of the crystal 
structure of influenza neuraminidase, N-acetylneuraminic 
(NeuSAc) inhibitors had Ki values of above 1 ~ L M .  
Knowledge of the enzyme structure allowed the addition 
of the bulky basic substitue~lts at the 4-position to produce 
the 4-guanidino-Ne~15Ac2e11. Known as Zanamivir, this 
coillpo~lild has a K1 of 0.1 nM. An ester prodrug of a 
cyclohexeile-carboxylic derivative of Zanamivir called 
GS4071 was resolved to I .8 A (2QWK) complexed with 
wild-type neuraminidase. GS4071 has subnanomolar 
potency against Types A and 5 infl~renza neuramin- 
idase.[I2' An overlay of the crystal forms of wild-type 
neuraminidase complexed with GS4071 and a carboxy- 
a~nide analogue (G2800) can be seen in Fig. 1. 

Hydrogen bold \fL 

Fig. 1 A superirnpositio~l of t ~ v o  neuraininidase-inhibitor 
complexes. (Vielr f11i.s (irt iri color (11 ~t.rv~c,.dekkel..corn.) 
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Shown in Fig. 1 is a superimposition o f  the inhibitor 
634071 and a carboxyamide analogue crystallized with 
wild-type influenza neuraminidase. The clinical inhibitor 
634071 (2QWK) and the carboxyamide analogue G2800 
(2QWG) can be seen to be making a range o f  electrostatic 
and hydrophobic interactions with the residues o f  the 
sialic acid-binding pocket o f  wild-type influenza neur- 
aminidase (blue)."21 

COMPUTATIONAL TECHNIQUES 
EN LIGAND DISCOVERY 

De nova Design, Database Mining, 
and Filtering 

A more radical approach is to attempt the design o f  
completely novel entities in the binding pocket with the 
required complemel~tarity o f  shape and charge properties. 
Computer programs such as LUDI'"' and  SMOG'^^] use 
libraries o f  small chemical building blocks to generate 
such theoretical inhibitors. 

Another related computational approach to ligand 
discovery is the method o f  database mining. Here. the 
HTS approach is essentially carried out in-silico. Libraries 
o f  small molecules are converted to three-dimensional 
structures using molecular mechanics methods incorpo- 
rated into programs such as CONCORD"" and COR- 
I N A . " ~ ]  These three-dimensional libraries o f  small 
~nolecules can. in theory. contain almost infinite numbers 
o f  potential ligands. In practice, it is convenient to 
consider compounds that are already (commercially) 
available. The Available Chemicals Database (ACD).'"' 
for example. contains some 260,000 compounds and is 
frequently used as the basis for database mining trials. 

Further prescreening steps in the search for potential 
drug ligands can be made by excluding molecules with 
properties that make them unlikely to be biologically ac- 

cessible. These properties are summarized in Lipinski's 
~ u l e s . " ~ ]  which are based on the fact that 2245 known 
small molecular drugs (a5 cataloged in the USAN"") show 
poor absorption or permeation when the following occur: 

1. There are more than five H-bond donors (expressed as 
the sum o f  OHs and NHs). 

2. The molecular weight is over 500. 
3. The LogP is over 5 .  
4. There are more than 10 H-bond acceptors (expressed 

as the sum o f  Ns and 0 s ) .  

LogP is a partition coefficient defined as the ratio o f  
concentrations o f  a compound in aqueous phase to the 
concentration in an inlmiscible solvent (e.g., octanol). 
According to Ghose et al..'201 80% o f  all drugs fall in the 
range o f  160-480 Da, with an average o f  357 Da, and 
have calculated log P values in the range o f  -0.4-5.6, 
with an average value o f  2.3. Theoretically. there are at 
least 1012 compou~lds that would fit these Lipinski 
criteria. (The estimate is based on molecules derived 
from consideratioil o f  a tetrahedral lattice o f  20 points. 
each o f  which can be occupied by four possible 
substituents.) Current FITS approaches. even using 
libraries o f  1 million compounds, are therefore sampling 
less than one millioi~th o f  potential ligands. 

Automated Doeking 

A number o f  computer programs are now available to 
carry out the automated docking o f  molecules selected 
from databases into the pi-otein-binding pocket. 

Shown in Fig. 2 is a schematic representation o f  the 
stages o f  automated docking o f  ligands into a protein- 
binding pocket. The stapes include the generation o f  a 
description o f  a binding pocket using spheres or grid 
points ( 1 ) .  matching the ligand to the points or spheres 
(2).  Finally, the fitted ligand is given an energy score (3).  

Fig. 2 Stages of automated docking 
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Table 4 Scoring functions einployed in docking algorithms 

Docking 
algorithm Scoring functions Attributes Ref. 

e Screens at 6 mi11 pei- ligand [241 

fACrotHrot 

AGO is a nonspecific energy term. AGhbond Cllgl(Ar)g2(Az) is 
an H-bond term between ligand and receptor atoms with an ideal 
bond length and angle deviation penalty. AGmctalCnRd(~aM) is 
a term accounting for metal atoms. AG,,,, CIIJ(rIL) accounts for 
lipophilic atoms. AG,,,H,.,, is a flexibility penalty for frozen bonds. 

GOLD Score = X[-Ep, , ,  - (E,, + (E,,kl Eij))) 

= -H-bond energy - ( Internal energy + Con~plex energy) 

E,,,,, is a weighted H-bond interaction energy term between 
donor-acceptor aiom pairs, accou~iting for water displacement. 
E,, is a ligand steric energy using 6- 12 Leonard-Jones factors 
accounting for dispersion of atom pairs caused by ionization 
and polarization. E,jl,l is a ligand torsion angle value calculated 
with a Tripos forcefield for four connected atoms. Eij is an 
energy distance constraint with a 4-8 Leonard-Jones potential, 
accounting for close contacts with a covalent bond energy term. 

FlexX AG = AGO - AG,,, x N,,, - AG, f (AR. Ax) 
natural hbondc 

-AGIO f'jAR. Ax) + AG,,, ) f (AR. An) 
ionic in1 i i~o int. 

AG,,. AG,,,. AG ,,,, AG,,,, AG ,,, are entropic terms that describe 
contributions made by nonspecific, H-bond. ionic. rotatio~lal. 
and aromatic interaction energies offset by an idealized penalty 
function f(AR.Au). AG],,, includees lipophilic interaction 
energy as a function of all pair-wise atom-atom interaction energies. 

DOCKv4 Gbil,ding = G ~ A ~ S A ~ ~ )  + .VDW - 02A(SA) + Gpol 
GBISA 

A(SA,,,) and A(S.4) are a measure of change in hydrophobic 
and total accessible surface areas. o l .  c2 are solvation 
parameters ibr nonpolar atoms and a linear coefficient for 
the scaling of van der Waals interactions 1 .VDW. G,,,, 
includes ligand-receptor electrostatic energy and partial 
desolvation energy terms for receptor and ligand atoms. 

e Iiicludes entropic flexibility 
penalty 

e Lipophil~c terms account for 
long-range terms 

B Incorporates metal ligand 
binding 

e Screens 12 min per ligand 

r The genetic algorithm (GA) 
explores full ligand and partial 
receptor flexibility 

e AG difficult to calculate, 
as only enthalpic consideration 
is considered 

o Surface-accessible area. term 
is not included 

s Screens at 3 min per ligalld 

B Large number of ligand 
conformations are generated 

Lipophilic interactions are 
accounted for 

r Lim~ted to ligands with lesi 
than 17-20 rotatable bonds 

s Screens at 7 mill per ligand 

Q The desol\ation states of 
l~gand and receptor are included 
in term accounts f o ~  hydlophobic 
inte! actloni 

B Effects of translational. 
rotational. and conformational 
entropy loss upon binding not 
included in function 
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The process allows for whole libraries o f  ligands to be 
screened against a single binding pocket. 

The steps in the process are as follows: 

1. Generate a description o f  the binding pocket. This is 
usually in the form o f  a set o f  grid points or spheres. 

2. Match the ligand to the grid points by fitting atoms o f  
the ligand onto grid points that have appropriate 
electrostatic propesties. 

3. Calculate an energy score showing how well the 
ligand fits into the binding pocket. 

4. Rank and order the hits. 

The well-established DOCK alg~rithm'"~ generates a 
sphere-filled inverse representation o f  the binding pocket, 
subsequently matching thousands o f  ligand orientations to 
the spheres. DOCK version 5[2'1 includes a desolvation 
term in its scoring system to account for the shedding o f  
water upon ligand binding. The incremental construction 
algorithm  flex^'^" considers ligands as totally flexible: 
fragment placing allows subsequent reconstruction o f  the 
ligand within the receptor. The scoring function (Table 4 )  
is relatively computationally efficient and includes 
entropic terms covering lipophilic, aromatic, and ionic 
interactions. The GOLD (genetic optimization for the 
ligand docking) programL251 developed at the Cambridge 
Crystallographic Data Centre (CCDC) employs a genetic 
algorithm to fully explore ligand flexibility within a 
partially flexible receptor. The scoring system uses 
observations o f  nonbonded contacts from crystal struc- 
tures to rank ligand orientations. 

A BROAD SURVEY OF LlGAND CLASSES 

For structural and thermodynamic data for a selection o f  
different classes o f  protein-ligand complexes, see Table 5. 

Psptides: OppA Complexed with $-Peptides 

The structures of  eight OppA-peptide col-nplexes were 
determined by protein x-ray crystallography'"'1 (Fig. 3a). 
OppA is a peptide transport receptor in gram-negative 
bacteria that binds a wide range o f  peptides between two 
to five amino acids in length. In a study by Davies et 
al..[lol eight complexes o f  tripeptides K-X-K ( X  = ab- 
normal side chain) were prepared. and the enthalpy, 
entropy, and binding affinity were measured when bound 
to OppA. The resultant Kd values ranged from 15 nm-29 
ym. The complexes revealed a rigid binding pocket with 
well-ordered water molecules. The OppA system shows 
preferential binding for hydrophobic groups over posi- 
tively charged groups. Small differences in ligand side 

chains cause a disproportionately large effect on ligand 
binding, resulting in an inability to rank or predict bind- 
ing affinities within classes o f  ligands. Predictions o f  
binding affinities are complicated due to favorable en- 
thalpy changes being offset by a compensating cost in 
entropy change, making it difficult to correlate structure 
with binding affinity. The observed water displacement 
upon ligand binding associated with the Opp-A system 
and the resultant enthalpy -entropy compensation makes 
predicting binding affinities using scoring functions that 
do not account for unreliable solvent interactions. 

Peptides: Cyclophilin A Complexed 
with Cyclosporin A 

Cyclosporin A (CsA) is a cyclic undecapeptide that has 
seven o f  the 1 1  amides in the N-methylated form and is 
used as an immunosuppressent to prevent the rejection o f  
organs after transplant sugery. CsA9s immunosuppressive 
qualities arise from the formation o f  a tightly bound 
complex o f  CsA with Cyclophilin A (CypA); a ubiquitous 
165 amino long cjltosolic protein. The CsAICypA 
composite surface binds and inhibits the serinelthreonine 
phosphatase calcineusin. preventing further signal trans- 
duction. The CsAfCypA complex was solved to 1.8 A 
resolution. Analysis o f  1 1  CypAJCsA derivative crystal 
complexes by Kallen et al.L271 provides a useful database 
o f  protein-ligand interactions. revealing the effect o f  
small chemical differences on hydrogen bond, van der 
Waals. and water interactions. Only six o f  the CsA 
residues form van der Waals or hydrogen-bonded contacts 
with the binding pocket o f  cyclophilin. There is an 
excellent complementarity o f  fit between the MeVal side 
chain and the hydrophobic active site pocket o f  
cyclophilin, which is designed to accommodate proline. 
There are five direct hydrogen bonds between CsA and 
CypA and a solvent-excluded area o f  150 A2. Despite 
only half the residues being i~~volved in the interaction 
with the protein, there is a strong interaction with a li; of  
15 nM. The conformation o f  the ligand undergoes a 
dramatic conformational change from its uncomplexed 
state in organic solvents. 

Macrolides: FKBP Gomplexed 
with FK506 and Repemyein 

FKBP is the soluble receptor for the im~nunosuppressant 
drug FK506 (see Fig. 3b). The native crystal structure o f  
FKBP as well as with FK506 and rapainycin-bound 
forms were determined to a resolution o f  better than 2.0 
A,[" I range o f  bound ligands describes the enthalpic 
and entropic contributions caused by differing electro- 
static, chiral, and solvation properties o f  the ligand. X-ray 
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structures of a series of ligand ~nolecules related to FKBP complexed with DMSO and methyl sulfinyl- 
dimethylsulfoxide were complexed with FKBP. The methylsulfoxide (DSS) shows similar protein and solvent 
structures alio\h for the colrelation of physiochemical structures. The observed threefold increase in Kd in the 
properties with experimentally observed binding affini- FKBPIDSS complex compared to DMSO can be contrib- 
ties.'" Analysis of rnacrolide and small-ligand FKBP uted to increase in enthalpic (van der Waals) interactions 
complexes reveals an active site cavity able to flex in energy due to the presence of the methyl sulfide group. 
relation to the size of the bound ligand. Coinparison of The correlation of three-dimensional structure with 

Fig. 3 (a) OppA K-HpH-K complex (1BlH.pdb); (b) FKBP-FK506 complex (1FKF.pdb): (c) FABP-palmitate complex 
(2IFB.pdb): id) ConA-dimannose complex (lI3H.pdb): (e) HIV-I protease-cyclic urea inhibitor (1HVR.pdb). Pictures generated using 
LigPlotv3.0. Sozri.ce: From Ref. [26]. (Vielv this art ill color. at wu,>v.dekker.conl.) 
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Fig. 3 (Coizrinued). 

ligand-binding data suggests that for each contact 
between ligand and protein contributes between - 0.1 kJ/ 
moll"  up to an estimated - 0.5 kJ/mol binding energy .15' 
FK506 binds to human FKBP with a Kd of 0.4 nM. With 
an estimated ! 34 A2 buried contact area. each A2 contact 
contributes -0.4 kJ/mol binding energy. 

Lipids and Fatty Acids: 
FABP-Palmitate Complex 

Fatty acid binding protein (FABP) is involved in fatty 
acid transport (Fig. 3c). High-resolution crystal- and 
NMR-derived structures of apo and holo forms of rat 
intestinal FABP complexed with palmitate allowed 
Bakowies et al.L'81 to derive a 5 nsec molecular dynamics 
(MD) simulation."" The FABP family shares a common 
P-banel inotif with a large internal binding cavity, which 
when uncomplexed, contains 20 to 25 well-ordered wate

r 

molecules. Thermodynamic studies conclude that binding 
is enthalpically driven but cannot distinguish between 
entropic compensations between the ligand and water 
effects. Side-chain PI-bond interactions are consistent 
between MD simulations and crystal structures. however, 
crystal and NMR representations show poor agreement in 
the apo-FABP form. The holo-FABP complex MD 
simulation shows that palmitate ligand moves 3-4 fP 
back toward the cavity entrance. Crystal structures 
overestimated the electrostatic contribution, while the 
MD simulation shows that palmitate is able to sustain 

substantial flexibility and motion while bound in the 
protein cavity. The apo-FABP shows a high-density 
droplet of water in the cavity center. The holo-FABP 
complex reveals that water molecules are displaced from 
the cavity by palmitate, with one water molecule being 
replaced by three methylene fragments. The observed 
high mobility of water molecules within the interior and 
exterior of FABP when palmitate binds is due to a 
combination of water droplet dispersion and a more 
favorable exchange pathway via the portal region of 
FABP. Displacement of several P-strands around the exit 
channel observed in the NMR and MD representations but 
absent from ihe crystal form of apo-FABP show the 
importance of solvation on the overall protein structure. 

Saccharides: Concanavalin-A 
Cornpiexed with Dimannose 

The interaction of plant lectilr concanvalin-A (Con A) 
with different saccharides was studied in great depth and 
provides a unique insight into protein-oligosaccharide 
interactions. Sanders el al.'291 crystallized the structure of 
Jack Bean Con A in complex with dimannose (Man-(XI- 
2)Man) to a resolution of 1.2 A."" Comparison with the 
complexed and uncomplexed forms shows that the water 
displacement that occurs upon ligand binding forms a 
network of well-defined FI-bonds that helps to stabilize 
the Con A-dimannose complex. The H-bonding network 
provides an explanation for the observed preferences in 
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binding r I  -2 linked disaccharides. The formation of eight 
direct hydrogen bonds (and seven indirect interactions. 
with well-observed lvaters) between dimannose and Con 
A combined with a buried contact area of 70.2 A2 gives a 
Ijd of 4.2 n?M. The high resolution of the structure 
revealed the protonation of an Asp208 ODI. a feature 
that was unaccounted for in previous modeling studies 
(Fig. 3d). 

Steroids: Estrogen Receptor Complexsd 
with 17p-Estradiol and Ra%oxifene 

Estrogens play an important role in tissue growth, 
development, and hon~eostasis. These steroids mediate 
their effects ihrough direct interactions with a ligand- 
inducible nuclear transcription factor termed the estrogen 
receptor (ER), resulting in the activation or repression of 
target genes. How estrogens ~nediated their biological 
effects at the l~lolecular level has been a source of 
continuous debate. The cocrystallization of the endoge- 
nous estrogen agonist 17b-estradiol (3.1 A) and the 
clinically used selective antagonist Raloxifene (2.6 A) 
with the r-estrogen receptor, respectively. by Brzozowski 
et aP. provided insight into the molecular basis of agonism 
and antagoilism of the ER.["' Comparison between these 
structures reveals that the large side chain of Raloxifene 
protrudes from the cavity and causes a 10 A rigid body 
displacement of one of the receptor helices (Helix 12). 
The formation of three hydrogen-bond interactiolls and a 
179 A' buried contact area between Raloxifene and the 
ER results in Raloxifene having an ICjo of 0.2 nM. It is 
proposed char the failure of Helix 12 to f~illy cap the 
entrance of the binding cavity prevents the forination of a 
competent transcriptional activation function (AF-2) site 
that is able to effectively recruit coacti~ators. It is thought 

that this observed helical rearrangement of Helix 12 leads 
Raloxifene to behave as an antagonist in certain tissues. 

Related in Table 5 are protein-ligand co~nplexes 
described with the number of intermolecular contacts 
made and solvent-accessible surface area to thermody- 
namic binding data. The nuinber of H-bonds, inhibition 
concentration (K,) .  and change in Gibbs free energy (AG), 
respectively. were taken from original sources. The 
nuinber of non-H-bonded contacts was generated using 
the Ligand-Protein Contact software.["' The solvent- 
accessible surface was generated using the ~ o n n o l l y ~ ' ~ ~  
accessible surface of the ligand in isolation and when 
bound in the protein (without water). The buried surface is 
taken as the difference between these values. A probe 
radius of 1.5 A was used with the implementation of the 
Connolly algorithm within the modeling program WIT- 
NOTP."" 

Synthetic Drugs: HIV-l Protease Inhibitors 

In the fight against HIV. the National Cancer Institute 
developed a database of HIV protease-ligand complexes. 
The HIV-PR databaseL"' holds the coordinates for 142 
different crystal structures of HTV protease-ligand c o n -  
plexes (Table 6). In conjunction with the Autodock3 
docking package, a modified combined energy weighted 
grid system was used to predict the correct ligand-binding 
conformation for 21 of these complexes. The results 
showed ihat the energy grid could allow structural flexi- 
bility of the binding site and distinguish between ligands 
that required water for binding. The cyclic urea inhibitor 
that was tested, which does not require the presence of 
water for binding to HIV protease. was accomnlodated 
within the energy grid system. returning a predicted con- 
formation close to that of the crystal structure.['51 

Table 6 Online ligand-protein databases 

Database Description Web address 

PLD 

HIV 
Psoteate 
Database 

Contains compound. metabolic. and http:// \vw~ .genorne.ad.jp/ligand/ 
e~irylnatic information 
Easy searching of proteill-ligand http://relibase.ccdc.cam.ac.uk/ 
complexes 
Binding data for 150 protein-lipand http://www-mitchell.ch.cam.ac.uWpld/pld2.himl 
complex's 
Database of measured binding affinities http:l/www.bindingdb.org 
Automated analysis of interatomic contacts http://bioii1fo.weirman11.ac.il:8500/oca-bin/lpccsu/ 
in protein-ligand co~nplexes 
Structure database of HIV proteases http:l/srdata.nist.gov/hivdb/ 
complexed with their inhibitors 
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Described in Table 6 is a list of online databases that 
hold thernlodyllamic data on protein-ligand complexes. 

CONCLUSION 

The event of ligand binding is thermodynamically 
complex and is composed from a range of enthalpic and 
entropic factors. Recent technological developlllents 
allowed for improved experimental measurement of 
ligand binding. Linlti~lg binding data to the type of 
intermolecular forces observed within protein-ligand 
complexes (Table 5 and Fig. 3) provides a route to 
improving energy terms used in structure-based drug 
design. Listed in Table 6 are online databases that give 
thermodynamic and enzymatic information about relected 
protein-ligand complexes. However, current techniques 
can still only sample a small percentage of the total 
available ligands. Increasingly. computational techlliques 
such as de novo design. database mining. and automated 
docking are being employed to predict new sources of 
protein-ligand interactions 

The future prospects for this in-silco technology de- 
pends on inco~porating irnprovcd parameters for describ- 
ing the dynamic effects of water and protein flexibility in 
the system. The ability to achieve these coinputational 
advances will be helped by the increasing number of high- 
resolution crystal structures of protein-ligand complexes 
becoming available in publicly accessible databases. Such 
structures provide an opportunity for the detailed analysis 
of the poorly defined factors that influence the strength of 
protein-ligand interactions. 
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The ability to mimic and take advantage of the complexity 
of living matter as a way to store and transfer information, 
accelerate chemical reactions, selectively recognize chem- 
ical species, self-replicate, and so on is at the basis of 
supramolecular chemistry in the biological field. The 
concepts that spurred the growth of supramolecular 
chemistry came from the biological world, as scientists 
started to comprehend the extreme difficulty (if not the 
impossibility) of obtaining complex systems with specific 
function just by connecting building blocks via covalent 
synthesis. It is apparent that in the biological world, the 
most challenging and intriguing systems express their 
functions as collections of simpler elements held together 
not by covalent bonds but by reversible, singularly weak, 
interactions. Supramolecular chemistry was the response 
of scientists to this clear evidence: complex structures able 
to perform spectacular achievements can be obtained 
minirnizing chemical synthesis and relying on weak 
interactions, i.e., the way molecules reciprocally commu- 
nicate without the formation of covalent bonds."] In order 
to do this; they had to master the way these weak inter- 
actions (like hydrogen bonds. hydrophobic forces, for 
instance) operate. 

In order to address the characteristics of biological 
models, we have to first define the basic principles of 
biological systems that a supramolecular model may 
mimic. Among the most important are selective molecular 
recognition of a molecular entity: selective and highly 
accelerated modification of a substrate (typical role of 
enzymes): compartmentalization and selective transloca- 
tion of chemical species across boundaries (typical role of 
biomembranes): harvesting and transformation of energy; 
and self-replication. 

SELECTIVE MOLECULAR RECOGNITION 

Molecular recognition relies on weak to moderate 
forces.[" and the process depends critically on the struc- 

ture of the molecular partners involved as well as on 
the nature of the surrounding solvent. Typical interac- 
tions involved in molecular recognition are ion-ion, ion- 
dipole, dipole-dipole, cation-n, n-n stacking, dispersion 
(London), and solvent effects. The classical recognition 
process requires two entities: the molecular receptor 
(host) and the recognized molecule (guest). However; 
self-recognition should not be overlooked, as it is one 
of the most important processes in the biological world. 
Self-recognition, for instance. is what dictates the fold- 
ing of a protein into its secondary and tertiary struc- 
tures. Those synthetic oligomers showing the property 
to fold into a specific conformation following the in- 
formation encoded in their synthesis were dubbed Folda- 
m e r ~ . [ ~ ]  Interesting examples are those constituted by P- 
peptidesi4.51 (unnatural oligomers composed of p-amino 
acids) that fold into a 314 helix already at the level 
of a dodecamer. Even more striking are short oligomers 
(six to eight units) composed of Cx-tetrasubstituted 
unnatural amino acidsLb1 that fold into 310 helices. Prob- 
ably the system most studied as a model for molecular 
recognition is that constituted by cyclodextrins (CDs), 
cyclic oligomers (six to eight units) composed of glucose 
units with a doughnut shape and an hydrophobic interi- 
or.L71 This property led to the use of functional cyclodex- 
trins as enzyme models (see below). However, as an 
example to illustrate molecular recognition, we will show 
a cage receptor for g l ~ ~ c o s e  able to extract the sugar from 
an aqueous solution into an organic ~ n e . ' ~ . ~ ]  This is 
a challenging endeavor. because water is obviously an 
excellent solvent for a saccharide. The molecule (Fig. 1) 
comprises a rigid cavity (a tricycle), with amide groups 
pointing inward into the cavity and suitable for hydrogen 
bonding the sugar molecule. The design resembles key 
str~~ctural motifs present in carbohydrate-binding proteins 
that, as stated by the authors. "commonly place aromatic 
surfaces against patches of carbohydrate CH groups while 
accepting the hydroxyl groups into networks of hydrogen 
bonds." This receptor has an affinity for D-glucose, which 
is five times larger than that for D-galactose and > 10 times 
that for D-mannose. 

Encyclopedia o f  S~~,r~cilmmolecir/ar Cizer?iiitil\. 
DOI: 10.108 1IE-ESMC 120012671 
Copyright C 2004 by Marcel Dekker. Inc. 411 rights reserved 
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Fig. 1 Structure of the lnacrotricycle receptor for the selective 
extraction of glucose from aqueous solutions: the sugar binds 
inside the cavity, taking advantage of the forination of a 
hydrogen bonds network. 

CATALYSIS 

An essential prerequisite for enzymatic catalysis is the 
binding of the substrate to the protein before its 
transformation into products. The two processes (binding 
and modification) may occur on different sites of the 
protein. The binding site should not change during the 
catalytic process. while. in the reactive site, bonds are 
broken and new ones are formed, charge is developed or 

Me0 

N A N  
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CDMT 

(coenzyme, / 

disappears."01 Accordingly. the mimicry of a recognition 
site, compared with a catalytic site that is dynamic in 
nature: is much easier in a supramolecular system. 
Supramolecular (enzyme-like) catalysts typically provide 
the recognition site for a substrate, while they are much 
less effective as far as the catalytic site is concerned. 
Apart from the dynamic aspect mentioned above. a 
catalytic site requires the refinement of the pKa of acids 
or bases eventually involved in the process and accurate 
control of the solvatio~l of all species. Nevertheless. 
effective supramolecular catalysts were reported, because 
just the proximity of reactant and catalyst achieved upon 
binding is enough to guarantee (sometimes) impressive 
rate accelerations. A typical example is that provided 
by cycl~dextrins."'~ The hydrophobic cavity of these natu- 
ral molecules was used to recognize substrates, while 
the hydroxyl rim was used as a source of a nucleophile 
for a transacylation process. By optimizing the substrate, 
Breslow and  collaborator^"^' were able to achieve 6- 
million-fold rate acceleratio~ls compared with the uncata- 
lyzed hydrolysis reaction. The critical aspect stressed by 
these systems is that a substrate, rather rigid and com- 
plementary to the cavity, may be designed with the ester 
group sitting precisely over the CD secondary side 

/ enzyme substrate 

enzyme product complex 

complex 

OMe 

Fig. 2 Catalytic cycle for a CD-based artificial acyltransferase 
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Fig. 3 Tripodal polypeptide used as a biomimetic supramolecular catalyst for the cleavage of phosphate esters. The tren platform is an 
allosteric control site. (Vielt, tlzis art in color at ~,~:w.dekker.com.) 

hydroxyl group. Thus, the proximity is the source of the 
rate acceleration. More sophisticated systems require the 
modification of the cyclodextrin so that a catalytic site can 
be designed by placing suitable functional groups. An 
example['31 illustrating this point was recently reported by 
Kunishima et al. They simply esterified one of the primary 
hydroxyls of P-CD with N,IV-dirnethylgiycine (see Fig. 2) ,  
transforming it into a catalyst (holoenzyme) for the 
amidation of carboxylic acids in aqueous solution. The 
process requires 2-chloro-4,6-dirnethoxy-1,3,5-triazine 
(CDMT) as a coenzyme consumed during the reaction. 
The results indicate that, in the catalyst. the substrate- 
binding site (the CD cavity) and the catalytic site (the 
dimethylamillo group at the rim) must be linked to each 
other in order to achieve substrate-specific amidation. 
Other molecuiar receptors can be used as supramolecular. 
biomimetic catalysts. For instance, ~ i e d e r i c h " ~ ]  function- 
alized a cationic cyclophane with flavin and thiazoliuin 
groups and obtained a pyruvate oxidase mimic. Pyruvate 
oxidase is an enzyme that employs two cofactors: flavin 
and thiamine-diphosphate to catalyze the transformation 
of pyruvate to acetyl phosphate. The coexistence of the 
two cofactors on the same inolecular receptor makes this 
molecule one of the most active artificial enzymes known 
to date. In an attempt to mimic the catalytic site of a 
nuclease we synthesized['" the molecule shown in Fig. 3 
by attaching three copies of an helical heptapeptide to a 
derivative of tren (tris-aminoethylamine). The sequence 
of each single peptide is designed in such a way that by 
folding into an helical conformation, two ammonium 
groups are placed on one side of the helix. and a 
triazacyclononane ligand of synthetic amino acid ATANP 
is placed on the other. The tripodal derivative can bind up 
to four metal ions: one on the tren platform and three on 
the triazacyclononane moieties. The tren site is used 
to control the conformation of the molecule (like an 
allosteric site in proteins). while the remaining triazacy- 

clononane coinplexes define a catalytic site for the metal- 
catalyzed hydrolysis of a phosphate. The metal complex is 
active in the cleavage of a phosphate model of RNA, with 
clear evidence of cooperativity between the metal centers. 
Surprisingly. however, it is active as the free amine in the 
cleavage of linear RNA. It appears that the allosteric site 
is responsible for this behavior of striking selectivity in 
the interaction with the substrate. By using natural 
sequences the group of ~ a l t z e r " ~ ~ ' ~ '  recently described 
a series of fully synthetic polypeptides that are good 
catalysts of the cleavage of esters. The molecules contain 
42 amino acids and were designed to fold into a helix- 
loop-helix conformation. The monomers dimerize into a 
four-helix bundle that provides a shallow reactive site for 
the substrate (Fig. 4). Here, the emphasis is on the careful 
control of the properties of the catalytic units placed on 

Fig. 4 Four-helix bundle formed by two helix-loop-helix 
peptides. The self-assernbly of the two monomers provides a 
shallow reactive site for the substrate. (\lien. this art in coloi- at 
w ~ t ~ t . .  dekker. c o r ~ .  ) 
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the reactive site. Thus. by introducing flanking amino 
acids with charged side chains. the authors were able to 
finely tune the pKa of the imidazole of the histidines so as 
to maximize their cooperative role at the optimum pH for 
the occuri-ence of the catalytic process. As stated above, 
this is a major challenge for everybody trying to prepare 
an artificial (supramoiecular) catalyst. To conclude this 
section. we will mention two extremes in the design of 
supramoiecular enzyme models. The first takes advantage 
of putting together. in a polymer, several functional 
groups and hydrophobic units. These successful molecules 
were called synzimes. [lo-''] The second is that repre- 
sented by catalytic antib~dies, '~" where the catalyst is a 
protein generated by the immune system against a model 
of the transition state of the reaction under investigation. 
The first is rude and devoid of any specific geometrical 
design of the catalytic site, while the seco~ld is highly 
sophisticated, although the recognition of the model of a 
transition state does not necessarily imply acceleration of 
the related reaction. Nevertheless, both provided promis- 
ing results. 

COMPAWTMENTALIZATs8N 
AND TRANSLOCATION 

Biological membranes play a fundamental role in com- 
partmentalizing and insulating the living cell from the 
external medium. However. an organized trafficking of 
molecules and ions across the membrane is needed to 
sustain life. In nature. this traffic is regulated by a variety 
of systems able to for111 ion channels or to act as inolecular 
carriers anel to selectively affect the membrane perme- 
ability.12" 111 particular, ion channels are formed follow- 
ing two general approaches: the first rely on molecules 
that, due to their peculiar structures. form a discrete pore 
in  the membrane as exemplified by the P-helix of the 
gramicidin A diiner. The second is based on the hydro- 
phobically driver; selF-assembling of amphipatic units in 
the lnelnbrane that form a cluster where the hydrophilic 
face of each unit points inward, defining a channel with a 
polar inner surface (barrel-stave model).['" Examples of 
this include the ion channel proteins of the nervous system 
in which the channel is formed by four or five hom.ologous 
?-helices containing severa! serine residues lining the 

Several other shorter peptides like peptaibolsr'71 
or nonpeptidic systems like amphotericin B ' ~ "  are thought 
to affect rnembrane permeability with this mechanism. 
Supramolecular chemists undertook the ambitious chal- 
lenge of preparing systems able to rival the natural ones. 
Exainple of rnodels inspired to both types of ion channels 
described above are present in the literature. Recently. the 
group of ~ h a d i r i [ ~ ~ - ' ~ ]  reported channel obtained from 
self-assembled cjrclic peptides. The key featlire of these 

cyclopeptides is the presence of alternating L, D amino 
acids; so that hydrogen bonding assembles them in a stack 
of rings. This strategy resembles that adopted by gram- 
icidin A. When the assembling of the tubes (diameter 
> 7 A. depending on the size of the cycle) occurs in a 
meinbrane, this leads to the alteration of its permeability 
(Fig. 5, left). The group of ~ o y e r " ~ '  synthesized a 21 
amino acid peptide composed of 15 L-leucines and six 21- 
crown-7-L-phenylalanines: the sequence is such to allow 
the partial alignment of the macrocycles, one over the 
other, when the peptide adopts an x-helical conformation 
(Fig. 5, right). forming a pore in the membrane. A similar 
design was used by Matile in realizing a rigid oligo(p- 
phenylene) rod functionalized with several monoaza- 18- 
crown-6 subunits.["' ~ o d e l s  based on the self-assembling 
of amphipatic subunits were also developed. They are 
based on peptides.i26' polyhydroxylated p-biphenyl oligo- 

cholic acid.'"" or polyhydroxylated steroid[37i 
derivatives. Often. the design of these systems is inspired 
by the naturally occurring ionophores. amphotericin B 
(AmB) and ~ ~ u a l a m i n e . ' ~ ~ ~  which are thought to form 
pores in lipid bilayers. The analysis of these two 
ionophores made by Regen is interesting in understanding 
how a biological model may be c~nstructed.~'" AxnB and 
squalamine have different structures but share some 
common elements: a long and rigid hydrophobic unit; a 
hydrophilic chain that is linked to the hydrophobic unit 
and can extend across its '.face"; and a polar head group. 
On these bases, the author designed the sterol derivative 
shown in Fig. 6. which mixes elements taken from 
squalamine. like the sterol-based hydrophobic unit and the 
polar head group, with the polyoxygenated chain, taken 
froin AmB. This derivative is able to affect the membrane 
permeability of model liposoines with an activity and a 
mechanisnl of action comparable with that of A ~ B . ~ ~ ~ ) '  In 
particular, it is suggested that the ionophore assumes a 
folded conformation, like the one shown in Fig. 6, and is 
inserted in the rnembrane with the sulfate and the 
protonated amino group anchored to the surface of the 
liposome, Eventually, clusters are forined where the 
oxygenated chain points inward. toward a water-Filled 
pore. Further~nore. because the system is too short, the 
alignment of two of these clusters is needed to span the 
membrane across and alter its permeability. 

HARVESTING AND 
TRANSFORMING ENERGY 

Photoinduced electron and energ) transfer ale fundamen- 
tal processes In nature "" In photosynthetic organisms, 
photo~nduced electlon transfer that induces conversion of 
light ~ n t o  chemlcal energy beglns when photonic exclta- 
tion reachei the so-called reactlon center (RC) Usually. 
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Fig. 5 Examples of systems able to form channels in membranes. Left: the Ghadiri's self-assembled nanotube formed by 
cyclopeptides. Right: The Voyer's 21 amino acid peptide containing six 21-crown-7 L-pheilylalanines. Tn a membrane. the peptide 
adopts an x-helical conformation that allows the partial alignment of the ~nacsocycles. one over the other. 

polar head group 

polar head group 
d' 

hydrophobic unit 

H3C OH 

hydroph~lic chain OH 

polar head group 

Fig. 6 Kegen's mimic of amphotevicin B and squalamine. In the botto~ii left corner. the cartoon illustrates the proposed mode of action 
of this ionophore. 
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Fig. 7 A rotaxane that mimics the special pairlbacteriopheo- 
phytin (BPh) arrangement and electron-transfer properties of the 
bacterial photosynthetic reaction center. 

light is trapped and transferred through a pool of well- 
organized chro~nophores included in the light-harvesting 
antenna protein. For example, in the bacteria Rhodoyseu- 
don7orzns ncidqfila, the light-harvesting system is formed 
by two rings of noncovalently linked bacteriochlorophyll 
chrornophores (BCh), one consisting of nine pigments and 
the other of 18 chromophores. This highly organized 
structure enhances the spectral width of the light trapped 
and the efficiency of energy transfer toward the RC. where 
electron transfer to a quinone group generates a long-lived 
charge separation state.[421 

Energy-transfer and electro11-transfer processes in- 
spired Inany research groups. and a variety of systems 
employing ciifferent chromophores were expl~ited.~"' 
Popular are terrapyrrolic systems, the naturally occurring 
chromophores in the photosynthetic reaction center. In 
particular. suprarnolecular chemists are trying to repro- 
duce the naturally occurring electron- and energy-transfer 
processes occurring through noncovalently linked pro- 
teins, using self-assembled systems. Sophisticated and 
efficient models of the photosynthetic RC and antenna 
systems were obtai~~ed.~""ior instance, Sauvage designed 
ihe rotaxane shown in Fig. 7 that mimics the special pair 
(SP, a closely associated dimer of BCh)/bacteriopheo- 
phytin (BFh) arrangement and electron-transfer properties 
of the bacterial photosynthetic RC.~'" In the natural 
system, the electron transfer from the excited state of SF 
to BPh occurs at a rate of 3 ps-'. In the synthetic model, 
the electron donor is a zinc porphyrin in its excited state, 
and the electron acceptor is an Au(lY1I) poiphyrin. Light 
irradiation of the zinc porphyrin chrolnophore is followed 
by electron transfer to the gold porphyrin acceptor. which 
occurs at a rate similar to the natural system (1.7 pC1) .  
The rotaxane structure is important, and in the absence of 
the Cu(I) ion that positions the second phenanthroline 
. . 
iigand in between the tvvo po~phyrin rings, the electron 
transfer process is subs!anrially slower (36 ps-. I). 

Self-assembling of multiporphyrin asrays was also 
exploited to model the properties of the antenna system. 
For instance, using a cooperative self-assembly process 
based on hydrogen bonding and metal-ligand interaction, 
Hunter was able to assemble five poiphyrin rings in a 
well-defined structure in which a central free-base por- 
phyrin is encapsulated in a spherical array of four zinc 
porphyrins.["' Light excitation of these peripheral chro- 
mophores results in an efficient energy transfer to the 
central one: mimicking the funneling effect of the antenna 
system. A step forward is constituted by a self-assembled 
array of 16 zinc-porphyrins delivering energy to a central 
free-base porphyrin.r471 

SELF-REPLICATION 

One of the peculiar characteristics of the living world is 
the ability to self-replicate. Undoubtedly, reproducing 
such a characteristic in the abiotic world is a demanding 
challenge. Supralnolecular chemists have done it. Histor- 
ically. the firstexample is that provided by yon Kie- 
drowski,["] who reported evidence of self-replication in a 
nonenzymatic nucleotide-based system. More exciting 
examples were subsequently reported.'""-i1 These sys- 
tems rely on the fact that the product of a reaction 
recognizes the reactants and catalyzes their transforma- 
tions into the product. A typical problem of these systems 
is product inhibition. circumvented by von Miedrowski by 
using solid-phase cycling. Examples of self-replicating 
pep tide^'^^] were also reported by ~ l ~ a d i r i ~ ~ ' ~ " '  and 
~ h m i e l e w s k i . " ~ - ~ ~ '  These systems take advantage of 
Kent's chemical ligation strategy for the formation of a 
peptide Recent advances comprise the mimicry 
of many fundamental properties of living systems, like 
sensitivity to the en\~iron~nent,~ '~l  sensitivity to chirali- 
ty,'601 and ability to correct errors.i6" A recent example 
froin the work of ~hrnielews!si '~~' provides an illustration 
of the principle. Two halves of the peptide I. namely, Ia 
and Ib (Fig. 8), are subject to ligation under Kent's 
conditions in the presence and absence of 1. Peptide I 
provides a remarkable rate acceleration to the process due 

Fig. 8 A self-replicating system. Peptide I binds the two halves 
of 1 (actually a coiled-coil trimer. 13). acting as a template, and 
placing Ia and Ib in the correct position for the occurrence of the 
ligation reaction. 
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to the binding of the two halves to H (actually a coiled-coil 
trimer. 13) that acts as a template. thus placing Ia and Ib in 
the correct positions for the occurrence of the ligation 
reaction. The relative stability of the coiled-coil com- 
plexes appears to be the basis of the enhanced catalytic 
efficiency and low product inhibition of this system. A 
step forward into complexity in self-replication is provid- 
ed by many of the systems described by Luisi and his 
g r o ~ ~ . ~ ~ ' ~ " ~   he basic idea behind this chemistry is that 
the lipid aggregates that are the constituents of a liposome 
(or vesicle) provide the elements for the minimal reaction 
\jessel, a protocell. where reactions pertinent to living 
systems may o ~ c u r r . ~ ~ ~ '  They were able to show that under 
appropriate conditions; these lipids can be continuously 
generated from a precursor. thus providing new constitu- 
ents for new vesicle formation. If the vesicles catalyze the 
process of the generation of the constituent lipids from the 
precursor. the system becomes self-replicating. This 
proved to be the case. and self-replicating vesicles were 
reported. Now the system can be even more complex, in 
that self-replication may be controlled via a competing 
reaction that consumes the lipids. Depending on the 
conditions. the relative rates of lipid formation (vf) and 
consumption (v,) may be such as to produce the growth of 
the vesicles (vf > v,), their death (vf < v,). or homeostasis 
(v ,  = vf). A chemical model for such a system was re- 
ported.[671 The basic component of this chemical model is 
a vesicular solution composed of an oleic acidloleate lipid 
mixture charged -with dihydroquinidine and Os04. These 
vesicles are continuously fed with oleic anhydride that is 
hydrolyzed in the oleic acidloleate bilayei- thus providing 
the source of new lipids (and, hence, new vesicles) and an 
oxidizing agent [K3Fe(CN)6]. This latter oxidizes the cis 
double bond of the lipid in a process that is Os04 cat- 
alyzed. If the hydrolysis reaction induces the growth of the 
vesicles, the oxidation one brings about their destruction, 
because the dihydroxystearic acid derivatives produced do 
not form vesicles. The careful control of the conditions 
leads to ~ : ~ = v ,  and to homeostasis of the system. As 
pointed out by the authors, the model is primitive, but it 
sets the basis for the obtainment of more coinplex and 
biologically relevant systems and, perhaps, to a metabolic 
model of a cell. 

The mimicry of biological systems and, even inore 
interesting, the synthesis of molecules working on the 
basis of the same principles that govern the natural ones 
but with unprecedented properties. are the challenges that 
supramolecular chemistry faces in this new century. The 
overview provided above gives readers an idea of some of 

the avenues chemists working in this field are undertak- 
ing. iVIore exciting results are expected in the future. 
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INTRODUCTION 

A biomaterial is any natural or synthetic material that is 
employed as. or part of. a medical device. Typical mate- 
rials include metals, ceramics, glasses. polymers9 and 
tissue-engineered materials. The requirements of a bio- 
material are that it should have the correct properties 
to allow it to achieve its intended function and be bio- 
compatible. Over recent decades. there have been inany 
developments in biomaterials research. Some of these de- 
velopments have invol\.ed a movement from the use of 
inert materials to more sophisticated ones, which actively 
invoke a beneficial response from the body. 

WHAT ARE BBOMATERIALS AND 
WHY DO WE NEED THEM? 

Biomaterials are natural or synthetic materials that can be 
used as. or part of, a medical device to augment, repair, or 
replace a natural tissue within the body. They include 
tissue from the recipient's body (autograft), from another 
human being (allograft). from an animal of another spe- 
cies (xenograft). or a synthetic substitute. In this artic!e. 
emphasis will be given to synthetic materials (metals, 
glasses. ceramics, polymers. and tissue-engineered inate- 
rials) and some of the recent developments in this field. 

The types of inedical devices that require biornaterials 
arc wide ranging across ,nost medical discip~ines."~ Ar- 
tificial heart valves. contact lenses, drug delivery iin- 
plants. ~irinary catheters. and replacement hip joints are 
just a few examples that demonstrate where biomaterials 
can be e~nployed in the body. 

Medical devices, and hence biomaterials, are becoining 
increasingly important in developed couiltries due to 
changes in society. With increasing life expectancy and 
better health care. people expect to senlain active into their 
seventies and eighties. An increase in leisure tiine has led 
to all increase in injuries frotn sports. e.g.. skiing. Fur- 
thermore. diseases s ~ ~ c h  as heart disease and diabetes. 
which have becorne more prevalent in recent decades. 
require biornaterials to provide long-term solutions rather 
than the palliati~c treatments currently a~ai lable . '~ '  

In the U.M.. there is a demand for medical devices that 
are quicli and easy to implant, that minimize postsurgical 
complications, and that last the intended duration.L11 The 
iinportance given to this demand is demonstrated by the 
"Building up Biomaterials" program. which was re- 
cently launched by the Department of Trade and In- 
dustry. This program aims to promote the growth and 
competitiveness of the Bioinaterials industry in the U.K. 
by bringing together clinicians. researchers, and the 
inedical device industry. 

GENERAL REQUIREMENTS 
OF A BIOMATERIAL 

The two principal requireme~lts of any bio~naterial used in 
a medical device are that it should have the correct phys- 
ical properties in order for it to perform its intended 
function, and it sl~ould be biocompatible. Other require- 
ments are that it can be easily manufactured and can 
be suitably sterilized. There are various sterilization 
methods; the use depends inainly 011 the material being 
sterilized. Gamma-ray or high-temperature sterilization 
methods, for example, are unsuitable for polyurethanes. as 
they produce toxic and carcinogenic compounds.[31 

The physical properties of a biolnaterial include me- 
chanical properties. such as stiffness. strength. and du- 
rability, together with other properties. such as oxygen 
permeability. The properties need to be suitable for the 
intended lifetime of the implant, which can range from the 
few weelis required for resorbable sutures to the lifetime 
of the patient receiving a hip replacement. 

Biocornpatibility essentially means that the material 
produces no adverse response from the body; this may be 
toxic, allergenic, carcinogenic, or mechanical. However. 
the body can tolerate even noilbioco~npatible materials if 
the quantity of the material is small enough. Adverse 
responses can arise in response to chemical or particulate 
products that are released from a biomaterial. Metals, for 
example. are particularIy susceptible to corrosion by body 
fluids. and the products of corrosion, such as metallic ions. 
salts. and oxides, can induce an immune response,'41 
Particles. resulting froin mechanical near of an implant. 
may also invoke an imlnune response, even if this would 
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not be induced by the bulk mate~ial ."~ Not only can loss of 
material from an implant lead to an adverse reaction, but it 
can also compromise the integrity. and hence function, of 
the device. 

As well as physiological effects, implants can have 
adverse mechanical effects. Ideally. the mechanical prop- 
erties of an implant should be compatible with those of the 
surrounding tissues. Large differences in stiffness though, 
can r e s ~ ~ l t  in high interfacial shear stresses. The result- 
ing micromovement may then lead to loosening and 
eventua! failure of the implant. A difference in stiffness 
also changes the distribution of mechanical stress on the 
surrounding tissues. This can cause the tissue to de- 
generate or reinodel. In hip replacements. for example, the 
high stiffness of the irnplants compared to the bone of the 
fenlur can reduce the stress in the bone.16] This "stress 
shielding" results in the bone being resorbed by the body. 
It is also hypothesized that modified stress distributions 
may result in continuing pain for the patient.L71 

TYPICAL BIBMATERIALS 

The metals comrnonly used in medical devices are 
stainless steel (Types 316 and 316 L); cobalt-chromiuin- 
based alloys, titanium. and titanium-based alloys. Metals 
are used extensively in orthopedic surgery for load-bear- 
ing devices. such as artificial joints and fixation devices 
(wires. pins. screws; fracture plates. etc.). Other metals 
include tantalum, gold, and mercury alloys: the latter two 
are used predominantly in dentistry. 

One of the main problems of metallic orthopedic 
irnplants is that they are much stiffer than the natural 
tissues they replace (see Table 1). As described above, a 
difference in stiffness between adjacent materials can lead 
to a number of problems. including Ioosening as a result of 
micromovement and bone resorption due to stress shield- 
ing. Adequate fixation of an orthopedic implant to the 

Table I Typical material properties of metals and bone 

Material Elastic modulus (GPa) 

Stalille55 ,tee1 200 
Co-Cr-hfb allo! 230 
T~tnnlurn 110 
Cortical bone 12-17 
Cancellous bone 0 1 

Cortical bone i t  a dense structure located at the surfaces of bones: 
cancellout bone is an open pore structure located internally. 
(Froin Ref. [j]. J 

surrounding bone is therefore of paramount importance. It 
can be achieved using a number of methods. such as 
interference fitting. screws, poly(methy1 methacrylate) 
bone cement. and coatings to achieve a chemical bond or 
porous ingr~wth."~ 

Titanium may appear to be the ideal metal. as its 
stiffness is the closest to bone (Table 1). It has the lowest 
density (nearly half that of the other two metals). and it 
has the highest resistance to corrosion due to the for- 
mation of a nonreactive layer of titanium oxide on the 
surface of the metal. However. its shear strength is low, 
making it unsuitable for use ill screws and bone plates. It 
also has a high coefficient of friction when in contact with 
itself or another metal. making it unsuitable as a load- 
bearing surface. 

Stainless steel. which is typically used for bone plates, 
screws, and nails. is particularly susceptible to corrosion, 
although its chromium and molybdenum content (about 
174 and 3%. respectively) helps to make it more resistant. 
Cobalt-chromium-molybdenum alloys exhibit excellent 
durability and strength. making them apposite for artificial 
joints, although their coefficients of friction make them 
unsuitable for load-bearing surfaces. 

One interesting alloy of titanium and nickel, called 
Nitinol, exhibits shape-memory properties. Below a par- 
ticular temperature (the transformation temperature), the 
crystal structure of the alloy is such that it can be plas- 
tically deformed (martensitic). As the alloy is heated, the 
crystal structure alters to one that is inore ordered and 
rigid (austenitic). and the deformed metal reverts to its 
original shape.'s1 This effect has been exploited in a 
number of devices. including a stent (a device used to hold 
open passageways such as arteries). The stent is placed 
inside a small-diameter catheter for insertion into the 
body, where it expands on being warmed to body tem- 
pe~a tu re . '~ '  

Tantalum, which is used for a number of applications,'91 
was recently made into a porous material that could be 
used for bone reconstruction. The porous structure is made 
by depositiilg the metal onto a vitreous carbon scaffold 
using chemical vapor deposition/infiltration techniques. 
Its low structural density means that its stiffness (2.5-4 
CPa) is closer to that of natural bone than the solid metal. 
and the porosity means that bone can fully integrate into 
the structure. forming an excellent bond.L9J 

Ceramics and Glasses 

Ceramics, silch as the coinmonly used Alumina (A1201) 
and Zirconia (ZrOz), tend to have a very high elastic mod- 
ulus (around 400 GPa). have a low coefficient of friction. 
and are resistant to wear. These properties make thern 
useful as the load-bearing surfaces in orthopedic impiants, 



such as hip prostheses.i61 Another of their properties. 
which leads to them being popular for dental applications. 
is their inertness, which makes then1 very biocompatible. 
However, Inore interesting ceramics exist that, rather than 
being inert. provoke a beneficial response from the body. 

Calcium phosphate is a mineral found in several dif- 
ferent forms. including hydroxyapatite. j3-whitiockite. and 
tricalcium phosphate. The crystal structure of hydroxyap- 
atite [Calo(P04)6(0H)2]: is similar to that of the calcium 
and phosphate apatites that are present in the mineral 
phase of bone. It was found that if a metallic implant 
is coated with a calciurn-phosphate-based material, the 
formation of bone around the implant is accelerated, 
and surface contact in the early stages of healing is 
impro~~ed. i lO~l lJ  This is because, in addition to provid- 
ing a porous surface with which the bone can integrate. 
the coatings are able to form a direct chemical bond 
with the bone. 

Bioactive glasses are another type of material that ac- 
tively promote a useful response from the tissue into 
which they are implanted. Bioactive glasses are a family 
of glass materials made from Na20-CaB-P205-Si02. 
Certain formulations of these glasses are able to form very 
strong bonds with bone. When the glass is exposed to 
fluids in the body. a 12-stage reaction occursi'*' that in- 
volves formation of a hydroxyl carbonate apatite (HCA) 
layer on the outer surface of the glass. It is this outer 
layer that is thought to be crucial for bonding to bone 
to occur. 

A sn~aller subset of the bioactive glasses can also form 
bonds with c01lagen. l~~~ In vitro tests showed that the 
collagen fibrils integrate into the outer HCA layer. This 
is similar to the way that collagen fibrils in natural tissues 
such as cartilage. ligament. etc.. bond to the underlying 
bone. Hence. bioactive glasses have the potential to 
provide a solution to the problem of how to attach re- 
placement soft tissues such as ligaments or the menisci of 
the knee. 

The main drawback of bioactive glasses is their brittle 
properties and insufficient strength, making them unsuit- 
able for load-bearing applications. However, combining 
thern with polymers was shown to improve the mechan- 
ical properties while retaining the b ioa~t iv i ty .~"~ 

Polymers 

Many different polymers are used in a variety of medical 
devices.'" These range from ultrahigh-density poly- 
ethylene, which is used as the load-bearing surface of 
artificial joints,rh1 to much softer elastomers. such as sili- 
cones. which are employed. among other uses, as finger 
joint replacements and inaxillofacial prostheses. 

One particular class of polymers that absorb and retain 
significant arnounts of water are called hydrogels. The 

water in a hydrogel is retained in the gel by hydrogen 
bonding to hydroxyl groups along the polymer backbone. 
Over the years, there has been considerable controversy 
on the exact state of the ~ a t e r . " ~ '  However, some of the 
most recent research, using thermal analysis suggests that 
the water is present as three different phases in dynamic 
equilibrium."51 

Bydrogels have many actual or potential uses-most 
notably as contact lenses, wound dressings. coatings, and 
drug delivery systems."61 The hydrophilic nature of hy- 
drogels, plus their high water content. makes thern ex- 
tremely biocornpatible. As a coating on a device such as a 
catheter, particularly in combination with antimicrobial 
agents. they can help prevent the buildup of bacteria that 
may otherwise lead to blockage and infection. 

As a contact lens. their soft rubbery properties make 
them comfortable to wear. However. one of their limi- 
tations is the high water content and thin cross section 
required to achieve sufficient oxygen transport to the 
cornea. This is extremely important. as the cornea does 
not have its own vascular supply and relies on obtaining 
oxygen in this way. 

The more recently developed silicone hydrogels have 
the potential to solve this problem because although they 
have relatively low water contents (about 30%). in com- 
parison to the conventionally used hydrogels, their oxygen 
permeability is far higher.'"' This characteristic, com- 
bined with their good biocompatibility, has allowed them 
to be manufactured into lenses that can be worn coil- 
tinuously for up to a month. 

Another exciting development for hydrogels is self- 
Self-assernbly means that the constituent 

molecules of a inaterial organize themselves, under ther- 
modynamic equilibrium, into a well-defined and stable 
configuration, held together by noncovalent bonds. The 
structural form of the molecules determines the way they 
fit together. and this can be influenced by environmental 
factors including temperature and pH value."'li 

Biodegradable polymers. as their name suggests. slow- 
ly degrade once they are implanted into the body. Several 
biodegradable polymers have been approved for implan- 
tation [poly (glycoiide), poly(1actide). poly(~-caprolac- 
tone), poly(dioxanone), and their copolymers] and have 
been manufactured into a number of medical devices, 
such as sutures, screws, and tissue repair barbs."" One 
advantage of using a biodegradable material is that ad- 
ditional surgery to remove a temporary device is unnec- 
essary. Also, in applications such as fixation of a broken 
bone, the gradual degradation of the device means that 
load is transferred to the bone as it heals; this can help the 
bone regain its complete strength. 

Degradation occurs due to hydrolysis of the poly- 
mer backbone or by enzymatic attack. which breaks the 
polymer into increasingly smaller ~rnits. The resulting 



compounds may then dissolve into the surrounding body 
fluids or may be metabolized and excreted by the body 
[e.g., lactic acid removed as a product of poly(1actide)l. 

Tissue-Engineered Materials 

Tissue engineering is perhaps most memorable to many 
people as an image of an ear growing on the back of a 
mouse.[z01 Currently, the only commercially available 
product is skin grown from human fibroblasts on a bio- 
degradable mesh. However, research continues toward 
achieving the ultimate aim of growing a fully functioning 
tissue or organ using cells from the patient's own body 
(e.g., Ref. [21]). 

One of the potential benefits of tissue engineering is 
that it could eliminate the need for donor tissue and organs, 
which are in short supply. Additionally, there is less likely 
to be the problems of rejection or disease transfer that 
occur when using allografts or xenografts. 

Essentially; the technique involves seeding cells onto a 
scaffold and providing them with the appropriate nutri- 
ents, growth factors. and environmental conditions.i22i 
When they sufficiently proliferated, the structure can be 
implanted into the patient, where it becomes integrated 
into its surro~mdings with the formation of blood vessels, 
etc. The scaffold not only determines the shape of the 
tissue but can also provide mechanical support as it de- 
velops. Once the tissue forms. the scaffold becomes re- 
dundant. Hence, materials for scaffolds are ideally made 
from synthetic biodegradable polymers, as described in 
the previous section. or from natural polyiners such 
as collagen. 

Fabrication of a three-dimensional scaffold can be 
achieved using a number of methods. One technique that 
was recently explored is fused deposition modeling 
(FDM). This is a rapid prototyping method, where the 
material [poly(&-caprolactone)] is heated to just above its 
melting temperature and extruded as a thin thread that is 
laid down in Effectively. any three-dimensional 
structure can be made providing there is a computer file 
describing its geometry; this has useful applications for 
defining scaffolds from medical images. 

The future success of tissue engineering is heavily 
dependent on understanding what external factors influ- 
ence cell behavior (e.g., cell attachment, proliferation, 
migration, and expression of extracellular matrix). The 
laying down of extracellular matrix components such as 
collagen, for example, is important for growing tissues 
like ligaments, which require the collagen to be aligned in 
a specific direction."" So far, various external stimuli 
have been shown to influence cell behavior. These include 
surface topography in the form of grooves or surface tex- 
ture and rnecha~lical deformation.i221 

CONCLUSION 

Since the first metal implants used in the early part of 
the twentieth century, biomaterials for use in medical 
devices have developed significantly. In the last few 
decades, materials technology has become more sophis- 
ticated, and there has been a move from the use of 
passive, inert materials toward ones that interact with the 
body to elicit a beneficial response or more closely 
mimic the natural tissues. However, there is still a need 
for further developments, and a recent report highlighted 
the desperate need for new biomaterials in all clinical 
disciplines. 

In the shorter term. improvements in existing materials 
are required. For example, 10% of hip replacement 
operations are revision surgeries. These are more techni- 
cally difficult than the primary surgeries, are considerably 
more expensive, and tend to be less s u c ~ e s s f u l . ' ~ ~  Hence, 
improvements can still be made in the materials used for 
hip prostheses and the methods used to fix them in place. 

Over the longer term, a demand exists for materials that 
can provide permanent solutions. Tissue engineering may 
provide solutions to some of these needs in the future. 
However, despite recent success in this area, the devel- 
opment of functional tissue may still be a long way off. 
For example, it was estimated that it may take another 10- 
15 years to develop tissue-engineered kidneys.[21 Further- 
more, for load-bearing tissues such as ligaments. the mere 
development of a material with suitable mechanical prop- 
erties is only one concern. A major problem that requires 
resolution. is how to attach the ligament to the bones. 
However: as previously described, bioactive glasses may 
provide a solution. 

In this article. the various biomaterials described have, 
in general, been considered separately. However, the use 
of biodegradable polymers in tissue engineeringi231 and 
the fabrication of hydrogels by s e l f - a s ~ e m b l ~ ' ~ ' ~  suggest 
that future developments in biomaterials research may 
benefit from an increasingly integrated approach. 
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Enzyme-substrate, antibody-antigen, and other protein- 
ligand interactions are representative constituents of bio- 
logical supramolecular systems. The structure and func- 
tion of some of these biological supramolecular systems 
were mimicked by chemists in order to construct synthetic 
countelparts such as host-guest compounds, self-assem- 
bled monolayers and ordered multilayers, and related mo- 
lecular assemblies. On the other hand, little was reported 
on the development of artificial supramolecular systems 
that use proteins as building blocks. Described in this 
article is the fabrication of biosensors using protein- 
based supramolecules based on avidin-biotin and lectin- 
sugar interactions. 

Biosensors comprise a class of analytical devices that are 
fabricated by combining transducers. such as electrodes 
and optodes, with biological materials. including enzyme. 
antibody, and other proteins, for medical. environmental. 
or industrial applications. The biological nlaterials are 
usually immobilized on the surface of the sensing part of 
the transducers in order to fabricate biosensors. Therefore, 
the technique of protein immobilization is crucial for 
de~eloping high-performance biosensors. Numerous pro- 
cedures for protein immobilization. including physical 
adsorption. entrapment into a polymer matrix, covalent 
bonding to a reactive surface, self-assembling on the 
surface, and others were reported. Physical adsorption is a 
con~lenient and simple way to immobilize proteins on the 
surface of <he transducer, because proteins tend to be 
adsorbed more or less to any type of solid surfaces. Thus. 
the surface of the transducer can be modified ineversibly 
by immersing the transducer in an aqueous solution of 
dissolved proteins, which are then adsorbed into the 
transducer. However. this protocol suffers from the 
drawback that proteins often lose their biological activity 
due to denaturing on the surface (i.e.. surface-induced 
confor~national changes). resulting in a short life of the 
sensor. This drawback can be overcome by entrapping 
proteins into a polymer matrix on the surface of 
transducer. because the proteins are entrapped in organic 

materials without direct contact with the surface of trans- 
ducer. On the other hand: covalent bonding and self-as- 
sembly of proteins on the surface are sophisticated tech- 
niques that enable one to design structures and functions 
of sensors, although training to learn certain skills is often 
required. Recently, attention was devoted to the molec- 
ular-level modification of the surface of an electrode with 
proteins, in which the electrode s~~r face  is covered with a 
nanometer-sized thin film. One of the advantages of the 
molecular-level modification is that rapid-response sen- 
sors can be fabricated by removing the conventional type 
of thick meillbrane from the surface of the electrode. 
Another merit is that this method makes it possible to 
arbitrarily tune the performance of the sensors on the basis 
of the molecular-level design of the protein film. 

AVIDIN-BIOTBM SYSTEMS 

Avidin is a tetrarner protein (molecular mass: 67.000) 
found in egg white, and each subunit of avidin contains a 
binding site to biotin and forms a highly stable complex 
noncovalently (the binding constant; 10" M-') (Fig. l)."' 
Therefore, a single avidin molecule can accommodate up 
to four biotin molecules simultaneously. This strong and 
specific binding led to its widespread use in diagnostic 
and biochemical assays in which the formation of prac- 
tically irreversible con~plexes is required. This is because 
avidin binds not only biotin but also its derivatives, with a 
carboxyl side chain that is modified covalently with pro- 
tein and other macromolecules. Many kinds of activated 
biotins for labeling and biotin- or avidin-labeled reagents 
were developed for this purpose and are now commer-. 
cially available. 

A crystallographic study of avidin shows that the 
interactions include a hydrogen-bond network between 
the biotin ureide group and amino acid residues in the 
binding site, an interaction between the biotin sulfur atom 
and hydroxyl group of threonine in avidin, and a hydrogen 
bond between carboxylate in the biotin side chain and 
protein bscl<bor~e.".'~ Among these. the first interaction 
plays a dominant role in biotin binding. In the binding 
pocket, several polar residues are available, including 
asparagine, tyrosine, serine. and threonine, which par- 
ticipate in the network of hydrogen bonds with biotin 
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Avidin Biotin Complex 

Fig. 1 Axidin-biotm complexation 

ureide groups. In addition, the contributions of hydropho- 
bic and van der Waals' interactions between biotin and 
aroinatic residues in the binding pocket were also sug- 
gested. Avidin is a tetrameric protein with 222 molecular 
symmetry. and each subunit is organized in an eight- 
stranded antiparallel orthogonal 0-barrel."' An avidin mol- 
ecule (tetramer) is in a cubic-like shape (ca. 5.5 x 6 x 4 11111). 
The binding sices to biotin are arranged in two pairs on 
opposed faces of the molecule. The two binding sites on 
the same faces (6 x 5.5 nm) are separated 2-2.5 nm from 
each other.'51 The shape and size of avidin makes its use 
promising as a building block for constructing supramo- 
lecular protein architectures. 

BIOSENSORS MODIFIED WITH 
AVIBBN-BIOTIN ARCHITECTURES 

Electrochemical biosensors are usually fabricated by 
im~nobiliring enzymes or other functional proteins on 
the surface of electrodes. Illustrated in Fig. 2 is a typical 
structure and reactions involved in a glucose sensor 
fabricated by immobilizing glucose oxidase (GOx) on the 
surface of a inetal electrode. The chemical events on the 
electrode surface induced by GOx can be transferred into 
the outp~lt signals ( i t . .  electric current). Thus, the im- 
mobilization technique of enzyme is crucial to the de- 
velopment of high-performance biosensors. Therefore. 
inany techniques were developed for immobilizing pro- 
teins. Early studies of enzyme biosensors often employed 
thick ~ o l y m e r  lnernbranes (thickness: 0.0 1 -I mm) in 
which enzyr-iles are physically or chemically anchored. 
They sometimes suffer from such drawbacks as insuffi- 
cient reusability and slow response d ~ l e  to the suppressed 
diffusion of analytes in the thick polymer membrane. To 
overcome these probiems. attention was recently devoted 
to the molecular-level ruodification of electrode surfaces 
(thickness: 10-100 nm) with enzymes or other proteins. 
An avidiil-biotin system was employed for this purpose. 
For another example. in 1989, Walt and coworkers 
iinmobilized biotin-modified enzymes (urease. esterase. 
and penicillinase) on the surface of biotin-modified 
optical fibers using avidin as a binder.161 They demon- 

strated the general use of this procedure in immobilizing 
any kind of enzyme. Gunaratna and Wilson also used an 
enzyme coluinn in which enzymes were inlmobilized 
through avidin-biotin ~ o m ~ l e x a t i o n . ~ ~ '  

It may be possible to build up a two- or three- 
dimensional architecture composed of proteins. using av- 
idin and biotin-labeled eilzymes as building blocks. An 
enzyme multilayer (illustrated in Fig. 3) would be con- 
structed ~lsing enzymes tagged with inore than two biotin 
residues. because avidin contains four biotin-binding sites 
per molecule. The biotin-binding sites are fortunately lo- 
cated in two pairs on the opposing faces of an avidin 
molecule. 111 order to check the possibility of multilayer 
formation, we immobilized fluorescein-5-isothiocyanate 
(FIX)-conjugated avidin and biotin-labeled GOx alter- 
nately on a quartz slide and monitored the absorption 
spectra of the modified slide.[81 A silylated quartz slide 
was immersed in FITC-avidin and biotin-labeled GOx 
solutions alternately and repeatedly. which provided both 
sides of the slide with the protein multilayer. FITC-avi- 
din is immobilized in each layer as a roughly monomo- 
lecular layer. 

An electrochen~ical technique. cyclic voltammetry 
(CV), was employed for further characterization of the 
GOx multilayer film.'" 111 the GOx-catalyzed oxidation 
reaction of glucose, a cofactor flavine adenine dinucleo- 
tide (FAD), which is contained at the active center of 
GOx. oxidizes glucose to gluconolactone. The resultant 
FADHz is converted back to the active FAD form by O1. 
In the conventional type of enzyme sensor. the H202 
generated from O2 is oxidized at the electrode surface. It 
was reported that a GOx-catalyzed reaction can be 
mediated by synthetic redox compounds such as hydro- 
quinone and ferrocene.['O~"l These redox compounds 
mediate electron relay frorn FADF12 in GOx to electrode 
(i.e., electroil mediator). In this situation, the magnitude of 
oxidation current in CV of the electron mediator would be 
a function of the loading of the enzyme on the electrode 
surface. Therefore. the CV measureinents in the solution 
of a constant amount of dissolved mediator and glucose 

Glucose + 0 2  

Electrode 
Gluconolactone + Hz02 

Fig. 2 Chernical reactions of a glucose sensor 



1) Avidin 1) Avidin 

2) Enzyine 2) Enzyme 

Fig. 3 Enzyme multllayel films composed of a\idln and 
biotin-labeled enzj me\ 

reveal the loading of GOx immobilized on the electrode. 
Thu.s, the oxidation current in CV was measured in the 
praence of ferrocenemethanol as mediator. The oxidation 
current depended linearly on the number of COX layers. 
confirming that the present procedure can afford an 

0 a con- enzyme multilayer composed of layers containin, 
stant amount of GOx. 

A merit of enzyme ~nultilayer films is that two or more 
different kinds of enzymes can be assembled simulta- 
neorrsly in the film, resulting in rnultienzyme biosensors. 
As an example, we prepared interference-free glucose 
sensors by assembling ascorbate oxidase (AOx) together 
with COX on the Pt ele~trode.~"' Glucose sensors often 
suffer from interference arising from the direct oxidation 
of oxidizable substances such as ascorbic acid (vitamin C) 
and uric acid in biological For the elimination of 
ascorbate interference, the enzyme multilayers composed 
of 10 GOx layers and an additional 10 AOx layers were 
assembled by depositing avidin and biotin-labeled GOx 
and AOx in a scepwise formation. In this glucose sensor, 
ascorbic acid is oxidizecl to an electrochemically inactive 
clehydroascorbic acid in the outer AOx layer, and the 
interference can be eliminated. Another example of the 
bienzyme multilayer-modified sensor includes acetylcho- 
line sensors prepared using choline oxidase (ChOx) and 
choline escerase ( C ~ E ) . ~ ' ~ '  

It should be noted here that the avidin-biotin system 
can be applicable to the construction of mail). different 

117-191 types of protein architectures colltai~ling enzymes 
and a ~ l t i b o d i e s . ~ ~ ~ . " ~  The biggest advantage of an avidin- 
biotin system is that the proteins can be strongly 
immobilized "Lhrough biological affinity without cross- 
linking or chemical bonding. resulting in acceptable long- 
term stability. 

sites to E-D-mannose and Y-D-glucose (binding constant: 
10s-10%M').i22.2'1 Therefore, if an enzyme molecule is 
labeled with several residues of ~nannose or glucose units. 
one can expect that an alternate depositio~l of Con A and 
the sugar-labeled enzyme gives rnultilayer structures. as in 
the case of an avidin-biotin system. Glycoproteins can be 
used directly as materials for this purpose. because they 
inherently contain sugar chains on the surface. In case 
proteins do not contain a sugar chain. the surface of the 
protein may be labeled with sugar by using phenyliso- 
thiocyanate derivatives of sugar (Fig. 4). which react to an 
amino group in the protein. We used Con A and COX and 
horseradish peroxidase (HRP). which contain sugar chains 
on the surface, for constructing supramolecular protein 
architectures, and they are employed as a sensitive layer 
of enzyme biosensors. 

BlOSENSORS MOBlFlED WITH CON 
A-SUGAR ARCHITECTURES 

Con A-GOx inultilayer films were constructed using a 
native GOx, which inherently contains mannose residues 
on the surface of the polypeptide chains.[".*" A layer-by- 
layer deposition of Con A and native 6 O x  afforded a 
inultilayer thin film composed of Con A and GOx layers. 
The i-i~~lltilayer film was coated on the surface of a PI 
electrode to prepare glucose biosensors. The outp~lt 
current of fhe Con A/GOx inultilayer film-modified elec- 
trode increased with an increasing number of layers; con- 
firming that GOx is catalytically active ill the film. Also, 
a constant amount of GOx was immobilized upon each 
deposition. The Con A-GOx multilayer-modified glucose 
sensors showed rapid responses to glucose. the response 
times being 10-1 5 sec for the sensors modified ti-ith 10 
Con A-Gox layers. The rapid responses of the sensors can 
be ascribed to the thin nature of the rnultilayer films (the 
thickness of the unit layer: 10-15 nmj. The sensors ex- 
hibited a linear calibration over the concentration range of 
1 x loM'  to 2 x 10 ' M glucose, which covers the normal 
and diabetic blood levels of glucose. 

We also used HRP. beca~rse this enzyme is reported to 
contain ca. 18% sugar chains on the ~urface .~~" . '~ '  A layer- 
by-layer deposition of Con A and HRP afforded a 
rnultilayer film as expected. and HRP exhibited catalytic 

LECTIN-SUGAR SYSTEMS 
CH?OH 

Eectins are made up of a group or sugar-binding proteins 
m~ideiy found in plants and animals. Concanavalin A (Con 
A) is isolated from jack bean (Ctrizuvuliu ensiformis) and 
is studied extensively among lectins. Con A (molecular 
mass: 104.000) is knowrl to contain four identical binding Fig. 4 Phenylisothiocyanate de r i l a t i~e  of sugar 
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Fig. 5 Successive reactions of GOx and HRP. 

activity to H202 in the presence o f  methylene blue (MB) 
as the electron mediator. The HWP-@Ox bienzyme mul- 
tilayer films were prepared on the surface o f  a Pt electrode 
so as to develop glucose sensors. which detect glucose 
through successive reactions depicted in Fig. 5 .  In these 
bienzyme sensors. the response cuiTent depended on the 
geometry o f  the enzymes in the film. In practice, we pre- 
pared fo~lr different types o f  ~nultilayer films: (HRP)5 + 
(COX),, (GOX)~ + (HRP + GOX)~,  and (@Ox + 
MRPl5. These filins contained an identical nurnber o f  
enzyme layers. but the sequence of enzyme layers 
differed. Among the films, the highest response was 
observed for the (HRP)5 + ( 6 0 ~ ) ~  film. which is com- 
posed o f  inner (FIRP)j and outer ( G O X ) ~  layers. Thus. the 
present technique is useful for designing the nlolecular 
geometry o f  the film. 

W e  emphasize here that the Con A system can be used 
for immobilizing glycoproteins directly, without chemical 
modifications. which often induce deactivation o f  the 
biological activity o f  the protein. 

CONCLUSION 

Supramolecular protein assemblies prepared by a layer- 
by-layer deposition technique are useful in the develop- 
ment o f  high-performance biosensors. Avidin-biotin and 
lectin-sugar systems are employed for this purpose. Many 
kinds o f  enzymes can be used as building blocks for the 
protein asserilblies by modifying them with biotin and 
sugar residues. Glycoenzymes can be used to prepare Con 
A and enzyme ~nultilayer assemblies without pretreat- 
ment. The advantages o f  this technique include rapid 
response o f  the biosensors due to the thinness o f  the 
multiiayer film and versatile design o f  the geometries o f  
bienzyme films. 
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Bond-Stretch Isomerism 
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Bond-stretch isomerism may be defined as the phenom- 
enon whereby molecules of the same spin state, on the 
same potential energy surface, differ only in the length 
of one or several bonds.['41 In contrast to exhibiting a 
single-minimum on the potential energy surface for the 
stretching of a bond. the existence of bond-stretch isomers 
requires the presence of a double-minimum; with a sig- 
nificant barrier between the two minima (Fig. I). The 
theoretical concept of bond-stretch isomerism, with the 
existence of a double-minimum on a potential energy 
surface. was first discussed by Hoffmann in a 1972 study 
on a series of hypothetical organic molecules, of the types 
illustrated in Fig. 2.''-71 Interestingly. experimental evi- 
dence in support of bond-stretch isomerism was actually 
reported shortly prior to Hoffnlann's proposal. Specifi- 
cally. Chatt reported in 1970 that the molybdenum 0x0 
complex nzer-MoOC12(PMe2Ph); could be isolated i11 blue 
and green isomeric forms.i61 Originally, these complexes 
were considered to be geometric isomers, namely cis-rner- 
M O O C ~ ~ ( P M ~ ~ P ~ ) ~  and tmizs-mer-MoOC12(Pmh);, 
differing only in whether the two chloride ligands were 
cis or tmas. X-ray diffraction studies on the blue isomer 
established a cis configuration. from which it was as- 
sumed that the green isomer possessed a trcrns configura- 
tion (Fig. 3).[6." lo\vever, X-ray diffraction studies on 
the green analogue n~er-iVloOCl~(PEt~Ph)~ revealed that 
the chloride ligands were also cis and not t r n n ~ . ' ~ ~  
Thus, the structures of blue cis-nzer-M~OCI~(PMe~Ph)~ 
and green ci.s-rner-M~OCl~(PEt~Ph)~ were similar. with 
the exception that the Mo=O bond length in green cis- 
rnei . -M~OCl~(PEt~Ph)~ [ I  .803(11) A] was significantly 
longer than that observed in blue cis-mer-MoOC12(P- 
Me2Ph), 11.676(7) A]. As a result, Chatt suggested that 
the principal difference in the blue and green isomers 
of ~is-inel--MoOCl~(PI\lHe~Ph)~ centered on their Mo=O 
bond lengths, and he termed these complexes "distor- 
tional isomers" (Fig. 3).""' In accord with his proposal. 
the act~lal green isomer of c i~-mer-MoOCl~(PMe~Ph)~ 
was structurally characterized and also found to possess a 
long Mo=O bond length of 1.80(2) A,'"'' Consistent with 
the different Mo=O bond lengths, the blue and green 
isonlers exhibited slightly different vhlorO stretching fre- 
quencies (blue. 954 c n ~  -I; green 943 cmp'), and different 

stabilities, with solutions of the green isoiner irreversibly 
converting to the blue isomer upon gentle heating. 

Following Chatt's report, experimental evidence for 
bond-stretch (or distortional) isomerism was reported for a 
variety of systems, as illustrated in Fig. 4.'" The blue and 
green tungsten 0x0 derivatives [(Me3tacn)W(0)C12]+ rep- 
resented particularly important examples. since these were 
reported to be the first set of bond-stretch isomers that 
were stable in solutio~l for several days and also did not 
interconvert at temperatures up to ca. 180°C. The blue and 
green isomers also exhibited different vw=o stretching 
frequencies of 980 cmp' and 960 cmpf  , respectively, with 
the higher energy vibration corresponding to the shorter 
W=O bond. With a series of transition metal complexes 
that exhibit bond-stretch isomerism now in existence. 
Jean, Lledos. Burdett, and Hoffmann extended the earlier 
calculations 011 hypothetical species to rationalize the 
presence of double-minima in the potential energy 
surfaces of the complexes actually reported to exhibit 
the p h e n ~ m e n o n . ' ~ ' ~  

A REINVESTIGATION OF BOND-STRETCH 
lSQMERISM IN ci~-rner-BVloOC!~(PMe~Ph)~ 

In 1991, a series of detailed crystallographic studies 
resulted in the discovery that the original example of 
bond-stretch isomerism in transition metal complexes was 
an artifact due to crystallographic disorder."".'" Specifi- 
cally, the green "isomer" of cis-mer-MoOC12(PMe#h); 
was identified as a mixture of blue cis-l~zev-MoOCl~(P- 
Me2Ph)3 and yellow n~er -MoCl~(PMe~Ph)~ .  Evidence for 
the presence of 172er-MoCl~(PMe~Ph)~ was provided by 
I H-NMR spectroscopy. Thus, although the 'H-NMR 
spectruin of ~~zer-iVloCl~(PNde~Ph)~ is characterized by 
broad paramagnetically shifted signals, careful examina- 
tion provided evidence that the green "ison1er9' of cis- 
11xer-MoOCl~(PMe~Ph)~ was contaminated by Ilzer- 
M o C ~ ; ( P M ~ ~ P ~ ) ~ .  It is important to emphasize that the 
green "isomer" of ~is-mer-MoOCl~(PMe~Ph)~ was not a 
heterogenous mixture of crystals of cis-mer-MoOC12(P- 
Me2Ph)? and i~zer-MoCl~(PMe~Ph)~ but was actually a 
homogenous mixture such that each single crystal was a 
solid solution of the two compounds. The formation of 
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Fig. I Potential energy surfaces for (a) a normal X-Y bond and (b) d pair of X-Y bond-stretch 15omers 

such a solid solution is made possible by the fact that cis- effect of apparently lengthening the Mo=O bond. 
mer--MoOC12(PMe#h)3 and ~ner-MoCl;(PMe~Ph)~ are Examination of Fig. 5 indicates that only very sinall 
isostructural and only differ by the exchange of oxygen amounts of the met--MoC13(PMe2Ph)3 impurity are re- 
for chlorine. quired to have a significant effect on the apparent Mo=O 

The impact of small amounts of the impurity mei-- 
M ~ C l ~ ( P h l e ~ P h ) ~  on the structure determination is pro- 
found and strongly influences the ap1~arerzt Mo=O bond 
length. The apparent lengthening is a result of the fact that 
the location of an "atorn" at the disordered site is a 
weighted average of oxygen and chlorine positions 
(Fig. 5) .  Since the Mo-CI bond is longer than the Mo=O 
bond. the presence of a chloride contaminant has the 

(a) First proposal: cis and trans isomers 

7R3 7R3 

Fig. 2 Some hypothetical isomers that were studied theo 
retically. 

Blue 

c k  

Green 

trans 

(kt) second proposal: distokaional (bond-stretch) isomers 

7R3 7R3 

Blue Green 

Short Mo=8 Bond Long Mo=Q Bond 

Fig. 3 Original. incorrect proposals for the structures of blue 
ancl green isomers of MoOCI2(PMe2Ph)?. (a) cis and trizrzs i ~ o -  
mers: (b) distortional (bond-stretch) isomers with short and long 
1Mo=0 bonds. 



Bond-Stretch Hsornerism 

0 

Blue: d(W=O) = 1.72(2) A 
Green: d(W=O) = 1.89(2) a 

0 2- 

Blue: d(Mo=O) = 1.60(2) 

Green: d(Mo=O) = 1.72(2) a 

0 

Me3P<d / PMe3 Yellow: d(Nb=0) = 1.781 (6 )  8 
Green: d(Nb=O) = 2.087(5) a 

61 

Me3R 1 PMe3 
bAe3P<\ / 

Orange: d(Mb=S) = 2.194(2) a 
Green: d(Nb=S) = 2.296(1) A 

CI 

Fig. 4 Other examples of originally proposed bond-stretch 
isomers. 

bond length. The reasons for this are twofold: (i) the 
Mo-Cl bond (ca. 2.45 A) is considerably longer than the 
Mo=O bond (ca. 1.68 A). and (ii) the scattering power 
(which is a function of the number of electrons) of 
chlorine is much greater than that of oxygen. Despite the 
contamination by chlorine being sufficient to apparently 
lengthen the Mo=O bond, the thermal parameter was not 
abnormal, and so the x-ray structure provided no evidence 
for contamination. 

The reevaluation of the structures of cis-mer-MoOC12- 
(PMe2Ph)? demonstrated that there was no structural 
evidence for bond-stretch isomerism for the complexes 
that were originaily proposed to exhibit the phenomeno~~. 
Furthermore. the origin of the two different V,,,~~=O 

stretching frequencies for r i s - r ? ~ e r - M o O C l ~ ( P ~ W h ) ~  in 
the solid state was attributed to the existence of two 
different modifications, with only one value being ob- 
served in solution.'"' This reevaluation of bond-stretch 
isomerism in cis-mer-MoOC12(PM@h); also cast doubt 
on the other proposed examples of bond-stretch isoiner- 
ism. Indeed. subsequent studies on [(Me3tacn)W(0)C1d+ 
demonstrated that the system was considerably more 
complex than that for r i~-mer-MoOCl~(PMe~Ph)~ and was 
composed of three components with different oxidation 
states: [(Me3tacn)W(O)Cl2]'. [(Me3tacn)W(0)2Cll+, and 
[(~e~tacn)W(~)~l(sol~')]+.~~~' Likewise, NbCl, (PMe?); 
has been recognized as an impurity for influencing 
the apparent Nb=O and Nb=S bond lengths in Nb(O) 
c l ; (PP~le~)~  and Nb(O)CI,(PMe,),, respectively.'16' 

0.0 0.2 0.4 0.6 0.8 1 .0 
PMe2Ph Composition (x) yMe2Ph 

Fig. 5 Variation of apparent Mo=O bo~ld length as a function of composition. 
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SPIN-STATE ISOMERISM 
RELATED PHENOMENA 

Blue and green ~is-mer--Mo(O)Cl~(PMe~Ph)~ were origin- 
ally classified as bond-stretch (distortional) isomers 
because there was no simple explanation for the existence 
of a pair of cornplexes in which the only significant dif- 
ference resided in the length of one of the bonds. In this 
regard, it is important to note that there are several other 
examples of isoinerism in which a bond between a pair 
of atoms differs in length. but the situation is fundamen- 
tally different than that proposed for cis-mer-iMo(0)C12- 
( P ! ~ l e ~ P h ) ~ .  because the change in bond length is accom- 
panied by other significant geometric and/or spin-state 
changes.["' For example. there are many transitioll- 
metal complexes that exhibit different spin states (high- 
spinllow-spin equilibria) for which significant structural 
changes are also obser\~ed."8~'" likewise, [Cp':'RuCl2I2 
exists as singlet and triplet isomers that differ substantially 
in their Wu-Wu separations (2.93 A versus 3.75 A). Ru-C1- 
Ru bond angles (76.5" versus 100.2"), and Ru-Cl bond 
lengths (Fig. 6).'201 In addition. [ ( M ~ s P * ) ~ C I - I C S ~ M ~ ~ ]  
exists in monocyclic and bicyclic structures (Fig. 6) with 
planar and puckered geometries. respectively, with the 
latter having a shorter C-C bond length (1.52 A versus 
2.47 A).'"'] The trinuclear dipyridylamide cobalt complex 
C ~ ~ ( d p a ) ~ C l ~  [dpaH = di(2-pyridyl)amine] exhibits a par- 
ticularly interesting structural variability (Fig. 6).[221 
Specifically. depending on the crystalline form. the Co3 

chain may be symmetrical (.r-). with Go-Co distances of 
ca. 2.3 A. or unsymmetrical (u-) with Co-Co distances of 
ca. 2.29 .& and 2.47 A; however, only the symmetrical 
species exists in solution. It should also be noted that while 
the . ~ - C o ~ ( d p a ) ~ C I ~  and i ~ - C o ~ ( d p a ) ~ C ! ~  species are iso- 
meric, the compositions of the crystals are different by 
virtue of the solvents of crystallization, and thus the 
crystalline materials are not isomeric. Related chromium 
complexes Cr3(dpa)JC2 are also known. and depending 
upon the nature of the axial ligands and the solvent of 
crystallization. the Cr3 chain is likewise either symme- 
trical or unsymmetrical.i231 The complexes ( C ~ * R U C ~ ~ ) ~ .  
[ ( M ~ s P * ) ~ C H C S ~ M ~ ~ ] ,  and C ~ ~ ( d p a ) ~ C l ~  represent extre- 
mely interesting exa~nples of isomerism but are dis- 
tinct from the bond-stretch isomerisln proposed for cis- 
mer-Mo(O)CI2(PMe2Ph)3 by virtue of the fact that the 
lengthening of one bond is compensated for by other sig- 
nificant geometrical changes. 

OTHER EXAMPLES OF 
CRYSTALLOGRAPHIC DISORDER 
RESULTING BM ANOMALOUS BOND 
LENGTHS AND THE INCORRECT 
FORMULATION OF COMPOUNDS 

The inteipretation of x-ray diffraction data in providing 
experimental evidence for bond-stretch isomerism in cis- 
raer-Mo(0)C12(PMe2Ph)3 provides an extreme illustration 

Fig. 6 Structurally characterized examples of isomers with different X-X bond lengths and other structural ~nodifications 
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of how crystallographic disorder may be deceptive. In this 
regard. although crj~stallographic disorder is well known. 
the presence of a disorder is normally only discerned at 
the stage of refinement when an anoinalp is detected. It is 
likely that there are many other circunistances where 
disorder has gone undetected but has, nevertheless, had an 
irnpact on the derived structure. Indeed. this notion was 
reinforced by a series of studies on tris(pyrazoly1)hydro- 
borato zinc con~plexes [ T ~ ~ " ' ] z ~ x  to quantify the 
sensitivity of the apparent bond length to the composition 
of a disordered site.'"] Significantly, it was noted that for 
the series [ T ~ ~ " ' ] Z ~ C ~ ~ ~ , , I , , ,  reasonable thermal para- 
meters could still be obtained at irnpurity levels that were 
sufficient to result in a significant apparent change in the 
true bond length. Furthern~ore. the disordered site of the 
crystal of composition [ ~ ~ " " ~ ] Z n @ l ~  could be refined 
very well as bromine. with none of the unusual lengthen- 
ing of the therrnal ellipsoid along the bond vector that 
would have been anticipated given the true locations of C1 
and I. Representative examples of how initially umecog- 
nized disorder resulted in incorrect bond-length determi- 
nations include the following: 

I .  The complex ~ i l e r - W C l ~ ( P M e ~ P h ) ~  was reported to 
possess three differe~lt W-C1 bond lengths [2.295(2) 
A, 2.437(1) A, and 2.441(1) A], with one exception- 
ally short W-Cl bond.['" Further studies demo~lstra- 
ted that the origin of the short W-C1 bond was due to 
disorder with the isostructural 0x0 coinplex cis-mer- 
W O C ~ ~ ( P M ~ ~ P ~ ~ ) ~ . [ ' ~ '  

2. The molecular structure of Cp2Hf(CH3)? was origin- 
ally reported to exhibit two significantly distinct Hf- 
CH3 bond lengths [2.318(8) A and 2.382(7) fn].["] 
The origin cf this illequivalence was subsequently re- 
interpreted as arising from cocrystallization with the 
chloride deribative c ~ ~ H ~ ( c M ~ ) c I . [ ' ~ ~  

Crystallographic disorder is not restricted to pairs of 
structurally siizlilar groups, and controlled disorder 
between structurally inequivalent groups was investigated 
by determining the effect that partial occupancy of a ha- 
lide ligand (X = @I. Br. I) may exert upon tile apparent 
structure of the cyanide derivative [ T ~ ~ ~ ' ] Z ~ C W . " "  For 
chloride- and bromide-doped crystals of composition 
[ T ~ ~ " ' ] z I ~ ( c N ) ~ . ~ c ~  and [ T ~ ~ ~ " ] Z ~ ( C N ) ~ ) . ~ ~ B ~ .  the 
disorder between the halide and the carbon of the cyanide 
ligand was not resolved. Although [ T ~ ~ " ' ] Z ~ ( C N ) ~ . ~ C ~ ~ . ~  
did not refine well in the absence of a disorder model. the 
bromide-doped crystal of composition [ T ~ ~ " ' ] Z ~ ( C P . ; ' ) ~ , ~ -  
Bro o.i refined well; however. the bond lengths associated 
with the CN ligand were observed to be incorrect. with a 
iong Zn-C bond length and a short C=N bond length. 
More extreme exanlples of disorder may also occur. 
For example, the complex [TpAnt ]~1  cocrystallizes with 
[T~ ' \ " '~C~NCS.  so that in effect, a site that is disordered 

between a vacancy and a chain of three atoms results.['01 
A representative exalnple of how iiiitially unrecognized 
disorder between pairs of structurally dissimilar groups 
resulted in incorrect bond length determinations is 
provided by the observation that the dinitrogen complex 
trrr~zs-Cr(dmpe)~(N~)2 was reported to have an unusually 
short N-N bond length of 0.985(4) A;"" however, 
subsequent studies suggested that the origin of the ex- 
ceptionally short N-N bond length in this molecule is 
compositionai disorder with the chloride impurity. trans- 
~ r ( d m ~ e ) ~ @ l ~ . [ " ~  

It is important to note that crystallographic disorder is 
not restricted to the positions of ligands. and the metal 
centers may also be disordered. As an illustration, the 
entire z ~ ( ~ ~ - T ~ ~ ) ( @ o )  moiety of the tetragonal inodifica- 
tion of c ~ * ~ z ~ ( ~ ~ - T ~ ~ ) ( c o )  is di~ordered.~"~ The nature 
of the disorder is such that the C ~ * ~ Z ~ ( ~ ~ - T ~ ~ ) ( C O )  
rnolecules pack so that the carbonyl ligands are statisti- 
cally distributed about the crystallographic twofold axis, 
which bisects the two Zr-Te bond vectors. In the absence 
of modeling disorder of the zirconiu~n atom, the derived 
Zr-CO bond was observed to be anomalously long. How- 
ever. after deliberately displaciiig the Zr frorn the twofold 
axis and refining with half-occupancy, a more reasonable 
value for Zr-C bond length is obtained. 

111 addidon to affecting observed b01ld lengths, crystal- 
lographic disorder may also result in the incorrect for- 
mulation of a compou~ld. Furthermore. the inconect 
determination of bond lengths, or niisformulation of a 
compound. do not require a crystal to be impure. because 
disorder between inequivalent groups call also be 
achieved as a result of packing identical rnolecules in 
different orientations in the crystal. As an illustration. a 
molecule originally believed to be a dicarbonyl deriva- 
tive of a rutheniun~ porphyrin complex, Ru(TPP)(CO)' 
(TPP = ri~eso-ietraphenylporphyrin dianion) was reported 
to possess Dent carbo~ijrl ligands. with a Ru-C-O bond 
angle of 153.3(9)".["] The structure was reinvestigated 
and determined to be. in fact. a monocarbonyl-ethanol 
coinplex R ~ ( T P P ) ( c o ) ( E ~ o H ) . ~ ~  Ho'Lvever. the CO 
and EtOH ligands were statistically disordered so that a 
superposition was observed, resulting in the appearance of 
an apparently bent carbonyl ligand. 

A related example of undetected disorder between 
the methyl (CH3) and ethylidyne (CCH3) ligands of 
VV'(PM~;)~(CH~)(CCH) resulted in the terminal carbon 
atom of the disordered ethylidyne ligand not being loca- 
ted. so that the iuoIecule was originally formulated as the 
diillethyl derivative W ( P M ~ ~ ) ~ ( C H ~ ) ~ . ' ~ '  However. x-ray 
diffraction studies on a better-quality crystal successfully 
revealed the presence of the disordered methyl group of 
the ethylidyile ligand. thereby refornlulating W(PMe3)4- 
(CH;)? as W ( P M ~ ~ ) ~ ( C H ~ ) I C C H ~ ) . " ~ ~  

Other examples of disorder resulting in misforrnula- 
tion, include: (1) the structure of the ~lnusuaP technetium 
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0x0 polymer [Cp'*Tc(y-0)3Tc], has been reinterpreted as 
that of the monorneric rhenium complex, Cp'sRe(0)3, with 
the original misassignment having been due to a combina- 
tion of disorder and t ~ i n n i n g : ' " ~  and (2) dinitrogen 
~nolecules of crystallization have been reinterpreted as 
disordered dichloromethane solvent.[3y1 

ANOMALOUS BOND LENGTHS AND 
INCORRECT FORMULATION OF 
COMPOUNDS IM THE ABSENCE OF 
CRYSTALLOGRAPHIC DISORDER 

Structural errors in interpretation of x-ray diffraction data 
are by no means limited to problems resulting from dis- 
order. Thus. it is well known that errors in atom assign- 
ment. apace group assignment, and the refinelnent into a 
false minirnurn may each have a dramatic impact upon the 
accuracy of a structure determination.'" 111 terms of atom 
assignment; atoms of similar atomic number have similar 
x-ray scattering powers, and so it is often difficult to 
distinguish definitively between such pairs by using x-ray 
diffraction techniques. As such, the incorrect formulation 
of a compound can occur even when the crystal is pure 
and there is no crystallographic disorder. For example, the 
structures of the bridging chloride colnplexes Nb2(p- 
Cl)2C14(SMe2)4. Ta2(l~-C1)2C14(SMe2)4. and Nb2(y- 
Cl)2C14(EtSCR2CH2SEt)2 were reformulated as having 
two y-S groups. rather than two p-Cl groups:'"1 the 
structures of the cobalt complex C ~ ( ~ ~ - S ~ C S E ~ ) ~  were 
reformulated as that of the chromium derivative CS(I~'- 
s~csE~);:'"'] the structure of the nickel(II1) 1,4.7-triaza- 
cyclononane-N,NJJ"-triacetate was shown to be that of 
the cobaltiIPI) d e r i v a t i \ ~ e : ~ ~ ~ '  the structure of the unusual 
compound [CIF6]+[CuF4] was proposed to be that of 
[§i~~]-[Cu(O~~)~]+:[""lhe structures of both the copper 
and silver complexes [1.3.5-C6Ph3H2]Cu and [1,3.5- 
C6Ph3H21Ag were reforinulated as that of the bromine 
compound [ 1 , 3 . 5 - ~ ~ ~ h ~ ~ ~ ] ~ r ~ " " '  and the structure of 
M O ( P M ~ ~ ) ~ C ~ ~  was reformulated as Z ~ ( P M ~ ~ ) ~ C I ~ . [ ~ "  
The latter is a particularly striking example. because the 
scattering powers of Zn (Z  = 30) and Mo (2 = 42) are very 
d i f f e~en t . "~~  

Knowledge of the correct space group is essential for 
obtaining the correct structure of a molecule. Frequeatly, 
however. the space group is incorrectly assigi~ed.["~ with 
the result that derived bond lengths are in error. In many 
such examples. the noncentrosymmetric space group is 
erroneously selected in preference to the true centrosym- 
metric space group. Noncentrosymmetric space groups 
present an additional problem in that it is important to 
establish that the correct absolute structure was deter- 
mined. For a molecule that crystallizes in a polar space 
group. two minima exist in a least-squares refinement 

procedure, corresponding to chemically identical struc- 
tures related by a reflection perpendicular to the polar 
axis. The structures corresponding to the two polar 
configurations typically differ slightly in bond lengths as 
a consequence of the '.polar dispersion error.""" so that 
it is essential to establish that the correct polarity was 
determined by refining both configurations. As an illus- 
tration, the alternating C-C bond lengths in s-cis-1.3- 
butadiene transition metal complexes, and specifically 
( T ~ " - G ~ H ~ ) ~ M ~ ( c o ) ,  is an artifact due to the incorrect 
absolute structure being refined."" The redetermined 
nonalternation of bond lengths is more in line with cal- 
culations. which predict that donation from the butadiene 
HOMO and back-donation into the butadiene LUMO 
should lengthen the terruinal C-C bond. 

A more extreme problem associated with polar space 
group results when the derived structure is a hybrid of 
the two possible polar configurations. Such a situation 
becomes feasible when the x-ray scattering is dominated 
by a heavy atom. As an illustration, the structures of 
w ( P M ~ ~ ) ~ M ~ c ~ ~ [ " ~  corresponding to false minima in the 
refinements are compared to its true structure in Fig. 7. A 
similar effect was observed for [r l"~ei; taa]~b.[5 '1 Since 
the incorrect structures are related to the true structure by 
a reflection perpendicular to the polar axis of only a 
selectiorz of the atoms. the effect is described as a "partial 
polar ambiguity" to distinguish it from the well-known 
"polar dispersion e ~ ~ o r . "  an effect concerned with two 
structures related by a reflection perpendicular to the 
polar axis of all atoms. The severity of the pseudosym- 
metry problem is such that truly noncentrosymmetric 
structures were incorrectly refined as disordered centro- 
symmetric structures. For example. the t~is(pyrazoly1)hy- 
droborato indium complex [TpBU']ln was originally 
reported to possess an unusual twofold disorder in such 
a manner that a nitrogen atom of one rnolecule @as 
coincident with the boron atom of its disordered con- 
figuration, as illustrated in Fig. 8. Thus, the disordered 
configurations are related by a twofold rotation about the 
I n . .  .B axis, coupled with a canting of the molecules. 
Further studies. however. demonstrated that refinement 
of the correct model in the nonce~ltrosymmetric space 

True Minimum False Minimum 

Fig. 7 True and false minima for W(PMe3)3H2C12. 
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disordered structure in 
centrosymrnetric space group 

ordered structure in 
non-centrosymrnetric space group 

Fig. 8 Incorrect. disordered structure of [ ~ p " " ' ] ~ n  refined in the centrosyminetric space group (left). The true structure refined in the 
noncentrosynnnetric space group (right). 

group resulted in a well-behaved. ordered structure.'"' 
Thus. [TpBU1]ln provides an interesting counter example, 
where the rtructure is much better described as ordered 
in the noncentrosymmetric space group, rather than 
d~sordered in the centrosymmetric alter~lative. 

Reinvestigation of cis-n~er-MoOCl~(fPMe~Ph)~ demon- 
strated that the original proposai for bond-stretch 
isomerisnl is erroneous due to a crystallographic artifact 
resulting from disorder. The fact that the original x-ray 
diffraction study was not questioned at the time it was 
reported, and was considered sufficiently reliable to 
prove the existence of such isomers, is a consequence of 
two facts: first. the widespread notion that x-ray dif- 
fraction is the ultimate arbiter of a chemical structure; 
and second, the disorder was not detected, even though 
it had a significant effect on the apparent bond length. 
The apparent experimental verification of bond-stretch 
isomerism represents the tip of the iceberg and indi- 
cates that other unrecognized problems exist. as illus- 
trated by the examples described above. These problems 
range from incorrect atom assignments to incorrect mole- 
cular geometries. 

A variety of molecules, such as [Cp'kRuC12]2, 
[ (M~SP' : ' )~CHCS~M~;] .  and C ~ ; ( d p a ) ~ C l ~ .  exhibit isom- 
erism in which there is a variation in bond lengths. 
However, to date there has been no convincing evidence 
presented to support the existence of isomers ailalogous 
to the bond-stretch isomerism proposed for cis-met-- 
M O ( O ) C ! ~ ( P M ~ ~ P ~ ) ~ ,  in which the difference is princi- 
pally associated with the mere lengthening of a bond 
between a single pair of atoms. 
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Brillouin scattering is a technique in which, through an 
inelastic scattering process of photons by acoustic waves 
(also called acoustic ph~nons),~ ' ."  the investigation of the 
elastic properties of materials can take place. Although 
transparent materials make experiments easier and more 
fruitful, some measurements can be successfully per- 
formed on opaque se~niconductors and even r n e t a l ~ . ' ~ . ~ ~  
One of the interests of this noncontact technique is that it 
does not require large samples. Some experimental setups 
even use microscopes to collect the scattered light, 
allowing rneasureillents on microscopic or hetero, aeneous 
samp~es.'" This is an advantage on ultrasonics or inelastic 
neutron scattering that call also measure sound velocities 
b~rt  usually necessitate larger samples. The essential 
microscopic physical information provided by Brillouin 
scattering is the magnitirde of the interatomic or intermo- 
lecular elastic interactions revealing what actually occurs 
inside the material. I[n supramolecuiar crystals consisting 
in host and guest molecules, it can then be possible to 
identify and evaluate the interactions between the differ- 
ent constituents. 

Moreover, the technical progress in Brillouin scattering 
spectroscopy, mainly d ~ i e  to the use of tandems of Fabry 
Perot  interferometer^,^^] allows us to investigate. in the 
same experiment, the acoustic phonons and the low-lying 
Raman lines and the Rayleigh wings often generated by 
instabilities and  relaxation^.['^ Often, these modes are 
coupled to ihe acoustic waves. and their scattering 
geometries and polarizations facilitate their assignment 
a id  give a deeper insight to their dynamics. Brillouin 
spectra. like the Raman spectra, appear as doublets. where 
their intensity. frequency. and line width are the main 
characteristics that can be used to produce quantitative 
data about elastic, photo el as ti^.[^' and anharmonic prop- 
erties of the materials. 

In this article. we briefly recall the principles of the 
technique and the state of the art of the technique as it is 
currently used in laboratories. Then we present some 
results obtained on supramolecular compounds: charge- 
transfer crystals and inclusion compounds (clathrates and 
channel-like composites). These results were chosen to 
give a broad scope of what the interest of Brillouin 
scattering is for supramolecular scientists. More details on 

the technique or its application to other materials can be 
found in other review papers.i9.101 

It is well known since the beginning of the last century 
that acoustic waves (longitudinal and transverse) are 
generated by thermal agitation even at very low tempera- 
tures. The Debye 'T3 law of specific heat is but one of the 
numerous consequences. These waves of frequency 11 and 
wave vector q = 2 d h  have a linear dispersion: 

where V is the phase velocity (longitudinal or transverse). 
They carry a (pseudo) momentum tlq that can combine with 
the one of an incident photon t2ki to satisfy a conservation 
la- defining the wave vector of scattered photons k,: 

This process can also be considered a Bragg diffraction of 
incident photons by an index grating resulting from the 
refractive index modulation by the density variations of the 
longitudinal acoustic mode or the shearing strains for the 
transverse modes. Because the energy of the incident 
photon ( ~ 2 . 2  eV) is much larger than that of the acoustic 
phonon (z 0.1 meV), the magnitude of &, is similar to the 
one of ki. yielding: 

like in a Bragg reflection, where 0 is the scattering angle; 
which will define the magnitude of the phonon wave- 
vector. Because the scattering grating moves at the sound of 
velocity in opposite directions ?q, the scattered intensity is 
Doppler shifted and appears as a double? centered on the 
incident photon frequency: 

This relation is obtained through the linear dispersion 
relation of acoustic phonons and photons in the simple case 
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130 Brillonin Scattering 

of an optically isotropic material of index 17. The last term of 
the righi-hand side (rhs) of the above equation is called the 
Brillouin shift. which is equal to the frequency of the 
detected phonon. In the case of an optically anisotropic 
material. the scattered and incident wave vectors can 
be very different, and the 2 n sin(812) term in the above 
forinula is replaced by: (r7,2+~?, '-  2 f 7 1 ~ ~ ,  cos~)"", where rzi 

and it, are the refractive indices for the incident and 
scattered beams. 

Thus, the choice of an incident radiation 1, defines ki. 
whereas the choice of a scattering angle (usually 90" or 
180") unambiguously determines k, and, henceforth. the 
Brillouin shifi related to each of the three acorrstic 
modes with their own velocities. Typically. for an in- 
cident visible radiation. and a material characterized by 
an index of refraction about 1.5 and sound velocities of 
a few knl/s, the Brillouin shift lies in the range of 10- 
30 GHz (0.33-1 cm--') in backscattering geometry. 
Obviously, the st~idy of Brillouin lines requires a more 
consequent resoiution than the one of a conventional 
Ra~nan spectrometer. 

In the absence of any perturbation by other modes. the 
Brillouin lines can be described by a damped oscillator 
profile derivecl from the imaginary part %"(a) of the 
oscillator susceptibility: 

-- I~~F; /{[~ , I '  - (to, t v ~ ) ~ ] '  + ; s % ~ ' )  

where n(o,T j is the Bose factor defining the phonon 
population at a given temperature T: is the half-width at 
half height; and mi is the pulsation of the incident light. 
The upper sign is related to what is called the Stokes 

process. where an acoustic phonon is created by a photon 
inside the sample. and the associated frequency is then: 

whereas the lower sign is related to the opposite case, 
called Antistokes. where an acoustic photon is destroyed 
in the scattering process corresponding to a line located at 
a frequency higher than the incident one: 

The probability of this process being strictly propor- 
tional to the phonon population by the Bose factor 
decreases at low temperatures. Except at very low tem- 
peratures. there is no detectable intensity differei~ce be- 
tween the Stokes and anti-Stokes contributions at var- 
iance to Ramail scattering. 

The intensity Bo depends on geometric factors charac- 
teristic of the setup and also on the photoelastic constants. 
which relate the refractive index variations to the elastic 
straills and soine internal rotations. Brillouin scattering. by 
comparison with a substance where the photoelastic 
constants are well known (usually benzene. quartz,. . .). 
is a method for determining these coefficiei~ts. '~~ In some 
scattering geometries, the calculnted intensity of some 
well-polarized modes can be zero. but at variance to 
Raman scattering where optic modes are not always ac- 
tive. acoustic modes can always be seen. at least the- 
oretically. in some other scattering geometry. usually la- 
beled in the Porto notation ki(Ei. E,)k,. where E is the 
radiation electric field (Fig. I).  

The line width ;/ is related to the damping of elastic 
waves. which results from anharrnonic interactions of 
the acoustic phonoas with other phonons, relaxation 
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Fig. 1 Example of Brillouin scattering spectra taken in right-angle geometry in an hexagonal crystal showing the effect of beams 
polarization. The hexagonal axis is C. The orthogonal directions in the basal plane are X and Y. (a) C-X(Y ,Y )  C+X scattering geometry 
sho~+ing a broad longitudinal doublet sitting on a quasielastic component. (b) C-X(Y.C-X)  C+X scattering geometrq relealing the 
only nan.o\Q transverse doublet expected. Notice through the logarithmic intensity scale the practical absence of the longitudinal 
component in that spectrum. (From Ref. 1301.) 
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processes, or structural disorder. Due to the high frequen- 
cy of the investigated phonons, inherent to the technique. 
the influence of linear defects like dislocations is usually 
negligible. 111 solids. typical line widths are within tens to 
hundreds of MHz, and because it is the same order of 
magnitude as the experimental broadening due to the 
apparatus function and the finite aperture contribution, a 
deconvolution is needed in order to obtain a better 
estimation of the true line width. 

The phonon f req~iency, ;~ , , , , ,~~= Vq12n is determined by 
the Christoffel equation, which relates the phase ve- 
locity of acoustic waves to the elastic constants of the 
material. The number of elastic constants of a material 
depends on its symmetry. varying from one for liquids to 
three for cubic crystals and up to 21 in triclinic crystals. 
By measuring a number of independent sound velocities 
at least equal to the number of elastic constants in non- 
equivalent directions, it is theoretically possible to de- 
termine all the elastic constants of the material. Often, 
structural phase transitions generate acoustic anomalies. 
which can then be studied by Brillouin scattering by fol- 
lowing the evolution versus temperature or pressure of 
the Brillouin shift and the line width of selected pho- 
n ~ n s . ' ~ '  High-frequency lloncritical relaxations, in the ps 
range. also create some anomalies that are more gradual. 

EXPERIMENTAL 

distinguish a small Brillouin line in the wing of a huge 
elastic Rayleigh line. In the case of a low contrast Like in 
nonscanning i~lterferometers. '~ studies are limited to 
high optical quality materials in right-angle scattering 
geometry. where the stray light is minimum. Obviously. 
usual samples are most of the time not of high optical 
quality, and they do not always present right-angle faces 
oriented along the more interesting directions. Nowadays. 
the best trade-off for Brillouin spectronleters is the tandem 
of plane Fabry-Perot (FP) interferoineters (Sandercock 
mounting) that may offer a resolution about 0.1 GHz and a 
contrast larger than 10" with an acceptable transmis- 
 ion.'^' An FP interferometer consists in two partially 
reflecting parallel mirrors between which light undergoes 
multiple reflections. ensuring a higher contrast than with a 
two-wave interferometer like a Michelson device. A 
drawback of FP interferometers is the periodicity of their 
transmission characterized by the free spectral range A=c/ 
21ze obtained by scanning the distance e (or the refractive 
index n) between the mirrors by more than a half- 
wavelength. An interesting feature of the tandem is the 
"vernier" ratio between the periodicities of the FPs 
defined by the ratio between their distances e l  and p2 

chosen to be close to an incolnmensurate value. In such a 
case. the free spectral range of the tandem may be 20 
times the one of an individual FP. The apparatus function 
of an FP interferometer characterized by its maximurn 
transmission TM is an Airy function: 

Due to the small value of the Brillouin shifts and their line Ti(v) = Thf/[l  + ( ~ F ~ / X ) '  cos2 (x l l /~ , ) ]  
widths. experimental techniques involve interferometric 
devices. However. resolution is not all. perhaps the more where FE is the effective finesse defined as the ratio of the 
important quality is the contrast, i.e., the ability to free spectral range A over the width at half height of the 
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Fig. 2 Typical Brillouin scattering setup using a tandem of triple-passed Fabry-Perot interferometers. M: mirrors, SF: spatial filters. 
FP: Fabry Perot interferometers. c: corner cubes. IF: interferential filter, 1-12: half-wave plate. PI\[: photomultipliers. P: pinholes. A: 
Glan analyzer. S: fast shutter. 6 :  glass plate, and PC: personal computer for data acquisition. (From Ref. [13].) (17ieiv rhis art iiz coloi- at 
i~.~~,\t,.dekkei-.corn.) 
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maximum of the Airy function. The apparatus function of 
the tandem being the product of the individual Airy 
f~lnctions. the interest of the loss of periodicity in the total 
apparatus function is that it allows for easier measurement 
of the Brillouin shifis, and inore specifically. it allows in 
the same experiment the observation of sharp Brillouin 
lines and broad quasielastic components with a good 
rejectio~l of the contribution of higher-order interferences. 

The high contrast of the spectrometer is achieved either 
by triple passing each FP or the whole tandem setup. It 
results theoretically in an elevation of the apparatus func- 
tion of each interferometer to the cube, which strongly 
enhances the contrast defined as the ratio of the maximum 
transmission over its minimum value. In order to achieve 
this high contrast, the tandem sits in a highly collimated 
beam between spatial filters, which also allows the stray 
light at the entrance to be diminished and the bandwidth 
at the exit pinhole in front of a photoinultiplier or an 
avalanche diode to be selected (Fig. 2). 

Spectra are acquired by a linear scan of the piezoelec- 
trically driven tandem, and data acquisition lasts between 
a few seconds and several hours, according to experimen- 
tal conditions and sample characteristics. The long-term 
stability usually required to collect spectra is realized via 
a rnaximum transmission servo-controi keeping the best 
alignment of the tandem checlted by an auxiliary photo- 
detector (PM2). 

RESULTS 

Results obtained by Brillouin scattering range from the 
determination of the elastic and photoelastic constants of 
materials to the analysis of material transformations: 
phase transitions. polymerization. glass transitions, pho- 
toinduced transformations. etc. (It is out of the scope of 
this presentation to present all.) We will limit our 
discussion to some examples selected in the field of 
supramolecular products defined as complexes consisting 
of two or more chemical entities associated through van 
der Waals interactions, hydrogen bonds, or charge- 
transfer n~echanisms,~"~ 

Weak Charge-Transfer (GT) 
Complex Crystals 

Tetracyanobenzene (TCWB) is an electron acceptor that 
forms charge-transfer complexes with aromatic donor 
molecules: anthracene (A), naphthalene (N), phenantrene 
(Ph), etc. These weak CT complexes crystallize in 
alternated stacks, leading to insulating properties with 
CT bands of rather high energy, yielding to colored but 
transparent crystals. Like many organic crystals, they 
crystallize in a monoclinic group and are known to present 

Fig. 3 Brillouin spectra of naphthalene-tetracyanobenzene 
taken in a backscattering geometry showing (011 the right) 
the interference scattering between acoustic modes and a quasi- 
elastic component generated by an overdamped reorientational 
optic mode. (Viebr this art  iia color at \~'1v\t'.dekker.conz.) 

10' 

an orientational disorder, because the cyanide arms of the 
acceptor define a volume larger than that of donors.['51 

In N-TCNB; the disorder is well characterized by 
~nolecular jumps of the donor molecule between orienta- 
tions separated by 36".["] At room temperature, the 
relaxation time of these jumps in the few ps range lead to a 
coupling with acoustic phonons. Then the quasielastic 
component generated by this relaxational behavior with a 
width in the 10 GHz range is distorted by coupling with 
the acoustic modes, which also undergo a severe asym- 
metry of their profile with a dip on the high-frequency 
wing (Fig. 3). These profiles can be described by a 
coupled susceptibilities eq~ation" '~ relating the oscillator 
susceptibility of the acoustic phonon with a relaxational 
susceptibility (Debye type). Another common result from 
coupling the acoustic rnodes to other modes is the increase 
of their line-width. Shown in Fig. 3. on a semi-log scale, 
are two spectra demonstrating this coupling. On the left 
side. one observes a usual uncoupled Brillouin spectrum 
with two peaks: a QL mode around 20 GHz and a QT 
mode around 10 GHz. In this experiment, the incident 
and scattered electric fields are perpendicular to the 
molecular plane (c,c) and, consequently, are not influ- 
e~lced by the electric polarization generated by the 
rotation of an asymmetric molecule. On the contrary, 
the right side was recorded along the same direction but 
with incident and scattered electric fields in the molecular 
plane (b.b). One also sees two Brillouin lines at about the 
same frequencies as with f ie  other polarization (except for 
the birefringence shift). but they are accompallied by a 
quasielastic component of about 22 CHz half-height half- 
line-width interfering severely with the QL mode. A 
signature of this interference scattering is the difference 
of intensity between the low- and high-frequency wings 
of a Brillouin line. The dots on the spectra are the 
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-20 0 920 GHz -20 0 +20 GHz 

Fig. 4 Brillouin spectra recorded at atlnospheric pressure at 
T, - 5 K in right-angle geometry along the direction [ I  07). 
nearly parallel to the anthracene long axis (left), and the (101) 
direction alnlost perpendicular to this long axis (right). The R. % 
QT, and QL indicate. respectively. the Rayleigh elastic line. 
the transverse mode polarized along the b monoclinic axis. and 
the quasitransverse and quasilongitudinal modes polarized in 
the (a,c) plane. The free spectral range is 39.15 GHr. (From 
Ref. [lX].) 

experimental daia. whereas the continuous line is the fit 
by the coupled susceptibilities. 

By cooling the sample. one observes a narrowing of the 
quasielastic component and the apparition in the Raman 
spectrum of a low-frequency mode (40 cm-I) at about 
200 K. This Inode shifts toward higher frequencies due to 
the decrease of its damping and preserlts only a small 
frequency anomaly at the phase transition (Tc=73 K). 

The disorder is so fast in A-TCNB at atinospheric 
pressure, that no physical method is able to distinguish 
well-defined orientations of the donor, which librates in 
an anharmonic double well. but above the internal energy 
barrier. It then resuits in a displacive structural transition 
characterized by an optical soft mode coupled to acoustic 
phonons and leading to large elastic anonlalies of the 
relaxational type."81 However, under pressure. this dis- 
order slows. probably under the effect of an increase of 
the internal barrier, and the structural transition becomes 
an order-disorder one with an overdamped optic mode 
that no longer softens."" This structnral phase transition 
was extensively studied by different techniques, includ- 
ing Brillouin scattering. In particular. it was shown that 
all elastic anomalies occurring in that compound derive 
from the coupling between the (A) librations and the 
longitudinal acoustic mode propagating along the mo- 
lecular long axis. The relaxation time of the order pa- 
rameter presents a critical slowing r(T) = .ro/(Tc - Ti. 
with Tc = 212 K and ro = 50 ps. Shown in Fig. 4. at 
T,-5 K. is the effect of the coupling with the soft 
optic mode on the Brillouin spectra related to acoustic 
phonons propagating nearly along the (A) Long molec- 
ular axis (101). where the quasilongiiudillal acoustic 
mode (QL) is strongly coupled to the soft mode and is, 

consequently. broadened. In a perpendicular direction 
(101), this occurs for the quasitransverse mode (QT). 
also polarized along the (A) long axis. The true transverse 
inode polarized along the monoclinic axis is always 
narrow. because it is not good symmetry to be coupled to 
the soft mode. Further studies of the fluctuation dynamics 
also revealed the contribution of disorder to this typical 
disp1aci1.e transition. 

Clathrates are typical supramolecular objects with mole- 
cules playing the role of host. whereas others are guests. A 
large variety of structures were imagined and realized (for 
a recent review see Ref. [20]): but they can be sorted by 
the dimensionality of the guest asse

m

bly. At the lowest 
level. we get cages inside with zero, one, or two rnolecules 
included. With a dimel~sion one, we have tubular or 
cylindrical pores inside which guests molecules will have 
a longi~udinal interaction. At two dimensions, we will 
have intercalated molecules between host planes. 

A general problem of clathrates is the interaction of 
guests and host molecules and eventually between 
guests. In the simplest approach, these interactions are 
~legiected, and it is expected that the elastic properties of 
the clathrate are only sensitive to the degree of filling of 
the cages and to the mass of the guest molecules.i211 
Brillouin scattering is a well-suited technique for such 
investigations, which should look into the sound veloc- 
ities of the ernpty clathrand and differently filled clath- 
rates. First Brillouin scattering experiments on such ma- 
terials were performed in the early 1990s on methane 
and xenon clathrate hydrates.i221 In these compounds. 
water rnolecules build a cubic lattice through hydrogen 
bonds and define two types of cages inside the lattice- 
large and small ones-inside which acorns or small 
rnolecules are present. Further studies on a larger variety 
of guests show a decrease in proportion to the square 
root of the guest mass but not as large as expected in the 
absence of guest-host interactions. which are found to 
be repul~ive. '~" 

For these clathrate hydrates. a problem is the compar- 
ison to the empty clathrand properties. because the 
stability of the ernpty clathrate is often a problem. 
Dianin's compound and its clathrates are an opposite 
case. because the stability of the pure compound is good. 
Consequently, they were more extensively investigated. 
The structure of this compound is based on a hexamer 
linked by a network of hydrogen bonds involving the 
phenolic hydroxyl groups of 4-(p-hydroxypheny1)-2.2.4- 
tritrirnethylchroman, which is represented in Fig. 5b. A 
projection of the cell perpendicular to the threefold axis 
of the space group (Mi )  is represented in Fig. ~ a , ' ~ "  
showing the six arms of the hexamer. which are 
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Fig. 5 (a) Projection of the structure of the Dianin clathrand in 
the basal plane.'241 Carbon atoms are represented in green; oxy- 
gen in red: and H bonding by yellow dashed lines. (b) Its buil- 
ding molecule. (From Ref. [24].) (L7iew this ai-f in coloi- at 
n'~i.w.drkker.com.) 

alternately up and down. building around each H-bonded 
ring an hourglass-like architecture. In the next above 
layer, three downward arms with the three upwards 
arms of the represented layer build a cage that is locked 
by van der Waals interactions. It was shown that the 
dimensions of the unit cell increase when the cages are 
occupied, but the more affected distance is the c axis, 
which is mainly dependent from the van der Waals 
interactions between hexamers. 

Recently, by comparing sound \relocities and elastic 
constants between Dianin clathrand and the ethanol and 
heptanol clathrates. quantitative data related to the 
interactions were reported.i251 The main difference be- 
tween both clathrates lies in the number of molecules per 
cage: two for ethanol with a noticeable disorder. but only 
one for heptanol which adopts a folded "gauche" 
conformation for a better fit inside the cage. Brillouin 
scattering results show that for the clathrand and the 
ethanol clathrate, similar sound velocities are observed 
for the longitudiilal modes in the basal plane, whereas 
the longitudinal mode along the threefold axis presents a 
15% decrease of its velocity for the ethanol clathrate. 
This fact could be explained by the 0.5% elongation 
strain along the c axis produced by the two guest mol- 
ecules. If one compares the heptanol clathrate to the 
clathrand, more isotropic longitudinal sound velocity 
decreases are observed in the basal plane (12%) and 
along the c axis (18%). This seems in agreement with 

the more isotropic elongations of the a and c parameters 
of these compounds, 0.67% and 0.7310, respectively. 
These strain values lead to the concept of internal 
pressure that guest molecules would apply to the host 
ones. It reaches 1 kbar for the heptanol clathrate and two 
to three times less for the ethanol one. This pressure is 
produced by an energetically less-favorable state of the 
guest molecules. estimated at 18 kJ/mol for heptanol. 
Such studies exemplify the interest of what can be 
learned fi-orn Brillouin scattering experiments coupled 
with other data sources. 

Urea inclusion C Q ~ ~ Q U ~ ~ S  

Channel-like compounds can also be considered clath- 
rates, because guest molecules are confined inside these 
channels. Here also, the nature and magnitude of the 
interactions between the different kinds of n~olecules are 
major problems. In addition to the cage situation, the 
channel geometry may allow longitudinal end-to-end 
interactions between the guests. Depending on the 
thickness of the channel walls. a weaker lateral guest- 
guest interaction is also possible. Elastic properties are 
again a good probe for all of these interactions. Such 
compounds are comlnonly obtained with molecules such 
as urea or thiourea. but in the case of thiourea, the channel 
diameter is strongly modulated and firmly localizes guest 
molecules in pockets along the channels, in a similar 
fashion as in cages rejoining the previous cage-like 
compounds. Consequently. we will be more interested in 
smoother channels like those of urea. Depending on the 
nature of interactions developed between the host and the 
guest molecules, it will be possible to obtain a regular 
crystal by periodic packing of the guests along the 
channels or to obtain an aperiodic structure.[261 The first 
case is, for example, obtained when firm hydrogen bonds 
are developed with the host, like in 2-10 undecane- 
dione."" whereas the second case is typical of alkane 
lnolecules that only interact by van der Waals forces. All 
of these structures are derived froin infinite honeycoinb- 
like channels made up of three urea helices interwoven by 
hydrogen bonds. inside which guest inolecules are densely 
packed to ensure the stability of the composite. The 
symmetry is often hexagonal. but distortions resulting 
from the shape of the guest molecules usually lead to 
orthorhombic symmetries at low temperatures. When such 
a ferroelastic transition occurs, Brillouin scattering gives 
valuable data on the order and the regime of transition by 
recording sound velocity a n o ~ n a l i e s . ~ ' ~ . ' ~ ~  

In aperiodic composites, another degree of freedom 
occurs due to the infinite degeneracy of the ground state. 
i.e., all relative positions of the host and guest molecules 
exist in the structure due to its incommensurability, so that 
the whole composite has the same energy for any relative 
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Fig. 5 Quasielastic components observed in nonadecanelurea 
at room temperature in tandem with Fabry-Perot interferometers. 
The central intensity is due to the longitudinal Brillouill 
doublets. The (XX) component is assigned to the reorientation 
of alkane molecules, whereas the (ZZ) component is co~npatible 
with an ol'erdamped "sliding" motion. (From Ref. [30].) 

position o f  a given host-guest pair. Such a degeneracy 
leads to a possible sliding motion o f  the whole urea 
sublattice with respect to the guest sublattice without any 
energy cost. This feature is also the one o f  acoustic 
phonons. which have zero enersy for infinite wavelengths. 
The main difference is located in the energy dissipation o f  
these vibration modes: sound waves are hydrodynanlic 
modes. and their damping goes to zero like q2. because the 
atomic relative motion also goes to zero for infinite 
wavelengths. On the contrary. the relative sliding motion 
is. by essence. optic-like with large relative motions o f  the 
hosts and guests so that rhis motion will dissipate energy 
or can also be queilched by Nabarro barriers that in 
crystals. impede the dislocaiioil motion. giving birth to a 
gap in its dispersion branch at low wave-vectors. The 
search o f  an experimental observation o f  sliding modes is 
sdil active and relies on inelastic techniques like neutron 
and light scattering. Many experiments were performed in 
alkanelurea compounds withaut any direct observation o f  
an inelastic peak unambiguously assignable to rhis sliding 
mode. The apparition o f  an extraneous fourth Brillouin 
peak in the spectrum o f  hep tadecane /~~rea[~~~ was not 
confirmed b y  the foilowing experirnent~.~"~ which 
evidenced the existence o f  quasielastic components 
(Fig. 4 ) :  one related to the reorientational-librational 
motion o f  alkane molecules around their long axis and 
another one polarized along the channel. which could be 
compatible with an overdanlped sliding mode. Elastic 
properties of several urea inclusion co~npounds were 
investigated, and they showed the weak influence of the 

nature o f  the guest molecules on the sound velocities 
inside the connposites. This is striking, because, along the 
channel axis. one can expect that the addition o f  the 
sublattice stiffness and the one o f  the guest sublattice 
should vary with the length and the end-to-end interac- 
tions between these molecules. Recently, by applying a 
hydrostatic pressure to the guest ~nolecules by He atoms 
directly inside the channels. it was possible to determine 
the force constant between alkane n ~ o l e c u l e s . ' ~ ~ ~  
Its weak value I Nlm compared to the average 10-15 N/m 
for H-bonded molecules allows us to understand the very 
small influence o f  the alkane length on the composite 
sound velocity. Another characteristic o f  the dynamics o f  
such a system is the broadening o f  the longitudinal 
Brillouin line along the channels, as shown in Fig. la, 
which was taken on nonadecanelurea. High-pressure 
experiments showed that about 25% of  this anomalous 
broadening (1.7 GHz) is due to the conformational defects 
o f  alkane chain ends,'13' but the major part is still 
nonidentified and could be due to a coupling between the 
overdamped sliding motion and the longitudinal phonon. 
It should be noticed that the transverse acoustic mode seen 
in Fig. l b  has a very small darnping that is barely mea- 
surable on this spectrum. Recent experiments on periodic 
and aperiodic ketones included in urea also showed re- 
laxations coupled differently to the acoustic phonons than 
those in alkanelurea inclusion compounds. and this will be 
reported elsewhere. 

All o f  these results and inany others not reported here due 
to a lack o f  space prove the interest o f  Brillouin scattering 
as a technique o f  investigation o f  the elastic and dynam- 
ical properties o f  materials. in particular. for supramolec- 
ular compounds. The conclusions derived give better 
insight to the materials when they are carefully crossed 
with structural or other dynamical results provided for by 
complementary techniques. In photoexcitable materials. 
Brillouin scattering offers the unique opportunity o f  
measuring the elastic properties o f  the excited volume. 
because at the same time, the light beams modify the 
sample and measure its properties. Despite the high 
technical level reached now. there i s  sriil rooln for further 
experi~nental improvements allowing faster and more 
precise measurements to be made. 
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INTRODUCTION 

The calixarenes. calixresorcinarenes. and analogues are 
macrocyclic molecules containing phenolic rings bridged 
by methylene fi~nctions and are anlong the most ubiqui- 
tous of organic ~nolecular host lnolecules in supramolec- 
ular chemistry.[" The basic molecular scaffolds are, in 
general. simple to prepare in high yields from inexpensive 
starting compounds. In the case of the calixarenes; the size 
of the macrocycle synthesized is dependent on the nature 
of the cation used in the base-catalyzed cyclization, 
demonstrating that from the start, these molecules are 
excellent choices for cation complexation. 

They possess sterically divergent reactive centers, 
either phenolic or aromatic in chemical nature. that may 
be modified fully or selectively to introduce functiona- 
lities capable of complexing a wide variety of cations. The 
chemical and physical robustness of the macrocycles 
allows their use for the complexation of a wide range of 
metal cations, including radioactive isotopes. 

The introduction of ligand groups, such as ethers or 
crown ethers. amides. esters, or caroboxylic acids, or 
sulfonates and phosphonates allows for the fine tuning of 
capacity for coinplexation with regard to mono-, di-. tri-. 
and ietravalent metal cations: cationic metal complexes; 
and organic cations. including mono-, di-. and trivalent 
arnmonium systems, amino acids. peptides. and even 
certain proteins. 

Further fine-tuning of the physicochemical and chem- 
ical properties of the derivatives allows for their use for 
extraction of cations, sensing at surfaces and interfaces, 
conducting of polymers. and specific-site targeting in 
biological macromolecules. 

mational mobility. These conforinational properties were 
used to prepare preformed receptors for cation binding or 
to allow the ligands to wrap around the cation to form the 
binding site. 

The basic molecular skeletons do not possess usef~il 
ligand sites for the binding of cations and a large body of 
research was devoted to the selective introd~~ction of 
ligand groups for cations Fig. lc. In general. these groups 
are of two types: soft or hard electron donor groups for 
coordination (sulfur. nitrogen, and oxygen donor atoms). 
or negatively charged groups for electrostatic (ion- 
pairing) interactions with cations (phosphonates, phos- 
phates. sulfonaies, and carboxylates). 

INORGANIC CATION COMPLEXATION 

Direct Complexation 

Direct co~nplexation of cations to unmodified calixarenes 
or their analogues occurs generally by formation of ion 
pairs arising from deprotonation of one or more phenolic 
groups under basic conditions. A comprehensive study of 
alkali metal-calixarene ion-pair con~plexes in soluton and 
the solid state was undertaken by ~utsche ." '  Extraction of 
alkali metals froin basic aqueous solutions shows strong 
selectivity for Cs" by calix[4]arene and calix[6]arene and 
selectivity for both Rb" and Cst for calix[81arene.~" 

Interfacial complexation of various alkali cations by 
the amphiphilic acyl-calix[4Jarenes is achieved without 
deprotonation and shows strong selective binding for Rb". 
The binding of cations by these molecules is also strongly 
dependent on the counteranion."' 

Ester, Amide, and Ketone Derivatives 

The structures of the calixarener and analogues are given 
in Fig$. 1A.B. While calix[4]arene possesses four con- 
formers-cone, partial cone. I ,2-alternate cone, and 1,3- 
alternate cone-that are sufficiently stable to be veparated 
or to be blocked in place under certain conditions, the 
higher analogues have a much higher degree of confor- 

The main classes of calixarene derivatives for the 
complexation and extraction of alkali and alkali earth 
cations are based on the total subsitution at the lower 
rim by alkoxyester. alkoxyamide. or alkoxyketone func- 
tions. Fig. 2. In this way. suitable donor Iigand funciions 
for cation complexation are introduced. Such derivatives 
were used for the complexation and solvent-to-solvent 
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OH 
R= CH, Calixarene 

R= S Thiacalixarene 

Fig. P Molecular structures of the calixarenes, where, commonly, n = 4. 6. and 8 and the calixresorcinarene (A). The strategy for cation 
complexation by the introduction of ligand groups at either the lower or upper rims of calixarene derivatives 03). Metal complex with 
upper and lower rim functionalized calix-[n]-arenes (C). 

extraction of a wide range of metal ions. including alkali 
metals ki'. Naf. K+, Rbi. Csf. Ag"; alkali earth metals 
~ n ' + ,  hlg2+. Ca2+, Cu2+, sr2+, 13a2+ and lantha- 
nides b 3 " .  

The size of the calixarene macrocycle can govern the 
selectivity with regard to the different cations. For 
example. the ester derivative of calix[4]arene presents a 
high selectivity for the smaller cations Na+ and ~ i + . ' ~ '  
However, the analogous ester derivative of calix[S]arene 
and calix[6]arene interact strongly with Csi=Rb+>K+. 
No selectivity with regard to cations is observed for the 
caiix[7]arene and calix[8]arene ester derivatives. 

The conformation of the calixarene derivative also 
plays a role, and thus. the 1,3-alternate conformation of 
calix[4]arene can interact with other nletals such as 
silver."' 

The selectivity of the complexation and extraction is 
also determined by the chemical nature of the ligand 

group, where inversion of the selectivity between Wa' and 
Cs+ is achieved by changing the ligand function from ester 
to ketone or aniide for the calix[4]arene derivatives. 
Amide substituents play a role in the extraction of alkali 
metals or alkali earth metals.[61 The calixarene amide 
derivatives interact with Na+>K+=Li+>>Rb+=Csi. With 
regard to the divalent cations, Ca2' and ~ r ' + .  high 
selectivity in complexation is seen for derivatives carrying 
amide f~~nctions,  and similar selectivity is seen for the 
mixed diacid, diamide de r iva t i~ re . '~ .~~  

Ether and Crown Ether Derivatives 

Given the structmal analogy with the crown ethers, the 
calixarenes were alkylated to produce ether ligands at the 
phenolic face. These molecules complex various cations 
including alkali metals ions. Coinplexation may take place 

*, -. .- .-_... 
7 -'.... I --_- R= 0-alkvl (Ester) 

Fig. 2 Molecular structure of calixareile derivatihes substituted at the lower rim 
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Fig. 3 Molecular structure of 1.2-his-calix crown ether (A): 
1-3 alternate calix cro\vn ether (B); and 1.3-his-calix crown 
ether (C). 

at the phenolic groups for Nai and by cation-aromatic 
interaction in the case of Ag+ and K+.["."" 

The construction of salix-crown molecules is achieved 
by grafting ethylene glycol chains in a loop at two of the 
phenolic functions (Fig. 3A). 

The 1.3-bis crown-ether calix[4]arene (Fig. 3B) was 
shown to be highly effective in the extraction of the 
radioactive isotope cation Cst.'lil As compared to other 
possible extractants, the stability of the calix[~z]arene 
slieleton is an important factor in their potential use. The 
1 -2-bis-crown ether calix[4jarene (Fig. 3C) interacts more 
strongly with the Rbt cation than with the K+ and Na+ 
cations. In this case. tlle binding of the Cs+ is relatively 
weak.L121 

Amino Derivatives 

In order to complex transition metal cations. inciudiilg 
chromium (VI). molybdenum (VI). rheniuin (VI1) and 

selenium (VI). suitable hard ligands based on nitrogen 
donor groups were introduced onto the basic calix[n]arene 
skeleton, for example, alkyl amino chains.'"' Recently, 
Regnouf de Vains synthesized calixarene derivatives 
having heterocyclic pendant ligands. including bipyridyl, 
and observed strong bonding of transition metal cations, 
including @02+. Cu'. and CU'+.[ '~."~ 

Sulfonate Derivatives 

The sulfonate derivatives (Fig. 4A), in which introduction 
of suitable ligand fuilcciol:s takes place at the yam- 
position of the aromatic ring, are the most widely studied 
of the water-soluble calixarenes. Their solid-state binding 
to a wide range of metallic cations and complexes was 
reviewed by Raston and ~ t w o o d . " ~ ~  The ability of these 
molecules to intercalate cations in expandable layers 
between bilayers of partr-sulfonato-calix[4]arene led 
Atwood and Colernan in 1988 to name these systeins 
"Organic Clays." (Fig. 4 ~ ) . " "  Since then. Atwood 
extended the structural types observed to include lipo- 
soma1 analogues. tubes. and various Archimedian and 
Platonic solids.'' 81 

Phosphsnate Derivatives 

The calix[4]arene molecule was modified at both the 
upper (para) and lower (phenolic) rims by the iiltroduction 
of phosphate and phosphonate groups, mainly by the 
group of Kalchenko (Fig. 4 ~ ) . [ ' "  Such derivatives com- 
plex and allow the extraction of lanthanide and actinide 
tri- and tetravalent cations. Detoxification of radioactive 
waters may be possible in this way, as the chemical and 
physical robustness of the calix[n]arenes makes them 
particularly suitable for this task. 

Double complexation of the ~ n ' +  and Histidine amin 
oacid cations to 1.3-diphosphate cation occurs selectively 
with regard to the cation and the amino acid. as 
demonstrated by electrospray mass spectrometry.i201 

Miscellaneous 

Cations bind to nanoscopic colloidal assemblies, supra- 
molecular solid lipid nanoparticles of amphiphilic 
calix[4]arene derivatives, leading, in certain cases. to the 
clustering of such assemblies in the presence of divalent 
cations ~ g ' +  and Ca". S~rch clustering was imaged by 
atomic force microscopy.ix' Such effects have particular 
relevance to the use of such transport systems in 
physiological media. 

Others 

The ~nteraction of thiacalixarene ester derivatives (Flg. 1 A) 
alkali rnetal cations. is strongly conformation of calixarene 
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w&wAw 
cation : h i  ..'& 

Fig. 4 Molecular structure of water-soluble calixarene: (A) p-sulfonato-calix[n]arene. where rl = 1. 6, 8; (B) crystal packing of 
17-sulfonato-calix[4]arene in the presence of salts b calix[4]arene diphosphonic acid: and (C) schematic of the bilayer packing of para- 
sulfonato-calix[4]arene showing how, as with clays, an increase in the cation size leads to an increase in the height of the hydrophilic 
interbilayer space. (View zhis ni-f in color at ~t.~t.~r.dekker.cor?~.) 

The cone conforinarion preqents a high selectivity for the 
sodium cation, while the partial cone and 1,3-alternate 
conformations show selectivity for potassium and 
cesium ~a t ions . "~ '  

In the presence of cations, such as bipyridinium, 
included as guests. c-methylcalix[4]resorcinare11e is in- 
duced to adopt a boat 

In 2002. Abraham published an extensive review of 
organic cation complexation by c a l i ~ a r e n e s . ' ~ ~ ~  

Direct Complexation 

The receptor cavity of calix[n]arenes favors the formation 
of complexes with a~nines by proton transfer. NMW 
spectrometry and calorimetry techniques allowed for the 
evaluation of the role of the cavity and the phenolic 
oxygens in the case of calix[4]arene complexes with 
aliphatic amiiles. Hydrophobicity and bas strength are 
important, and thus, the order of binding is tert-butyl- 

amine > iso-propylamine (> 12-hexylamine >piperazine > - 
diethylamine > piperidine) > triethylamine.1251 

For p-fei-r-butylcalix[6]arene. the tetramethylammo- 
nium cation is one of the cations included in the cavity. 
the other one forms an exterior ion pair.i261 

The use of electrospray mass spectrometry allowed for 
observation of complexes of calix[4]arenes with alliylam- 
monium ions. either directly from solution'271 or by gas- 
phase ion-molecu!e reactions.[281 

Ether and Grown Ether Derivatives 

The crown ether derivatives of calixare~les, having a inore 
rigid structure. prove to be inore selective in their com- 
plexation of organic ammonium cations and are only 
large eno~igh to accommodate the mono-methylammo- 
nium ion and not the larger di-, tri-. and tetramethylarn- 
moniurn 

A significant improvement in the ammonium-ion- 
binding properties can be achieved by covalent bridging 
of two cone conforlnation crown-ether derivatives. By 
adjusting the ethylene bridge length and rigidity. the 
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arsoclatloil constants can be increased by several orders and were observed with organic cations such as, 
of magnitude.'30' [ W ~ T N I T A A ~ + ] ~  [t~rrrzs-{Na+~(18-crown-6)(H~O)~ and 

[ H ~ T M T A A " ~  [ ( c ~ N ~ ~ H ~ + ) ~ . " ~ '  

Esters, Amides, and 
Carboxylie Acid Derivatives Phosphonale Derivatives 

Selective recognition of butylalnines by p-tei-t-butylca- 
lix[6]arene ester derivatives shows the influence of steric 
effects on the binding strength, with n-butyl>iso-butyl- 
sec-butyl> te~t-butyl.i"' 

NMR studies proved that the calix[4]arene tetracar- 
boxylaie is able to form complexes with tetramethylam- 
monium and cri~nethylaniiinium cations, but with a lower 
stability than in the case where the calixarene is sulfonated 
at the upper rim."" 

Sulfonate Derivatives 

The presence of a hydophobic cavity and inultiple anionic 
ligand groups in the ycrrc~-sulfonato-~alix[11]are11es cou- 
pled with their high aqueous solubility, made these rnol- 
ecules the derivatives of choice for the study of binding of 
organic cations, usually containing ammonium functions. 

The stoichiometries of binding organic ammonium 
cations, such as trimethylanilinium and adamantrimethyl- 
ammoniun~. to the para-sulfonato-calix[n]arenes is con- 
trolled by the macrocycle size formed. Thus, for the 
calix[4]arene and calix[h]arene derivatives, complexes of 
stoichion~etry I :  1 are observed, while for the larger 
calix[8]arene derivatives a 1:2 stoichiometry occ~rs . ' "~  

As with the inorganic cations, solid-state organic clay 
bilayer structures are favored by 17-sulfonatocalix[4]arene 

1,3-Diphosphatecalix[4]arene is present in the solid state 
as a self-included dimer with two sets of anionic ligands 
capable of complexing a wide range of organic ainmoni- 
um cations, with the propane diaminoniu~n cation a 
complex structure containing a selective water channel 
(Fig. 5a). "" 

The calix[4]arene 2-amiliophosphonates are highly 
selective receptors for amino acids. They exhibit excellent 
selectivity as carriers of the zwitterionic form of aromatic 
amino acids through supported liquid membranes. 

The study of the interaction between calix[n]arene 
derivatives and biomolecular cationic functions is mainly 
limited to two groups of anionic water-soluble calix[n]ar- 
sene derivatives. the yaiz-sulfonato- and 1,3-diphosphate 
systems. These anionic nlolecules complex strongly to the 
cationic lateral chains of the amino acids, lysine (Lys, K). 
arginine (Arg, R). and histidine (His. M). Association 
constants. as determined by 1VMR and microcalorimetry, 
for these three amino acids vary as follows: His <Lys 
<Arg for the three para-sulfonato-calix[n]arenes, where 
n = 4 ,  6. or 8; the stoichiometries of the observed coin- 
plexes are 1:l with yn1~ci-sulfonato-calix[4]arene, and are 

Fig. 5 View of the large self-asembled structure generated by the complexation of the propane diammoniuin cation by calix[4]arene 
dipospho~lic acid showing a selective water channel in the crystal packing. The propane diammonium groups act as linkers along the 
channel (a). Molecular model of bovine serum albumin showing one of the binding sites for linra-sulphol~ato-calixarenes. The cationic 
residues lysine and arginine within the binding pocket are sho\vn in blue: the calixarene molecule is shown as colored spheres (b). (View 
this art in color at n~~t.u.ilelike~:conz.) 
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1:2 for pnrcr-sulfo1lato-calix[6]arene and pnl-a-sulfonato- 
calix[g]arene. Di-and tri-peptides based on Lys and Arg 
binding increase with the number o f  basic amino acids 

Recognitioll o f  this binding to cationic amino acids 
present at the surface o f  inany proteins and often clustered 
either by the amino acid sequence or by the tertiary 
protein structure explains the biological activity o f  the 
~'arn-sulfoilato-calix[n]arenes. for example. their enzyme 
inhibition properties with regard to lysyl o ~ i d a s e . ' ~ ~ '  

The binding o f  the pal-a-sulfonato-calix[~z]arenes to 
bovine serum albumin IBSA). as demonstrated by elec- 
trospray inass spectrometry, involves complexation to 
lysine and arginine present in anion-binding pockets on 
the protein surface (Fig. ~ b ) . [ ' ~ '  

APPLICATIONS 

The capacity of the calixarenes to exhibit cation se- 
lection or to recognize the chirality o f  amines and amino 
acids, as well as  their ability to form complexes with 
quaternary ammonium. led to a number o f  potential and 
actual applications. 

The use o f  tile ethoxycarbonylmethyl derivative o f  
p-rel-t-buty!calix[6]arene as a selective carrier for the 
separation o f  amino acids through a chloroform liquid 
membrane was demonstrated by Chang et al.["' Ion- 
ophoric calixarene esters and ethers were applied to ion 
transport through phospholipid bilayer membranes. 

The most widely studied and developed application o f  
the calixarenes is in sensing devices for cation recogniton. 
Devices based on Langmuir Blodgett films. thermally 
deposited thin films. or where the calixarene derivatives 
are immobilized into polymer films have been used in 
such applications. Sensing may occur through potentio- 
metric. fluorometric, or photo~netric  measurement^.'^'^ 

Their application in the biomedical field is clearly 
demonstrated by the preponderance o f  patents as compared 
to publications in the field. Calixarenes functionalized at 
the wide rim with sulfonic acid and sulfonalnide groups 
showed anticoagulant and antithrombotic properties. 
approaching the activity o f  heparin and coumarin. cur- 
rently used as ailticoagulants in antithrombotic therapy. 
Calixarene derivatives are also active as antiviral, anti- 
microbial. and antifunga! agents. 

CONCLUSION 

Since the recognition o f  the cyclic nature o f  the 
calixarenes by Zinke In 1942. their use in supra~nolecular 

chemistry and for the complexation o f  cations has seen 
altllost exponential growth. Given the diversity o f  the 
nature o f  the chel~lical ~nodification is seemingly only 
limited by the imagination o f  the chemist. we can expect 
this growth to continue. The design and construction o f  
calixarenes carrying highly specific ligand functions are 
leading to their application in the areas o f  environmental 
control for detoxification o f  poisonous metal ions. The 
field o f  biological application o f  calixarenes by their 
cornplexation to cationic groups present in biomacromol- 
ec~iles is j~lst starting. but it can be expected that this field 
will prove to be o f  great impact in the fr~ture. 
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Calixarenes and Their Analogues: 
Molecular Complexation 
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The ability of calixarenes to act as baskets is said to be one 
of their most intriguing properties, accounting for much of 
the interest they received."' Generally speaking, mole- 
cules having convergent concave surfaces are frequently 
potent receptors; and their cavity can form a binding site 
where recognition events take place. It is well known that 
calix[4]arenes and calix[5]arenes, particularly when in 
their cone conformations, possess an intramolecular cavity 
that can host neutral molecules or their neutral parts of 
complementary size. Other conformations of calix[n]ar- 
enes (n=4,5) as well as larger calix[n]arenes are also 
known to form numerous molecular complexes, but fac- 
tors controlling their complexation selectivity are not well 
understood, mainly due to their greater conformational 
flexibilitie~.~"~ 

This entry deals with various facets of molecular com- 
plexation by calixarenes. Most studies published on this 
subject are connected with cone conformation of caiixar- 
ene skeleton. 

The subject is traditionally divided into two parts, 
considering solid-state systems, first and then proceeding 
to solution-state systems, having in mind aqueous and 
nonaqueous solvents. Finally; gas-phase recognition will 
be mentioned briefly. 

SOLID-STATE COMPLEXES 

Many calixarenes form complexes in the solid state, this 
property having been observed even before the structure 
of conlpounds was established. Among the simple ca- 
lix[n]arenes, for example, p-tert-butylcalix[4]arene forms 
complexes with chloroform, benzene. toluene. xylene, 
nitrobenzene, nitromethane, acetonitrile, and many others, 
while p-tert-butylcalix[5]arene complexes were studied 
with lower alcohols, ethyl acetate, toluene. and tetraline. 
More flexible p-terf-butylcalix[b]arene was found to form 
complexes with acetonitrile and y-tert-butylcaIix[S]arene 
with chloroform. The tenacity with which the guest 
molecule is held by the calixarene hosts varies widely 
with the size of macrocycle. Whereas tetramers to hex- 

amers usually hold their guests tightly. retaining a 
residual amount of the crystallization solvent even after 
prolonged heating at high temperature under vacuum 
(which makes traditional elemental analysis co~npletely 
useless at times), p-tert-butylcalix[8]arene crystallizes 
from chloroform in beautiful glistening needles that 
change to white powder within a few minutes at at- 
mospheric pressure. 

The structures of complexes of calixarenes are most 
effectively revealed by x-ray crystallography. The first 
solid-state complex published was that of p-rert-butyl- 
calix[4]arene with toluene['i (Fig. 1 ) .  

It was quickly found that there are many difficulties 
connected with the structural studies of even the simplest 
calixarene complexes.i6' In general: the compounds are 
disordered, often with involvement of guest and host 
sublattices. and there is evidence for dynamic coupling 
between them. That is why the use of a synoptic approach 
has been advanced, where the use of complementary 
techniques resulted in improved structural models. With- 
out doubt, the combination of crystallography and solid- 
state nuclear magnetic resonance (NMR) spectroscopy has 
proven to be remarliab!y effective in solving a number of 
complex problems. We can illustrate the complexity of 
these studies by looking at an almost 10-year-long struc- 
tural study of the first crystalline calixarene complex 
mentioned above. The parent p-tert-butylcalix[4]arene has 
a flexible upper rim defined by terf-butyl groups. In 
contrast, the lower rim is fixed by in-plane hydrogen 
bonding. It was found that at room temperature, the 
toluene guest rapidly reorients between equivalent guest 
sites, but that below 248 K, the transition to a lower 
symmetry host lattice takes place. There are two crystal- 
lographically distinct molecules. each with a toluene guest 
that is disordered over two equivalent sites. More detailed 
study using 2 ~ ,  13c, variable temperature NMR, calorim- 
etry. and 150 I< crystallography show that toluene is static 
at 129 K. and that it undergoes rapid 180" flip about 
the molecular C2 symmetry axis at 180 K and above 
(E,=34?3 k9 mol-'). These results are consistent with 
the final structural analysis in which each of two crystal- 
lographically different complexes has only a twofold 
axis of symmetry. Apparently, the structure of solid-state 
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Fig. I The structure of p-tert-butylcalix[4]arene with toluene. 
(IJielt. this art irz color ( i t  ~t,n,\t,.dekker.com.) 

calixarene molecular coinplexes is far from being trivial 
because of the dynamic structural complexity. Similarly, 
the dynamic structures of other calixareiie complexes 
were recently e~amined . '~ ]  namely. complexes of p-tert- 
butylcalix[4]arene with benzene, pyridine, 4-nitroben- 
zene, cyclohexane. hexane. dodecane, heptane-1-01, oc- 
tane- 1-01, and. 1 -4-dichlorobenzene. The following 
extremely iinportant conclusions can be drawn from this 
pioneering work: 

"Most. if not all, molecules of appropriate size form 
reasollably stable inclusion cornpou~lds with p-tert-butyl- 
calix[l]arene, and this observation suggest that consider- 
able caution should be exercised in interpreting compound 
stability in terms of specific interactions. By exarninilig 
series of structurally-related guest compounds it can be 
seen that the deep cavity is chlorophobic, but the space 
filling seems to be Inore important than the avoidance of 
unfavorable interactions in determining whether com- 
pound formation will take place. A similar conclusion can 
be drawn from the fact that a long molecule will curl up in 
order to fill space effectively in an inclusion compound 
rather than exist in a favored all-trans conformatioil 
without inclusio~l compound fo rn~a t ion . "~~ '  

In an alternative approach. all data available in the 
Cambridge Structural Database (CDS) for inclusion 
complexes formed by calix[4]arenes, calix[4]resorcinols. 
and thiacaIix[il]arenes in the cone conformation with 
neutral organic molecules having acidic CH groups were 
retrieved. The data for 39 guests and two types of organic 
tnolecules with CH acidic groups. namely, CH3X and 
CH2XY (X, Y= EWG groups) were critically eval~ated . '~]  
First; suitable geometrical descriptors were introduced for 
precise definition of host geometry as well as position and 
orientation of the guest inside the cavity. Nitromethane 
and acetonitrile were chosen as typical guests of CH3X 
type. No obvious colrelation between simple geometrical 
characteristics of the host or guest and the strength of 
inc!usion was found. Nonetheless, what is important is the 
specific position of the guest methyl group inside the 
cavity. a position that must facilitate the strongest possible 

intermolecular interaction with all aromatic wails of the 
host. Accordingly. dichloromethane, chloroacetonitrile. 
and ~nalononitrile were chosen as typical guests of the 
CM2XY type. The data obtained showed that the inter- 
molecular interactions between the aromatic cavity of the 
calix[4]arene hosts and the molecule having acidic CH 
groups are different for CH3X and CHzXY guests. There 
is no evidence for hydrogen-bond-like characteristics of 
CH3X interactions. These results are in agreement with 
more sophisticated studies (e.g., inelastic neutron scatter- 
ing) that show that the guest methyl group behaves as 
an almost free quantum rotor. Conversely, rotation of 
CH2XU guests is somewhat inhibited by complex forma- 
tion. This entropic cost is partially compensated for by a 
higher value of the enthalpic contribution to the bonding, 
as reflected by the cotrelation of CH-aromatic distance 
and acidity of the guest. 

There have been several attempts to apply quantum 
chemistry to the evaluation of structure and properties of 
solid-state complexes of calix[4]arene receptors. Usually, 
only inolecular mechanics and dynamics can be used to do 
this job, and information obtained has usually been 
regarded as supporting evidence of the structure of the 
complex formed. Recently. an advanced approach was 
applied to structure elucidation of solid-state inclusion 
complexes formed by p-tert-butylcalix[4]arene with dif- 
ferent solvents. The method reportedL81 is based on the 
following procedure. Various possible geometries of host- 
guest co~nplexes are modeled using fast force-field opti- 
mization. Based on minima structures obtained by this 
approach, quantum chemical (CIAO)-DFT NMR calcula- 
tions were performed. Then comparison of theoretical and 
experimental chemical shifts for free ligand and conlplex 
with solvent furnish the spatial arrangements of host and 
guest. Thus, it is possible for calix[il]arene complexes. 
using a combination of force-field geometry optiiniza- 
tion and CIAO-GFT NMR shift calculations. to screen 
various starting geometries against experimental data, 
yielding good structural models for these complexes in the 
solid state. 

COMPLEX FORMATION IN $&QUID PHASE 

Calixarenes in general are known to forin weak complexes 
with neutral organic guests in apolar media. This behavior 
is different from that of cavitands based on calix[4]res- 
orcinols. Molecules of solvent compete with the guest 
with respect to interaction with the host molecule. That is 
why the crucial problem to be solved is the proper choice 
of solvent that is able to dissolve both components and 
that is not able to interact with the host molecule. For 
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Fig. 2 Dynamic stereochemistry of tetraalkoxycalix[4]arenes 
in the cone confo~~mation. 

calix[4]arenes in the cone conforn~ation, tetrachloro- 
methane is a good example. as it is too big to fit within 
the cavity and at the same time it has acceptable properties 
as a solvent. This is perfectly true for calixarenes with 
rigid cavities, as for example. parent y-ter-t-butylcalix[4]- 
arene. with a circular array of four hydrogen bonds. It is. 
however. not true for tetraalkylated p-tert-butylcalix[4]- 
arenes. where large alkyl substituents are believed to lock 
the cone conformation. The reason is that most of these 
compounds retain a limited degree of conformational 
flexibiliiy. as their cone conformation in which apparent 
C1,, symmetry is in fact the result of fast interchange be- 
tween ttvo Cz,. flattened cone structures. These are some- 
times referred to as pinched cone conformations. This 
behavior was directly established by variable temperature 
NMR measurement of tetrakis-?I-octyloxy-p-te~*i-butyl- 
calix[4]arene (Fig. I ) . ' ~ ~  

The role of the Iower-rim substitutioil pattern of p-tert- 
butylcalix[4]arene was studied for a series of complexes 
formed by 12 p-tert-butylcaiix[4]arelle hosts with 13 
guests (eight nitriles and five nitroalkanes)."" It was 
proven that the complexation ability of these hosts follows 
the order: monosubstituted > disubstituted > unsubstituted 
> tetrasultstituted. The suggested explanation of this order 
is based on the shape of the host cavity and the time- 
averaged proportion of the host molecule adopting 
transition shapes during flipping through the annulus. 
The structure of complex acetonitrile c 1 was proven by 
'M-NMW spectroscopy, in which NOES were found 
between metaprotons of ail the phenolic units of hosts. 
with the methyl protons of acetonitrile as guests (Fig. 3). 

Doing the same study with propionitrile, it was found 
that methyl and methylene groups are found inside the 
cavity of the host. with the methylene group positioned 
somewhat deeper. 

These findings are in perfect agreement with other ap- 
proaches to binding enhancement by "covalent shaping" 
of the p-tert-butylcalix[4]arene cavity. The first involves 
selective 1,2 (proximal) lower-rim functionalization 
of parent p-ter-t-butylcalix[4laene, yielding the series of 
p-feri-butylca!ix[4]arene Oiscrowils 2-6 (Fig. 4), where 

the coilformational flexibility can be tuned by varying 
the length of the bridging init.' ' " 

In fact, p-tert-butylcalix[4]are11e biscrown-5 6 is 
flexible and adopts a Clattened-cone conformation ill solid 
state, while p-rert-butylcalix[4]arene hi.r.crown-3 deriva- 
tives 2-4 possess a rigid cone structure. The recognition 
properties of 3 in solution were evaluated in organic sol- 
vents (CDC1; and CC14) using nitro~nethane as guest.'"' 
By adding variable amounts of guest to a solution of 3, a 
significant upfieid shift of the CH protons of the guest and 
fast exchange conditions were observed. These shifts 
clearly show an interactioi~ of the acidic protons of the 
guest with the n-electrons of the calixarene cavity, while 
excludiilg a possible interaction of these protoils with the 
crown-ether region. which should result in a downfield 
shift. The analysis of the data showed the formation of I : l 
complexes and provided quantitative information on host- 
guest interactions (Table 1). 

To gain further insight into the role of rigidity on the 
inolec~alar recognition properties of hosts. conlparison was 
rnade with the more mobile hosts 6 and 7. Interestingly, in 
6 and 7.  with nitroinethane and malononitrile, nu variation 
of the cheinical shift of the guest was observed, while with 
5, coinplexation occured but only in CCI4 and with a 
lower association constant than with the more rigid 3. 
These results deinonstrate the importance of rigidity in 
determining the complexation properties of the n-donor 
cavity of calix[4]arenes. The group present at the upper 
rim strongly affects the stability of colnplexes formed as 
witnessed by data for compounds 2-4. In fact. increasing 
the extension of the cavity increases the coinpIexation 
efficiency toward nitromethaile (Table 1). In contrast, 
malonodinitrile is bouild with comparable efficiency by 
all three hosts. probably for steric reasons. Another 
interesting observation. which confirms the importance 
of rigidity and, consequently. the preorgailization of the 
calixl4larene in the cone conformation, was observed by 
comparison between hosts 8 and 9. Here. the well-known 

Fig. 3 Complex IC acetonitrile i n  CCll proven by 'M-NMR 
(\%'ell this c1r.t irz color at 1~1t.i1,.dekkei..co~il.) 
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Fig. 4 p-tert-Butylcalix[4]arenes with different flexibilities of cone conformation 

free ligand and its codium picrate complex were compared 
in the complexation of nitromethane in CDCI,. While the 
conformationally mobile 8 does not show significant 
complexation, its r~gid  sodium complex 9. through a 

Table P Association constants (Kc,,,. M- ') of I :  1 complexes 
of nitrornethane and rnalononitrile with rigidified calix[4]arenes 
2-9 at 300 K 

"Not deter!nined. 

positive allosteric effect, binds nitromethane (Table 1). 
Similar results were obtained with a corresponding 
tetraester-acetonitrile system.'101 There is also a recent 
report involving the correlation between the guest acidity 
and the association constants in the recognition of neutral 
CH3X and CH2XZ species by rigidified calix[41arene.~'~~ 
Comparison of of acetonitrile (pK,, - DMSO= 3 1.3) 
and nitrometbane (pK,-DMSO=17.2), measured in 
CCI4. shows that these two guests are bound with similar 
efficiency. This indicates. in agreement with the results 
obtained in solid srate,17' that the complexation of the 
CHiX guests is not determined by their acidity. Con- 
versely. as verified in the solid state, the similar. data on 
guests CHzXZ strongly suggest their dependence on the 
acidity of the CH2 graup. This finding is also in a, Oreement 
with the solid-state study.i71 The energetics of the inclu- 
sion of guests by rigidified cone conforirler of calix[4]- 
arenes in  was also recently reported."41 
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The influence of upper-rim substitution was also stud- 
ied in the series of calix[4]arenes with identical substi- 
tution patterns on the lower rim but differing in their 
upper-rim substitution pattern. Namely, hydrogen, tert- 
butyl, and adamantyl were used as upper-rim substitu- 
ents.['" The association constants obtained for p-adaman- 
tylcalix[4]arene complexes are close in their values to 
those of the corresponding y-tert-butylcalix[4]arene com- 
plexes. The 'H-NMR spectra of these compounds undergo 
similar changes caused by complexation as the spectra of 
their y-tert-butyl analogues. Thus. complexation-induced 
shifts of OH and aryl protons of the ligands of both types 
have similar values, and a significant upfield shift of the 
protons of the substrate (up to 6 ppm) is observed. It 
seems apparent that both hosts behave in a similar way, at 
least in tetrachloromethane solution. In contrast. upper- 
rim unsubstituted calix[4]arene derivatives form weak 
complexes with all guests studied. This result can be 
explained by the fact that the calixerene apolar cavities are 
not shielded by any substituent and are easily accessible 
for solvent nlolecules of any shapes and sizes. The results 
from all the above studies can be rationalized in the 
following way. First. the ability of calix[4]arene hosts to 
fornl complexes with neutral molecules is controlled by 
the solvation of its cavity. Second. C-H . .n interactions 
play an important role in the complexation process-the 
strength of complexes formed by the guests with similar 
geometries and nature strongly depends on their C-H 
acidity. Third, the association constants of observed 
complexes do not exceed 300 M-' in CC14 and 30 Mp 
in 

In order to improve the recognition efficiency of neu- 
tral organic species. suitable binding sites were attached 
at one or two rims of calix[4]arene or calix[5]arene 
platform. usually with the ability to act as hydrogen bond 
donor or acceptor groups. Using this approach, selective 
binding of several primary amines by a carefully designed 
dicarboxy- calix[5]arene receptor was studied. As usual 

with calix[5]arenes, the synthesis of the receptor is 
complicated and results from a low-yielding synthetic 
sequence."61 Also, a molecule of water was found to be 
complexed selectively by adamantylated calix[4]arene 
dia~nide."~'  Clear evidence that the hydrogen-bonding 
groups linked at the upper rim and the cavity are able to 
cooperate in binding was obtained when rigidified 
calix[4]arene 10 bearing a methylenephenylureido addi- 
tional binding site at the upper rim was exploited to 
recognize low-molecular-weight a m i d e ~ . " ~ ~  The structure 
of host and the cooperative binding is shown in (Fig. 5). 

The complexation properties of host 10 were evaluated 
in CDCl,, and it was found that it is able to efficiently 
recognize amides with NH2 or NHR groups, whereas the 
substantial decrease of this ability was observed with the 
guests bearing N,N-dialkylamino groups. 

Aqueous Media 

One of the main reasons for studying the interactions of 
calixarenes in water is to exploit hydrophobic effects in 
order to enhance complexation of apolar guests in their 
cavities. In order to study this phenomenon, the water- 
soluble calixarenes are needed in analogy of cyclodextrins 
and water-soluble cyclophanes. To engender water solu- 
bility generally, calixarenes need to be functionalized with 
groups containing positive or negative charges or with 
neutral but highly hydrophilic moieties. A predominant 
part of the work concerning the complexation of neutral 
molecules by water-soluble calixarenes was carried out in 
the 1980s and was critically reviewed.'" Classical work 
was devoted to the inclusion of small neutral organic 
guests (alcohols. ketones, and nitriles) by water-soluble 
calix[4]arene hosts (solubility was introduced by sulfonyl 
groups at the upper rim or carboxy groups at the lower 
rim, sometimes in combination, and with an ethoxyethoxy 
group at the lower rim). The guests are included in the 
host hydrophobic cavity by their apolar aliphatic residues. 

Fig. 5 Structure of cornplex formed by 10 and several amides 



Catixiarenes and Their Analogues: 3folecular Complexation 

The binding constants at neutral pH confirm the impor- 
tance of charge assistance in the apolar binding of guests 
inside calixarene cavities, and they highlight the role 
played by the conformational properties of host in the 
recognition process."" Recently, the rennaissance of 
interest in all aspects of molecular recognition in water 
were easily observed in chemical literature. A number 
of papers appeared on the application of water-soluble 
calix[rz]arenes as catalysts or cocatalysts. Thus, Wacker 
oxidation of alkenes.[201 aldol-type condensation and 
Michael addition,12'] and Suzuki coupling,[221 were re- 
cently reported to be catalyzed by water-soluble calix[n]- 
arenes. These results are apparently connected with 
"green chemistry" procedures with the potential for 
industrial application, a fact that should boost the research 
in this area profo~mdly. The second subject of recent 
interest is centered around medicinal che~nistry applica- 
tion in a broad sense. Water-soluble p-sulfonatocalix- 
arenes were recently reported to bind dipeptides and 
tripeptides containing lysine and arginine. This process, 
taken as a model for interaction of glycosylaminoglycans 
with polypeptides, was thoroughly studied by NMR and 
inicrocalori~netry.[~ There are, however, many examples 
of water-soluble neutral calixarenes, and most of them 
belong to the neoglycoconjugates family."41 Such com- 
pounds can be used as models of important biological 
processes like interactions taking place on the surface of 
the cell. Among them, embryogenesis, cancer metastasis, 
inflammation. and bacterial and viral infections are 
examples of biological events that involve the selec- 
tive recognition of carbohydrates by proteins. However, 
isolated carbohydrate-protein interactions are typically 
weak. Nature compensates for the weakness of these 
isolated interactions by tending to cluster together mul- 
tiple copies of carbohydrate receptors in order to allow for 
stronger cooperative binding to take place-the so-called 
multivalent effect. The role of calixarenes as cyclic oligo- 
mers of phenolic nuclei is immediately apparent. No 
wonder that many water-soluble carbohydrate-appended 
calixarenes were reported and their properties studied. A 
recent report on this subject illustrates the state-of-art in 
this direction,12s1 

Gas-Phase and Gas-Solid Interface 

The study of host-guest interactions recently expanded 
from solution chemistry to the gas phase. where solvent 
effects are not present. allowing better understanding of 
the intrinsic phenomena responsible for molecular recog- 
nition. Many calixarenes were used as hosts in this 
~ e s ~ e c t ' ~ ~ . ' ~ '  using CI MS. The less-demanding approach 
(at least as far as the instrument costs are concerned) 
involves the application of GC headspace analysis applied 

for gas-phase complexation of parent c a l i ~ a r e n e ~ ' ~ " ~ ~  and 
thia~alixarene."~' 

No conclusion can adequately sulnmarize the develop- 
ments in the topic of this article. Host-guest chemistry is 
still in its infancy as a typical multidisciplinary subject. 
The progress in all basic disciplines will immediately 
provoke progress in the level of our knowledge on molec- 
ular complex formation by calixarenes. The synthesis of 
many new ligands and their thorough study will definitely 
be required to better understand the multifaceted problem 
of molecular recognition and complex formation. 

NOTE ADDED IN PROOF 

Parent p-tert-butylcalix[4]arene has been found to under- 
go unprecedented single-crystal-to-single crystal phase 
transition upon guest uptake and release. Despite the lack 
of porosity of the material, guest transport through the 
solid occurs readily until a thermodynamically stable 
structure is achieved. In order to actively facilitate this 
dynamic process, the host molecule undergo significant 
positional and/or orientational rearrangement. This trans- 
formation is triggered by weak van der Waals interaction 
between host (p-tert-butylcalix[4]arene) and guest (vinyl 
bromide) molecules. 

Atwood, 9.L.: Barbour, L.J.; Merta, A.: Schottel, A. 
Guest transport in nonporous solid via dynamic van der 
Waals cooperativity. Science 2002, 298, 1000-1002. 
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C .  David Gutsche 
Texas Christian University, Fort Worth, Texas, U.S.A. 

The modern era of calixarene chemistry had its inception 
in the early 1970s in the laboratories of Washington 
University in Saint Louis." Motivated by an interest in 
designing enzyme mimics but faced with a paucity of 
easily synthesized basket-like molecules. Gutsche and his 
research group became intrigued with the compounds 
involved in an industrial process at the Petrolite Cor- 
poration in nearby Webster Groves. In response to a 
problein of sludge formation in one of the crude oil- 
demulsifying sm-fac~ants nlarketed by this company. the 
Petrolite che~nists isolated a high melting material that 
seemed to be sinlilar to compounds described by the 
Austrian chemist Alois Zinke in the 1940s. Zinke treated 
various phenols with formaldehyde along with a strong 
base in boiling linseed oil and obtained materials assumed 
to be pure entities to ~vhich he assigned cyclic tetrarneric 
s t ruc t~~res .~  This conclusion appeared to be substantiated 
by a rational. stepwise synthesis of a cyclic tetrainer by 
the English chemists Hayes and ~ u n t e i - [ ' ~ ~ '  in the 1950s, 
although a direct coinparison with the Zinke compound 
was not made. The first hint of a problem with the Zinke 
inaterials emerged at about the same time from the work 
of anofher English chemist, Sir John Cornforth. who 
isolated pairs of compounds fi-om p-tei-t-butylphenol and 
p-(1.1,3.3-tetram.ethylbutyl)-phe1101 and who noted the 
extraordinarily capricious nature of the reaction.'" The 
work of the Gutsche group in the 1970s confirmed the 
fact of mixtures""' and showed that by careful control of 
the reaction conditions, pure samples of the cyclic tet- 
rarner. cyclic hexamer, and cyclic octamer can be easily 
and reprod~rcibly obtained from y-tert-butylphenol.L1ll 
The structures of and now many other calix- 
arenes that have been made, have been firmly established 
by x-ray crystailographic analyses. Work in many 
laboratories shows that a nurnber of other phenols also 

'For ~reatise? on calixarenec see Ref\. / I  -51. 
%tailed account5 of the histol.) of the calixareiles arc found in 
Refs. [5 ,6] .  

yield cyclic oligomers. although none allow as precise 
product control as does 1)-tert-butylphenol. Perceiving a 
visual resemblance between the CPK space-filling model 
of the cyclic tetramer and a type of Greek \lase known as 
a Calix Crater. the name "calixarene" was chose11 to 
define this particular class of [ln]metacyclophanes. using 
a bracketed number [ ~ z ]  to designate the size of the 
calixarene, i.e.. calix[4]arene for the cyclic tetramer, 
calix[6]arene for the cyclic hexamer, etc. The special 
ease of synthesis of the major calixarenes 11, 3, and 5 
(R = tert-BLI) followed by the relative ease of synthesis 
of the ininor calixarenes 2 and 4 (R = ter-r-Bu) played a 
key role in the rapid expansion of the field. bringing 
dozens of laboratories and hundreds of chemists into the 
fold of calixarene chemistry. As the early experiments of 
Hayes and Hunter demonstrated. however. the one-step 
synthesis is not the only route to calixarenes, and 
stepwise syn~heses. now called fraginent condensations, 
have aiso played a significant role. 

heat 
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SINGLE-STEP CONDENSATlON OF 
PHENOLS AND FORMALDEHYDE 

The original Zinke synthesis employed NaOH as the 
base to induce the condensation o f  p-alkyiphenols and 
formaldehyde, and base induction rernaiils the method o f  
choice noi only for the three major calixarenes 2, 4, and 6 
(R = tert-Bu) but also for the two minor calixarenes 3 
and 5 (W = tert-Bu). With NaOM (in sinall amounts) as 
the base and refluxing diphenyl ether as the solvent, a 
50% yield o f  pure p-rert-butyicalix(4larene 2 is pro- 
duced.'"' With KOH (in larger amounts) as the base and 
refluxing xylene as the solvent. ca. 85% yields o f  p-tert- 
butylcalix[6]arene 4 are produced."61 With NaOM (in 
small amounts) as the base and refluxing xylene as the 
solvent, ca. 65% yyields o f  p-tert-butylcalix[8]arene 6 are 
produced.[171 The p-tert-butylca!ix[5]arene 3['S.191 and 13- 

tel-t-butylcalix[7]arene 51201 require more effort to syn- 
thesize, entailing separation from the various other 
calixarenes in the product mixture; but are isolable in 
pure form in yieids o f  ca. 15-2096. Phenols that do 
not yield calixarenes when treated with formaldehyde 
and base include p-nitro, p-cyano, p-phenoxyphenyl, 
p-carboxy, p-acetyl, p-hydroxymeihyl. and p-hydroxy 

(hyd~oquinone) Success 1s geneially li~nited to phenols 
carrying llondeaci~vdting p-substrtuents For example, p- 
cresol gibes 4 (R = Me) in 7 4 9  y~eld'"~ or 5 ( R  = Me) 
in 22% yield L221 p-phenylphenol gnes a mixtuie o f  4 
(R = Ph), 5 (R = Ph). and 6 ( R  = ~h) , '" '  p-benzylouy- 
phenol gikes 6 (R = Bn) In 48% yylld,"41 but p- 
~methoxyphenol yields a coinplex rnlxture ol ollgorner~c 
compounds Phenol, carrying long-cham p-allcy! substit- 
uents often glve pool results. but those caliying alliyl 
gioups hlghly branched near the point o f  attachment at 
the p-position sometlines leact more l ~ k e  p-tert-butylphe- 
no1 For example. 17-(i , I  ,3,3-tetralmethq 1butyl)phenol 
gives 2 and 6 (R = 1,1,3,3-tetramethylbutyl) In modest 
y ~ e l d ~ . " ~  '61 and 17-adamantylphenol glves 6 (R = ada- 
mantyl) m 72% yield '271 

For many years, it was thought that no calixarenes 
larger than rz = 8 are formed in the one-step process. 
However, it is now known that calixarenes with sires 
well beyond this can be formed, extending to at least 
20 aryl residues.'2x1 Although several o f  the "large" 
calixarenes (72 > 8 )  can be obtained via base-induced 
condensation. an acid-catalyzed reaction provides a better 
source: treatment o f  p-tert-butylphenol with s-trioxane 
and p-tolue~lesulfonic acid in CHC13 solution produces an 
almost quantitative yield o f  a calixarene mixture that is 
richer in the large calixarenes than the product from base 
induction.'281 

cone partial cone 1.2-alternate 1,3-alternate 

Fig. 1 Conformat~ons o f  cahu[l]arenes 
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One of the interesting characteristics of calixarenes 
is their ability to assume a variety of conformations in 
which the aryl groups are oriented syn or anti with 
respect to one another. Caiix[4]arenes, for example. call 
assume a cone, partial cone, 1.2-alternate, or 1:3- 
alternate conformation, and the energy barrier to 
interconversion among the conformers can be deter- 
mined by dynamic 'H-NMR spectral measurements 
(Fig. 1). A study of the entire family of p-tert-butyl- 
calix[n]arenes shows that conformational stabilities (i.e., 
higher barriers to interconversion) reach maxima when 
?7 = 4,8,12,16. and 20. probably the result of the in- 
terplay of intramolecular hydrogen bonding and molecu- 
lar packing.r281 

SINGLE-STEP CONDENSATION OF 
NAPHTHOLS AND BlSPHENOLS 
WITH FORMALDEHYDE 

r-Naphthol reacts with formaldehyde in a comparable 
fa5hion to p-alkylphenols to furnish calix[4]naphthol 
7 along with two positional isomers in which, in con- 
trast to the phenol-derived calixarenes. all of the OH 
groups are exo rather than endo to the a n n u l ~ s . [ ~ ~ - ~ ~ '  
Analogously. 1,8-naphthalene-sultone 8 yields the sul- 
fonated calix[4]naphthalene 9. Bisphenols of the general 
structure 10 (in = 0, 2, and 3) produce calixarenes 11 
(a  = 2 and 3) upon reaction with paraformaldehyde 

OH 

HcHO' K2c03 

DMF reflux 30 hrs 
- 

HO \ I  \ 

7 

DMF, reflux 

in the presence of bases including NaOH. KOH. and 
c s ~ ~ , [ "  j-81 

MECHANISM OF BASE-INDUCED 
CALBXAREME FORMATION 

Although the mechanism of the base-induced formation 
of calixarenes has been studied in some detail, the re- 
action pathways remain uncertain. The most intuitively 
reasonable proposal is that the immediate precursor of any 
particular calixarene, regardless of size, is the linear 
oligomer carrying the requisite number of aryl residues. 
Another proposal, however, postulates that calix[S]arenes, 
for example, arise from intermolecularly hydrogen-bond- 
ed dimers (hemicalixarenes) formed from a pair of cres- 
cent-shaped, intramolecularly hydrogen-bonded linear 
t e t ~ a m e r s . ~ ~ ]  Calix[4]arenes. formed under considerably 
more strenuous conditions. have been postulated to be the 
result not of direct cyclization of the linear tetramer but of 
reversion of the ~al ix[8]arene. [~~]  The cyclic octamer is 
viewed as the product of kinetic control, and the cyclic 
tetramer is viewed as the product of ther~llodynarnic 
control. The particular efficacy of KOH and RbOH for the 
formation of calix[6]arenes suggests that the hexamer is 
the product of template control. 

SINGLE-STEP CONDENSATION OF 
RESORClNOLS AND ALDEHYDES 

Concurrent with Zinke's work with phenols and base in 
the 1940s was N i e d e r l ' ~ ' ~ ~ ) . ~ ' ~  reinterpretation of the 
structures of the products formed by the acid-catalyzed 
reaction of resorcinol and aldehydes, which he postulated 
to be cyclic tetramers 12. The cyclic tetrameric structure 
was conclusively established in 1968 by ~ r d t m a n ' ~ ~ ]  
through x-ray crystallographic analysis, and the synthesis 
of the Niederl tetramers was greatly improved through the 
work of ~ o g b e r g ' ~ ' . ~ "  in the 1980s. A wide variety of 
aldehydes were condensed with resorcinol and substituted 
resorcinols, including aliphatic aldehydes (saturated, 
unsaturated, functionalized). aromatic aldehydes [with 
IS. OH. NO2. halogen; CN, NH2, RCO, and B(OR)2 
substituents]. heterocyclic aldehydes, and ferrocenylalde- 
hyde. Failing to yield cyclic tetramers are HCHO (which 
forms a polymeric glue), highly hindered aldehydes such 
as 2.4,6-trimethylbe~~zaldehyde, and aldehydes containing 
functionality proximate to the CHO, such as ClCH2CH0. 
Employing the Wiederl coinpounds as starting materials. 
Cram elaborated them into enforced baskets called 
cavitands, and these, in turn, into hollow spheres called 
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t-BU 

Xylene. reflux H 0 0 H 

10 

1"1 

carcerands, capable of incarcerating molecules with no 
way of 

NOMENCLATURE 

The name "calixarene" (the prefix calix because of the 
vase-like shape of the cyclic tetramer; the suffix arene 
because of the aryl groups in the cyclic array) most 
accurately describes the shape of the cone conformers, of 
the cyclic tetramers and cyclic pentamers. However, the 
descriptor is less apt for the other three conformers. of 
these two calixarenes as well as for the larger members of 
the series that can assume a wide variety of conforma- 
tions. Nevertheless, calixarene provides a convenient 
name for the entire extended family of cyclooligomers in 
which aryl (or heterocyclic) moieties are connected at the 
1 and 3 positions by bridging moieties. Thus, the phenol- 
derived. naphthol-derived, and resorcinol-derived cyclo- 
oiigomers belong to the calixarene family and are 
appropriately named calix[n]phenarenes, calix[n]- 
naphtharenes. and calix[n]resorcarenes, respectively. 
The first of this group. however, are more generally 
designated simply as calix[n]arenes, the second as 
calix[n]naphthalenes, and the last as resorc[n]arenes 
which. lamentably lacking the prefix calix. belies their 
membership in the family. Substituents attached to 
calixarenes are specified as being on the upper (or wide) 
rim or on the lower (or narrow) rim. The OH groups of p- 
ferf-butylcalix[4]arene, for example, are on the lower rim, 
and the tert-butyl groups are on the upper rim. When 
applying systematic nomenclature to a calixarene com- 
pound; the calixarene descriptor is taken to designate only 

the basic carbon framework, and all substituents (OH, 
tert-butyl, etc.) are specified by name and position. Thus, 
p-tert-butylcalix[4]arene becomes 5.1 1,17,23-tetra-tert- 
butylcalix[4]-25,24,27.28-tetroi; the calix[4]resorcarene 
derived from acetaldehyde becomes 2,8,14,20-tetra- 
methylcalix[4]arene-4.6,10,12. 16.1 8,22.24-octol. 

STEPWISE SYNTHESIS OF CALBXARENES 

The multistep synthesis of calixarenes. introduced by 
Hayes and ~ u n t e r ' ~ ? ~ ]  and perfected by ~ a m m e r e r , [ ' ~ ~  has 
been largely supplanted by the more convergent ap- 
proaches for which the terms "fragment condensation" 
and "directed synthesis'' have been applied by ~ohmer.''" 
In a "3 + 1' '  fragment c o n d e n ~ a t i o n ' ~ ~ - ~ ~ ~  for synthesiz- 
ing 15 a linear trimer 13 is condensed with a monomer 14, 
one or the other of these units carrying a pair of 
appropriately placed hydroxymethyl or halomethyl groups. 
In similar fashion. a "2 + 2" fragment condensation1511 
involves the reaction of the two linear dimers 16 and 113. 
Other variations on the fragment condensation include 
' ' 2  + 1 + 1" and "1 + 1 + 1 + 1" processes for the 
synthesis of calix[4]arenes (15), "3 + 2" and "4 + 1" 
processes for calix[5]arenes, "3 + 3" processes for 
calix[6]arenes, etc. The major advantage of the fragment 
condensation over the one-step process resides in the 
control that it affords over the identity of the y-  
substituents. The major disadvantage is that it is generally 
more time consuming and provides lower yields, often in 
the 15-30% range, sometimes lower than 15% and rarely 
higher than 40%. 
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Y' 
,2 dioxane 

OH 
OH heat 

OH OH 

13 14 

Route A Y' = H; Y2 = CH2Br or CH20H 

Route B Y' = CH2Br or CH20H; y2 = H 

V 
R4 15 

t 

S, KOH, 230' 

MeO(CH20CH2)40Me 

OH OH OH OH OH 

When p-tert-butylphenol. elemental sulfur, and NaOH 
are heated at 230°C in tetraethylene glycol dimethyl 
ether, the thiacalixarene 18 IS produced in better than 
50% yleld ii' 531 The same matertal was rynthesized in 
stepw~se fashion but In far lower overall yleld 15" 

The p-tel-t-butylphenol, in addition to making the major 
and minor calixarenes readiiy available. provides these 
compounds in an easily functionalized form. The OH 
groups on the lower riin can be directly converted to a 
wide variety of esters and ethers. The tert-butyl groups on 
the upper rim can be readily removed by treatment with 
AlCl, and then replaced by a wide variety of functional 
groups. In this fashion. hundreds of calixarenes have 
been prepared carrying all manners of groups on the two 
riins. Saryl groups themselves have been achieved, as 
exemplified by the calixspirodienones.[551 Among the 
many interesting examples of functionalized calixarenes 
are the calix crowns, in which crown-ether moieties are 
introduced onto pairs of OH groups, as illustrated by 19 
and 20. 

CAbiXAWENE-RELATED COMPOUNDS 

The calixarene fainiiy has become increasingly extended 
with the passage of time. and a variety of compounds now 
claim membership. Among the present family members. 
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Inter aha. ale ho~nocal~xarenes 21,'~" homooxacalrxar- 
erles 22.1i71 honloazacalsxarenes 23,Li81 cal~xfurans 24.[591 
calixpyrroles 25,L601 cal~xth~ophenes 26,[611 and sllacahx- 
arenes 27 t621 

APPLICATIONS OF GALlXARENES 

Among the early coillmercial applications of calixarenes 
are their use by the Petrolite C o q  as de~nulsifiers and the 
Loctite Corp as adhesive moderators. Among the more 
recent comn~ercial applications is the sequestratioil of 
cesium ions from nuclear wastes, using calix crowns such 
as 19. Much of the intense research activity in calixarene 
chemistry during the last decade focused on the ability of 
appropriately f~~nctionalized calixarenes to form com- 
plexes. In addition to complexation with cesium cation, 
the coinplexatioil of many other cations of the elements in 
the periodic table has been studied; with the promise of 
~rseful applications.L6" Complexation of anions as well as 
molecules has also been demonstrated. the latter provid- 
ing the basis for investigations of enzyme mimics. 
Particularly interesting applications are illustrated by the 
wide variety of sensors that take advantage of the 
complexation properties of calixarene~.~" Calix[4]arenes 
fixed in a cone conformation by large OR groups on the 
lower rim p ro~ ide  rigid platforms from which metal- 
based catalysts call be e~aborated.[~" Two hundred or 
Inore patents have been issued in which calixarenes play 
the ceiltral role and deal. inter alia. with adhesion 
promoters. electrophotographic photoreceptors, photo- 

graphic toners. hair dyes. diesel fuel additives. curing 
agents. antistatic agents. antioxidaats. stabilizers. temper- 
ature-sensing devices. pressure-sensitive recording materi- 
als. flame-proofing compounds. safety glass composition, 
optical recording materials. and antibacterial agents. 

Calixarenes. now easily synthesized on any scale in a 
variety of ring sizes by the one-step process and also 
accessible by the more flexible fragment condensation 
process. have taken their place alongside the cyciodex- 
trins and crown ethers as the dominant ring structures in 
host-guest chemistry. Research in the field of calixarene 
chemistry continues at a rapid pace throughout the world, 
and new. interesting: and useful applications of these 
molecules are certain to be revealed in the years ahead. 
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The Cambridge Structural Database (CSD) is the world's 
repository of crystal structure data for organic and metal- 
organic compounds. In addition to the primary results of 
each diffraction experiment. the CSD also contains 
bibliographic and chemical text, two-dimensional (2D) 
chemical structural diagrams, and any crystal properties 
that are available in the fornlal publication. The CSD will 
exceed 300,000 structural entries during 2003. The CSD 
System comprises the database together with software for 
the search and retrieval of information, structure visual- 
ization and data analysis. and is distributed to scientists in 
56 countries worldwide. The CCDC is also developing 
structural knowledge bases derived from the CSD: IsoStar 
is a knowledge base of intermolecular interactions, and 
Mogul is a knowledge base of intramolecular geometry 
(bond lengths, valence angles, and torsion angles). The 
CSD is widely used as a basis for f~indamental research, 
and nearly 1000 papers in the open literature are collated 
in a subsidiary database that is freely available via the 
CCDC web site. 

BACKGROUND 

The value of crystal structure data to the understanding of 
supramolecular processes is inestimable, because a crystal 
structure is the archetypal supermolecule. X-ray and 
neutron diffraction are the only experimental techniques 
that routinely generate precise and detailed information 
about nonbonded interactions at atomic resolution. This 
information forms the basis for the recognition, descrip- 
tion and understanding of the key interactions through 
which molecules associate in the condensed phase, an 
understanding that is vital in supramolecular synthesis: 
crystal engineering, and the study and prediction of 
protein-protein and protein-ligand interactions. 

In October 2001. the CCDC archived its 250,000th 
small-~nolecule crystal structure to the Cambridge Struc- 
tural Database (csD).".~] and this total will exceed 
300,000 structures during 2003. The ongoing creation and 
maintenance of the CSD has been the CCDC's core 

activity since its inception in 1965. The CSD System, the 
database together with associated access s ~ f t w a r e , ~ ' . ~ ]  is 
now widely used in industry and in academic institutions 
in 56 countries. 

The CCDC began life in the Department of Chemistry, 
University of Cambridge, U.K., with the aim of compiling 
a database of small-molecule crystal structures, i t . ,  
organics and metallo-organics, determined using x-ray 
and neutron diffraction. A specific aim was to store the 
key numerical results of each analysis (cell parameters, 
atomic coordinates, etc.), which are embellished with 
chemical and bibliographic information, together with any 
physical and biological property data that can be gleaned 
from published crystal structure reports. In the late 1960s; 
just a few hundred structures were published each year, 
but fueled by scientific and technological advances, 
annual totals increased to more than 20,000 structures 
since 2001. 

Early software development centered on systems for 
validating and storing crystal structure data. but systems 
for search, retrieval, analysis, and visualization began to 
be developed in the late 1970s and were significantly 
upgraded over recent years.[" During the 1990s, the 
CCDC began to develop structural knowledge bases 
derived from the CSD and other data. The first of these. 
IsoStar-a knowledge base of inforrnation about intermo- 
lecular interaction~,[~~-has been available since 1997, 
and Mogul, a knowledge base of intramolecular geometry, 
will be available during 2004. Since the late 1970s: the 
CSD has been increasingly used as a basis for fundamental 
research in structural  hemi is try,['^^' crystal chemistry,[5' 
and the life  science^.'^' and nearly 1000 papers use CSD 
data as the basis for detailed research investigations. 
References to these applications are gathered in a 
database, DBUS~.[" which is available via the CCDC 
web site at http://www.ccdc.cain.ac.uk/dbuse. 

INFORMATION CONTENT OF THE CSD 

Each crystal structure forms an entry in the CSD and is 
identified by a CSD reference code (refcode). e.g., 
BAGFIT02. Six letters identify the chemical compound. 

Eizc!.c.lopediu (f Sz~pi~nr7zo/ec~ili~r Cl7ernistr? 
DOI: 10.1081iE-ESMC 12001 2882 
Copyriglx L 2004 by Marcel Dekker. Inc. All rights reserved 
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and two suppleinentary digits identify additional determi- 
nations of the same structure. e.g., an improved refine- 
ment. studies by different scientists, studies under 
different experimental conditions, etc. The information 
content of each entry is summarized in Table 1. 

The most important information item added by CCDC 
staff is the 2D chemical structure representation, which 
forms the basis for 2D and three-dimensional (3D) 
substructure ~earching'~ '  at the molecular and supramo- 
lecular levels. To increase the speed of these searches, 
each connectioll table is analyzed in order to assign cyclic/ 
acyclic flags to bonds and to generate a bitmap or 
"screen" record. This contains codified yeslno informa- 
tion indicating the presence or absence of specific 
substructural features in each chemical diagram. e.g., 
atoms with specific connectivity patterns, coinmon func- 
tional groups, rings of specific sizes and constitutions, etc. 
The screens then act as search heuristics: screens 
generated from a search substructure must all be present 
in a candidate CSD entry before that entry is f~lrther 
analyzed using cpu-intensive atom-by-atom and bond-by- 
bond substructure matching. Bit screens are also generated 

Table I Information content of the Cambridge 
Structural Database. 

Bibliographic and chemical text 
Cornpound name(s): systematic and trivial 
Amino-acid sequence for peptides 
Chemical formula 
Author name 
Journal name and literature citation 
Text indicating special experimental conditions or results 
(e.g.. neutron study, powder study, polymol-ph, nonambient 
temperature or pressure, absolute configuration determined. 
etc.) 
Chemical class (e.g.. alkaloid. steroid. etc.) 
Text comment concerlling disorder and errors located 
during validation 

Crystal data 
Cell dimensions and standard uncertainties 
Space group and symmetry operators 
Reduced-cell parameters 
Z' (number of chemical entities per asymmetric unit) 
Calculated density 

Chemical connection table 
Formal two-dimensional chemical structure diagram in 
terms of atom and bond properties. Bond types used in the 
CSD are single, double, triple, quadruple (metal-metal), 
aromatic. delocalized double, and n-bonds 
Bit-encoded screen records (see text) 

Crystal structure data 
Atomic coordinates and standard uncertainties 

from other CSD information fields, including text fields, 
for similar reasons. 

DATA ACQUlSlTlON 

Until the mid-1990~~  much of the information entering 
the CSD was laboriously retyped from coordinate listings 
in published papers or associated deposition documents. 
All that has now changed since the universal acceptance 
of the Crystallographic Information File (CIF) f ~ r m a t , ' ~ '  
adopted as an international standard for the electronic 
interchange of crystal structure data by the International 
Union of Crystallography in 1991. Most major journals 
now require electronic data deposition using the CIF, and 
90% of new structures now enter the CSD processing 
system via this route. The CCDC currently acts as the 
official depository for over 70 journals, receiving data at 
the same time as the associated manuscript is submitted 
for publication. Full details of CSD data deposition 
facilities can be found at http://www.ccdc.cam.ac.uk/ 
conts/depositing.html. The vast majority (>99%) of CSD 
entries arise from published work abstracted from the 
101 1 cited journals. However, the CCDC also encourages 
Personal Communications of data that would otherwise 
be lost to the scientific community. Only 262 such entries 
were archived in the period up to 1995. but since the 
general acceptance of the CIF. a f~lrther 1286 structures 
were deposited via this route. 

DATA PROCESSING AND VALIDA"$IOM 

The addition of chemical information forms a vital part of 
CSD data-processing activities. This involves the encod- 
ing of chemical connectivity data via the generation of a 
formal 2D chemical diagram and the checking or adding 
of chemical compound names and any common syno- 
nyms. Scientific Editors also add bibliographic data. 
together with any other CSD information that may be in 
the printed paper but not recorded in the CIF. 

Complete information, crystallographic and chemical. 
is then validated using the CCDC program PreQuest. The 
principal checks carried out are self-consistency of crystal 
data (i.e., cell parameters, Z-value and density) and 
chemical constitution; a cross-check that the atomic 
connectivity derived from the coordinate data and stan- 
dard covalent radii matches that in the encoded 2D 
chemical diagram; self-consistency of the geometry 
calculated from the atomic coordinates with the published 
geometry; and a check that there are no unreasonably 
short intermolecular contacts or any large unexplained 
voids in the extended crystal structure, perhaps indicative 
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Table 2 CSD entry statistics (June 1, 2003) 

Structures % 

Total number of structures 
Number of different compounds 
Number of literature sources 
Organic structures 
Transition metal present 
Li-Fr or Be-Ra present 
Main group inetal present 
3D coordinates present 
Error-free coordinates 
Neutron studies 
Lowlhigh temperature studies 
Absolute configuration determined 
Disorder present in structure 
Polymorphic structures 
R-factor <0.100 
R-factor 4 . 0 7 0  
R-factor 40.050 
R-factor <0.030 
Average ~V(atorns)lstructure in 2002' 
Data added in 2002 (Mb)" 

"Taken a i  a percentape of structures for nhich coordinates are present in 
the CSD. 
b a t a  for 1970. 1980. 1990. 2000 were 27. 44. 53. 73 atoms. 
respectively. 
'Data for 1970, 1980. 1990. 2000 were 2. 14, 29, 84 Mb, respecti~ely. 

STATlSTlCS 

Some summary statistics for the CSD as of October 30, 
2001 are given in Table 2, and inore detailed information - 
is presented el~ewhere. '~] Shown in Fig. 1 is the cumula- 
tive rate of growth of the CSD for the period 1970-2000. 
These data can be analyzed to reveal two related facts: the 
time taken for the CSD to double its number of entries 
increased from 3.6 years in the 1980s to 8.0 years in 2001; 
and continuation of current trends indicates that the 
CSD will archive its 500,000th structure during the year 
2010. However, these projections cannot take account 
of increased p~tblicaeion rates due to improved technology 
or any changes that may occur in methodologies for 
placing crystal structure data into the p ~ ~ b l i c  domain. 

CSD SYSTEM SOFTWARE 

The distributed CSD System comprises the database, 
together with software for search. retrieval. visualization, 
and analysis of CSD content. 

Searching The CSD: The ConQuest Program 

ConQuest provides search, retrieval. and display facilities 
of an incorrect space group or missing solvent mole- for the CSD.[~' Individual queries can be set up to 
cule(s). Any unresolved errors are referred back to the in te~~ogate  the bibliographic, chemical text, and crystal 
original author(s) for clarification. Editors also resolve data fields listed in Table 2, and, in particular, the program 
issues connected with crystallographic disorder and add provides extensive graphical facilities for the definition 
text reinarks concerning special aspects of the crystallo- of 2D and 3D substructure searches. The 2D searches 
graphic experiment or its results. interrogate the chemical connection tables alone, while 

7 2  74 7 6  7 8  8 0  8 2  8 4  8 6  8 8  9 0  9 2  94 96  9 8  2 0 0 0  

Fig. 1 Groafth of the CSD over the period 1970-2000. 
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Fig. 2 Substructure search defined in the drawing window of ConQuest; output of a specific valence angle for each hit fragement 
is requested. (Vien this art in color at wt~.\t,.dekker.corn.) 

the atomic coordinates and connection tables. used 
together, form the basis for the following: 

The retrieval of calculated 3D geometrical parameters 
for a substructure, as shown in Fig. 2; which can be 
used in further analyses. e.g., using the Vista program 
described below. 
3D substructirre searching, either in molecules (e.g.. to 
locate substr~~ctures with specific conformations, 3D 
pharinacophoric patterns. etc.), or in extended crystal 
structures (e.g.. to locate hydrogen bonds or other 

nonbonded interactions), using rpecific chemical and 
geometrical co~lstraints in both cases. 

ConQuest has facilities for combining individual 
queries, including 2D and 3D substructure queries. using 
Boolea11 logic. The program also displays the informa- 
tion content of CSD entries. selected from the main 
database (browse f~~nction) or from a subset of entries 
resulting from a search. Display panes show bibliograph- 
ic and chemical text. crystal data, 2D chemical dia- 
grams, and 3D structures. ConQuest can call up Mercury 

Table 3 Principal facilities of the Mercury visualizer 

c Brom7se the entire CSD. load hit lists from ConQuest searches. or read i n  crystal structure data in other common formats (171012. pilb. 
cif 17x11). ~ ~ ~ l ~ p o r t i i l g  drag-and-drop on suitable platforms. 
a Rotate. translate. and scale the 3D crystal-structure display and view cell axes, reciprocal cell axes. and normals to planes. 
o Range of visualization options. e.g.. different display styles. coloring, and labeling options. ability to hide and then redisplay atoms, 
molecules. etc 
e Measure iliitances. angles. and torsion angles. 
B Create and display centroids. least-squares mean planes. and Miller planes 
c Display unit cell axes and the contents of any number of unit cells in any direction (including fractions of unit cells). 
e Locate. display. and build networks of hydrogen bonds or other nonbouded contacts. 
Q Display a slice through the crystal in any direction. 
e Undo and redo actions. 
o Save the display as a file of n~olecules or as a graphics image, and copy images onto a PC clipboard. 
o Save and read displays using its own binary format, retaining all prograin settings (except view direction and scale). 
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(see below, and Table 3) to provide more extensive 3D 
structure visualization facilities. Finally, ConQuest 
can output information for search hits in a variety 
of formats (e.g., cif, mol2, etc.); and transcer data to 
other programs. 

Visualizing Crystal Structures: 
The Mercury Program 

Mercury provides general and advanced Sunctionality 
for viewing crystal structures in 3D, as summarized in 
Table 3."." A unique feature of Mercury applied to CSD 
entries is its ability to import chemical bond types from the 
2D connection tables and display them on the 3D image, 
as shown in Fig. 3. However, the most important runc- 
tionality in Mcrcury, and one that is vital in supramolec- 
~ ~ l a r  studies, is the ability to locate, build, and display 
networks of intermolecular and intramolecular hydrogen 
bonds, short nonbonded contacts, and user-specified 
contact types. Mercury will use distance criteria relative 
to van der Waals radii sums, or direct (A) values. An 
example H-bonded network, constructed and viewed in 

Fig. 4 Mercury plots of (a) an cxtendecl H-bonded network in 
CSLI refcodc KAPNAQ,~"~ and (b) a slice through thc crystal 
structure of caprolactam.'"' showing molecules with centroids 
that lie within 2.5 A of'the (3 1-1) Miller plane. ( V i m  fllis arf irz 
c.olor LIT ww~. ' .del~ker . ( .~n~.)  

Mercury, is shown in Fig. 4a. The facilities for displaying 
a slice through a crystal in any direction are illustrated in 
I2ig. 4b, and such displays can be valuable in rationalizing 
crystal morphology and predicting how to control it. 

Display and Analysis of Geometrical 
Parameters: The Vista Program 

Fig. 3 Chemical diagram from thc CSD and a Mercury 
representation of the 311 structure with imposed chemical bond 
type" ( V i e ~ i  this art i r l  color at ww~v.clekl~er.com.) 

Vlsta d~splays molecular geometry and other parameters 
relating to a molecular or supramolecular sub\tructure In a 



The Cambridge Structural lPatabase 

spreadsheet Such data are retrieved from the 
CSD by ConQuest according to user-suppl~ed speclflca- 
tions. V~sta pelforms a varlcty of dnalyt~cal and dlsplay 
functlon5, tnclud~ng generatloll of the follow~ng 

e Simple descriptive statistics for parameter distribu- 
tions. 

€4 Histograms and scattergrams referred to Cartesian or 
polar axes. 
Statistical analyses, including linear regression and 
principal component analysis. 

* Hyperlinks from gcometrical data back to the original 
CSD entry. 

* Preparation of plots for reports and publications. 

Exploring Intermolecular interactions: 
The lsoStar Knowledge Base 

JsoStar gathers a vast amount of information on 
intermolecular interactions in a readily accessible form.i41 
For a given contact between a central group (A) and 
a contact group (B), the CSD search results for an 
interaction A , .  .B are transformed into an easily visual- 
ized form by overlaying the A moieties. This results in a 
3D scatterplot showing the cxpcrirnental distribution of 
the B-moieties around the (static) central group A (see 
Fig. 5a), which can also be presented in contoured form 
(Fig. 5b). IsoStar contains data retrieved from the CSD 
and from protein-ligand complexes stored in the Protein 
Data Bank (PDB),"" and also contains nearly 1000 
potential energy minima calculated using distributed 
multipolc analysis and intermolecular perturbation theory 
calculations.L41 

Version 1.5 of TsoStar, released in October 2002, 
covers 300 central groups, 45 contact groups, and contains 
over 25.000 scatterplots. The user may interact with the 
basic scatterplots to generate contoured surfaces, to 
change the A , .  .% distance limit for data presentation, to 
control the display style, etc. Importantly, the scatterplot 
data are hyperlinked to the master CSD and PDB files, so 
that the structural environments of specific interactions 
can bc examined in detail. YsoStar, therefore, contains a 
vast amount of information of usc in supramolecular 
chemistry, crystal engineering, and organic crystal chem- 
i ~ t r y ; ' ~ . ~ '  and also provides ready access to information 
that is invaluable in rational drug design.i71 

RESEARCH APPLICATIONS OF THE CSD: 
THEDBUSEDATABASE 

searching, manipulating, and analyzing the data began to 
be widely distributed. Indeed, software developments and 
research methodologies wcrc always closely intertwined. 
Since the mid-1970s, nearly 1000 publications made use 
of CSD data as the essential basis for research projccts 
that address topics such as the following: 

Mean molecular d i m c n s i ~ n s . ' l ~ - ' ~ ~  
Structure correlation and reaction pathways.ll"l 
Conformational analysis.' 173' 
Hydrogen-bond geometry and di re~t ional i ty .~ '""~~~ 
Weak hydrogen bonds.i21 
Nonbonded interactions not rncdiatcd by H . ~ ~ ~ , ~ ~ ~  
Crystal eng inc~r ing . '~~ '  
Crystal structure prediction.r51 

Research applications of the accumulated data in the CSD 
began to be published In the m~d-19705, as software for 

Fig. 5 lsoStar plots of N-H and 0-H contact groups around 
a carboxylic ester central group (a) basic IsoStar plot and (b) 
contoured plot. (Vic~~s thi~ clrf in color ni csww.dekker.com,) 
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Protein-ligand interactions and protein-ligand 
docking, [2'.'61 

Applications in metallo-organic chemistry.[6J 

All of these topics. and more, are covered in three 
recent  review^'^-^' published in a special issue of Acta 
C~?;stallogrcrphicn devoted to the status and research 
applications of all of the crystallographic databases. 

While these  article^[^-^' and the other papers and 
monographs noted above cite many relevant CSD studies, 
the CCDC compiled a more complete and classified 
collection of references to CSD research applications in its 
DBUse database. This database not only provides full 
bibliographic data but also contains short synopses of each 
published project, prepared by CCDC staff. The DBUse is 
freely available and searchable via the CCDC web site at 
http://~~ww.ccdc.cam.ac.uWdbuse. 

The CSD system. comprising the complete database. 
together with ConQuest, Mercury. Vista. IsoStar, and 
PreQ~lest (software for database creation) is available on 
CD for Unix, Linux, and Windows platforms. and full 
subscription details can be found at http://www.ccdc. 
carn.ac.uk/ or by e-mailing admin@ccdc.carn.ac.uk. The 
web site also contains full details of other CSD-related 
products. Data for individual crystal structures are freely 
available on request for bona fide research use, by citing 
CCDC Deposition Numbers (printed in inany journals) 
and bibliographic information. Full details of this service 
are given at http:/lwww.ccdc.carn.ac.uW. 

AWTlCkES OF FURTHER INTEREST 

Allrophilic Interactiorzs, p. 82 
Biological Ligarzds. p. 88 
Cu?.stal Engirleerirlg with Hydrogen Boncls. p. 357 
Crystal Cro~vtlz ~Wechunism.~, p. 364 
Cystal  Structure Prediction, p. 371 
Drclg Design. p. 490 
Halogerz Bonding, p. 628 
Hydrogen Bonding, p. 658 
Hydrogerz Borzds to Metals crnd Metal Hydrides. p. 666 
The Lock ar~d Key PI-irzciple. p. 809 
Ne~itrorz Diffractiorz. p. 959 
n-n. Stacking as a Cr?stal Engir~eering Tool, p. 1093 
Polymorpphism, p. 1129 
Secondaiy Bonding, p. 1215 
Sl'ace Groziys arzd Gnstal Packing Modes. p. 1337 
Strong Hydrogen Borzds, p. 1379 
Weak Hyclrogerz Borzds, p. 1576 

X-Ray Crystallography. p. 1586 
X-Ray arzd Neutrorz Powder Diffractiorz, p. 1592 

REFERENCES 

I .  Allen. F.H.: Davies, J.E.; Galloy. J.J.; Johnson. 0.: 
Kennard, 0 . ;  Macrae, C.F.; Mitchell, E.M.; Mitchell, 
G.F.; Smith, J.M.; Watson, D.G. Development of versions 
3 and 4 of the Cambridge Structural Database system. J. 
Chem. Inf. Comput. Sci. 1991, 31. 187-204. 

2. Allen, F.H. The Cambridge Structural Database: A quarter 
of a million structures and rising. Acta Crystallogr. 2002. 
B58. 380-388. 

3. Bruno, I.J.: Cole, J.C.; Edgington, P.R.: Kessler, M.: 
Macrae, C.F.; McCabe, P.; Pearson? J.: Taylor, R. New 
software for searching the Cambridge Structural Database 
and visualising crystal structures. Acta Crystallogr. 2002. 
B58. 389-397. 

4. Bruno, 1,s.: Cole, J.C.; Lommerse, J.P.M.; Rowland. R.S.; 
Taylor, R.; Verdonk, M.L. IsoStar: A library of informa- 
tion about nonbonded interactions. J. Con1put.-Aided Mol. 
Des. 1997. 11. 525-537. 

5 .  Allen. F.H.; Motherwell. W.D.S. Applications of the 
Cambridge Structural Database in organic chemistry and 
organic crystal chemistry. Acta Crystallogr. 2002, B58. 
407-422. 

6. Orpen. A.G. Applications of the Cambridge Structural 
Database in molecular inorganic chemistry. Acta Crystal- 
logr. 2002, B58. 398-406. 

7. Taylor. R. Life-science applications of the Cambridge 
Structural Database. Acta Crystallogr. 2002. 0 5 8 ,  879- 
888. 

8. Hall. S.R.; Allen. F.H.: Brown. I.D. The crystallographic 
information file (CIF). Acta Crystallogr. 1991. A47. 655- 
685. 

9. Taylor. R.: Macrae, C.F. Rules governing the crystal 
packing of mono- and dialcohols. Acta Crystallogr. 2001; 
B57, 815-827. 

10. Nguyen, V.T.; Bishop. R.: Craig, D.C.; Scudder, M.L. A 
versatile but unexpected new clathrate iilclusion host. 
CrystEngComm 2000, 2. 46-48. 

11. Winkler. F.K.: Duiiitz, J.D. Crystal and molec~~lar structure 
of caprolactam. Acta Crystallogr. 1975, B31, 268-269. 

12. Vista 2.0 Userr Guide: Cambridge Crystallographic Data 
Centre: 12 Union Road. Cambridge, CB2 1EZ. UK. 
1995. 

13. Berman. H.M.; Battistuz, T.: Bhat, T.N.; Bluhm. W.F.: 
Bourne. P.E.: Burkhardt, K.: Feng. Z.; Gilliland, G.L.; 
Iype; L.; Jain, S.: Fagan. P.: Marvin. J.; Ravichanran. V.; 
Schneider, B.; Thanki, N.; Padilla, D.: Weissig. H.: 
Westbrool<, J.D.: Zardecki, C. The protein data bank. Acts 
Crystallogr. 2002, 0 5 8 .  899-907. 

14. Allen, F.H.: Kennard. 0 . ;  Watson. D.C.; Brammer. L.: 
Orpen, A.G.: Taylor. R. Tables of bond lengths determined 
by x-ray and neutron diffraction. Part I :  Bond lengths in 
organic compounds. J. Chem. Soc.. Perkin Trans. 2 1987, 
§I-S19. 



The Cambridge Structural Database 

15. Orpen, A.G.; Brammer, I..; Allen, F.H.; Kennard, 0.; 
Watson: D.G.: Taylor, R. Tables of bond lengths 
determined by x-ray and neutron diffraction. Part 2: 
Organomctallic conipounds and coordination complexes 
of the d- and f-block metals. J. Chem. Soc., Dalton Trans. 
1989. S I -S83. 

16. Biirgi, H.-B.; Dunit7, J.11. Structure, Correlation; VCH 
Publishers: Weinheim, Germany, 1994. 

17. Allen. F.H.; Doyle, M.J.: Auf der Heyde, T.P.E. Automat- 
ed conformational analysis from crystallographic data. 6. 
Principal component analysis for n-membered carbocyclic 
rings (n=4,5,6). Symmetry considerations and correlations 
with ring-puckering parameters. Acta Crystallogr. 1991: 
B47. 412-428. 

18. Allen, F.H.: Harris, S.E.; Taylor, R. Comparison of con- 
forrncr distributions in the crystalline state with confor- 
mational energies calculated by ab initio techniques. I .  
Cornput.-Aided Mol. Des. 1996, 10, 247-254. 

19. Taylor, K.; Kennard. 0. Hydrogen-bond geometry in 
organic crystals. Acc. Chem. Res. 1984. 17; 320-326. 

20. Jeffrey, G.A.; Saenger, W. Hydrogen Bonding in Biolog- 
ical Structures; Springer Verlag: Berlin, Germany, 199 1 .  

21. Desiraju, G.R.; Steiner, T. The Weak Hydrogen Bond in 
Structurul Chemistr~). and Biology; Oxford University 
Press: Oxford, UK, 1999. 

22. Lornmerse, J.P.M.; Stone, A.J.; Taylor, R.; Allen, F.H. Thc 
naturc and geometry of intermolecular interactions be- 
tween halogens and oxygen or nitrogen. J .  Am. Chem. Soc. 
1996, 118, 3108-3 1 16. 

23. Allen, F.H.; Baalham, C.A.; Lommerse, J.P.M.; Raithby, 
P.R. Carbonyl-carbonyl interactions can be compctitive 
with hydrogen bonds. ActaCrystallogr. 1998,B54,320-329. 

24. Nangia, A. Database research in crystal engineering. Cryst. 
Eng. Comm. 2002, 4, 93- 10 1 .  

25. Verdonk, M.L.; Cole, J.C.; Taylor, ti.  Superstar: A 
knowledge-based approach for identifying interaction sites 
in proteins. J. Mol. Biol. 1999, 289, 1093- 1108. 

26. Jones. G.; Willett, P.; Glen, R.C.; Leach, A.R.; Taylor, R. 
Development and validation of a genetic algorithm for 
flexible docking. J. Mol. Biol. 1997, 267. 727-748. 



Carbohydrates, Recognition of 

Arne Lhtzen 
Uni~,ersity of  Oldenburg, Oldenburg, Gerlnany 

Carbohydrates are now recognized to be among the most 
important compounds involved in iiltercellular recognition 
events. Viral or bacterial infections. certain immune 
responses. fertilization, or the regulation of enzyme and 
other protein functions and even protein folding, are all 
processes that are-at least to some extent-ruled by 
carbohydrate recognition through specific proteins. This 
binding is achieved by complex arrays of weak noncova- 
lent interactions involving hydrogen bonding, hydropho- 
bic interactions. as well as metal ion coordination. 

Given the importance of the above-mentioned prcces- 
ses, it is not surprising that a lot of effort kvas made 
in supramolec~~lar chemistry over the last 15 years to 
develop artificial receptors for these classes of com- 
pounds. which is. however. a challenging problem. 
because saccharides provide a complex three-dimensional 
array of functional groups that makes the design of a 
suitable receptor a difficult task. Up to now. mainly two 
binding motifs were employed to approach this problem: 
boronic acids that bind to the saccharides thrortgh the 
formation of covalent boronic ester linkages, which 
provides strong binding even in highly polar solvents: 
and the Inore supralnolecular and biomimetic approach to 
use a mixture of hydrogen bonds and hydrophobic effects. 
which is. however, sti!l in its infancy with regard to 
effecti\-e binding in polar solvents. especially water. 

CARBOHYDRATE RECOGMIT88N IN 
BIOLOGICAL SYSTEMS 

Saccharides have an enormous information-storing poten- 
tial that is substantially higher than that of peptides and 
nucleotides of comparable molecular weights.'" Thus. it 
is not s~~rprising that carbohydrates. beside their structural, 
property-modulatory. and energy-storing functions. can 
act as recognition markers in numerous physiological and 
pathological processes.12"' Many of these processes occur 
on cell surfaces, where oligosaccharides are found in the 
glycocalix as components of giycoproreins and glycolip- 
ids. The encoded informatioil is deciphered by carbohy- 
drate-binding proteins that can be subdivided into 

antibodies, enzymes involved in sugar utilization and 
glycoconjugate turnover, and other carbohydrate-binding 
proteins-also called lectins. which are neither enzymes 
nor irnmunoglobulins."' Especially. carbohydrate-lectin 
illteractions play a crucial role in many intra- and inter- 
cellular recognition and communication processes, in- 
cluding protein folding, clearance of glycoproteiils from 
the circulatory system. control of intracellular traffic of 
glycoproteins, cell adhesion, bacterial and viral infections, 
tumor metastasis, certain immune reactions, like. e.g., the 
recr~titment of leul<ocytes to inflammatory sites. and 
fertilization, just to name a few. 

But how do these proteins actually recognize carbohy- 
drate structures on a molecular level? 

The struct~~ral basis for selective recognition was mainly 
investigated by x-ray crystallography and. more recent- 
ly, by advanced NMR spectroscopic te~hni~ues.~' ." '~ 
According to the broad variety of events involving car- 
bohydrate recognition processes, a multitude of diverse 
protein frameworks evolved. providing binding sites for 
carbohydrates either deeply buried in the protein structure 
as found in most enzymes and bacterial periplasmic 
carbohydrate-binding proteins or in rather shallow inden- 
tations in the protein surface, as is typically the case for 
lectins (Fig. 1). 

Mo\vever. despite this enormous diversity, they share 
some comrnon key features. 

Hydrogen Bonding 

Carbohydrates display a high density of hydroxyl groups, 
and therefore. it is not surprising that hydrogen bonding 
plays an important role in their recognition. Although the 
energetic contributions of hydrogen bonds to protein- 
carbohydrate binding are still uncertain, it is clear that the 
directionality of hydrogen bonds is critical to the 
specificity of the recognition process. 

As sho\vn in Fig. 2, the protein usually exploits 
cooperative hydrogen bonding in which a sugar hydroxyl 
group acts simultaneously as a hydrogen boild donor and 
acceptor in order to distinguish between different carbo- 
hydrate epitopes. Generally. one acidic amino acid side 
chain is used as a hydrogen-bond acceptor for one or 
two sugar OH groups. The primary hydrogen bond donors 
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Fig. 1 Crystal structures of the periplasrnic L-arabinose-binding protein (ABP) of Eschericlziir coli cornplexed to r-L-arabinose (left. 
PDB entry IABE) and of galectin-1 complexed to 1V-acetyllactosamine (right, PDB entry ISLT). (Frorn Refs. [13-151). (View this art  in 
color a t  ~.v~.~'~v.ilekkel:conz.) 

2M%anm%,3Man$,ni Msn3,al Man 

Fig. 2 Crystal structure of an Y - D - ~ ~ ~ I I O S ~  unit bound to the C-type lectin rat mannose-binding protein A (MBP-A, PDB entry 2MSB). 
Dashed lines indicate hydrogen and coordinative bonds. (From Ref. [16].) (View this ar t  in color at ~t,it:~v.dekker.com.) 
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are main-chain amide groups and side-chain amide 
groups. Charged side-chain donors also occur with some 
frequency. However, protein hpdroxyls are much less 
common. Thus. the most common hydrogen-bonding 
scheme is as follows: 

protein (NH), 4 sugar OH - protein @=O 

Water-mediated hydrogen bonds 

In addition to direct interactions between the protein and 
the sugar hydroxyl groups, water was also observed to 
mediate (indirect) hydrogen bonds between amino acid 
residues and the saccharide OH groups. In these cases. 
the water molecules act as fixed structural elements, 
equivalent to hydrogen-bonding groups of the protein, 
and can. therefore, be considered as part of the binding 
site architecture. 

The particular sugar f~~nctionalities that form hydrogen 
bonds with the protein are those required for specific 
recognition and discrimination. whereas those positions 
not used as recognition elements tend to stay solvent 
exposed and form no direct contact with the protein 
(Fig. 2). However. in these cases, higher selectivity is 
often achieved by extending binding sites through 
additional contacts between oligosaccharide structures 
and the protein surface (.'subsite multivalency"l"l). 

En this context, it is also interesting to note that charged 
groups on sugars like carboxylate moieties usually interact 
with main-chain amides. polar side chains (especially 
serine). or ordered water molecules by means of charged 
hydrogen bonds rather than through salt-bridge formation 
with f ~ ~ l l y  charged side chains. In many cases, it is even 
energetically favorable to maintain these highly polar 
groups exposed to solvent. 

Nonpolar interactions 

Although carbohydrates have many polar functional 
groups. inost biologicaliy relevant saccharides still present 
nonpolar patches on their surfaces that can interact with 
complernentary hydrophobic amino acid residues. This is 
particularly true for P-D-galactose, which is almost always 
observed to pack against aromatic amino acid side chains. 
Also. the binding of other sugars. like mannose, was 
observed to involve hydrophobic interactions of nonpolar 
areas of the saccharide unit. with aromatic and aliphatic 
amino acid side chains (Fig. 2). Hydrophobic interac- 
tions are believed to provide a significant contribution 
to the overall binding energy, because apolar patches on 
the sugar as well as the compleinentary side chains of 
the protein are removed from bulk solvent. thereby ex- 
pelling unfavorably bound water molecules. 

Divalent Cations 

Direct interactions with the sugar 

C-Type lectins are unique among the structurally charac- 
terized lectins, because most of them require a calciurn(l1) 
ion to form direct coordinative bonds with the sugar 
ligand. Shown in Fig. 2 is such a case; where the full 
noncovalent binding potential of two vicinal OH groups is 
used: One lone pair of electrons from each OW group 
forms a coordinative bond with ~ a ' + ,  and the other lone 
pair accepts a hydrogen bond from a side-chain amino 
group, and the proton is donated to an acidic oxygen in a 
hydrogen bond. 

Indirect roles 

However. calcium as well as other ions like manganese(I1) 
ions are required for the activity of many families of 
carbohydrate-binding proteins, even when they do not 
directly interact with the ligands. In these cases. the most 
common function of these ions is structural. in that the 
metal ion coordination shell orients important protein 
functional groups for optimal ligand binding. 

Despite the manifold interactions between proteins and 
carbohydrates described above that result in a lot of cases 
in specific binding of single monosaccharide epitopes, the 
binding affinity of Iectins is still surprisingly low- 
usually in the order of millimolar dissociation constants. 
However. multivalency. i t . ,  the simultaneous association 
of several Iigands of one biological unit (macromolecule, 
cell surface, etc.) with several receptors of another 
biological unit, is applied by nature to accomplish high- 
affinity in terac t io~~s ."~" ' . '~~ Tht 1s. high-affinity carbohy- 
drate-protein interactions in the nanomolar range can be 
achieved through oligomerization of several lectin poly- 
peptides. each containing similar or identical simple 
binding sites is 'subunit multivalency' "I ") or through 
clustering of several lectins on cell surfaces and interac- 
tion of these architectures with multiple carbohydrate 
epitopes presented in an appropriate manner on lipid or 
protein 

The strategy of employing structurally defined multi- 
valen: interactions is also efficient to get maximum 
recognition of certain carbohydrate-coated surfaces, like 
cell surfaces. while minimizing competitive binding to 
smaller or soluble saccharides at the same time. Structural 
studies revealed that many Iectins that bind surfaces 
achieve the required planar array of sugar-binding sites by 
arrangement of polypeptide subunits in oligomers that 
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have cyclic sy~nmetry. with all binding sites located on 
one end of the oh, momer. 

CARBOHYDRATE RECOGNITION BY 
ARBlFlG!AL WECEPf ORS 

Given the importance of the various processes involving 
carbohydrate recognition events in nature. it is not 
surprising that a lot of efforts \vere made in supramolecu- 
Iar chemistry to develop efficient artificial receptors for 
these substrates over the last 15  year^.''^^^'^ However, the 
recognition of carbohydrates is one of the biggest 
chailenges for structrrraliy as \41cll as for preparatively 
orientated chemists. because they dispiay a colnplex 
three-dimensional array of functional groups. This pres- 
ents an interesting problem for the design of suitable 
receptors. and supramolecular "bottom up" approaches 
could help to further elucidate natural processes. although 
one has to admit that effective. truiy biomimetic carbo- 
hydrate recognition is still far away at the moment. 
Nonetheless. nonbiornimetic systems also promise some 

HO,B,OH HO, ,OH 

1 
(Shinkai ,  1993) 

interesting (future) applications in medicinal chemistry in 
that they could possibly be employed i n  the prevention of 
bacterial and viral infections: in the monitoring of the 
health condition of cells, and in the identification of 
malignant cells. for instance. cancer cells: as transport 
1-ehicles for saccharides or 'elated pharmaceuticals; or as 
sensors for saccharides in biological fluids. 

Like lectins that undergo few if any changes in their 
global conformations upon binding to sugars, most of the 
receptors reported so far have rigid structures that provide 
more or less well-preorganized binding sites for the 
substrates. According to the high density of hydrcxy 
groups displayed by carbohydrates, i t  is not surprising 
that most receptors are designed to target these func- 
tions to obtain binding. So far, there are mainly two 
classes of receptors: 

First. there are a number of effective receptors that use 
borollic acid functions to form five- or six-membered 
cyclic boronate esters with two appropriately orientated 
hydroxy groups (at least in organic and basic aqueous 
media). This approach was used intensively with regard to 
sensing applications. However, this approach is neither 
biomirnetic nor strictly supramolecular. because. although 

4 HO, ,OH HO,B,OH (James, 2002)  

3 
(Shinkai, 1995) 

?H 

5 
(Strongin,  1999) 

6 7 
(Shinkai ,  1996) (Anslyn, 1999) 

Fig. 3 Boronic-acid-based receptors for carbohydrate sensing. (Frorn Refs. [21-251.) 
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8 9 
(Shinkai, 1998) (Shinkai, 1999) 

(Shinkai, 2000) 

elements. (From Fig. 4 Boronic-acid-based receptors for carbohydrates with metal coordination elements a\ structure-determinin, 
Ref. [36-391.) 

only moderately strong and reversible, covalent bonds are 
formed during binding.i21-2XJ 

Second, noncovalent intermolecular binding can be 
achieved by means of hydrogen bonding through (an)ionic 
or neutral hydrogen bond donor and acceptor groups. as in 
their natural examples." However. other than their natural 
models. most of the receptors reported so far are designed 
to be effective in organic solutions in order to profit not 
only froin the directionality of hydrogen bonds but also to 
get a maxirnunl energetic contribution to overall binding. 

Msiecu8ar Receptors Based on Boronie Acids 

Boronic acids are exteilsively used in carbohydrate chem- 
istry. for example, in chromatographic separatioris. for a 
long time. Howeker. W ~ ~ l f f  and coworkers were the first to 

- 

 e elected recent exaiiiples not covered by Ref. [20]: Refs, [29-341 

employ boronic esters in imprinted polymer carbohydrate 
About a decade later. the first aryl-bnronic- 

acid-based receptors and sensors other than the long- 
known phenyl boronic acid mere reported and the area 
has seen tremendous developrnellt since.'""71 The most 
noticeable advantages of illis binding motif are that strong 
binding can even be obtained in water. and that boronic 
acids can easiiy be incorporated in molecular architectures 
u s e f ~ ~ l  for different sensing techniques. Shown in Fig. 3 are 
some examples for- boronic-acid-based saccharide sensors. 

Sensing methods reported include circular dichroism 
(1),[21-231 flu orescence (2-3),'"-''I 111ainly based on 

photoinduced electron transfer but also on intramo- 
lecular energy transfer. electrochemistry (4).[24' and vis- 
ible color changes (5-7),12 1 - 3 . x 4  owever. boronic- 
acid-based receptors were also used for the transport of 

77.281 rnono~accharides.~- 
In addition, boronic-acid-carbohy drate interactions cail 

be used to transfer stereochemical information. e.s.. to a 
newly formed stereogenic center (usually the metal ion) in 
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metal coordination cornpoullds (8) built from ligands that 
cassy one boronic acid group each. These can only bind to 
a saccharide in a cooperative fashion when the complex 
has the proper configuration (Fig. 4).'j6 j7' 

Furthermore, boronic-acid-substituted metal coordina- 
tion compounds were used as heterotropic allocteric re- 
ceptors (9), where the coordination to a metal ion changes 

Fig. 5 

the conformation of a covalently assembled ditopic ligand 
in a way that the boronic acids can cooperatively bind to a 
single saccharide ~ubstrate.' '~' This strategy was further 
extended when cerium bis(porphyrin) double-decker 
systems (10) were demonstrated to show positive homo- 
tropic allosteric effects in the binding of two saccharide 
guest n ~ o l e c u ~ e s . ~ ~ "  

16 
(Mral, 1999) (Biederich, 1995) 

Achiral and chiral artificial receptors for the recognition of carbohydrates via neutral hydrogen bonds. (From Refs. 120.29-341.) 
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(Diederich, 1995) (Hamilton, 1997) 

Fig. 6 Cliiral artificial receptor5 for the recognition of carbohydrates via charged hydrogen bonds. (From Ref. [20].) 

Moieeu!ar Receptors with 
Hydrogen-Banding Func"$isksalities 

Like their natural examples, almost all artificial receptors 
of this type offer an array of fiinctional groups (pyridines. 
a~nide NEI and CO groups. amino, or phenolic hydroxyl 
groups) in order to exploit cooperative hydrogen bonding. 
in which the sugar hydroxyl groups can act simultaneous- 
ly as a hydrogen-bo11d donor and acceptor 
Fig. 5 ) .  Only in the cases where phosphonates or 
phosphate groups (18 and 19."'~ Fig. 6) are used to bind 
carbohydrates via strong ionic hydrogen bonds. can the 
sugar OHs act as hydrogen-bond donors. 

In addition. most of the receptors bear hydrophobic 
patches in their binding sites in order to bind comple- 
mentary areas of carbohydrates. Although the energetic 
contributions of this interaction to overall binding are 
obviously neglectable in organic soiutions. these con- 
tacts might piay a more prominent role in terms of 
specificity and in recognition events in more polar 
soivencs. like DMSO, acetonitrile/methanol, or even 
nlixtures containing water, as observed for instance for 
14,134Ipg ~'0-"1~8.12()1 and 19.1201 

The results obtained with these receptors show that 
diastereoselective binding of singie sugar epitopes is. 
to some degree, possible even with nonchirai str~rctures 
although the ordei- of preferred binding often reflects the 
monosaccharides' tendency to self-aggregate in the order 
r-galactosides < cx-glucosides < P-g l~~cos ides  <x-man- 
nosides. Improved diastereoselectivity and. of course. 
e~~antioselectivity can be observed with chiral receptors; 
where 19 was found to show the highest enantiose- 

lectivity of approximately 5:l for the binding of n-octyl 
P-glucopyranosides. 

Association constants for the binding of mono- or 
disaccharides are usually in the range of 1 x 10' M ' (12 
and 17) to 3 x lo4 M ' (13 and 15) in organic solvents, 
like chloroform or dichloromethane. but can also reach up 
to I x M '  (14, 16. 18, and 19) when measured in 
more competitive solvents. like acetonitrile. acetonitrile1 
methanol, DMSO. or dichloromethanelwater. 

Nature developed a diversity of indepelldent protein 
architectures for the recognition of carbohydrates. How- 
ever. these structures share some common key features. as 
the molecular basis of carbohydrate binding involves a 
complex array of noncovalent interactions. like hydrogen 
bonds; hydrophobic interactions. and in some cases, an 
essential contribution of divalent cations to protein 
structure fixing and direct coordi~lation to the substrate. 
In the end. it is a question of the number of attractive 
contacts and the degree of shielding from aqueous 
solution that cause the differences in binding affinity to 
a single saccharide epitope. 

However. on a higher level of molecular organization. 
the affinity and specificity of carbohydrate-mediated 
cell-cell recognition events depend not only on the in- 
herent specificity of one binding site for a specific 
saccharide epitope but also on factors that are not op- 
erative in monovalent interactions. These inultivalent 
facl-ors include. for example. the location of a protein. 
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the oligomerization state of the protein, its display of 
saccharide binding sites. and the display of saccharide 
recognition epitopes. Given this range of variables, the 
factors that contribute to favorable rnultivalent protein- 
carbohydrate interactions are difficult to dissect. Much 
work remains to be done to fully elucidate these important 
and fascinating processes. 

For biomimetic and for other reasons. a lot of efforts in 
supramolecular chemistry are directed to the development 
of artificial receptors for carbohydrates over the last 15 
years. Like their natural examples-the lectins-most 
receptors have rigid structures and try to address the 
saccharide's hydroxyl functions through the formation of 
covalently linked aryl boronic acid esters or hydrogen 
bonding to obtain binding. Although the first approach is 
not biomirnetic or truly supramolecular, it provides strong 
binding in polar solvents and even in water. Because these 
functionalities can easily be incorporated in aggregates 
with signaling abilities, boronic-acid-based receptors are 
currently mainly used as chemosensors for carbohydrates. 

Although a number of examples of receptors capable of 
binding saccharides through hydrogen bonding were 
reported, nearly all were designed to bind carbohydrates 
in nonpolar solvents. Thus, much work needs to be done to 
develop artificial receptors that combine sufficient orien- 
tation through an ai-ray of hydrogen-bond contacts with 
favorable hydrophobic effects, in order to provide suffi- 
cient binding energy and reach the ultimate goal-the 
effective and biomirnetic recognition of carbohydrates 
in water. 

ARTICLES OF FURTHER INTEREST 

Biologiccrl Ligalzds, p. 88 
Biological Models arzcl Tlzeir Characteristics. p. 101 
Fluore.rcent Sensors, p. 572 
Njdroge~z Bonding. p. 658 
Hydropl7obic Effects, p. 673 
Preorganization czrzd Conlplemerztc~rih. p. 1158 
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The zinc(I1) ion is a biologically essential element. 
Wecognitio~~ of its importance is ever increasing. as more 
enzymes are discovered containing zinc(l1) at the active 
centers. Model studies of zinc enzymes (e.g.. carbonic 
anhydrase and alkaline phosphatase) by us and a number 
of other groups are establishing a deeper and wider scope 
of linowledge about the zinc(I1) ion in relation to its 
biological functions. In this article, we present the latest 
results obtained with recently designed carbonic anhy- 
drase models. Although these models are simple zinc(l1) 
complexes. they have helped to disclose the hitherto ~111- 
settled intrinsic properties of zinc(1I)-dependent enzyme 
functions. The discussion emphasizes how HIO is acti- 
vated by zinc(T1) for n~lcleophilic attack toward eiec- 
trophilic substrates ( i s . ,  C02)  and also how the HC03- 
ion is dehydrated by zinc(I1) ion in carbonic anhydrase. 

CARBBNBC AMWYDRASE MODELS WITH 
MACR06VCL16 TWIAMiNES 

There are several kinds of mononuclear zinc(11) com- 
plexes. 1.1l-61 2 ila.7-loi 3 1111 4, 112-151 and 5."" designed 

to mimic the zinc(l1)-coordination structure or the f~lnc- 
tion of zinc(T1) ions at the active center of carbonic an- 
hydrase (CA), the enzyme that catalyzes CO? hydration 
( C 0 2 + H 2 0  +HCO;-+H+) and its reverse reaction 
H C 0 3  dehydration ( H C O 3  4 C 0 2 +   OH).['^' 

Howeier. the 12-membered macrocyclic triamine 
([12]aneN3) zi~lc(ll) coinplex 1 has. for the first time, 
provided a chemical lnechanism that shows the role of 
zinc(11) ion in the re~ersible C 0 2  hydration and HC03- 
dehydration catalyzed by C A . ' ~ ~  The fast kinetics of the 
C 0 2  hydration catalyzed by 1 was followed by Ht 
prodilction at 25°C. ~ , h i c h  was detected by ~rs i~lg  a pH- 
indicator in buffer solution (pH 6-10). The kinetics 
demonstrated the catalytic nature of the zinc(I1) complex 1 
at various pHs. A plot of the initial rates against total 
zinc(T1) complex concentrations (=[1],,,,,,) indicated that 
the C 0 2  hydration rate varied linearly with [I],,,,I and 
[C02] to give an observed second-order rate constant 
(kFar)obs. Shown in Fig. l a  is a plot of (ktat)ob5 data as a 
function of pH. The sigmoidal curve is characteristic of a 

kinetic process controlled by an acid-base equilibrium 
and exhibits an inflection point (pKk,,,) at about pH 7.4. 
which is almost the same as the potentiometrically 
determined pK, value of 7.3 for zinc(I1)-bound water of 
la.['] Thus. Ib  must be the genuine active species in the 
catalytic hydration of C02 .  The sigmoidal pH dependence 
for the C 0 2  hydration with CA (although its pK, is 6.9)'17' 
can thus be acco~anted for by a hydroxo complex zinc(I1)- 
O H  at the active center of CA reacting with C02.  A 
proposed C 0 2  hydration meclianisrn by CA is shown in 
Fig. 2. The rate law for the suggested C 0 2  hydration 
mechanism by 1 is more precisely given by (k:2,t)oh\ = ktxt . 
K,I([H']+K,). and fro111 this were calculated the kineti- 
cally obtained pK?% value of 7.4 and the k:a, value of 
6 x lo2 M I  s e c  ' at 25OC. The much faster reaction of 
CA [e.g.* k,,,=ca. 10' M '  s e c t  for human CA IT at 
2 5 " ~ ] . ~ ' ~ '  in comparison to I inay partially be explained 
by an effective preassociation of C 0 2  ~vithin the hydro- 
phobic pocliet in C A . " " ~ ~ ) ~  If this preassociztion of GO2 is 
characterized by a large binding constant of 10' M '. it 
call account for the large difference observed in the 
catalytic activity during the hydration of C02.  

The kinetic study of the reverse l - % C 0 3  dehydration 
catalyzed by a model complex was successfully conducted 
for the first time with the zinc(I1) complex 1 at 25°C.'" The 
rate was followed by measuring the evolutio~l of O H  for 
the reaction ( H C O ;  -- CB2+OMP) in a similar fashion to 
the C 0 2  hydration in buffer solution (pH 6-9). The rates 
increased with iowering pH (see Fig. lb). The kinetic data 
showed that the kinetically reactive species was la, and 
the second-order rate was followed with [Pa] and 
[IMCO3-I. each first-order dependent. The dehydration 
constant k:,, with l a  ivas found to be 5 M s e c  I, and the 
kinetically obtained pK, value of l a  was 7.3 at 25°C. 
Important conclusions for H C 0 3  dehydration with the 
catalyst 1 are that the reactive species is the zinc(I1)- 
OH2 form: substitutio~l of fhe zinc(l1)-bound H 2 0  with 
H C 0 3  is rate determining; and decarboxylation of the 
zinc(I1)-bound H C 0 3  is much faster (see a similar pro- 
posed meckanism for CA-catalyzed reaction in Fig. 2). 

Although the magnitude for the k:',, and k$,, signifi- 
cantly differs, the two curves (Fig. l a  and b) have an 
inflection point at the same pH (ca. 7.4) and are 
symmetrical (a-ith scales ad-justed). Thus, the model 
complex I is the first example to mimic the pH-dependent 
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behavior of reversible C 0 2  hydration catalyzed by CA. 
This fact implies that in CA, too, the C 0 2  hydration1 
HC03- dehydration is determined by the zinc@)-OHp/ 
zinc(I1)-OH? equilibrium at the active center. A similar 
CA model study with ~nacrocyclic tetraamine zinc(I1) 
complex 2 gave an analogous reaction mechan i~rn . "~~  

The zinc(II) complex 1b is significantly more reactive 
(k,h,,=6 x lo2 M

p 

s e c  ' )  than Woolley's model complex 
(X=OH

p

) (k2a,= 2 x 10' M - ' sec-- ) [ I 6 ]  In another model 
involving tl-is(irnidazo1e) zinc(Y1) complexes (analogues 
of 31, higher rate constants of H C 0 3  dehydration 
(k:,,= 900-2800 Tvp ' secp I) were reported in 809 
EtOHlH20 at pH ca. 6.5. However, the system failed to 
mimic the characteristic pH profile for the hydration 

6 7 8 9 I0 

Fig. 1 The rate-pH profile for (a) C02 hydration and (b) HC03- 
dehydration catalyzed by 1. 

reaction and dehydration reaction of CA. The model 
complex 1 demonstrated the unique properties of a labile 
water molecule that is susceptible to substitution reactions 
with substrate HC03-. anion inhibitors. and a nonlabile 
OH- ligand that acts as a nucieophile to attack C02 .  By 
changing the pH (around physiological pH). zincUI) can 
choose either reactant. The zinc(1I)-bound MCOjp has 
the choice to be substituted by O H  for the reverse 
aqueous reaction at alkaline pH, or to lose GO2 for the 
decasboxylation at acidic pH. 111 this context. it is of great 
significance that the bicarbonate anion (HCOsp) has 
the highest 1: 1 affinity constant (K= [ZnL--OC02H]I 
[ZnL] [HCOip] = 10'.~) M I) to la ,  only next to hydroxide 
anion (K= 10~.'  M

p 

I): e.g., K= 10' Qp ' for e l p ,  
M p l  for C H ~ C O O ~ . ~ "  Taken together. it is concluded that 
zinc(1I) with a pK, value of ca. 7 for the zinc(T1)-bound 
H 2 0  is probably the most appropriate metal ion to perform 
the functions of CA at physiological pH. Also. the very 
high affinity of zinc(l1) to M C O ;  that binds as a 
monodentate ligand is a critical property of zinc(l1) ion. 
If the metal were more acidic or had higher coordination 
numbers [e.g.. cobalt(II1) ion], H C O ,  may be deproton- 
ated to C03' and act as a bidentate ligand that would no 
longer be susceptible to decarboxylation. 

OTHER CAWBONBC ANHYDRASE MODELS 

A tris(imidazoly1)phosphine zinc(11) conlplex 3. where X 
is a monodentate ligand (=OH

p

. Fp,  and NO3-). was 
synthesized and exanlined by x-ray crystal analysis.' ' 
The zinc@)-bound OH- complex is claimed to be the first 
structurally characterized monomeric zinc(T1) hydroxide 
complex seq~~estered by three iinidaaole groups and. 
therefore, may become an excellent structural model for 
the active site of carbonic anhydrase. 

A tris(pyrazo1yl)borate zinc(1l) complex 4 (R=p- 
isopropylphenyl. R1=Me. X=OHp) was prepared by 
mixing zinc(l1) ion. ligand. and KOH in MeOHI 
C H ~ C ~ ~ . ~ ~ ~ ~  Due to insolubility or iilstability of the 
zinc(I1) conlplex in aqueous solution. the pK, value for 
the zinc(1l)-bound W20 was not reported. The ziuc(1I)- 
OH

p 

in 4 showed sufficient nucleophilicity toward 
hydrolyzable substrates. carboxylesters, activated amides 
(/3-lactam or CF3CONP-H2). and phosphollates in organic 
solvent. where the reactions are not catalytic but are 
stoichiometric. The seemingly high nucleophilicity of the 
tri.r(pyrazolyl)borate zinc(1I) complex was attributed to 
steric hindrance and hydrophobic en\-ironlnent around the 
zinc(l1)-bound OH

p

. It is of interest to see whether 4 acts 
as a catalyst it1 H20-containing solvents. The earlier 
zinc(I1)-OHp species Ib  and 2 (X=OH-) catalytically 
hydrolyze ester~,~"/3-lac~arns.["i and Dis(4-nitrophenyl) 
phosphodiester in aqueous so~ution.'~' 
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Fig. 2 A proposed mechanism of C 0 2  hydration at the HCA I1 actlve centel 

As a structural model of the zinc(I1)-OHp species of 
carbonic anhydrase. the first lnono~luclear OH

p

-bound 
zinc(I1) colnplex 6 was prepared by mixing zinc(II) ion. 
the ligand. and KOH. and was characterized by x-ray 
crystal analysis.1121 The zinc(1I)-OH- complex Ib  is a 
cyclic trimer linked by three hydrogen bonds between 
each zinc(I1)-bound hydroxide group, as shown by x-ray 
crystal study.'" However, in aqueous solution. this trimer- 
dissociates into monomeric zinc(I1)-OHp species Ib. The 
zincfII) complex 6 in CHC13 reacted immediately with 
C02,  possibly to form a H C Q 3  cornplex 7 that ultimately 
and irreversibly gave a bridging carbonato complex 8. 
However. quantitative determination of the pK2, value for 
the zinc(I1)-bound H 2 0  or of the nucleophilicity of 6 was 
not reported. The HC03- complex 7 was characterized by 
IR spectroscopy [ I  675 and 1302 cm

p 

' for zinc(T1)-bound 
bicarbonate]."" Tine formation of the bicarbonate com- 

plex 7 is reversible, and removal of the C 0 2  atmosphere 
results in regeneration of 6 .  In view of the labile 
eqrrilibri~~rn between 6 and 7. attempts to crystallize 7 
were made under C02 .  IHowever. a syminetrically 
bridging carbonato complex 8 was isolated instead. The 
hydroxide complex 6 effectively prolnoted the exchange 
of oxygen atoms (I7O) between C 0 2  and H20 ,  which 
sornelvhat served as a good functional model for CA. The 
authors suggested that the facile equilibrium between zinc 
(11)-OH- and zinc(I1)---OC02H may be a critical func- 
tion for CA activity. An increased tendency toward bi- 
dentate coordination (due to stronger acidity) across the 
metal series ( ~ n ' + < C o ~ + < ~ i ' +  and Cu2+) was observed 
that resulted from stronger binding of the bicarbonate 
ligand. The authors concluded that in this context, too. 
zinc(I1) ion is probably the best-suited inetal for CA. 

BASlClTY OF ZINC(!!)-BOUND HYDROXIDE 
IN CARBONIC AMHVDRASE 

Aromatic sulfonamides are strong inhibitors of carbonic 
anhydrase. among whlch acetazolamide [KD=6.0 nM for 
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human carbonic anhydrase 11 (HCA HI)]  at pH 7.4 is 
therapeutically prescribed as a diuretic drug."'' A 
question as to how acetazolamide is bound to the active 
center appears to have been settled by x-ray crystal 
studies.'"' although the precise inner-sphere binding 
Inode o f  the sulfonamide to zinc(I1) ion is not completely 
solved. The focal point is whether or not the sulfonamides 
are deprotonated. The resolution o f  the x-ray study was 
insufficient to afford a clear-cut answer. Chemically, it is 
puzzling that undeprotonated sulfonarnides (p&= 7-1 0 )  
can be good donors; forming strong coordination bonds 
with the zinc(l1) ion. One o f  the pieces o f  indirect 
evidence for the deprotonation is that the lower the pK;, 
values o f  the sulfonarnides (e.g., pK, value o f  7.4 for 
acetazolarnide). the highel- the 1 : 1  affinity constants. On 
the basis o f  strong fluorescent complex formation o f  CA 
with dansylamide (pKa=9.9 for the sulfonamide. 
KD=0.25 yM with HCA I1 at pH 7.4'221), it was 
concluded that the deprotonated form o f  dansylamide 
binds to zinc(1H) ion at the CA-active center. In any case, 
an interaction o f  the aromatic group o f  dansyla~nide with 
the protein must make a large contribution to the observed 
stability of the complex. A question concerning the 
intrinsic zinciII) properties was whether it is acidic 
enough to displace the proton o f  sulfonamides, or whethel- 
the zinc(I1)-bound O H  (generated at physiological pH) is 
basic enough to neutralize the weak acid sulfonamide 
group. However, this fundamental study remained unad- 
dressed. To date, only model studies give insight into the 
interaction o f  aromatic suiforlamides with zinc(I1) ion. 

Treatment o f  a typical C A  inhibitor. acetazolamidc 
with l a .  yields the product as a precipitate, which was 
identified as a 1 :  1 complex 9. wherein the sulfonamide is 
deprotonated to coordinate with zinc(1I) ions.'" It is o f  
interest to point out that with other transition metal ions 
(e.g., IVi2'). acetazolamide binds to the thiazole N but not 
to the deprotonated sulfonamide nitrogen. This different 
behavior o f  zinc(I1) best illustrates its outstanding (hard) 
acid nature that favors the anionic N donor over the 
neutral (sof t )  N donor. The pK, value o f  7.4 for 
deprotonation o f  acetazolarnide is close to that for the 
zinc(1B)-bound H20 in 1. which would be extremely 
favorable for siinultaneous coordination and deprotona- 
tion to yield the 1:1 complex 9. Aromatic sulfonamides 

with higher pK, values are Inore difficult to deprotonate at 
neutral pH, and hence. the apparent 1:l affinity with 
zinc(1H) is weaker. More convincing evidence o f  the 
basicity o f  zinc(I1)-bound O H  was obtained at the 
interaction o f  tosylamidopropyl-[12]aneNj1bB (HL) with 
zinc(H1) ion.'" A stable amide-deprotonated complex 111 
(ZnE) was formed at physiological pH, despite the pK, o f  
the tosylamide being 11.2. The structure o f  11 was de- 
termined by an x-ray crystal analysis. The comparison o f  
the complex stability for 11 (log K=log([ZnL] l  
[Zn][L])= 14.7) with those o f  l a  (log K=8.4) and 12 
(log M =  11.7) indicates that zinc(11) ion in the triarnirle 
complex prefers the fourth ligand in the order o f  anionic 
nitrogen >neutral nitrogen > water. The complex 9 does 
not catalyze ester hydrolysis. Thus, 9 may represent chem- 
ically the sulfonarnide inhibition o f  CA. On the basis o f  
this model study, we consider that the zinc(I1) coordinated 
by three histidyl imidazoles at the active center o f  @ A  
(see Fig. 2 )  is sufficiently acidic to deprotonate the aro- 
matic sulfonamides. Other neutral organic compounds, 
such as phenols and carboxylic acids. are also inhibitors o f  
CA."" Similar acid-base properties should operate in 
their interactions. 

Recent1 y. dansylamidoethyl-[12]aneN3 (the ligand o f  
113) as a model for the CA-dansylamide complex has been 
~ ~ n t h e s i z e d . ~ " ~  The 1:l zinc(I1) coinplex 13 was shown 
again to contain zinc(1I)-bound sulfonamide N anion as a 
monodentate ligand by x-ray crystal analysis. The dan- 
sylamidoethyl-[12]ane& is a novel type o f  zinc(l1)-fluo- 
rophore, which forms stable complexes with zinc(1I) and 
copper(I1) ions under physiological conditions. The 1: 1 
zinc(l1) complex 13 shows a iluorescent maximum at 538 
(quantum yield=0.19, 320-nm excitation) in aqueous so- 
lution, while the free ligand shows a weaker fluorescence 
(quantum yield=0.05). The copper(1I) complex. on the 
contrary. cornpletely quenches the fluorescence. The 
zinc(1I)-dependent fluorescence is quantitatively respon- 
sive at yM concentrations o f  zinc(I1) ion and is not 
affected by the presence o f  mM concentration o f  biolog- 
ically important metal ions. such as Na'. Kt ,  ~ g " ,  and 
~ a " .  Because Cu2+ is strongly bound to amino acids, 
peptides, or proteins in ordinary biological systems. dan- 
sylamidoethyl-[12]aneN; may be useful for the dynamic 
analysis o f  the biologically important zinc(I1) ion. 
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From the kinetic study o f  Ib-catalyzed hydrolysis o f  
4-nitrophenyl acetate inhibited by various aromatic 
sulfonamides, the apparent i : l affinity constants were 
determined at pH 8.4.'" A co~nparison o f  intramolec~rlar 
[K,,,,,= l ~ ~ . ~  =K(for 11)lK(for l a ) ]  and intermolecular 
( K = ~ o ~ . ~  MP1 for l a  with y-toluenesulfonamide) con- 
tribution o f  p-toluenesulfonamide anion coordination to 
the zinc@)-[12]aneN3 co~nplex gives an effective mo- 
larity o f  Ki,,,,lK= M by the intramolecular location. 
These 1 :  1 anion complexation constants for the zinc(I1) 
macrocyclic triamine complexes with various aromatic 
sulfonamides exhibit a trend paralleling that reported for 
CA.'~" suggesting a similar inhibition mechanism [i.e., 
the deprotonated sulfonamide anions can coordinate to 
the zinc(1I) in a CA-active center]. The effective molarity 
o f  the pendant sulfonamide in the model complex may be 
viewed as the noncoordinating contributions to bring the 
inhibitors to the zinc(I1) center o f  CA.  

When going back to the question o f  the basicity o f  
zinc(1I)-bound OH-, we can conclude that despite Ib 
(pKa=7.3 for its conjugate acid la) being a weaker base 
than aroinatic sulfona~nides o f  higher pK, (e.g., pK,= 10.5 
for p-toluenesulfonamide), zinc(I1)-OH can still depro- 
tonate the aromatic sulfonamides. because the resulting 
sulfonamide anions (ArSQ2NHP) have extremely strong 
interactions with zinc(lI), compensating for the unfavor- 
able interactioll between the weak base and the weak 
acid. It may be inferred that while NaOH releases OH- 
anion without any favorable contribution from Na+. ZnL 
- O H  releases OH- ,  with z ~ E ~ +  waiting to accept the 
conjugate base. 

CONCLUSION 

All o f  these recent CA models qualitatively or quantita- 
tively illustrate the importance o f  nucleophilicity o f  
zinc(1I)-bound OH- species in aqueous or nonaqueous 
solutions. This aspect is important in almost all o f  the zinc 
enzymes and will be presented again for models o f  other 
hydrolytic enzymes. However, in C A  and many other zinc 
enzymes. the basicity o f  the zinc(I1)-bound hydroxide is 
similarly important. Although I offers an excellent C A  
model, its catalytic activity is moderate in comparisoll to 
CA. Model 1 simply shows the essence o f  the intrinsic 
properties o f  zinc(I1) at the active center o f  CA.  Other 
important features such as the hydrophobic pocket for 
COz, proton relay (network), and other structures in 
CA[25.26] are missing. More sophisticated next-generation 
models should be equipped with these functions. 
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INTRODUCTION 

Hydrolysis o f  proteins is found in all scenes o f  life, from 
fertilization. growth, and aging. to disease. Thus, it is not 
surprising to see a large number o f  proteases that mediate 
these proteolyses to occur within or outside the cell. But 
when viewed from a inechanistic standpoint, they are 
classified into one o f  only several groups. They are serine 
proteases, cysteine proteases. acid proteases, and metai- 
Loproteases. Carboxypeptidase A (CPA. peptidyi-L-amino 
acid hydrolase. EC 3.4.17.1) belongs to the last group and 
requires zinc ion for activity. Anocher way o f  dividing 
proteases is by using endopeptidase and exopeptidase. 
which cleave inner and terminal peptide bonds, respec- 
tively. As its name indicates. CPA cleaves peptide bonds 
froin the carboxyl terminus sequentially. Herein. the 
structure and catalytic mechanism o f  CPA are described. 
but because a number o f  excelient reviews are already 
available,['-" emphasis is placed mainly on recent topics 
concerning this thoroughly studied enzyme. 

HISTORY AND OVERVIEW 

The occurrence o f  CPA was first noted by Walschmidt- 
Eeitz and Purr in 1929.14' The physiological filnction o f  
CPA i s  to digest foodstuffs in the intestine. Proteinaceous 
foodstuffs partially digested by pepsin in the stomach are 
further processed into smaller peptide fra,~ axents or even 
into amino acids for reabsorption in the large intestine. 
CPA is synthesized in the pancreas and secreted to the 
intestine as inactive zynlogen (preproenzyme) together 
with other proteases (see below). During this process, 
muitiple proteolytic events occur on CPA; the signal 
peptide is cleaved from the amino terminus to form a 
proenzyme, and then an activation peptide is lost to forin a 
fully active mature enzyme (see below). 

It is interesting to note that there is another carboxy- 
peptidase. carboxypeptidase B (CPB), in the same tissue 
that has an amino acid sequence homologous to that o f  
@PA but differs in substrate specificity. Whereas CPA 
prefers aromatic (phenylalanine. tyrosine, and tryptophan) 
or hydrophobic amino acid residues (valine. leucine. and 

isoleucine) at the C terminus; CPB prefers basic arginine 
and lysine residues there. This situation is reminiscent o f  
the fact that the same tissue secrets other proteases, such 
as chymotrypsin and trypsin, both serine endopeptidases. 
which differ in their substrate specificity: the former 
prefers aromatic or hydrophobic amino acid residues. 
whereas the latter prefers basic residues. 

CPA seems to occur only in mammals. but it should 
be noted that there is a related Zn endopeptidase, ther- 
molysin (EC 3.4.24.4), in ther~nophilic bacterium Bacillzls 
~hermoproteolyticus. Although its amino acid sequence 
and three-dimensional structure are unrelated to CPA. 
the active site structure is similar. and the mecha- 
nism o f  action also seems to be similar.['l This is an 
example o f  convergent evolution; just like the case 
o f  serine proteases mammalian chymotrypsin and 
microbial subtilisin. 

ASSAY 

CPA is available comnlercially in pure form. Benzyloxy- 
carbonylglycylphenylalani~le (Z-Gly-Phe) is one o f  the 
com~nonly used substrates.[" The progress o f  reaction is 
conveniently tnonitored spectrophotometrically at 220- 
225 nm. In addition to pepiides, esters such as 0 - ( N -  
benzoylglycy1)-L-P-phellyllactate (Bz-Gly-(0)Phe) and 
-L-mandelate are hydrolyzed easily by CPA. Typical Mm 
values for these artificial substrates are 0.5-5 mM with 
a turnover number o f  20 s- for amides and 100 s ' for 
esters under standard assay  condition^.^" 
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PRIMARY STRUCTURE 

The primary structure of CPA was determined first in 
1969 for bovine enzyme.'" Because of heterogeneity in the 
N-terminal sequence. three forrns of CPA are generated: 
Form a is the largest with 307 residues, and Forms b and g 
lack 2 and 7 of the N-terminal residues, respectively. of 

Form a. 111 addition. allelic polymorphism was observed at 
three sites: IIelVal, AlaIGlu, and ValILeu at residues 179. 
228. and 305. respectively. 

It later turned out that there are isozyrnes of CPA, 
CPA1.I" and C P A ~ ~ "  in some organisms. According to 
the cDNA sequence for rat CPA! gene.17' the prepro- 
enzyme is coinposed of 419 amino acids (Fig. I ) .  The 
N-terminal 16 residues are cleaved upon secretion. and 
the followilig 94 residues are cleaved for activation of 
the enzyme, making the 11 lth residue (Ala) constitute 
the N-ierininus of mature CPA. The gene for CPAl is 
composed of i0  exons of 80-200 base pairs each, while 
that for CPB of I I exons.'" The N-terminus is encoded 
on Exon 2 in both cases. All of these carboxypeptidases 
seem to have evolved from a coininon ancestral protein. 
and their estimated evo1utional relationship is illustrated 
in Fig. 2."' 

a t g  s a g  aga c t a  c t g  a t t  c t g  a g t  c t g  c t g  c t g  gaa gca  g t c  t g t  g g c  a a t  gag a a c  ttt g t g  gga c a c  c a g  g t t  
MET LYS ARG LEU LEU I L E  LEU SER LEU LEU LEU GbU ALA VAL CYS GLY ASM GLU ASN PHE VAL GLY H I S  GLN VAL -86 

Z 
c t c  c g a  a t c  t c t  gca  g c c  g a t  gaa g c c  c a g  g t g  c a g  a a a  g t g  a a g  g a g t t g  gag g a c  c t g  gag c a c  t t g  c a g  t t g  
LEU ARG I L E  SER ALA ALA ASP GLU ALA GLM VAL GLM LYS VAL LYS GLU LEU GLU ASP LEU GLU H I S  LEU GLN LEU -61 

g a c  t t c  t g g  c g g  g a c  g c t  g c c  c g g  g c c  g g t  s t c  c c c  a t t  g a t  g t c  a g a  g t g  c c c  t t c  c c c  a g c  a t c  c a a  t c t  g t g  
ASP PHE TRP ARG ASP WLA ALA ARG ALA GLY I L E  PRO I L E  ASP VAL ARG VAL PRO PHE PRO SER I L E  GLN SER VAL -36 

a a a  gca  t t c  t t g  gaa t a t  c a t  g g t  a t t  a g c  t a t  gag a t c  a t g  a t t  g a s  g a t  g t g  Gag t t a  c t g  c t c  g a t  gag gag 
LYS ALA PHE LEU G i l l  TYR H I S  GLY I L E  SER TYR GLU I L E  MET I L E  GLU ASP VAL G L I  LEU LEU LEU ASP GLU GLU -11 

a a a  c a g  c a g  a t g  t c t  g c c  t t c  c a g  g c c  agg  g i c  t t g  t c c  a c t  g a c  t c t  t t c  a a t  t a t  g c c  a c c  t a t  c a t  a c g  c t g  
LYS GLN GLN MET SEW ALA PHE GLN ALA ARG ALA LEU SER THR ASP SER PKE ASN TYR ALA THR TYR H I S  THR LEU 15 

t 
g a t  gag a t c  t a c  gaa t t c  a t g  g a c  c t g  c t g  g t g  g c t  gag  c a c  c c a  c a g  c t t  g t g  a g c  aag  a t c  c a g  a t c  g g c  a a c  
ASP GLU I L E  TYR GLU PHE MET ASP LEU LEU VAL ALA GLU H I S  PRO GLN LEU VAL SER LYS I L E  GLN I L E  GLY ASN 4 0  

a c c  ttt gaa g g t  c g c  c c c  a t c  c a t  g t g  c t g  aag  t t c  a g c  a c t  gga  ggg a c c  a a t  c g c  c c a  gca a t c  t g g  a t c  gac  
THR PHE GLU GLY ARG PRO I L E  H I S  VAL LEU LYS PHE SER THR GLY GLY THR ASM ARG PRO ALA I L E  TRP I L E  ASP 65 

t c t  a g g  a  t g g  g t c  a c c  c a g  g c t  a g t  ggg  g t c  t g g  ttt gca  aag  aag  g t c  a c c  a a a  g a c  t a t  ?ik ?:: & sm TRP VAL THR GLN *LA sER GLY VAL TRP PHE ALA L Y s  L Y s  v W i  THR LYS A s p  TyR 9 0  

g g c  c a g  gac  c c c  a c c  t t c  a c a  g c c  g t t  c t t  g a c  a a c  a t g  g a c  a t c  t t c  t t g  gag a t t  g t c  a c c  a a c  c c t  g a t  g g t  
GLY GLN ASP PRO THR PHE THR ALA VAL LEU ASP ASN MET ASP I L E  PHE LEU GLU I L E  VAL THR ASN PRO ASP GLY 145 

ttt g c c  t a c  a c c  c a c  a a a  a c g  a a t  c g c  a t g  t g g  c  c  aag  a c t  c g a  t c a  c a c  a c c  c a g  g g c  t c c  c t c  t g t  g t t  g g t  
PHE ALA TYR THR H I S  LYS THR ASN ARG MET TRP &LYS THR ARG SER H I S  THR GLN GLY SER LEU CYS VAL GLY 1 4 0  

g t g  g a c  c c c  a a c  a a a c  t g g  gac  g c t  g g c  t t a  ggg aag  g c c  gga  gca  a g t  a g c  a a c  c c c  t g c  t c g  gaa a c t  t a c  
VAL ASP PRO ASN & ASW TRP ASP ALA GLY LEU GLY LYS ALA GLY ALA SE,, SER ASN PRO CYS SER GLU THR TYR 165 

c g a  g g c  aaa ttt CCG a a c  t c t  gag g t g  gag g t c  aag  t c c  a t c  g t g  g a c  ttt g t g  a c g  a g c  c a t  ggg a a c  a t c  aag  
ARG GLY LYS PHE PRO ASN SER GLU VAL GLU VAL LYS SER I L E  VAL ASP PHE VAL THR SEX H I S  GLY ASN I L E  LYS 1 9 0  

g c c  t t c  a t c  t c c  a t c  c a c  a g c  t a t  t c c  c a g  c t c  c t g  c t c  t a c  c c c  t a c  g g c  t a c  a c g  t c g  gaa c c a  g c c  C C ~  g a c  
ALA PHE I L E  SER I L E  ~ S E R  TYR SEW GLN LEU LEU LEU TYR PRO TYR GLY TYR THR SER GLU PRO ALA PRO ASP 215 

c a g  gca  gag c t g  g a t  c a g  c t a  g c t  aag  t c t  g c t  g t g  a c a  g c c  t t g  a c g  t c t  c t a  c a c  ggg a c c  gag t t c  aag  t a t  
GLN ALA GLU LEU ASP GLN LEU ALA LYS SER ALA VAL THR ALA LEU THR SER LEU H I S  GLY THR GLU PHE LYS TYR 2 4 0  

g g c  a g c  a t c  a t c  g a t  a c a  a t c  t a t  c a a  g c c  a g t  ggg a g c  a c t  a t c  g a t  t g g  a c c  t a c  a g c  c a g  g g c  a t c  a a g  t a c  
SLY SER I L E  I L E  ASP THR I L E  /TYR/ GLM ALA SER GLY SER THR I L E  ASP TRP THR TYR SER GLN GLY I L E  LYS TYR 2 6 5  

t c t  t t c  a c t  ttt a a  c t g  agg  g a c  a c t  ggg c t t  aga gga t t c  c t g  c t g  c c t  g c c  t c c  c a g  a t c  a t c  c c t  a c g  gcg  
SEW PHE THR PHE GLU LEU ARG ASP TWR GLY LEU ARG GLY PHE LEU LEU PRO ALA SER GLM I L E  I L E  PRO THR ALA 2 9 0  

gag gag aca  t g g  c t g  g c c  c t t  t t g  a c e  a t c  a t g  g a c  c a c  a c a  g t c  aaa  c a c  c c c  t a c  t g a  
GLU GLU THR TRP LEU ALA LEU LEU THR I L E  MET ASP H I S  THR VAL LYS H I S  PRO TYR * 3 0 9  

Fig. 1 Amino acid sequence of the prepro form of rat CPAl deducecl from its cDYA sequence. taken lsom Ref. [6] with GenBank 
accession nurnber 500713. The peptide bonds cleaved during secretion and activatioil are indicated by arrows. and some of the key 
residues that appear in the text are boxed. 



Bovine CPA 

Rat CPAl 

Fig. 2 Phylogenetic tree for carboxypeptidases CPAI. CPA2. 
and CPB from rat and cow, taken from Ref. [7]. The three 
enzymes seem to have evolved from a common ancestor. and the 
individual proteins were generated by gene duplication (tri- 
angles) and upon speciation (circles). 

THREE-DIMENSIONAL STRUCTURE 

The three-dimensional structures of bovine CPA alone 
and complexed with a poor substrate were solved by x-ray 
diffraction to high sesolution in 1970."~'~ CPA is a 
globular protein of roughly ellipsoidal shape, with a 
dimension of 50 A x 42 x 38 A (Fig. 3a). The structure 
is composed of eight-stranded twisted b-sheets and nine 
x-helices which seemingly constitute two "bowls" facing 
each other. Between their boundary is the active site cleft, 
where His-49, Glu-72, and His- 196 bind to Zn to form a 
nearly tetrahedral metal complex with the fourth ligand 
being water (Fig. 3b). Arg-145 forms a salt bridge with 
the C-terminal carboxylate of substrate, and Tyr-198, 
Ile-247. Tyr-265. and Phe-279 constitute a hydrophobic 
pocket to accommodate the side chain of the residue at 
PI' (designating the residue nearest to the scissile pep- 
tide bond in the leaving group) of substrate. Some other 
residues that seem to play an important role in catalysis 
are Glu-270. Arg-127. and Tyr-248. The former is sup- 
posed to participate directly in catalysis, either as a base 
to abstract a proton from the zinc-bound water or as a 
nucleophile to undergo attack on the substrate carbonyl, 
as described below. The latter two residues seem to as- 
sist in the formation and collapse of a tetrahedral inter- 
mediate that forms during hydrolysis of amides .and 
esters by donating a proton. 

CHEMICAL MODIFICATION AND 
SITE-DIRECTED MUTAGENESIS 

CPA is inactivated by alkylation of 61u-270 with 
N-brornoacetyl-N-methyl-L-phenylalanine," suggesting 
that it plays an essential role during catalysis (see above). 
In addition to Glu-270. Tyr-248 is located in proximity to 
the reaction center, undergoes a large conformational 
change upon substrate binding. and is regarded to be one 
of the key residues for catalysis. For one thing, chemical 
modification of this and probably other tyrosine residues 

by acetylation or nitration affected the catalytic activity of 
CPA dras t ica~l~. ' "~  Peculiarly. however. these types of 
modification enhanced the esterase activity up to sixfold, 
whereas the peptidase activity decreased to Lower than 
10%. suggesting that the catalytic mechanism may be 
different between peptides and esters. Alternatively. 
however. it is also possible that the rate-determining step 
may be different between the two types of substrates. 
though the mechanism is basically the same. It is easily 

Fig. 3 (a) Three-dimensional structure of bovine CPA. taken 
from Ref. [lo]. with Protein Data Bank accession nuinber 5CPA. 
For clarity. only the peptide backbone is depicted. ib) Nearly in 
the center of the ellipsoidal protein is the a c t i ~ e  site cleft where 
zinc (central sphere) is coordinated by His-69, Glu-72. His-196, 
and water (not sho~vn). 



imagined that in amides with a poor leaving group, the 
formation of a tetrahedral intermediate can be rate 
determining, whereas in esters having a good leaving 
group. the collapse of the intermediate could be the rate- 
limiting step. At any rate. the role assigned to Tyr-248 was 
a proton donor; it may donate a proton during the 
formation and collapse of a tetrahedral intermediate. If 
this is the case. replacement of Tyr-248 with any other 
amino acid will abolish all or most of its catalytic activity. 
Contrary to this expectation, an engineered enzyme with 
this Tyr replaced by Phe lost little activity, though the Km 
for substrates increased severa~fold.'"~ These data may be 
best interpreted to suggest that Tyr-248 does not serve as a 
key proton donor but instead is involved somehow in 
substrate binding. Instead of Tyr-248, which had long 
been regarded to be a plausible candidate, this electro- 
philic function seems to be played by Arg-127, as 
described below. 

Upon binding to the enzyme, the carbonyl oxygen of a 
substrate seems to interact with the guanidium group of 
Arg-127. thereby enhancing polarization of the carbonyl 
to facilitate nucleophilic attack on the carbonyl carbon by 
Zn-bound water or Glu-270. The negative charge devel- 
oping on the carbonyl oxygen and subsequent departure of 
the amino anion should be stabilized by proton donation 
from some group of the enzyme. Arg-127, rather than Tyr- 
248. seems to do this job. 

There is dispute over the role of the active site Glu-270: 
one theory advocates a general base mechanism, while the 
other advocates a nucleophilic mechanism. If a nucleo- 
philic attack on the substrate carbonyl by GIu-270 occurs, 
an acyl anhydride intermediate covalently bound to the 
enzyme is generated. If the general base is the real 
mechanism. no s~tch intermediate intervenes. The putative 

acyl intermediate may be detected by some means, such as 
spectroscopic ones under cryo conditions or those trapped 
by suitable chemical agents such as hydroxylamine. There 
are claims for successf~~l detection of a covalent interme- 
diate."" but this assertion does not seen1 to be widely 
approved. In fact, the alternative general base mechanism 
appears to be more consistent with various data. Hence, 
the hydrolytic mechanism of CPA depicted in Fig. 4 is 
based on this notion. 

There are a number of natural and synthetic inhibitors 
known for CPA. Thus, a potent proteinaceous inhibitor was 
isolated from potato tuber that can inhibit not only CPA but 
also CPB with a Ki of 5 and 50 nM, respectively, but is 
inactive toward other common proteases, such as chymo- 
trypsin and trypsin.["] The mode of its inhibition was found 
to be a classical competitive one with respect to substrate, 
i.e., it binds to the same active site of the enzyme as do 
substrates; as later proven by x-ray crystallography.['61 The 
inhibitor is a mixture of two sequences of 38 or 39 amino 
acid residues with a single difference of whether a 
glutamine residue is present or not in Position 2 from the 
amino terminus. These proteins possess three disulfide 
bonds within the molecule. which may be responsible for 
the high thermostability for their size. This inhibitor binds 
to CPA at its C-terminus, but it is interesting to note that the 
C-terminal peptide bond between valine and glycine was 
already cleaved in the conlplex. In other words, the 
enzyme-inhibitor complex represents a complex of CPA 
and products. It is not known why further proteolysis of the 
truncated inhibitor does not proceed. 

There are other CPA inhibitors reported from a 
parasitic roundworm Ascaris lunzbt-icoides."'] They have 
a molecular weight of 7.5 kDa. with about 65 residues that 
seein to be charge isomers. The apparent Ki values for 

H c - c o - - - - -  - - - - Ar$?45 
0 I ' \ \  
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Fig. 4 The catalytic mechanism of CPA in the hydrolysis of peptides. taken from Ref. [3] .  (a) Upon anchorage of a substrate to the 
active site, the carboxylate of Glu-270 triggers the reaction by abstracting a proton from zinc-bound water. which in turn. ~~ndergoes  
nucleophilic attack on the scissile carbonyl. (b) A tetrahedral intermediate is generated: its formation and collapse may be assisted by 
proton donation from Arg-127 or other residues. 



bovine CPA lie in the nM range, but the stoichioinetry of 
binding is anomalous in that tkvo moles of inhibitor bind 
per enzyme. The exact mode of binding to enzyrne re- 
mains to be clarified. There is another CPA inhibitor 
kno\.vn from the medicinal leech Hilvclo medicir7nlis.i1x1 
This inhibitor is composed of 66 amino acids. contains 
four disulfide bonds within the protein. and binds not 
only to CPA but also to CPB with a subnano~nolar Ki 
(0.2-0.4 nM). Although amino acid sequence homology 
is rarely found between the inhibitors Iron1 potatoes and 
medicinal leech except for their C-termini, the mode of 
binding is siinilar in that their C-terminal carboxylate 
coordinates to the active-site zinc."91 

Phosphoramidon [N-((a-L-rharnnopyral~osyloxy)hy- 
droxy-phosphiny1)-L-leucyl-L-tryptophan], a metabolite 
produced by Streptomxces ta~znslzirrzsis. is a potent inhibi- 
tor of zinc metalloproteases, especially of t h e r m o l y ~ i n . ' ~ ~ ~  
Synthetic phosphonate and phosphona~nidate analogues 
of substrates are also potent inhibitors of CPA. The inhib- 
itors containing (0)Phe at the PI '  position of tri- or 
tetrapeptides are the most potent inhibitors; for exain- 
ple, the Ki of ~ - ~ h e - ~ a l ~ - ( ~ ) P h e  for CPA is as lomi as 
1 1 fp&1"1 a potency not far from that (1 W) for the well- 

known. tightest binding of biotin \vith avidin. The phos- 
phonate replacing the scissile peptide bond of substrates 
confers much higher affinity for CPA because of the 
resemblance of its structure to that of a putative tetrahedral 
intermediate of amide or ester hydrolysis (transition-state 
analogy). In fact, both of the phosphonate oxygen atoms 
are bound to zinc in the crystal of a coinplex of CPA and 
inhibitor.[221 

Much less potent as they are. aldehyde. ketone, and 
haloketone analogues of substrates are also reversible 
inhibitors of CPA. For example, (RS)-2-benz~,l-4-oxobu- 
tanoic acid is a competitive inhibitor of CPA with a Ki of 
480 n ~ . " ~ '  These classes of compounds are more or less 
hydrated in water to form a gem-diol(ate). with a structure 
that mimics that of a putative intermediate of hydrolysis of 
substrates (see above). In other words. these compounds 
seem to serve as a transition-state analogue. just like the 
phosphonates described above. and hence. they bind more 
tightly than substrates. It inay be noted that the structure of 
these transition-state analogues inore closely reseinbles 
that of a putative intermediate of hydrolysis generated by 

Phosphoramidon 

the general base pathway than that generated by a nucleo- 
philic attack by Glu-270. 

TISSUE DISTRIBUTION AND ENZYMES 
RELATED TO CPA 

CPA is basically localized in the digestive tract. but a 
transcript of its gene or the messenger RNA is detected in 
nonpancreatic tissues. such as in brain tissues, though 
CPA activity is not observable there."'] A plausible ex- 
planation for this observation is the occurrence of an in- 
hibitor. In fact: such an inhibitor was reported. with a 
molecular weight of 26 kDa and a Mi for CPA of 3 
n ~ . " "  The physiological significance of CPA activity 
and its inhibitor(s) in nonpancrealic tissues remain to 
be clarified. 

CPA does not seem to have been a target of medica- 
tion. but there are a number of related zinc metallopro- 
teases in the human body, such as angiotensin-converting 
enzyme (ACE. EC 3.4.15.1), collagenase (EC 3.4.24.7), 
and enkephalinase (EC 3.4.24.1 1). Because these enzymes 
play a role in various physiological processes. they are 
good targets for the rational design of therapeutic 
agents.['61 111 this respect. because CPA may be regarded 
as the prototype of a11 the zinc metalloproteases, its 
structure. free and cornplexed with substrate or inhibitor, 
and [he mechanism of its action should give clues to the 
development of lead compounds capable of specifically 

one of the zinc metalloproteases. 

CPA is often used for sequencing protein samples. 
Whereas there is an effective way to sequence froin the 
amino terminus, such as with Edlnan degradation with 
phenyl isothiocyanate, there are few such methods for 
sequencing from the carboxyl terminus (hyclrazinolysis is 
one such chemical method). Hence, digestion with CPA is 
a choice whe

r

e one needs to know the amino acid 
sequence from the C-terminus. The time course of amino 
acid release is monitored on the amino acid analyzer. This 
way to use C P 4  seems to be made even more effective by 
immobilizing it on a solid support. Bovine enzyine was 



Carboxypeptidase A 

immobilized covalently to polyacrylamide beads to 125 
U/g solid.1271 The immobilized CPA exhibited character- 
istics nearly equivalent to chose of intact enzyme. 

ARTICLES OF FURTHER INTEREST 

Erzzymes: Clznracteristics nrzd Meclzarzisms. p. 554 
Hydrogen Bondirzg, p. 658 
Zinc-Containing Enzyiizes and Their Models, p. 163 1 
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Pi1 the words of  ram,"' '.Carcerands are closed-surface, 
globe-shaped molec~iles with enforced hollow interiors 
large enough to incarcerate sinlple organic compounds, 
inorganic ions. or both." Although this term can be 
applied to a number of different chemical systems 
including cryptophanesL2." and even c,,.~'~ the term has 
become synonymous with shell-like molecules based on 
cavitands. More often than not, the hollow interior of a 
carcerand is occupied by a guest molecule. In these cases, 
the term. "carceplex" is used to describe the carcerand- 
guest complex. 

By definition,'" it is not possible for the guest 
molecule or ion in a carceplex to escape without rupturing 
covalent bonds in the shell of the host or the guest. For 
those cavitand-based hosts that possess holes large 
enough for guest entry or egression to occur, the term 
"hemicarcerands" has been coined. The term for the 
corresponding host-guest complex is a "hemicarce- 
plex." In the archetypical hemicarceplex (vide infra), 
guest exchange is usually slow at room temperature. 

Since their conception.'" carcerands and hemicarcer- 
ands have been used for a number of applications 
including trapping reactive intermediates and studying 
templation processes.[61 Examples of these applications, 

Polar ryrotic , 
solvent 

KzCQ 

Scheme 1 The formation of carceplex 2. 
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as well ar examples that demonstrate the str~lctural 
~ariations to these types of molecules. are give11 belou. 

The first carcepiexes that were formed. I, possessed very 
poor solubility.'" As a result. it was only possible to 
partially characterize mixtures of carcerands containing, 
among other species. dirnethyl formamide and cesium 
chloride. The next generatio11 of carcerands possessed 
larger. pheilethyl "feet" and a different mode of linking 
together the two cavitmd h e ~ i i i s ~ h e r e s . ' ~ ~  Thus. two mol- 
ecules of tetrol 2 were Iinked by acetal groups to form 
the inore soluble 3 (Scheme 1) .  In the first examples of 

these types of carceplex reactions. the entrapped guests 
were the solvents of each reaction: dimethyl sulfoxide 
(DMSO). dimethyl aceta~riide (DMA), or dimethyi form- 
ainide (DMF). Yields of the isolated complexes were 
reinarkable: 6 1 9  for the DMSO complex. 5 4 4  for the 
DMA species. and 49% for the carcerand containing DMF. 
Addressing the question as to why these processes are so 
efficient has led to a greater understanding of templation 
by neutral  molecule^.^^."'^ Thus, Sher~nan et al. identified 
the importance of the charged hydrogen bond ternary 
complex shown in Scheine 1. and determined that the 
differing topology of guests leads to a one-million-fold 
template effect.'" - 14' The best template for the shell 
closure is pyrazine. which gave a yield of 87% of the 
corresponding carceplex when the poorly ternplating 
solvent, N-methyl-2-pyrrolidinoIle (NMP) was used. This 

8 

Scheme 4 Synthesis of the first hemicarceplex 8. 
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Scheme 3 

size of the host. Thus, as the linker groups and hence the 
portals increase in size, the cavity tends to become less 
defined. and guest complexation becomes more transient. 
Correspondingly, no complexation properties of large 
hemicarcerand 1 3 ' ~ ~ '  have been reported. 

CONCLUSION 

We hahe def~ned the terms carcerand, carceplex, hem-  
caicerand. and hemicarceplex The formation of carcer- 
ands an

d 

carceplexes has led to some important informa- 
tion regarding templation by neutral molecules Similarly, 
the propeities of hemicarcerands and hem~carceplexes has 
led to some Interesting host-guest pioperties. including 
the stoiage of h lghl~ reactlve species ~ c h  as cyclobuta- 
dlene or benzyne 
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Catalytic antibody research was derived from the demand 
for new biocatalysts and the existing knowledge of en- 
zyme catalysis mechanisms. By challenging the immune 
system with haptens mimicking the structure of the transi- 
tion state of a given reaction; antibodies can be elicited to 
bind congruent substrates, to stabilize the transition state 
of the reaction, and ultimately. to catalyze the targeted 
reaction."' Following this concept, antibodies succeeded 
in the catalysis of more than 50 chemical transforma- 
t i~ns.l ' -~ '  Summarized in this article are important 
technologies used in generating catalytic antibodies and 
interesting applications derived from these biocatalyses. 

BACKGROUND 

An antibody, also termed an immunoglobulin, is a compo- 
nent of the immune system produced by B cells. Typi- 
cally, an antibody (G-type) molecule is around 150 kDa in 
mass and has a U-shaped configuration consisting of two 
longer identical polypeptide chains (heavy chains) and 
two shorter identical polypeptide chains (light chains). 
They are intimately held together by disulfide bonds. Each 
of these chains folds into domains of approximately 110 
amino acids. At the N-terminal end of each chain are three 
regions of greatest sequence variability (nine to 12 amino 
acids long for each), referred to as complementarity- 
determining regions (CDRs). These hypervariable regions 
in total form the antigen-binding site. This combining 
region can be deep cleft for a small molecule or extended 
snrface for a binding protein. Up to 20 kcal mol-' of 
binding energy is estimated to be deliverable by an anti- 
body. Within the human body, approximately 10" dif- 
ferent antibodies reside. Each has a unique specificity that 
can be made to recognize nonself substances. This diver- 
sity and specificity of an antibody results from the in- 
tegration of a series of complicated but elegant DNA 
processes in a B cell known as gene rearrangements, 
which entail imprecise joining. and somatic hypermuta- 

tions. during its maturation and differentiation. Because of 
the limitless number of antibodies that are available and 
the potential to tap into their binding energies makes 
antibodies attractive vehicles for catalysis. 

Standard protocols with the key component known as 
hybridoma technology were established to produce mono- 
clonal antibodies with predetermined specificity for small 
organic  molecule^.'^' The technique is based on three 
steps: 1) preparation and immunization of mice with a 
hapten-carrier protein conjugate; 2) immortalization of the 
antibody-producing B cells and the production of anti- 
bodies; and 3) selection and screening for catalysis. 

Because antigen-antibody interactions occur in a de- 
fined region, the antigen-binding fragment of an antibody 
termed Fab usually provides the same binding affinity as a 
whole antibody molecule. Proteolytic cleavage of an anti- 
body by papain leads to a Fab fragment, which also can be 
constructed by recombinant engineering. A single-chain 
variable fragment (ScFv) is a highly simplified version of 
an antibody containing the two essential VH and VL 
domains that form the binding site and a peptide linker 
(10-14 amino acids long) that prevents two domains from 
dissociating. Combinatorial libraries of ScFv can be 
created and are usually displayed on the surface of fila- 
mentous phage for high throughput selection. 

ANTIBODIES AND CATALYSlS 

Similar in many ways to the binding of enzymes to their 
substrates. antibodies bind to their antigens. with non- 
covalent interactions exhibiting high specificities and high 
affinities (association constants range from 10'-10'" 
M-I). Several mechanisms employed by enzymes to ac- 
celerate reactions can be adopted as rules to follow for 
creating catalysis in antibodies. These include transition- 
state stabilization, proximity effects. general acid-base, 
and cofactor catalysis. Hapten design is typically based on 
the mechanism for the reaction of interest and us~lally 
combines several external mechanistic factors in order to 
obtain highly efficient catalytic antibodies. 
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Transition-State Stabilization 

The transition-state analogue (TSA) strategy is one of the 
ma-ior methods used to elicit catalytic antibodies. A 
tremeildous number of studies were directed at producing 
antibodies with hydrolytic activity toward activated esters. 
carbonates, and arnides because of the potential biological 
iinportaiice of these reactions. The mechanistic features of 
these reactions are well known to involve the attack of a 
water or hydroxide ion at a carbonyl center. forming an 
oxyanion. which is a transient tetrahedral intermediate. 
This is followed by decomposition of the tetrahedral in- 
termediate to the corresponding acid and alcohol or 
amine. More than 80 cataiytic antibodies were generated 
against a variety of transition-state analogues, including 
phosphonates. phosphates, phosphonamidates. sulfones, 
sulfonamides. boronic acids. and hemiketals. Among this 
group. the tetrahedral phosphorus coinpounds have been 
the most successful in the generation of catalytic anti- 
bodies. This success was rationalized by the ability of 
these structures to resemble the oxyanion intermediate of 
a hydrolytic reaction in terms of configuration, negative 
charge distribution. and bond lengths. Catalytic antibodies 
elicited with phosphorus-based haptens usually have a key 
basic residue in their combining site that forms an oxy- 
anion hole. This residue stabilizes the transient interme- 
diate electrostatically and provides hydrogen bonds nec- 
essary for the catalytic process. 

Antibody 4 8 ~ 7 . ' ~ '  generated against a /,-nitrophenyl 
phosphonate hapten. catalyzes the hydrolysis of an acti- 
vated ester (Fig. IA). From the crystal structure of the 
48G7 Fab-hapten complex.[71 it is hypothesized that the 
source of catalysis is the stabilization of an oxyanion 
transition state formed in the reaction. Binding energy for 
catalysis is mainly derived from ArgL96, which forms an 
electrostatic interaction with the anionic phosphonate 
moiety embedded in the hapten, as well as the TyrH33 and 
HisH35 residues that form hydrogen bonds wit11 the 
phosphonyl oxygen atoms in the hapten. 

Analysis of the binding and catalysis data of 48G7 and 
its precursor germline antibody (which differs by nine 
amino acid residues) reveals that the dissociation constant 
& of the hapten-antibody complex decreased by > 10' 
during affinity maturation, while the k,,,lK,, (catalytic 
efficiency) increased by 100-fold.[~~ This study indicates 
that iinprovernents in transition-state binding are positively 
correlated with improvements in catalysis, although only 
a small fraction of the additionally gained binding energy 
is converted to transition-state stabilization. Interestingly, 
none of the nine residues in which somatic mutations were 
fixed directly contact the hapten. This further indicates 
that the catalytic motifs were determined by a TSA at an 
early stage of antibody evolution. Affinity ~naturation in 
the case of 48C7 merely piays a conformational role. 

wherein there is reorganization of active-site residues to an 
optimal geometry for hapten binding rather than provision 
of new functional residues in the active site for catalysis. 

Sequence comparison between 4867 and other hydro- 
lytic antibodies generated with similar phosphonate TSAs 
reveals a high degree of conservation in the binding-site 
residues.'" Similar observations are obtained for three 
catalytic antibodies D2.3. D2.4, and D2.5. also elicited 
against a phosphonate TSA and identified by screening for 
catalytic activity through the entire hybridorna reper- 
t o i ~ e . " ~ ~  X-ray structural data indicate that the three 
antibodies use identical binding-site residues to stabilize 
the oxyanion intermediate, t11~1s they all achieve catalysis 
in essentially the same mode. This strongly supports the 
notion that the immune system tends to quickly reduce the 
broad diversity initially existent in the antibody repertoire 
to a slnall number of "best solutions.'' However, struc- 
tural convergence is not always the only solution adopted 
by the immune system to create catalytic antibodies using 
the TSA method. 

Antibodies 6D9 and 7 ~ 8 , ' " '  generated against a phos- 
phonate transition-state analogue. hydrolyze a prodrug of 
chloramphenicol monoester to yield the parent drug 
chlorarnphe~licol (Fig. 1 B). Amino acid sequence analysis 
demo~lstrates that these antibodies share only 55% and 
44% homology in VL and VH, respectively. Evidence from 
catalytic and binding assays. substrate specificity inves- 
tigations, pH profiles, and chemical nlodifications indi- 
cates that different motifs and mechanisms are employed 
to achieve catalysis by these two antibodies. Judging by 
comparisons of differential binding energies KsIKTsA 
(dissociation constants for substrate S and TSA with 
antibody) and rate enhancements k,;,t/kl,,,,,,, the antibody 
6D9 catalyzes hydrolysis solely by transition-state stabi- 
lization (KsIKTs,~=900: k,,,lk,,,,,,,= 895). but 7C8 does not 
(KSlI(,sA= 12: k,,,lk ,,,,, ,=707). 

Different binding modes are clearly shown in the struc- 
ture complexes of the TSA (a compound without glutaroyl 
linker in the hapten) with 6D9 Fab and 7C8 ~ab. '" '  TSA 
binds to 6D9 in a folded form. with its two aromatic rings 
stacked and the trifluoroacetyl group buried deeply in the 
combining site. In contrast, the TSA is extended in a 
shallo~v groove in 7C8. The key side-chain residue is 
HisL27d. in 5D9 forming a hydrogen bond to the 
phosphoryl oxygen. In 7C8. TyrH95 is the critical residue 
that also determines a completely distinct catalytic mech- 
anisrn from the former antibody. This diversity of cata- 
lytic antibodies generated against a single TSA hapten 
demonstrates that several catalytic sol~~tions are available 
throughout the complete immune repertoire for a same 
reaction. Each provides a distinct starting point for reach- 
ing higher optimized efficiency. 

More interestingly; functional residue arrays that pro- 
vide a well-fashioned binding mode with a transition-state 



Catalytic Antibodies 

Fig. 1 (A) Antibody 48G7. elicited against a phosphonate hapten, catalyzes the hydrolysis of an activated ester. The haptell-48G7 Fab 
coinplex shows the key residues that comprise the oxyanion hole. (B) Two antibodies. 6D9 and 7C8, elicited against a phosphoilate 
hapten. catalyze the release of chloramphenicol from its prodrug ester. The Fabs of 6D9 and 7C8, cocrystallized with a TSA (with the 
glutaroyl linker removed from the hapten). reveal conlpletely different binding modes for the TSA. 

analogue in the combining site can trailsform the antibody k,,,,,=2.5 x 10". solid evidence reveals that 43C9 
into a new catalytic factor in the reaction process. Anti- employs covalent catalysis forming an acyl-antibody 
body 43~9. '" '  which was generated against a phospho- intermediate as its chemical mechanism to hydrolyze the 
narnidate. significantly accelerates the hydrolysis of an p-nitroanilide ~ubstrate."~'  
activated alnide by a factor of 10' (Fig. 2A). Although Crystal structural data combined with a coi~~putational 
there is a good nlatch between the differential binding rnodel of 43C9 scFv explained how active residues ar- 
energy and rate enhancement (K,,,/Kd=2.3 x 10" kc,,/ rayed to bind a hapten turned to play an unexpected role of 
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Fig. 2 (A) Antibody 43C9. elicited against a phosphonamidate hapten, catalyzes the hydrolysis of an activated amide. (B) Evi- 
dence reveals that antibody 43C9 employs a covalent catalytic mechanism. HisLB1 is the nucleophile that attacks the substrate's amide 
carbonyl. Residue HisH35 assists in transition-state stabilization. while TryL36 and TryH95 are probably involved in proton transfer. 

43C9 

nucleophilic catalysis in the react i~n.~ '"  In the combining catalysis in antibodies with a simple TSA hapren to 
site. HisE9i is arranged in a perfect orientation (N to achieve higher catalytic efficiency. 
carbonyl C -4 A) for nucleophilic attack on the substrate. 
while TyrL36 and TyrI.95 are involved in proton transfer. Proximity Effects and Entropy Trap 
Residues ArgL96 and HisH35 assist in transition-state 
stabilization of the reaction by forming hydrogen bonds In many cases. enzymes catalyze bi- or unimolecular 
(Fig. 2B). This covalent mechanisl~l demonstrates that the reactions by providing organized active sites that collect 
immune system has the ability to evolve unprogammed substrates in stlfficient proximity to react with one 

H 

Km = 560 PM 

= 0.08 min-' (pH 9.5) 

~,t/k,,,,t = 2.5 x 10' 
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another. or by freezing the substrates into reactive 
conformations. These processes lead to a decrease in the 
enthalpy of activation or an increase in the entropy of 
activation, or both, compared to the uncatalyzed reaction. 
Hence. they reduce the Gibbs' activation energy of re- 
action and accelerate the process."61 An antibody com- 
bining site can be sculpted for shape complementarity to 
the reaction's transition state. Thus, changes in activation 
enthalpy and entropy from uncatalyzed to catalyzed re- 
actions could be compensated with binding energy pro- 
vided by the preorganized conlbining site. 

Antibody l lF1-2E111171 catalyzes a [3,3] sigmatropic 
rearrangement of chorismate to prephenate with a rate 
acceleration of 10' over the uncatalyzed reaction 
(Fig. 3A). This is only two orders of magnitude lower 
than the enzyme isolated from B. .subtilis. In this scenario, 
the hapten is a shape mimic of a cyclic transition state 
having a pseudodiaxial conformation. It was programmed 
to induce a complementary combining site in the antibody 
that restricts the rotational degrees of freedom of 
chorismate and constrains it into a chair-like conforma- 
tion; thereby inducing the reaction to occur. Kinetic 
analysis showed that the antibody-catalyzed reaction has 
18.3 kcal m o l l  and - 1.2 e.u. of activation enthalpy and 

Compared to the 20.5 kcal m o l l  and - 12.9 
e.u. of activation enthalpy and entropy for uncatalyzed 
reaction. it is clear that antibody 11F1-2Ell successfully 
acts as an entropy trap to -accelerate the reaction. 

Antibody 1 ~ 9 . " ~ ~  the first catalytic antibody for the 
Diels-Alder reaction. catalyzes the cycloaddition between 
terachlorothiophene dioxide and N-ethylmaleimide. This 
reaction occurs via a bridged sulfone intermediate forming 
tetrachlorophthalimide through sulfone elimination and 
spontaneously oxidative aromatization (Fig. 3B). This 
catalyst displays an effective molarity (EM=k,,,lk,,,,,) of 
1000 M, which is extremely efficient for a bimolecular 
reaction catalyzed by an antibody. The hapten used to 
elicit this antibody is a derivative of endo hexachloronor- 
bornene. which is a shape mimic of the transition state. 
Because it has less structural similarity to the aromatic 
product, product inhibition in the 1E9-catalyzed reaction 
is avoided. 

Interestingly, experimentally determined entropy and 
enthalpy of activation for the catalyzed reaction indicate 
that lE9 does not fi~nction as a classical entropy trap. as 
the acti~~ation entropy is even more negative than that of 
the uncatalyzed reaction in solution (- 22.1 e.u. and 
-21.5 e.u for catalyzed and uncatalyzed reactions, 
~espectively).~'~' Instead. the enthalpy-controlled process 
by which the substrates are arranged to a reactive 
conformation in the combining site dominates the re- 
action. Thus, the rate enhancement of 1E9 is derived 
entirely from a reduction of the activation enthalpy of the 
reaction (11.3 kcal molp' and 15.5 lical mol-' for the 
catalyzed and uncatalyzed reactions. respectively). In fact, 

as crystallographic structural data and quantitative calcu- 
lations indicated. the binding site of 1E9 provides over 
120 van der Waal interactions to facilitate the correct 
organization of the substrate and an increased electrostatic 
complementarity compared to water to yield the catalysis 
observed.'211 

A particularly efficient mechanism for manipulating 
the entropic issue to attain rate acceleration is through 
covalent catalysis. Antibody 21H3 is a remarkably ef- 
ficient catalyst for the transesterification reaction between 
sec-phenethyl alcohol and an enolic ester in water to form 
the corresponding chiral ester (Fig. 3 ~ ) . ' ~ ~ ]  

The antibody is found to be highly efficient, with an 
effective molarity of approximately lo6-10' M, cor- 
responding to a gain of about 35 e.u. in entropy of ac- 
tivation. Steady-state kinetics show classic ping-pong 
behavior in double-reciprocal plots: indicating that the 
reaction proceeds through two half-reactions in which the 
initial step consists of formation of a covalent antibody 
complex. The maximum entropy loss is achieved with a 
tight fixation of one of the reacting partners to the anti- 
body combining site. Moreover. the second step of the 
reaction shows an induced fit mechanism that involves 
transferring the acyl group from the covalent intermediate 
to the alcohol acceptor to form the product ester. The 
observed covalent intermediate and the induced fit mech- 
anism of catalysis are the most notable features of this 
catalytic antibody, as it possesses catalytic machinery 
previously thought to be the purview of only highly 
evolved enzymes. 

General Acid/Base Catalysis 

For the reactions where the appropriate transition state 
analogues are not accessible or that require the involve- 
ment of a specific catalytic group in the reaction process, 
the strategic use of haptenic charges could generate anti- 
body active residues acting as general acidhase catalysis. 
This strategy, also known as "bait and switch,"'231 relies 
on the fact that point charges in hapten can induce com- 
plementary but opposite point charges in the combining 
site of an antibody. 

Antibody 4 3 ~ 4 - 3 ~ 3 , ' ~ "  which catalyzes the 0-elimi- 
nation of a p-fluoro ketone with a rate acceleration of 
approximately 10' over that of the corresponding back- 
ground reaction, is generated against an ammonium 
hapten (Fig. 48 ) .  The positively charged alkyl ammonium 
ion is expected to induce a complementary negatively 
charged carboxylate residue in the antibody combining 
site. positioned to function as a general base in the 
reaction. Because hapten structure has less resemblance to 
the transition state of reaction, achieved catalysis is 
largely due to the presence of a catalytic base. Chemical 
modification and affinity-labeling experiments confirm 



Catalytic Antibodies 

A 

co, 
OH OH OH 

chor~srnate prephenate 

11FI-ZEII ' 

K,, = 260 uM 

kmt = 2.7 rnin-' 

kCat/kuncat = I x 1 o4 

-. 

tetrachlorophthalirnide 

4 E9 

K, = 2.4 rnM (diene); 29 mM (dienophile) 

kcat = 13 rnin-' 

k,at/k,ncat = I000 M 

NADH NAD' 

2'l H3 

K, = 3.0 mM (ester); 7.3 rnM (alcohol) (pH 9.0) 

bt = 21 rnin-' 

kuncat = 0 

Fig. 3 (A) [3.3] Sigrnatropic rearrangement of chorismate to prephenate catalyzed by antibody 1 lF1-2El l .  The hapten is a shape 
mimic of the cyclic transition state. (B) Antibody 1E9 catalyzes a Diels-Alder reaction of tetrachlorothiophene dioxide and 
1%'-ethylmaleimide. The hapten is comprised of the endo hexachloronorbornene unit. (C) Antibody 21H3A catalyzes the transesterification 
reaction between sec-phenethyl alcohol and an enolic ester to forrn a chiral ester. The hapten here is racernic phosphonate. 

that the carboxylate side chain of 61uH46 on 43D4-3D3 
is responsible for removal of the proton in the elimina- 
tion reaction. 

General acidbase catalysis was also exploited to gen- 
erate highly efficient catalytic anti bodies for hydrolytic 
reactions.'"j1 A hapten with an N-methyl-pyridinium 
group was designed with a positive charge in order to 
elicit a negatively charged carboxylate, with an appro- 

priate distance in space, acting as a general base or nu- 
cleophile for the acyl moiety to be hydrolyzed (Fig. 4B). 
Antibody 3003, generated against this hapten. is found to 
accelerate the hydrolysis over a million-fold with its ester 
substrate. A pH rate profile of it reveals a basic form of a 
dissociabie group with pKa of 6.25 evolved in the 
catalytic process. As a clear co~nparison for the success 
of the bait and switch strategy, no antibodies against a 
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charged hapten uncharged hapten 

a / - V C 0 2 H  
N 

Fig. 4 (A) Antibody 43D4-3D3, elicited against an ammonium hapten, catalyzes an elimination reaction. (B) The hydrolytic reaction 
of an ester catalyzed by antibody 30C6. The pyridinium compound is the hapten used to elicit catalytic antibody 30C6. The uncharged 
hapten did not elicit catalysis for this reaction. 

hapten that differs from the charged hapten by simply 
lacking a positive charge at physicological conditions are 
found to be catalytic. 

It has further been demonstrated that by appropriate 
presentation of point charges on haptens. general acid/ 
base catalysis could be achieved in a variety of catalytic 
antibody reactions, including condensation, isomerization, 
elimination, and hydrolytic reactions. 

Cotactor Catalysis 

Enzymes use ilonpeptidyl catalytic auxiliaries termed 
cofactors to gain additional chemical functionality. These 
include metal ions, hemes, thiamine, flavins, and pyri- 
doxal. To expand the scope of antibody catalysis, the 
introduction of cofactors into an antibody-combining site 
could be a powerful tool to improve catalysis. The di- 
versity of the immune response should allow one to use 
not only the natural cofactors but also a host of unnatural 
cofactors unavailable to enzymes. 

Antibody 28Fl l achieves sequence-specific cleavage 
of the Gly-Phe bond at neutral pH with metal complex 
cofactor (Fig. The hapten is designed to ensure 

correct approximation of the functional portions of the 
cofactor and substrate. Thus, a stable cobalt(1II)-trien is 
linked to a peptide substrate for immunization, so that 
the antibody binding site could accolnmodate the 
substrate and trien simultaneously. The trien can form 
complexes with Co(III) as well as many other metal 
ions in the antibody binding site. Particularly effective 
metal ions include Zn(II). Fe(III), Ga(I1I). Cu(III), and 
Wi(T1). The trien-Zn(II) as a cofactor is determined to have 
a kc,, of 6 x 1 0 ~ " ~  ' and 400 turnovers per antibody 
binding site. 

This principle of using a ligand analog or metal-ligand 
complex as a hapten to produce antibodies with cofactor 
catalysis was also applied to a number of redox-active 
~ o f a c t o r s . ' ' ~ . ~ ~ ~  Basically. antibodies generated by this 
method do not bind metal ions directly but bind them 
through ligand binding induce a metal ion into its com- 
bining site. 

Antibody 3862 is a metalloantibody that incorporates 
mercury(I1) as a Lewis acid ~ofactor. '~" It is generated 
against a coordinatively unsaturated mercury complex 
with the phosphorodithioate shown in Fig. 5B. In this 
case, the antibody-combining site is developed to 
coordinate directly to the metal and stabilize the 
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K, = 345 pM (ester); 87 uM ( H g 2 + )  

kcat = 2 x 1 om4 rnin-' 
0 kcat/k,,,,t = 3 x 1 o2 

Fig. 5 (A) Antibody 28Fll catalyzes Gly-Plie bond cleavage. The hapten is a stable cobalt(TI1)-trien complex. (B) Antibody 3862  
specifically uses Hg(I1) as a cofactor to catalyze the hydrolysis of an ester. The hapten in this case is aphosphorodithioate-Hg(II) complex. 

transition state o f  the hydrolysis reaction simultaneously. 
Antibody 3802 is highly specific for Hg(l1) catalysis 
o f  the ester hydrolysis with a race enhancement o f  over 
300-fold with multiple turnovers. Significantly, this ap- 
proach opens new avenues for the exploitation o f  
metal cofactors thought previously beyond the real~n o f  
even enzymes. 

IMPROVEMENTS IN THE GENERATION OF 
CATALYTIC ANTIBODIES 

Toward the end o f  finding antibodies with new catalytic 
properties or greater efficiency, methodological and tech- 
nical improvements have been continuously explored 
through the aspects o f  novel hapten design/immunization, 
en!argernent o f  pooi size o f  hapten-specific antibodies, 
and new screening and selection methods. 

One o f  the methods has been termed "reactive 
irnrn~nizat ion." '~~ This strategy requires a reactive 
compound for immunization so that a chemical reaction 

takes place in the combining site o f  antibody during the 
process o f  induction. This chemical reaction is "in- 
grained" in the hybridoma and used later as part o f  the 
catalytic mechanism. Phosphonate diesters and P-di- 
ketones are two types o f  compounds explored as haptens 
to generate hydrolytic antibodiesi"' and aldolase anti- 
bodies.'"'] Reactive residues such as cysteine, serine, and 
lysine are elicited to form a covalent bond with the hap- 
tens in combining site. 

Combining transition state theory and reactive iinmu- 
nization design into a single hapten can result in an in- 
crease in the output o f  catalysts from the immune system 
as well as their efficiency.'"'] The synergistic application 
o f  these two approaches has been employed in the design 
o f  aidolase antibody 8463 (Fig. 6A). In the structure o f  
hapten for this antibody. a 1,3-diketone moiety is stra- 
tegicaily placed to induce lysine in the binding site, 
mimicking the mechanism o f  a Type I aldolas. In 
addition, a sulfone is embedded in the molecule, acting 
as transition state analogue of  6-C bond formation 
between the enaminone intermediate and the acceptor 
aldehyde. Antibody 8463 catalyzes a retro-aldo reaction 
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with rate enhancement of lo8, and its catalytic proficiency 
is found to be 1000-fold higher than that of any other 
catalytic antibody. 

A successful immune response to a given hapten will 
generate a large diversity of antibody-producing B cells. 
However. current procedures generally termed "hy- 
brid.ma technology" are limited to the production of 

only a few hundred hybridoma clones. This inevitably 
results in a significant loss of initial diversity. Alterna- 
tively, antibodies can be produced using combinatorial 
cDNA libraries from immunized mouse spleen cells to 
generate antibody (or functional antibody fragments like 
Fab and scFv) libraries for screening and  election.'^" 
This technique provides libraries on the order of l0'-10~. 

kcat/bnrncat = 2.3 x lo8 reactive 
immunization 

B stepl. immunization with hapten and phage-Fab library construction 

- hybridoma - cDNA- phage-Fab 
cells synthesis library 

step 2. catalysis-dependent selection of phage-Fab library 

I I 

Fab 

on 
l~nked to surface I'nked lo surface l~nked to surface 

I~nked to surface 

step 3. catalyzed reaction 

Fig. 6 (A) A retro-aldol reaction catalyzed by the antibody 8403. The hapten's structure combines reactive immuiliration and 
transition state analogue theory. (B) A phage-Fab library combined with direct selection of catalytic activity was used to discover the 
antibody catalyst Fab 1B for glycocidic bond cleavage. 
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Phage display technology facilitates the creation of such 
large libraries so tha-t the odds of finding a desired 
catalytic antibody are greatly increased. 

Whether one uses hybridomas or phage libraries, 
screening and selection methods are crucial.'"] 1n 
essence, the screen or selection determines what products 
will be obtained from a library. and a poorly organized 
screen or selection can severely hamper catalytic searches. 
C~~ELISA,"~ '  which was developed from the conven- 
tional enzyme-linked immunosorbent assay (ELISA) for 
antibody affinity, uses substrate instead of hapten in the 
screening process. This then provides a more direct link to 
effectively screen for catalysis. 

Fab IB,[ '~]  a catalyst for glycocidic bond cleavage, is 
selected from a phage-Fab library using a mechanism- 
based "trap" to uncover catalysts (Fig. 6B). Compared 
to the best antibody obtained from a simple hybridoma 
screen for binding, catalytic activity of Fab 1B is 700 times 

greater. This provides an excellent example, showing that if 
one can couple a clever design and selection strategy with a 
large diverse library, improved catalysts can be identified. 

APPLICATIONS OF CATALYTIC ANTIBODIES 

Bn Organic Synthesis 

As antibody catalysis has progressed; one catalytic 
antibody, 3 8 ~ 2 , ' ~ "  became commercially available, with 
much attention being drawn to its practical application in 
organic synthesis. In fact, there are many publications 
reviewing applications of antibody catalysis in asymmet- 
ric  reaction^.[^^'^" pericyclic reactions,[401 cationic reac- 
tions:'"" and general organic 

One of the most exciting developments in the cata- 
lytic antibody field is the demonstration of a disfavored 

A 0 0 F O H  0 phkcH%. . . ph$'3 + - - - - - - -  favored Ph 
disfavored 

Ph anti- ph -'\TFcH3- syn- P h 9 ' ~ ~  
H Ph H elimination cH3 elimination Ph H 

AG(anti-) - AG(syn-) = 5 kcal mol-I 

2 + 5-exo-tet - favored - - - - - - - 2 disfavored 

6-endo-tet 

/ / / 
6H30 6H30 CH30 

Fig. 7 (A) Antibody 1D4 catalyzes a disfavored srn-elimination reaction. (B) Antibody 26D9 catalyzes a difavored 6-endo- 
tet reaction. 
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chemical reaction providing products and stereochemical 
results that cannot be obtained under uncatalyzed condi- 
tions. Syn elimination["."' and an anti-Baldwin rules' 
cyclizati~n'"~~" are examples of processes having unfa- 
vorable energy barriers that were surinounted through the 
use of antibody catalysis (Fig. 7A, B). Antibodies elicited 
against the appropriate hapten can provide sufficient 
binding energy to allow the disfavored process to become 
the only viable direction of a reaction in the antibody- 
colnbining site. 

Other Developments 

As a logical outgrowth of their utility in organic synthesis. 
catalytic antibodies are finding new applications in a wide 
variety of areas. Therapeutic use of catalytic antibodies is 
one of these emerging applications.["' Acting as a local 
activation reagent, a catalytic antibody was found that 
demonstrates promising treatment for cancer.'""lntibody 
catalysis to cure drug addiction["] received broad interest 
from scientific and public communities. In addition, the 
generation of catalytic antibodies for polymer degrada- 
tioni511 ' is another new avenue with industrial and en- 
vironmental potential. 

CONCLUSION 

Catalytic antibodies have proven to be an outstanding 
platform on which to provide biocatalysts for many 
types of chemical transformations on a practical time 
scale. Antibodies can be programmed to achieve 
catalysis using the same mechanistic features employed 
by enzymes. Significantly, the short evolution time of a 
catalytic antibody is a highly desirable feature that 
allows for the discovery of catalysts in a matter of 
months versus enzyme evolution that takes years. As 
concepts and methods are no longer restricted to the 
TSA approach only, we are now seeing upper rate limits 
for catalytic antibodies on the order of 10" with some 
anti'oodies displaying catalytic efficiencies superior to 
the comparable natmai enzymes. For many anti bodies, 
however. improvement of catalytic efficiency is still 
necessary for their widespread utility. The increasing 
understanding in the structure-function relationship 
between haptens, combining sites, and catalysis should 
be helpful for designing and preparing better catalytic 
antibodies.'"'] Clearly. biotechnological methods such as 
in vitro evolution could provide a powerful solution for 
the production of future generations of catalytic anti- 
bodies with greater e f f i~ iency . "~~  The chemical versa- 

tility of catalytic antibodies in rerouting chemical 
transformations and the catalysis of nonenzymatic re- 
actions. as well as the broad substrate tolerance, were 
demonstrated in organic synthesis. However. the most 
exciting feature for this new type of biocatalyst likely 
lies in the catalysis of reactions for which there are no 
natural enzyme counterparts. 

ACKNOWLEDGMENT 

We thank Mr. Jason Moss for reviewing the manuscript. 

ARTICLES OF FURTHER lNTEREST 

Biological Ligu~zds, p. 88 
Biosensors, p. 115 
Imaging und Turgetirzg, p. 687 

REFERENCES 

1. Jencks. W.P. Strain, Distortion and Conformational 
Change. In Catalysis in Chemstn and E~izymology: Mc- 
Craw-Hill: New York, 1969; 288-289. 

2. Schultz. P.G.; Lerner, R.A. From molecular diversity to 
catalysis: Lessons from the immune system. Science 1995. 
269. 1835- 1842. 

3. Thomas, N.R. Catalytic antibodies-Reaching adoles- 
cence. Nat. Prod. Rep. 1996. 13, 479-511. 

4. Blackburn. G.M.: Datta, A,: Denharn, H.; Wentworth, P., 
Jr. Catalytic antibodies. Adv. Phys. Org. Chern. 1998. 31. 
249-392. 

5 .  Harlow, E.; Lane. D. U.riizg Aiztibody: A Lnboratory 
Mriizunl; Cold Spring Harbor Lab: Plainview, NY, 1999. 

6. Lesley, S.A.; Patten, P.A.; Schultz, P.Z. A genetic approach 
to the generation of antibodies with enhanced catalytic 
activities. Proc. Natl. Acad. Sci. U. S. A. 1993. 90. 1160- 
1165. 

7. Wedemayer, G.J.; Patten, P.A.: Wang, L.H.: Schultz, 
P.Z.; Stevens, K.C. Structural insights into the evolution 
of an antibody combining site. Science 1999. 276, 1665- 
1669. 

8. Patten. P.A.; Gray. N.S.: Yang, P.L.: Marks. C.B.: 
Q'edemayer. G.J.; Boniface. J.J.: Stevens. R.C.: Schultz, 
P.Z. The immunological evolution of catalysis. Science 
1996. 271. 1086- 1091. 

9. MacBeath, C.: Hilvert. D. Hydrolytic antibodies: Varia- 
tions on a theme. Chem. Biol. 1996. 3. 433-445. 

10. Charbonnier, J.-B.: Golinelli-pimpaneau. B.; Gigant. B.; 
Tawfik, D.S.; Chap. R.: Schindler, D.G.: Kim, S.-H.: 
Green, B.S.: Eshhar. Z.: Knossow. M. Structural conver- 



Catalytic Antibodies 

gence in the active sites of a family of catalytic antibodies. 
Science 1997, 275, 1140- 1142. 
Fujii, I.: Tanaka. F.: Miyashita. H.; Tanimura. R.; 
Kinoshita, K. Correlation between antigen-combining-site 
structures and functions within a panel of catalytic. anti- 
bodies generated against a single transition state analog. J. 
Am. Chem. Soc. 1995. 117. 6199-6209. 
Gigant. B.: Tsumuraya, T.; Fujii. I.; Knossow, M. Diverse 
structural solutions to catalysis in a family of antibodies. 
Structure 1999. 7. 1385- 1393. 
Janda. K.D.: Schloeder. D.; Benkovic. S.J.; Lerner. R.A. 
Induction of an antibody that catalyzes the hydrolysis of an 
amide bond. Science 1988. 241. 1 188- 1191. 
Stewart, J.D.: Krebs, J.F.: Siuzdak, 6 . ;  Berdis, A.J.; 
Smitlirud, D.B.: Benkovic, S.J. Dissection of aa anti- 
body-catalyzed reaction. Proc. Natl. Acad. Sci. U. S. A. 
1994. 91, 7404-7409. 
Thayer, M.M.: Olender, E.H.: Arvai, A.S.; Koike, C.K.; 
Canestrelli, I.L.; Stewart, J.D.: Benkovic. S.J.; Getzoof. 
E.D.: Roberts, V.A. Structural basis for alnide hydrolysis 
catalyzed by the 43C9 antibody. J. Mol. Biol. 1999. 291, 
329-345. 
Bruice, T.C.: Lightstone, F.C. Ground state and transition 
state contributions to the rate\ of intralnolecular and 
enzymatic reactions. Acc. Cheni. Res. 1999, 32, 127-136. 
Jaclson, D.U.: Jacobs, J.W.; Sugasanara, R.; Reich, S.H.: 
Bartlett, P.A.: Schultz, P.G. An antibody-catalyzed 
Claisen rearrangement. J. Am. Chem. Soc. 1988. 110, 
4841 -4842. 
Jackson, D.Y.; Liang. M.N.: Bartlett, P.A.: Schultz, P.G. 
Activation parameters and stereochemistry of an antibody- 
catalyzed Claisen rearrangement. Angew. Chem., Int. Ed. 
Engl. 1992, 31, 182-183. 
Hilvert. D.: Hill. K.W.: Wared, K.D.: Auditor, M.-T.M. 
Antibody catalysis of a Diels-Alder reaction. J. Am. 
Chem. Soc. 1989. 111. 9261 -9262. 
Xu, J.: Deng. Q.: Chen. J.: Houk, K.N.; Bartek. J.; Hilvert. 
D.; Wilson. I.A. Evolution of shape complementarity and 
catalytic efficiency from a primordial antibody template. 
Science 1999. 256. 2345 -2348. 
Chen, J.: Deng, Q.: Wang, R.; Houk. K.N.; Bartek. J.: 
Hilvert, D. Shape, complementarity, binding-site dynam- 
ics, and transition state stabilization: A theoretical study of 
Diels-Alder catalysis by antibody 1E9. ChernBioChem 
2000. I ,  255-261. 
Wirsching, P.; Ashley. J.A.; Benliovic, S.J.: Janda. K.D.: 
Lerner, R.A. An unexpectedly efficient catalytic antibody 
operating by ping-pong and induced fit mechanisms. 
Science 1991; 252. 680-685. 
Lerner. R.A.: Benkovic, S.J. Principles of antibody 
catalysis. Bioassays 1988. 9. 107- 112. 
Shokat. K.M.: Leumann. C.J.; Sugasawara, R.: Schultz, 
P.G. A new strategy for the generation of catalytic 
antibodies. Nature 1989, 335. 269-271. 
Janda. K.D.; Weinhouse. M.I.; Schloeder, D.M.; Lerner, 
R.A. Bait and switch strategy for obtaining catalytic anti- 
bodies with acyl-transfer capabilities. J. Am. Chem. Soc. 
1990, 112, 1274- 1275. 

Iverson, B.L.: Lerner. R.A. Sequence-specific peptide 
cleavage catalyzed by an antibody. Science 1989. 243, 
1184-1188. 
Cochran, A.C.: Schultz, P.G. Peroxidase activity of an 
antibody-heme complex. J. Am. Chem. Soc. 1990. 112. 
9414-9415. 
Nimri, S.: Keinan, E. Antibody-metalloporphyrin catalytic 
assembly mimic natural oxidation enzymes. J. Am. Chem. 
SOC. 1999, 121, 8978-8982. 
Brummer. 0 . :  Hoffman. T.Z.: Janda. K.D. Metalloanti- 
body: Mercury(I1)-dependent acyl transferases. Bioorg. 
Med. Chern. Lett. 2081. 9. 2253-2257. 
Wirsching, P.; Ashley. J.A.; Lo. C.-H.L.; Janda. K.D.: 
Lerner. R.A. Reactive immunization. Science 1995. 270, 
1775- 1782. 
Datta, A,: Wentworth. P., Jr.: Show, J.P.: Sirneonov, A,; 
Janda, K.D. Catalytically distinct antibodies prepared by the 
reactive immunization versus transition state analogue 
hapten manifolds. J. Am. Chem. Soc. 1999, 121. 10461 - 
1 0467. 
Wagner, J.; Lerner, R.A.; Barbas, C.F., 111. Efficient 
aldolase catalytic antibodies that use the enamine 
mechanism of natural enzymes. Science 1995. 270. 
1797- 1800. 
Zhong. G.; Lerner. R.A.; Barbas. C.F., 111. Broadening the 
aldolase catalytic antibody repertoire by combini~lg reac- 
tive immunization and transition state theory: New enatio- 
and diastereoselectivities. Angew. Chem.. Int. Ed. 1999. 
38, 3738-3741. 
Burton, D. Mo~ioclonal antibodies from combinatorial 
libraries. Acc. Chern. Res. 1993. 26. 405-411. 
Griffiths, A.D.: Tawfik, D.S. Man-made enzymes-From 
design to in vitro compartrnentalizatim. Curr. Opin. 
Biotechnol. 2000. 1 I.  338-353. 
Tawfik, D.S.; Green. B.S.: Chap, R.: Sela, M.; Eshhar. Z. 
catELISA: A facile general route to catalytic antibodies. 
Proc. Natl. Acad. Sci. U. S. A. 1993, 90. 373-377. 
Janda, K.D.; Lo. L.-C.; Lo, C.-H.L.: Sirn. M.-M.: Wang, 
R.; Wong, C.-H.; Lerner. R.A. Chemical selection for 
catalysis in combinatorial antibody libraries. Science 1997. 
275, 945-948. 
Hilvert. D. Stereoselective reactions with catalytic anti- 
bodies. Top. Stereochem. 8999. 22, 83- 135. 
Wentworth, P.. Jr.; Janda. K.D. Catalytic Antibodies. In 
Co~nl~rehensive Asjnzmetric Cc~tal~sis;  Jacobsen, E.N.. 
Pfaltz, A,. Yamamoto. H.. Eds.; Springer-Verlag: New 
Uork, 1999: 1403- 1426. 
Tremblay. M.R.: Dickerson. T.J.; Janda, K.D. Advances in 
antibody catalysis of cycloaddition reactions. Adv. Synth. 
Catal. 2001. 343. 577-585. 
Li. T.; Lerner, R.A.: Janda, K.D. Antibody-catalyzed cat- 
ionic reactions: Rerouting of chemical transformations via 
antibody catalysis. Acc. Chem. Res. 1997. SO, 115-121. 
Rasserodt. J. Organic synthesis supported by antibody 
catalysis. Synlett 8999. 12. 2007-2022. 
Reymond, J.-L. Catalytic antibodies for organic synthesis. 
Top. Curr. Chern. 1999. 200, 59-93. 
Cravatt. B.F.: Ashley, J.4.: Janda. K.D.: Boger. D.L.; 



Catalytic Antibodies 

Lerner, R.A. Crossing cxtreme mechanistic barricrs by 
antibody catalysis: Syn elimination to a cis olefin. J. Am. 
Chem. Soc. 1994, 116, 6013-6014. 

45. I x s e n ,  N.A.; Hcinc, C.L.; Cravatt, B.F.; Lcrner, R.A.; 
Wilson, I.A. Structural basis for a disfavored elimination 
reaction in catalytic antibody 1D4. J. Mol. Biol. 2001, 314, 
93-102. 

46. Janda, K.D.; Shevlin, C.G.; Ixrncr, R.A. Antibody 
catalysis of a disfavored chemical transformation. Science 
1993. 259, 490-493. 

47. Gruber, K.; Zhou, B.; Houk, K.N.; Lerner, R.A.; Shevlin, 
C.G.; Wilson, I.A. Structural basis for antibodycatalysis of 
a disfavored ring closure reaction. Biochemistry 1999, 38, 
7062-7074. 

48. Jones, L.H.; Wentworth, P., Jr. The therapeutic potential 
for catalytic antibodies: From a concept to a promise. 
Mini-rev. Med. Chem. 2001, 1, 125- 132. 

49. Shabat, D.; Lode, H.N.; Pertl, U.; Reisfeld, R.A.; 

Radcr, C.; Lerner. R.A.; Barbas, C.F., TIT. In vivo 
activity in a catalytic antibody-prodrug system: Anti- 
body cataly~ed etoposidc prodrug activation for selec- 
tivc chcmothcrapy. Proc. Natl. Acad. Soc. U. S. A. 
2001. 98, 7528-7533. 

50. C?arrera, M.R.A.; Ashley. J.A.; Parsons, L.H.; Wirsching, 
P.; Koob, G.F.; Janda, K.D. Suppression of psychoactive 
effects of cocaine by active immunization. Nature 1995. 
378; 727-730. 

51. Chen, D.-W.; Kubiak, R.J.; Ashley, J.A.; Janda, K.D. 
Reactive immunization elicits catalytic antibodies for 
polyester hydrolysis. J. Chem. Soc., Perkin Trans., 12001, 
2796-2803. 

52. Wentworth, P., Jr.; Janda, K.D. Catalytic antibodies: Structure 
and function. Cell Biochem. Biophys. 2001; 35,63-87. 

53. Takahashi, N.; Kaninuma. H.; Liu, L.; Nishi, Y.; Fujii. I. In 
vitro abzymes evolution to optimize antibody recognition 
for catalysis. Nat. Biotechnol. 2001, 19, 563-567. 



Catenaries and Other Interlocked Molecules 

Alexander Rang 
Christoph A. Schalley 
Kekule-lnstitut tur Organische C h e ~ n i e  und Bioche~nie  der Universitdt, Bonn, Germany 

Since the concepts of "asymmetry" were developed by 
Jacobus Henricus van't Hoff, a scholar of Friedrich 
August Kekuli, and Joseph Achille Ee Bel, in 1874. 
dealing with asymmetric carbon atoms. chemistry has 
developed rapidly: meso-compounds were found, and 
chiral allenes and biaryl systenls with high rotational 
bassiera were discovered. synthesized, and separated into 
their enantiorners. The same is true for molecules with 
planar and helical chirality. A newer form of chirality is 
topological chirality. which is, nevertheless. as fascinating 
as the long-known types. Catenanes (from the latin word 
"catena" for "chain") are two entangled macrocycles 
mechanically linked with each other. They cannot be 
separated without breaking a covalent bond, although they 
are not bound to each other by such a bond. These and 
other interlocked molecules are perfect examples with 
which to outline this topic in greater detail. These 
complex inolecules cannot be obtained in adequate yields 
without templated synthesis. Therefore. we would like to 
address this topic in this article. New supramolecular 
complexes were found by the participating research 
groups as precursors for interlocked species and will be 
discussed. Also, catenanes f e a t ~ ~ r e  some challenging 
properties as polymers. switches, or potentially as molec- 
ular machines. in that they are able to circumotate. But 
how exactly do they rotate? The article will terminate with 
a brief discussion of their dynamic properties, which are 
due to the high flexibility of the mechanical bond. 

MOLECULAR TOPOLOGY OF 
GAPEMANESANDKNOTS 

Catenanes are not only mechanically bound molecules 
with enormou-s aesthetic appeal but also feature interesting 
topologies. The topology of a molecule is described by 
reducing the structure to its simplest form. the nlolecular 
gsa"p. which neglects substit~~ents and just follows the 
backbone of the molecule. Consequently. a inacrocycle is 
reduced to a simple circle that can be represented in a flat 
graph (Scheme 1 ) .  In topology. which as a certain type of 
geometry is a mathematical discipline. all transfor~nations 

of an object are allowed that can be done and reversed by 
a continuous transition. Consequently, if two macrocycles 
are intertwined and connected by a mechanical bond, the 
result equals the molecular graph of a catenane. The graph 
is nonplanar. because both circles cross each other two 
times.['l In other words. a simple catenane is characterized 
by the fact that ally projection of the nlolecular graph on a 
plane will have two crossing points."' It is important to 
realize that the two rings cannot be separated without 
opening one of them. This would be a noncontinuous 
transition and is. therefore, forbidden in topology. The 
number of crossing points of a trefoil knot's graph is three, 
and once again, the graph is nonplanar (Scheme 1). 
Naturally. an infinite number of knots with more than 
three crossings exists and is waiting to be synthesized as 
chemical n~olecules. 

Molecules possessing a nollplanar graph can. but do not 
necessarily. exhibit topological chirality. While molecular 
trefoil knots are inherently chiral. i.e., they do not require 
a particular arrangernent of atolns to be ~hiral; '~. ' ]  
catenanes are achiral. because they require a particular 
arrangement of atoms or otherwise can easily be missored. 
As discussed by Schill,'" an achiral catenane can be 
dissyinmetrized by suitable substitution. In fact, this 
approach is equivalent to one making use of macrocycles 
that bear a defined directionality due to a nonsyminetrical 
sequence of atoms. In 1995. Vogtle and his group reported 
the first synthesis of a chiral amide-based catenane 
containing one sulfonalnide group in each of the two 
m a c r o ~ y c l e s ~ " ~ ~  (Scheme 2). Due to the directionality 
defined from S to N in these sulfonarnides, this catenane is 
topologically chiral. The enantioseparation of the cate- 
nane via HPEC on a chiral column was successf~~l. and the 
CD spectra shown in Scherne 2 could be obtained. 

It should be noted that in contrast to the inentioned 
trefoil knot. the square knot (Scheme 1) is achiral. Like 
the classical inesoforn~ of tartaric acid. the square knot 
bears a mirror plane and. consequently, shows that sym- 
metry considerations are important. For more complex 
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square knot 

Scheme I Molecular formulae and molecular graphs of a [2]catenane and a trefoil knot. Bottom: Graph of a square knot. 

190 WL [nm] 320 

Scheme 2 Two enantiomers of a topologically chila1 sulfonamide [2]catenane and the~r  CD spectra 
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knots. it may even be impossible to determine with 
complete certainty whether or not a knot is topologically 
chiral. To find such invariants remains an ~tnsolved 
problem to this day.[41 

TEMPLATED GATENANE SYNTHESlS 

Three different synthetic strategies toward catenanes can 
be distinguished: 

1. A preformed macrocycle binds the open precursor of a 
second one inside its cavity to form what could be 
called a pseudorotaxane. The threading step is then 
followed by connecting the two ends of the pseudo- 
rotaxane with each other in a inacrocyclization 
reaction. 

2. Two open precursors are brought together into a 
suitably preorganized supramolecular complex and 
are then cyclized in a one-pot-two-step sequence. 

3. The third possibility requires a reversible bond 
formation. Then, preexisting rings could be opened, 
threaded into each other, and cyclized again when 
intertwined. 

strategies are becomes clear when considering the syn- 
thetic efforts needed for the first statistical catenane 
syntheses in the early 1960s.'"~ Since the modern template 
effects used for catenane synthesis resemble those 
employed for the preparation of rotaxanes, the reader is 
referred to the article on "'Rotaxanes and Pseudorotax- 
anes" of this Encyclopedia, where they are discussed in 
greater detail. Here. we would like to focus on several 
other aspects in order to avoid unnecessary repetition. 

SELF-ASSEMBLY AS A 
SYNPHETBG STRATEGY 

In the following examples, self-assembly may be regarded 
as another form of templated synthesis. but because of the 
topicality of this synthetic strategy and the achieved 
results, this approach should be discussed in greater detail. 
Metal-directed self--assembly is particularly attractive, as 
the metal-to-ligand bonds are reversibly formed, and the 
catenanes can often be obtained allnost quantitatively as 
the thermodynamically most stable products. In 2001. 
F ~ ~ j i t a ,  Sauvage. and their groups presented a [%]catenane 
consisting of 41-membered interlocking rings, which is 
formed quantitatively: following strategy based on two 
different metal coordination steps.["] Two building blocks 
of the [2]catenane, i.e., the unclosed rings, are held 
together by attractive interactions between a copper(1) ion 
and two [ I ,  f 01-phenanthroline moieties to form a precur- 
sor of the desired [%]catenane. Furthermore. the organic 
building blocks of the [2]catenane are equipped with two 
pyridine ends. which can be "closed" with palladium(I1) 
ethylene diarnine [enPd(liI)] corners (Scheme 3). 

All of these strategies require ihe operation of suitable 
template effects for an efficient threading. 

The first templated synthesis of a catenane was 
published 20 years ago.''." Since then, synthetic strategies 
based on various template effects were proposed by 
several groups. Therefore. modern template strategies['01 
give satisfying yields and make these inolecules accessible 
from a preparative viewpoint. How important tenlplate 

Scheme 3 Self-assembly of a [2]catenane using a metal-ion template effect.  
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Scheme 4 Self-assembly of a [2]catenane using a solvophobic template effect. 

A different type of catellane is formed through the 
action of hydrophobic forces through self-assembly of 
building blocks bearing inetal ions (M=Pd: Pt) and ditopic 
pyridine ligands (Scheme 4).'13' When the two compo- 
nents are nlixed in water, the catenane forms spontane- 
ously, minimizing the hydrophobic surfaces by including 
unpolar ligands of one macrocycle in the cavity of the 
other and vice versa. An interesting feature of these 
compounds is the reversibility of catenane formation. if 
the metai is Pd(1I). Even at room temperature, the Pd 
complexes equilibrate, while the analogous Pt(T1) com- 
plexes require higher temperatures or high salt concentra- 
tions in order to make the coordinative bonds sufficiently 
labile for an exchange of the ligands. 

MORE COMPLEX GATENANES 

A catenane may bear more than two intertwined macro- 
cycles. In this section, we wish to introduce several more 
complex topologies. The increasing complexity not only 
caused synthetic problems but also prompted Vogtle et al. 
to introduce a systematic nomenclature for mechanically 
linked molecules."" 

The synthesis of larger [nlcatena~les with n>3 is a 
fascinating challenge for preparative organic chemistry. A 
prerequisite for the formation of oligocatenanes is to find 
appropriate ditopic host macrocycles that can bind two 
guests from the other catenane wheels in a subsequent 
macrocyclization step. So far, catenanev with up to seven 

Scheme 5 Vogtle's [rzlcatenanes 
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Scheane 6 Multiring Interlocked [rzlcatenanes synthes~zed by Gla5er's o x ~ d a t ~ r  e coupl~ng 

intertwined rings have been published. Stoddart el al. 
developed an approach to larger self-assembling cate- 
nanes in 1995."" The methodology relies on the stereo- 
electronic complenlentarity between n-electron-deficient 
bipyridinium-based components and n-electron-rich hy- 
droquinone- or 1.5-dioxynaphthalene-based components. 
The driving forces responsible for the self-assembly are 
n-.n stacking and C-H. . .O hydrogen-bonding interac- 
tions. By employing this approach. they were able to self- 
assemble a large number of [2]catenanes, [3]catenanes. 
i4lcatenanes. and two [5]catenanes (including the so- 
called olympiadane). A related approach by Stoddart and 
Balzani led to the construction of catenanes, cornprised of 
up to seven interlocked rings."61 Two tuis-1,5-naphtho- 
57-crown-15 macrocycles template the formation of cy- 
cloDis(paraquat-4.4'-biphenylene) to yield a [3]catenane. 
acting as a template for the construction of one and then 
another cyclobis(paraquat-12-phenylene) to give a 141- and 
a [5]catenane. When high pressure was used in these 
ternplated syntheses, the corresponding [6]- and [7]cate- 
nanes were obtained. 

In 2000. Vogtle et al. found another route toward 
[ ~ ~ ] c a t e n a n e s ~ ' ~ ~  -new tetralactarn and octalactam mac- 
rocycles were used to obtain [nlcatenanes (Scheme 5) 
with up to five rings. The largest of these is the first 
amide-type olympiadane, which, however, could not be 
isolated. The octalactam macrocycle served as a ditopic 
host permitting the threading of two other macrocycles. 

Topological isomers of linear [nlcatenanes are the so- 
called multiring interlocked systems that bear a number of 
s~naller rings all threaded on the saine larger macro- 

cycle."81 The ends of the axles of n pseudo-rotaxanes are 
covalently connected by Glaser's coupling of triple bonds 
to form a large macrocycle that caries all the smaller 
rings (Scheme 6). Higher catenanes with up to seven rings 
are found that display similar 'H-NMR properties and 
have identical elemental analyses. They can, however, 
easily be distinguished from one another by electrospray 
ionization mass spectrometry (ESI-MS). 

While simple [2]catenanes that have two crossings in 
their molecular graphs were among the first interlocked 
species synthesized, the development of a doubly inter- 
locking [2]catenane with four crossings ill the ~nolecular 
graph has taken a few decades and was not realized be- 
fore the 1990s. Two similar self-assembly routes toward 
the same chiral catenane were developed by the groups 
of Fujita and ~ a u v a ~ e " ~ '  (Scheme 7), which differ by 
the sequence of metal addition. Both lead to the desired 
foul--crossing-[2]catenane in q~lantitative yields. 

REGIO- AND STEREOSELECTIVITY IN 
CATENANE SYNTHESIS 

Wegio- and stereoselectivity in chemical reactions are long 
known to chemists, whereas their supramolecular ana- 
logues are just starting to be discovered and are yet to be 
understood. In the beginning of the cusrent millennium, 
V ~ g t l e  and his group described a regioselective templated 
synthesis of a topological chiral sulfonamide [2]cate- 
nane.'"" The large cyclohexylidene residues hinder cir- 
cuinrotation of both wheels by steric bulk. Due to these 
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effects, the structure of the catenane reveals an interesting 
control of selectivity during formation of the intertwined 
ring system. Only two out of four possible isomers are 
formed. This allows more distinct conclusions regarding 
the reaction mechanism leading to amide-based catenanes. 
The already-formed macrocycle is able to interact with the 
yet to be closed diamine through hydrogen bonds, forming 
a precursor of the desired catenane, once again a 
pseudorotaxane. Differences in hydrogen bonding be- 
tween the intermediates finally gives rise to the products. 

and those that would lead to the products not observed are 
likely the reason for this "supramolecular regioselectivity 
effect." The x-ray single crystal structure analysis, at the 
same time, is the first crystal structure of an amide-based 
topologically chiral catenane. 

One year before, Stoddart et al. described the diastereo- 
selective self-assembly of [2]catenanes["] (Scheme 8). 
Catenanes incorporating complementary .n-electron-rich 
and n-electron-deficient macrocyclic components with 
binaphthol building blocks self-assemble from appropri- 
ate precursors. If one of the components is present as a 
racemate and the other as an enantiopure compound, the 
formation of two diastereoisomers is possible. The dia- 
stereoselective self-assembly into [2]catenanes occurs 
through the formation of intermediate diastereoisomeric 
complexes. In a subsequent step, the open ring is again 
cyclized and the catenane formed with a diastereomeric 
excess of 33%. 

DYNAMIC PROCESSES IN CATENANES: 
HOW DO CATENANES CIRCUMROTATE? 

Most catenanes can undergo rotation of one ring through 
the cavity of the other. Benzylic amide catenanes show 
unambiguous evidence for the spinning of the interlocked 
macrocycles about one another in Leigh, 
Zerbetto, and colleagues showed for benzylic amide 
[2]catenanes how this circumrotation happens.[2'.2" They 
investigated the structure and dynamics of these cate- 
nanes using molecular mechanics calculations and em- 
ployed unimolecular reaction rate theory. Lowest-energy 
pathways for the circumrotation of the macrocycles were 
identified. The process is a sequence of several large- 
amplitude motions. involving several rearrangements to 
minimize steric and electrostatic interactions via the inter- 
play of weak i~lteractions. The rate constants and barriers 

Scheme 8 Diastereoselective formation o f  a [2]catenane. 
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Scheme 9 A molecular sn'ltch, based on redox reactions at tetrathlatul\alen S U ~ L I I I I ~ \  

are in agreement with temperature-dependent NMR 
experiments. The rate-detcrmining steps do not necessarily 
correspond to the passage of the bulkiest groups. Rather. the 
transition structures suggest that circumrotation of one 
macrocyclic ring induces-or synergistically eases-rota- 
tion of the other in a coupled motion. 

A detailed experimental investigation of circumrotation 
in catenanes is limited by the complexity of the network 
of hydrogen bonds and other weak interactions as well as 
the stcric constraints that exist in most catenanes, leading 
to a large nuinher of degrees or freedom. Complete cir- 
cutnrotation must involve somc breaking of attractive 
inter-ring interactions. If hydrogen bonds are involved, 
variation or the solvent can control the rate constants of 

catenane can be switched at + 2  V and switched back at 
- 2 V, thus allowing us to write information into it that 
is stored in the catcnane structure through circumrota- 
tions. It is possible to read out that information between 
0.1 and 0.3 V, and the switch survives at least a few 
hundred cycles of switching back and forth over a period 
of 2 months without substantial changes in its propcrties. 
Upon further engineering and optimi~ation, this system 
may be useful as a memory device at the molecular level 
(Scheme 9). 

CONCLUSION 

the circumrotational motions of catenanes. Therefore, the 
Catenanes and other interlocked molecules rernain fasci- 

circumrotation in benzylic amidc catenanes can, to a fair 
nating, even if their rirst successful synthesis was ac- 

approximation, be described in a classical manner. 
complished 45 years ago. Since the early days of the first 

PROPERTIES AND 
POSSlBLE APPLBCATlONS 

Catcnancs are experiencing a spectacular revival in 
relation to topology as well as to their possible applica- 
tions as polymers, switches, machines, and motors at the 
molccular level. Several poly([2]catenane)s together with 
poly(hiLs[2]catcnane)s poly([2]catenand)s, and poly([2]cat- 
en ate)^ were describcd ovcr thc last dccade by different 
groups:12s1 the synthesis of cyclic oligo[2]catcnands is 
also possible.1261 The characterization of these compounds 
includes NMR spectroscopy and mass spectrometry as 
well as gel permeation chromatography for the determi- 
nation of the molecular weight distribution and viscom- 
etry. Thcsc rnoleculcs arc rare examples of mechanically 
interloclted polymers, a class of intriguing supramolecular 
polymers with potentially unusual propcrties. 

Anothcr topic of current chemistry should be ad- 
dressed hcre briefly, again with reference to the article on 
"Rotaxancs and Pseudorotaxancs," where further aspects 
of molecular rnachiiiery are discussed in greater detail. A 
solid state, clcctronically addressable, bistable L2lcatc- 
nane-based molecular switching device was fabricated 
from a single monolaycr of the [21~atenane.'~'~ 'I'he 

catenanc synthesis, more and more functionality has been 
introduced into molecules, either in relation to electron 
and energy transfer proccsscs or with regard to controlled 
molecular motions. While Viigtle et a]. claim that "with 
the natural ATP synthase as a prototype in mind, it is 
comforting to know that the generation of such a motor is 
at least in principle possible, and we trust that the goal to 
build an artificial analogue will be reached within a dccade 

L2Xl , Sauvage argues that "it would of course be 
unwise to predict that nanoscopic motors and related 
machines will have any practical application in the f ~ ~ t u r c  
as molccular storagc devices or as nanoscale components 
in electronics".[21 The future will show who will be right 
in this controversy. But the search for further, more 
complex, interlocked ~nolecules should not be terminated, 
because in Sauvage's words, "the search for such 
molecules or molecular assemblies is important in itself." 
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- 
1 he cation-n interaction is a noncovalent binding force of 
broad importance in biological systems and in supramo- 
lecular chemistry." It is defined as the attraction between a 
cation and the face of a simple 7t system. such as in 
benzene or ethylene (Fig. 1). The physical origin of the 
cation-n interaction is primarily electrostatic. involving 
an attraction of the cation to a locus of negative electro- 
static potential associated with the face of the n system. It 
is a common and pervasive contributor to protein second- 
ary structure and to a wide range of small molecule- 
macro~nolecule binding interactions in biology. The 
cation-a interaction was also used as a key design com- 
ponent in a number of synthetic supramolecular systems. 

Intensive studies in recent years led to the conclusion 
that the cation-n interaction should be considered along 
with the hydrophobic effect, hydrogen bonding. and ion 
pairing (salt bridges) as a major structural force in 
biology. It was also extensively characterized using gas- 
phase ion methodologies and was used to design artificial 
receptors and supramolecular systems. Although usually 
associated with aromatic systems, it should be emphasized 
from the start that the effect has nothing to do with 
aromaticity. Ethylenes and acetylenes can also participate 
in cation-n interactions. 

THE ESSENTIAL INTERACTION 

Many studies of simple cations binding to prototype n 
systems were carried out in the gas phase, and these 
provided crucial insights into the f~~ndamental nature of 
the interaction. Some of these studies are summarized in 
Table 1. High-level theory accurately reproduces the 
experimental data. For simple cations, such as alkali 
metals. lower-level ab initio quantum mechanical methods 
provide acceptable descriptions of cation-7c interactions, 
allowing more extensive studies of trends (Table 1). 

As early as 1981. Kebarle showed that K' binds well to 
ben~ene . '~ '  Importantly, these studies also established that 
the binding of M+ to benzene was enthalpically stronger 
than the binding of K+ to water. a remarkable result that 
presaged the importance of cation-7t interactions in 
biological recognition. These early studies were con- 
firmed and extensively expanded by Lisy using more 
advanced techniques.'"' Studies of the full series of alkali 
ions reveal a classical electrostatic trend (Table I ) .  
Smaller ions bind more tightly, with correlation between 
ionic radius and binding energy. Because all the ions have 
the same total charge, the smaller ions must have a more 
intensely focused charge, enhancing an electrostatic 
interaction. Comparable trends are seen for binding to 
ethylene and acetylene. 

In this light, Meot-Ner's early results on the binding of 
WH4+ and N(CH3)d+ to benzene'".'01 are easily understood 
(Table 1). It is generally accepted that NHd+ and K+ have 
colnparable ionic radii, and their cation-n binding 
energies are similar. The reason N(GH3)4+ has a nl~lch 
smaller binding energy is simply explained by noting the 
much larger effective ionic radius of this quaternary 
ammonium ion. There is no need to invoke special effects 
like "hydrogen bonds to benzene" or "C-H hydrogen 
bonds" to explain the data for ammonium ions. These 
"organic" ions foliow the same patterns as the alkali 
metal ions. 

Substituent effects on the n system follow an intriguing 
and telling pattern (Table I ) . ' '~ '  Not surprisingly. fluorine 
is deactivating. consistent with the expected electron- 
withdrawing effect. However, OH (and OCH;) substitu- 
ents haye no significant effect on the cation-n interac- 
tion, although they are often considered to be "electron 
donating." This theoretical prediction was confirmed 
experimentally. An amino substituent is strongly activat- 
ing, and in fact. only nitrogen-based substituents enhance 
the cation-n interaction. This novel sequence (NH2> 
OR-H>F) is nicely rationalized by electrostatic argu- 
ments. Qualitative inspection of electrostatic potential 
surfaces (Fig. 2) and quantitative arlalysis of the electro- 
static component of binding lead to the conclusion that 
the variation in cation-n binding ability is due to a 

"Several comprehensive revie~vs of the cation-rr interaction a.ere 
p ~ ~ b l i s h e d . " ~ '  and the reader should consult these for further details substituent's modulation of the electrostatic component. 
and original references. Eapec~allv significant and more recent articles is not to say that other factors-induced . - 
are explicitly cited here. polarizabiliiy. dispersion forces, and so on-make no 
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Fig. 1 The cation-n interaction. Shown is the interaction of a 
generic cation with the face of a benzene ring. (Vier~s this art in 
color ut vt,wlv.dekker.com,) 

contribution to the cation-rt interaction. However, none of 
these other forces provide the defining characteristic of the 
interaction. For example. cyclohexane is more polarizable 
than benzene, but it is a decidedly weaker cation binder. 

What is the origin of this electrostatic effect? Simply, 
all the major observations concerning the cation-n 
interaction can be understood by recognizing that sp2 
carbon is more electronegative than hydrogen. This 
introduces c'--H" bond dipoles into the system. In 
the geometries of prototype structures such as benzene and 
ethylene, these bond dipoles combine to create a focused 
buildup of negative charge over the center of the n system. 
Cations bind to this region. Of course, the edges of these 
structures, the location of the hydrogens. are positively 
charged. The net effect is the now-familiar electrostatic 
map for benzene (Fig. 2). with a focus of negative (red) 
electrostatic potential over each face of the ring and a belt 
of positive (blue) electrostatic potential around the edge. 

In benzene and ethylene: the sum of the individual 
bond dipoles produces an overall molecular quadrupole 
moment, and this is an alternative way to describe the 
electrostatics of these molecules. More extensive discus- 
sions of the quadrupole moments of benzene and ethylene 
were presented elsewhere."~3.14~" We simply note here 
that it is well established that just as the dipole moment 
of a molecule like water can bind ions strongly, so can 
the quadrupole moment of a molecule like benzene 
or ethylene. 

While the gas-phase studies provide insights into the 
fundamental nature of the cation-n interaction, a ltey 
question is the viability of the interaction in solution. A 
recent computational indicated that, unlike an ion 
pair (salt bridge) interaction, the cation-n interaction is 
not dramatically attenuated when it moves from the gas 
phase to an aqueous medium. In fact. in water, a simple 
cation-rt interaction is predicted to be stronger than a 
comparable salt bridge. The many examples of biological 

recognition cited below support the view that the cation-n 
interaction is viable in aqueous media. 

LlGAND REGOGNlTlON USlNG 
GATlON-7& INTERACTIONS 

Beginning in the 1 9 8 0 ~ ~  a number of studies of cyclo- 
phanes, calixarenes, and related structures established that 
the cation-rt interaction can be a potent force for molec- 
ular recognition in aqueous media.'31 Quaternary ammo- 
nium ions, including acetylcholine [ACh; CH,C(O)- 
OCH2CM2N(CH3)3+], and alklylated pyridinelquinoline 
derivatives, such as N-methylquinolinium, proved to be 
especially effective substrates. These studies clearly 
established that a hydrophobic binding site could pull 
a cation out of the highly favorable environment associ- 
ated with aqueous solvation and into the binding site, as 
long as the binding site is comprised of aromatic groups. 

An important result to emerge from such studies was a 
better appreciation of where the positive charge is actually 

Table 1 Gas-phase, cation-.rc binding energies" 

C6&,' ' 'Li+ 
C6H6. . ,Na+ 
C6H6' ' 'Kf 
C6H6. . .Rb+ 
C6H6. . .CS+ 
C6H6. . .NHL+ 
C6H6. . .N(CH3)1+ 
C2H4, , ,Li+ 
C2H1. . .Na+ 
C2H2. . .Li+ 
C2H2. . ,Na+ 
Calculated substituent effects",' 
C6H6. . ,Na+ 
C6H5F. . .Na+ 
C6HjOtI, , ,Ka+ 
C6H5NH2. . .Na+ 
C6H5Cl, . .Na+ 
C6H5C?I, . .Na+ 
Pyridine. . ,Na+ 
Indole . ,Na+ 

Note: These are not the highest-le\el calculations. However, all systems 
were done at the same level of theory. allowing for direct comparisons. 
"kcalimol. 
"ef. [5]. 
'Ref. [6]. 
d ~ e f .  [7] .  
"Ref. [ 8 ] .  
'Ref. 191. 
"ef. [lo]. 
"Ref. [ I  I]. 
'Ref. [12]. 
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Phe TY r 
(benzene) (phenol) 

T ~ P  
(indole) 

Fig. 2 Electrostatic potential maps for benzene, phenol, and 
indole. models for the side cnains of phenylalanine. tyrosine. and 
tryptophan. (Vieii thi.r art irz color trt >t~r~~r+..deklier.conz.) 

located in cations such as ACh and other "onium" com- 
pounds. Although we draw a positive charge (+) associ- 
ated with the nitrogen, high-level theory consistently 
reveals that the CH3 and CH2 groups attached to the ni- 
trogen carry the charge. Most models of tetran~ethylam- 
monium [(CH3)4N+] place a charge of -+0.25 on each 
methyl and roughly a charge of zero on the nitrogen. Thus, 
when an alkylated ammo~lium or similar-type structure 
makes contact with the face of a n system, it is delivering 
a region of positive charge to the buildup of negative 
potential on the n system. 

Systems that combine a crown ether-like structure with 
an appropriately positioned n system have proven to form 
effective binding sites for alkali metal  cation^."^' Cation- 
n interactions were also used to incorporate n facial 
selectivity into catalysts for asymmetric ~ynthesis."~'  

Cation-n interactions were also established as impor- 
tant contributors to a large number of binding events be- 
tween small organic molecules and protein-binding 
sites."-41 In proteins. the side chains of phenylalanine 
(Phe). tyrosine (Tyr). and tryptophan (Trp) can contribute 
to ligand recognition through a cation-n interaction. 
Given the substituent effects mentioned above (Table 1). 
it can be anticipated that Trp should provide the best 
catio11-n binding site. and this result is s~rpported by 
electrostatic potential maps (Fig. 2) and by several 
experimental studies (see below). To first order. Phe and 
Tyr are predicted to be similar, and electrostatic maps 
(Fig. 1)  support this view. Note, however, that hydrogen 
bonding to the OH of Tyr can make it a more effective 
cation-n binding site."" and certainly. this is expected to 
be operative in some protein structures. Interestingly. 
theory predicts that for Trp. the optimal cation-n binding 
site is over the 6-ring of the indole, not the 5-ring. This 
prediction is supported by statistical studies of preferred 
binding modes to Trp in proteins. 

It has been known for some time that Phe, Tpr, and 
Trp are overrepresented at protein-binding sites, and part 
of the reason for this is, no doubt. the potential to use 
cation-n interactions in binding. Antibody bindin, 0 .' cites. 

including those in catalytic antibodies, are well docu- 
mented in using cation-n interactions in binding cationic 
ligands or transition states. Other "generic" binding sites 
have binding regions that are rich in aromatics, including 
the multidrug resistance protein (P-glycoprotein), which 
pumps a wide range of compounds out of cells. 

A considerable array of small molecules of biological 
importance make use of cation-n interactions when bind- 
ing to their protein targets. A well-documented example is 
the neurotransmitter acetylcholine (ACh). At two different 
binding sites-acetylcholine esterase (AChE), the enzyme 
that terminates synaptic transmission by hydrolyzing ACh; 
and the nicotinic acetylcholine receptor (nAChR), a 
prototype rnembrane-spanning neuroreceptor involved in 
synaptic transmission-the quaternary ammonium ion of 
ACh makes close contact with a Trp side chain. Note that 
this was anticipated by earlier cyclophane studies. 

Most neurotransmitters have a cationic group, and 
catioil-n interactions are likely involved generally in their 
binding sites. A similar cation-n interaction to that seen in 
the nAChR is involved in binding serotonin (5-HT) to the 
5-HT3 receptor,i20' and it may be present in the GABAA 
receptor. Glutamate. the most common excitatory neuro- 
transmitter of the CNS. is recognized in part by a cation-n 
interaction in both the metabotropic glutamate receptor 
(mGluR). a 6-protein-coupled receptor, and in the iono- 
tropic glutamate receptors, such as the NMDA receptor. 

Another prominent ligand-binding site that exploits 
cation-n interactions is the SH2 domain, a ubiquitous 
regulatory unit that binds phosphotyrosine. The cationic 
side chain of an arginine from the protein makes contact 
with the n face of the phosphotyrosine. 

A well-documented example is the binding of the N7- 
methylated guanosine (m7G) present at the 5' end of 
eukaryotic mRNA. This "5' cap" is essential for proper 
processing of mRNA. Crystal structures of VP39, a viral 
mRNA methyltransferase, and eIF4E, a eukaryotic trans- 
lation initiation factor with no structural homology to 
VP39, show the cationic m 7 ~  sandwiched between two 
aromatic aillino acid side chains. exactly as was antici- 
pated by cyclophane studies of N-methylquinolinium. It 
was also proposed that the "inverse" of such an inter- 
action-a cationic amino acid (Arg) stacking on a DNA 
base-is important in DNA repair enzymes and perhaps in 
other proteins that recognize DNA. 

Cation-n interactions are also prominent at the active 
sites of enzymes involving cationic substrates. Key 
examples include the blood coagulation serine proteases 
Factor Xa and thrombin. and a number of enzymes that 
use S-adenosylmethionine. a sulfonium ion that serves as 
nature's ubiquitous methyl transfer agent. A spectacular 
series of examples is the array of enzymes that catalyze 
the cationic cyclizations of polyenes in a key step of 
terpene and steroid biosynthesis. It is now clear that 
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precisely positioned aromatic side chains guide the mi- 
gratiiig positive charge and influence the structure and 
stereochemistry of the final product. 

An interesting question is the energetic contribution to 
an overall binding event that can be made by a cation-n 
interaction. As with all noncovalent binding interactions. 
deterinining the magnit~rde of a cation-x interaction is 
challenging and expected to be significantly context-de- 
pendent. Still, several studies using unnatural amino acid 
rnutagenesis led to estimates of 2-4 kcal/mol for binding 
of a cation to an aromatic side c l ~ a i n . ~ ~ ~ . ~ ' ~  That Trp is the 
optimal side chain for ligand binding and is supported by 
mutagenesis studies on the VB39 protein mentioned 
above. When the Phe and Tyr that bind m 7 6  are replaced 
by Trp, either individually or sirnultaneous!y, the single 
and double mutants bind more tightly by 10-fold and 50- 
fold, respectively.'"' These data show the enhanced 
binding ability of Trp relative to PheITyr, and they are 
also in line with the overall magnitude expected for a 
cation-n interaction. 

CATlQN-aG INTERACTIONS IN 
STRUCTURAL BIOLOGY 

Another prominent role for cation-n interactions is in 
stabilizing the secondary structures of proteins. The cat- 
ionic amino acids Arg and Lys can interact wich Phe, Tyr, 
and Trp in favorable Lvayi. His, if protonated, can serve as 
the cation of a cation-n interaction. and several st~idies 
showed that the pK, of a His side chain can be inodulated 
by a cation-n interaction. Neutral His is not a favorable n 
system for a cation-x interaction. A pioneering analysis 
by Burley and Retsko coilsidered the "amino-aromatic 
intel-action.'' in which NH groups from Arg. Lys, Asn. or 
Gln contact $he. Tyr. or ~ r ~ . ' ~ " '  1t is now appreciated that 
Arg and L j s  are invol] ed in cation-n interactions. while 
interactions in\-olving Ann or Gln must be "polar-n" 
interactions. which are inherently iiiucli weaker than 
cation-n interactions. While this coupling of two different 
interactions c lo~~ded  the statistics.['" the importance 
of pointing out the potential for such interactions 
was substantial. 

Several Inore modern analyses established how prom- 
inent cation-n interactions are in structural biology. Con- 
sidering only (ArgILys). . ,(Phe/Tyrl'Trp) interactions, 
Gallivan and Dougherty showed that, throughout the pro- 
tein data bank. there is one cation-n interaction fol. every 
77 amino acids.'"' Thus. a typical protein will have sev- 
eral cation-K interactions. As expected. Trp is overrepre- 
sented in the data set. In fact. a remarkable 25% of 
all trypiophans are involved in cation-n interactions. 
A recent study suggests that proteins from ther~nophilic 
organisil~s are enriched in cation-rc interactions."" further 

supporting the notion that cation-.n interactions are a 
significant stabilizing force. 

Note that when considering such interactions. it is 
again ilnportailt to appreciate where the positive charge is 
on an amino acid side chain. For Lys, the E CH2 group, 
i.e.. the CW2 next to the NH3'. carries a substantial 
positive charge. Just like positioning a CH; group of ACh 
over an aromatic ring is a cation-n interaction, so too is 
placing the E CH2 of Lys over an aromatic. A large 
fraction of cation-n interactions involving Lys are of this 
type. which frees the NH3' for other types of interactions, 
such as hydrogen bonds and salt bridges. 

All possible combinations of amino acids and inter- 
acting geometries were documented to occur in protein 
structul-es. The key feature; of course, is that the cation 
nlust be oriented toward the face of the Phe/Tyr/Trp side 
chain, not the edge. An especially iinpressive cation-n 
interaction was first noted by Wilson in the erythropoietin 
receptor extracellular domain.[271 An interdigitated stack 
of side chains follows the sequence Lys-Tyr-Arg-Phe- 
Arg-Trp-lys. a senlarkable string of catio11-n interactions. 
Similar motifs are seen in growth hormone receptors and 
related structures. 

1t is now clear that the cation-.n interaction is a significant 
noncovalent binding force in the gas phase, in solution. 
and in biological systems. It should be considered on par 
with the hydrophobic effect. hydrogen bonding. and ion 
pairs (salt bridges), when considering molecular recogni- 
tion and supra~nolecular chemistry in aqueous media. 
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As originally defined by Cram. cavitands are "synthetic 
organic cornpounds with enforced cavities large enough to 
complex complen~entary organic compounds or i~ns ."~ ' . ' ]  
The two key words in this definition are "enforced" and 
"cavity." The former implies highly preorganized, rigid 
molecules. i.e., those types o f  molecules constructed in 
such a way that few ( i f  any) conformational or rotational 
options are available to them. Cavitands are then generally 
macrocyclic compounds. comprised o f  multiple aromatic 
rings covalently linked in a highly constrictive manner. 
Implicit in the word "cavity" i s  a range o f  topologies 
ranging froin a concave, or bowl-shaped feature, to a fully 
encaps~llating molecular surface. When Cram originally 
invoked the term. he did not differentiate between these 
two different degrees o f  cur~ature.['~ However with the 
development o f  bowl-shaped molecules, along with 
Cram's introduction o f  the term "carcerand" to define 
hosts that can f ~ ~ l l y  encapsulate guest molecules. the term 
cavitand has become synonymous with open. concave- 
shaped hosts. The two most pronlinent examples o f  bowl- 
shaped hosts are those based on resorcin[4]arene~"-"~ and 
~yclotriveratrylenes[~~ (Fig. 1 ) .  It is the former. having 
shown a broader repertoire o f  chemical and structural 
variabilities. that have come to epitomize the definition 
o f  . 'cavitand." 

STRUCTURES OF GAVlPANDS 

Resorcinarene cavitands can be broken down into roughly 
three types. examples o f  which are shown in Fig. 2. 
"Normal" cavitands are siinple derivatives o f  resorcin 
[3]arenes. The second type, formed by adding a second 
layer o f  aromatic rings to the resorcinarene frameivork. is 
termed "deep-cavity cavitands." Recently. a third group 
o f  molecules emerged. W e  will use the term "wide- 
bodied" cavitands to relate to these molecules derived 
from resorcinarenes conlprised o f  more than four resor- 
cinoi rings. The structure o f  all these cavitands lends them 
to a number o f  uses and potential applications that require 
their hosting properties or the spatial arrangement o f  their 
functionality. As such, it is their structural features rhat 
define thern. Corespondingly. we focus here on structure 

and avoid expressly highlighting the uses and applications 
o f  cavitands to specific problems. Readers interested in 
these examples should consult some o f  the more recent 

9 5 ' 3 9 1  reviews.'-'- ,' 
Apart from the overall concave topology, there are 

three structurally iillportant features o f  cavitands to which 
we frequently refer. The "feet" o f  a cavitand are the 
R-groups situated at the base o f  the molecule (Fig. I). 
These often significantly influence the solubility o f  a 
cavitand. Frequent reference is also made to the "rim" 
o f  a cavitand. This corresponds to the upper-most portions 
o f  the cavity o f  the host, where functional groups can 
he readily attached. Finally. the "bridging groups" o f  a 
,avitand are the moieties rhat bridge between the pairs o f  
phenol OH groups o f  the original resorcinarene. These 
groups control the splay o f  the aromatic rings, i.e., the 
steepness o f  the walls o f  the cavity. and the width o f  the 
rim o f  the cavity. They can also serve as introduction 
points for the extra row o f  aromatic rings in deep-cavity 
cavitands. W e  will highlight some examples froin each o f  
the three categories to emphasize the wide variety o f  
structures that have been synthesized. 

The earliest ca~itands"."."~ (Fig. 3 )  were designed and 
synthesized in the Cram group.".21 The first reported was 
a series o f  methyl-footed, methylene-bridged cavitands 1 
(X=H. Br, CB2CH3). Variations to this first series 
concentrated on changes to the rim o f  the cavitand and 
the bridging groups. In terms o f  the functionalization o f  
the rim, we will note here in passing that it is relatively 
straightforward to introduce fiinctionality into the rim o f  a 
cavitand. The primary reason for this is that even i f  the 
desired functionality is not compatible with the resorcin- 
arene-forming process, the highly activated aromatic rings 
o f  resorcinarenes or cavitands inake electrophilic substi- 
tution at the 2-position readily accomplishable. A more 
difficult task is to selectively functionalize sorne o f  the 
positions on the rim. However. the Sherburn group is 
making advances into this area.'''' 

In terms o f  different bridging groups. the first varia- 
tions to Inethylene bridging were ethylene. propylene. or 
dialkylsilyl bridges. These resulted in cavitands with 
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Fig. B A ve,orcin[llarenes and cyclotri\eratrylene. (From 
Refs. [3-71) 

slightly deeper- or wider-rimmed cavitie~.'". '~' Com- 
pounds 2 and 3 are examples. By controlling the bridging 
conditions, it is aiso possible to introduce less than the 
maximal four bridges (see references in Ref. [5]). 
iMethylene bridging is typical. Usually, the first three 
bridges are I-elatively easy to insert. whereas the fourth 
bridge is more difficult. Hence, isolation of a ti-is-bridged 
derivative is easier than the corresponding mono- and A/B 
or A/C his-bridged derivatives. Finally. it should be noted 
that bridging groups are not limited to the Group 14 
elements. For example, phosphorous-bridged cavitands 
have also been synthesi~ed. '" . '~~ 

Investigations into varying the feet of cavitands were 
coilducted subsequent to the studies into rim functional- 
ization or bridging reactions: presu~iiably because the feet 
do not directly affect the size and shape of the most 

Fig. 2 Typical frameworks of (a) normal ca\itands. (b) deep- 
cahity cavitands. and (c) mide-bodied ca\-itands. 

3 

Fig. 3 Three example5 of normal cavitands. 

interesting part of the molecules (the cavity), and because 
the correspondiilg resorcinarenes had to be ~ynthesized."~ 
Once investigated. however. it became apparent that the 
feet have considerable influence on properties such as 
solubility. For example. it is possible to bestow water 
solubility on the cavitand framework by suitable function- 
alization of the feet."" Partially as a result of their 
importance to solubility, there are now literally dozens of 

Fig. 4 represent at^\ e example5 of deep-cd\ lty ca\ ltdnds 



different feet to chose from when considering a cavitand 
target.'51 

DEEP-CAVITY CAVlf ANBS 

The first deep-cavity cavitandLS1 to be synthesized was the 
2.3-quinoxaline derivative 4 (Fig. 4).'11 This second row 
of aromatic rings in this cavitand. and related cavitands 
formed by the condensation of resorcinarenes with 2,3- 
dichloropyrazines. is conformationally flexible. Thus. 
they exist in a range of conformers between the vase- 
like CCqb form (shown) and a flat Cz,. form.[161 These 
families of compounds were termed velcrands, because in 
the flat. "kite-like" form, they have a propensity to 
d i i~~er ize . '~ '  When not binding themselves, these types 
of cal-itands also bind mono-''71 or di-sub~tituted"~' ben- 
zene derivatives. 

An alternative to deepening the cavity in the manner of 
cavitand 4 comes in the forin of the stereoselective 
bridging of resorcinarenes. The first successes in this 
regard were carried out with a number of phosphorus 
derivatives, e.g.. 5."".".'"] Stereoselective bridging with 
carbon (benzal bridging), for example. see Fig. 2b. 
followed shortly thereafter."O~"l In these derivatives, 
there is a degree of flexibility to the structure, but instead 
of a conformational flipping being available to the second 
row of aroinatic rings. each ring is free to rotate. 

R = CH2CH2Ph 

7 

Fig. 5 Rigidified deep-cavity cavitands. 

It is also possible to increase the depth of the cavity of a 
cavitand by adding a second row of aromatic rings to the 
2-position of each resorcinol moiety.1221 loivel-er, in the 

US Intist resulting biaryl derivative, the second row rin, 
adopt an orientatio~l perpendicular to the cavity wall de- 
fined by the first row. Consequently. the cavities of such 
derivatives, although deeper, are narrower. 

With the idea of improved or more selective guest 
binding, recent efforts were made to instill in deep-cavity 
cavitands some of the structural integrity seen in normal 
cavitands. Two general approaches have been demon- 
strated (Fig. 5). In the first. hydrogen-bonding groups 
were introduced into the rims of deep-cavity cavitands to 
engender a more defined but still highly dynanlic 
cavity, L8.2:-251 Cavitand 6 is one such example. Alterna- 

tively, just like the first row of aromatic rings. the second 
row can be covalently bridged to prevent their moveinent. 
Molecular basket 7 is one such example.'2"271 In both of 
these examples, the cavity of the cavitand is large enough 
to bind disubstituted adamantanes. 

WIDE-BODBED CAVITANDS 

Following on from the worli of Monishi and cowork- 
e r ~ , ' ~ " ~ ~ ]  the Maifer and Sherman groups recently reported 
the synthesis of the first cavitands coinprised of more than 
four resorcinol rings.'"" These [nlcavitands. where 11 = 5, 
6. or 7. were isolated in low yield by direct bridging of the 
crude kinetic products of the reaction beiween 2-methyl- 
resorcinol and forn~aldehyde. The NMR evidence and x- 
ray crystallography detnonstrated that the [5]cavitand (see 
Fig. 2c) adopts the familiar bow-shaped structure seen in 
[4]cavitands. However, by similar means. it was shown 
that the structures of the 161- and [7]cavitands are inore 
complex. For example. because of steric crowding, the 
former adopts a conformation that results in a rectangular 
CZ, cavity. 

We have outlined the range of cavitands derived from 
resorcinol. There are currently three general families of 
these cavitands. Two are prominent in the general trend 
toward synthesizing large cavities for the selective 
binding of sizable guest molecules. Hence. deep-cavity 
and wide-bodied cavitands show promise in a number of 
developing areas of supramolecular chemistry. 
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Channel lnclbilsion Compsunds 
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INTRODUCTION 

The occurrence of channels is a relati\-ely common 
structural feature of iilclusion coinpounds encountered 
across a range of different host structures. Among well- 
known solid organic inclusion compounds belonging to 
the channel-type family are those formed by urea, 
thiourea, perhydrotriphenylene IPHTP), tri-o-thymotide 
(TOT). 2.2.6.6-tetra1nethy1-4-oxopiperidine N-oxide 
(TANO). bile acids. alicyclic diols. cyclodextrins. and 
others. The wide-ranging interest in these cornpounds has 
a theoretical and a practical background. Confining the 
functionalized guest molecules in one-dimensional. par- 
allel channels is one of the routes toward the design of new 
materials with attractive structural, electroilic. optical, and 
magnetic properties. 

Different terms like "channel," "tunnel." "canal," 
and "!ube" were used to describe host cavities extended 
in one dimension without introducing any restrictions on 
the cross-sectional contours of these cavities. Channels 
can be of cylindrical shape with only small fluctuations in 
channel diameter on moving along the channel ( e . g  urea 
inclusion compounds). Thread-like guest n~olecules pack 
closely in these channels. end to end: and forrn stable 
inclusion cornpounds when some critical value or the 
molecular length is exceeded. Significant bulges and 
constrictions at different positions along the channel (e.g., 
thiourea inclusion compounds) are sometimes observed. 
These constricted regions give channels partially cage- 
like properties. and the guest molecules occupy preferred 
sites along the channel. In general. the distinction between 
channels and cages is poorly defined. 

Crystalline inclusion coinpounds are usually composed 
of two chemically discernible species. the host and the 
guest. The guest nlolecules act as ternplating agents on 
\vhich the porous host substructure is constructed. In 
a prevailing number of cases. the guest inolecules are 
needed to maintain the stability of the host structme. 
which coilapses 0x1 removal of the guest component. 
Many efforts are currently being made to design organic 
and coordination channel-type host networks, analogues 
of channel-type inorganic zeolites. ivhich vvould reinain 
stable when the guest component is removed (see Or- 
ficinic Zeoliles). 

EXAMPLES OF CHANNEL-TYPE 
HOST STRUCTURES 

The host architecture has some gross structural character- 
istics, which are repeated in a series of its inclusion 
compounds. Among the most extensively studied chan- 
nel-type inclusion coinpounds are the conventional urea 
inclusion compounds (see Urea), in which the urea 
molecules form an extensive hydrogen-bonded honey- 
conlb network containing parallel helical tunnels (Fig. la)  
with diameter between 5.5-5.8 A and the tunnel centers 
separated by ca. 8.2 A.L1.2' The walls of the tunnels are 
covered with the smooth faces of the urea molecules 
joined together via hydrogen bonds into two helical 
ribbons running in opposite directions. A variety of guest 
molecules, among which are not only n-alkanes. n- 
alkenes. and their derivatives but also linear polymers. 
pack in the tunnel. The rninimum chain length required 
for inclusion of a given class of guest molecules depends 
strongly on the size, polarity, and position of the 
substituent. Guest n~olecules interact only weakly with 
the channel walls and undergo substantial translational 
and vibrational nlotions about the tunnel axis. Urea 
inclusioll compounds are frequently nonstoichiometric. 

Honeycomb-type network-containing tunnels (Fig. 1 b) 
are also typical of the conventional thiourea inclusion 
corn pound^^^,^' (see Thiourea and Seleno~trer~). However, 
in contrast with the urea inclusion compounds the tun- 
nels are not helical, and there are large fluctuations in 
tunnel diameters (5.8-7.1 A). The distance between cen- 
ters of adjacent channels is ca. 1 A longer than in the 
urea inclusion compounds. Guest molecules enclosed in 
the thiourea charinels are larger and differently shaped 
than those accommodated in the urea channels, e.g.. 
linear 12-paraffins do not form inclusion compounds 
with thiourea. while branched hydrocarbons are easily 
included. Thiourea uses all of its hydrogen-bonding 
potential for construction of the host network. Guest 
molecules, which occupy specific sites along the 
channel. interact only weakly with the host and are 
generally disordered. Thiourea inclusion compounds are 
typically stoichiometric. 

The inclusion compounds formed by triangularly 
shaped hydrocarbon host molecule perhydrotriphenylene 

Er~c~c!o~~e t l i i i  qf'Sil~~i.iziiio/ecu!ci~- Cireriii.\r?s 
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Channel Inelusion Colnpounds 

Fig. B Perspectir e view along the channel a x ~ s  of the honeycomb host network in (d) an used inclusion compound and (b) a thiourea 
inclusion compound (Vmk th15 art 111 color nt u ~t IL dekXer corn ) 

(PHTP) also exhibit the honeycomb arrangement of 
narrow tunnels (Fig. 2). The hose lattice is built from 
the stacks of PMTP molecules; which are placed in 
corners of the honeycomb motif.r31 The channels are 
formed between six closely packed host stacks and have 
their walls covered with equatorial hydrogen atoms of 
PI-TTP. Their diameters are ca. 5 A, and channel centers 
are 15 A apart. The PHTP for~ns channel inclusion 
compounds of similar construction in the racemic and in 
the optically active forms. In the racemic PHTP, host 
molecules are statistically disordered: however, there is 
strong evidence that individual stacks of PHTP are 
homochiral.'" The spectrum of guest molecules accom- 
modated in the flexible PHTP channels is much wider 
than that for urea inclusion compounds. Moreover, a 
special class of guest molecules consists of macromolec- 
ular substances. which easily cocrystallize with PHTP."~ 

The free radical nitroxide 2.2,6.6-tetramethyl-4-oxopi- 
peridine N-oxide (TANO) forms stable channel inclusion 
compounds with linear or slightly branched molecules.r5i 
The arrangement of the host inolecules is close to a 3 ,  
helix, and two such helices define a channel lined with 
methyl groups of TANB. Again, nearly cylindrical 
parallel channels, which are 18 A apart and have effective 

diameter ca. 5 A, show a honeycomb arrangement. The 
TAN0 and guest molecules are dynamically disordered in 
the crystal. The most studied of the compounds of TAN0 
are its inclusion compounds with n-alkanes. 

Tri-o-thymotide (TOT) is able to include an enormous 
variety of guest molecules. and depending on the guest 
component, it forms cage-type or channel-type struc- 
t u r e ~ . ' ~ '  With unbranched long-chain guests (longer than 
ca. 9.5 A). a TOT host network comprises linear, parallel 
tunnels of effective diameter 5.5-6 A, with their centers 
separated by ca. 14.2 A. During crystallization. TOT 
spontaneously resolves into (-)-Ad and (+)-P conform- 
ers, for~ni~lg  chiral crystals with space group symmet- 
ries PG1. P6?. or P3,. with the screw axis directed along 
the tunnel. 

Porous host substruct~~res with parallel channels are 
typical of inany inclusion compounds formed by bile 
acids and their derivatives

r7' (see Deoxycholic, Clzolic, 
and Al2ocholic Acids). In this class of compounds. host 
molecules are always optically active. and the resulting 
host networks are chiral. The best known among them are 
inclusion compounds of deoxycholic acid (DCA) (also 
known as choleic acidsj. With most guests. DCA 
~nolecules assemble via hydrogen bonds into a col~ugated 

Fig. 2 The PHTP molecule and slightly defo~med honejcomb-type netnork of PHTP w ~ t h  channels fo~med between slx PHTP stack5 



Channel IncEaasion Compounds 

Fig. 3 A DCA molecule and CPK model of the DCA host substructure Channels ale formed between corrugated host bilayels 
constructed from hydrogen-bonded DCA molecules (VZEII  thlr art rn colol at I ~ M  $1 deXker corn ) 

bilayer structure with a hydrophilic interior and hydro- 
phobic outer surface. Parallel hydrophobic channels 
running in one direction are formed between adjacent 
host bilayers (Fig. 3). The shape of the channel can be 
adjusted to the template guest molecule, mainly via 
translations in the directions parallel to the layer. I11 the 
presence of thread-like molecules, the channels have 
nearly uniform rectangular cross-sections. For more 
spherical guests. they exhibit considerable constrictions 
and bulges. as in thiourea inclusion compounds. 

Channel structures can also be produced wlren mono- 
inolecular species with intrainolecular tubular cavities 
arrange into an one-dimensional stack. For example, 
cyclodextrins (see Cyclodestvins), with their truncated 
funnel shapes, can form channels that have an effective 
diameter dependent on the number of lnonosaccharide 
 ini its of the c y c l ~ d e x t r i n . ~ ~ ~  This type of packing enables 
cyclodextrin accommodation not only of small molecules 
but also of longer guests,[" which can be extended over 
several host cavities (e.g., the 3-cyclodextrin-inethyl 
orange con~plex). Cyclodextrin molecules can be threaded 
onto a polymeric chain (e.g., the u-cyclodextrin-poly- 
ethylene glycol complex) producing a molecular "neck- 
lace" that. after the cross-linking of adjacent cyclodextrin 
units. transforrns into a molecular nanotube able to 
reversibly bind small n~o lecu les . '~~  

DESIGN OF CHANNEL 
INGLUS18N COMPOUNDS 

Discovery of the inclusion properties of many channel- 
type compounds was mainly made by chance. The 
creation of crystal lattices with tailor-made properties or 
even the fine tuning of properties of known crystal ar- 
chitectures represent significant challenges for materials 
chemists. Worth mentioning here is a large family of 
alicyclic diols, called helical t~ ibu lands . "~~  These com- 

pounds have structures closely related to urea and 
thiourea inclusion co~npounds. The diol molecules form 
a three-dimensional hydrogen-bonded network with 
helical parallel channels (Fig. 4). The common hydro- 
gen-bonding motif of the host lattices is a spiral chain of 
hydrogen-bonded 0-H groups arranged about a 31 axis. 
111 contrast with the urea and thiourea hosts. which cannot 
be modified without destroying their host networks, 
helical tubulands can be designed and engineered by 
preparing nlodified alicyclic diol molecules with struc- 
tures conforming to certain rules. These modifications do 
not alter the hydrogen-bond motif, host packing, or crystal 
symmetry, but by changing dimensions of the channel, 
they significantly influence inclusion properties of the 
alicyclic diol host. 

STRUCTURALASPECTSOFCHAMNEL 
lNCLUSiON COMPOUNDS 

An important property of the channel inclusion com- 
pound, which has significant iinplications with regard to 
its structural and dynamic properties. is the degree of 
structural registry between the host and guest substruc- 
tures (see Comrner~sul-ate and 1t77conzrner~s~~r-ate Stnic- 
tures). When the guest molecules are arranged inside a 
one-dimensional extended cavity in a periodic manner, 
the relationship between the periodicities of the host and 
guest components along the channel axis can be of two 

A channel inclusion compound is considered to 
be commensurate if the ratio of the guest repeat distance 
c, and the host repeat distance cl1 along the channel axis 
is rational, i.e.. the relationship pch = qc, holds true 
when p and q are sufficiently small integers. An 
inco~nmellsurate relationship between the host and guest 
substructures occurs if the ratio c,/cll is not a reasonably 
s~nall integer. Incommensurate phases are mainly ob- 
served ainong channel inclusion cornpounds of urea, 



Channel Inclusion Compounds 

Fig. 4 Representative alicyclic diol molecule and CPK model of 
i~.vt~~r.deklter.com.) 

PHTP. TOT. TANO, and DCA. In many cases, it is dif- 
ficult to distinguish commensurate from incommensurate 
inclusion compounds. In an incommensurate relationship 
between the host and guest structures, the guest mole- 
cules are found in a wide range of environments with 
respect to the host. The fluctuation in interaction energy 
associated with translating the guest substruct~~re relative 
to the host substructure along channel direction should 
be relatively small for true inco~nmensurate behavior. - 
lhis property is related to the appearance of an 
additional acoustic mode in the incommensurate crystal. 
so-called '"sliding mode." Observation of the sliding 
mode can prove the incommensurate nature of the sys- 
tern."] 

Some inforillation about periodic properties of channel 
inclusion compound can be obtained from x-ray diffrac- 
tion oscillation photographs. For incommensurate crystals 
rotating about the channel axis. this photograph will 
contain layer lines of reflections arising mainly from the 
guest substructure and layer lines arising mainly from the 
host substructure and the "0" line. which can be 
attributed to guest and host subst r~lc tures .~~~ The positions 
of the guest layer Iines depend on the periodicity of the 
guest molecules along the channel. while their patterns, 
which usually contain discrete Wragg scattering 01- diffuse 
scattering. depend on degree of disorder within the guest 
substructure. The discrete Bragg scattering in the guest 
diffraction pattern is observed when some interchannel 
ordering of the guest molecules takes place in the 
inclusion crystal. 

The structure periodicity of composite incomrnensu- 
rate i~lclusion compounds generally requires four basis 
reciprocal lattice vectors for lattice description and a four- 
dimensional superspace group to characterize its symme- 
try.'2' The use of the superspace approach in structure 
determination of channel inclusion compounds is scarce 
but was applied recently in the study of urea inclusion 
compo~!nds.'"' For a commensurate inclusion compound, 

its helical channel-type host structure. (View this art ir? color at 

its periodicity can be described by a three-dimensional 
lattice and symmetry represented by a three-diinen- 
sional space group. In the diffraction pattern; there is 
no need to assign separate contributions from the host 
and guest subsystems. 

In addition to periodic properties. incommensurate 
channel inclusion compounds provide an opportunity to 
study local structural properties like. for example, the 
pairwise interaction of functional groups of guest mole- 
c u l e ~ . ' ~ ]  Narrow channels allow the f~inctional groups of 
the guests to interact only with one nearest guest molecule 
on each end. Incorporation into inclusion compounds of 
an asymmetsic guest molec~lle with two different f ~ ~ n c -  
tional groups as the end groups permits us to study the 
recognition properties of functional groups by solid-state 
NMR techniques. 

APPLICATIONS QF CHANNEL 
INCLUSION COMPOUNDS 

Channel inclusion compounds are of great importance 
from theoretical and practical points of view. Many of 
their properties are related to the alignment of closely 
packed guest molecules in parallel channels.'"' However. 
the most widespread practical application of channel 
inclusion compounds is their use for separation of mix- 
tures of different molecules based 011 discrimination of 
molecular size and shape. For example, urea is employed 
by industrial and research chemists to separate linear from 
branched molecules. The narrow urea channel selectively 
includes straighi-chain alkanes over their small, branched 
analog~~es . '~]  lit is important that the requirement of size 
and shape compatibility of the host and guest offers a 
means of separating compounds that differ only slightly in 
chemical functionality and that cannot be separated by 
other methods. Chiral channel-type host networks were 
successfully used in enantioselective separations. Not only 
are inherently chiral hosts like, e.g., DCA or cholic acid, 
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able to discriminate between the enatiomers of the 
guest,113' but also achiral urea and configurationally labile 
TOT, which crystallize in chiral space groups and exist in 
the forms of enantiomorphous crystals, exhibit some 
degree of chiral ~eco~ni t ion ." .~ '  

Many interesting chemical reactions can be carried out 
in channels, however. the most specific for channel 
inclusion compounds are polymerization reactions (see 
I~~clus ion  Poljn~erizatiorz). Soon after the channel-type 
structure was proposed for urea and thiourea inclusion 
compounds. Classen carried out for the first time the 
polymerization reaction of 2.3-dimethylbutadiene in chan- 
nels of thiourea."" Further extensive studies of Brown and 
White on urea and thiourea and some 30 monomers showed 
that inclusion polymerization can be initiated by high- 
energy radiation leading to highly stereoregular polymers. 
Later. PHTP was shown to be an excellent host for 
inclusion polymerization, and a series of highly stereoreg- 
ular poljiiners was synthesized from 1,3-butadiene and its 
derivatives. The most spectacular was the synthesis of an 
optically active polymer from achiral monomers, trans- 
1.3-pentadiene. using optically active PHTP as a host."51 

Polymer inclusion compounds. which can be prepared 
not only by inclusion polymerization but also by direct 
cocrystallization of polymers with small molecule hosts, 
are interesting composite materials awaiting practical 
applications, e.g., incorporation of conjugated polymers 
into channels should lead to new composite materials 
with potential use as molecular wires.['21 New polymer- 
polymer molecular composites with interesting properties 
can be produced by embedding polymer inclusion com- 
pound into a carrier poly~ner.[161 

In recent years, considerable effort has been devoted to 
the design of organic solid materials exhibiting nonlinear 
optical effects (NLO), such as second harmonic genera- 
tion (SHC: doubling freq~lency of light) or electrooptical 
(EO; modulation of the refractive indices of ~naterials 
by application of an electrostatic field). In order for a 
crystalline solid to exhibit SHG or EO, the crystal struc- 
ture must be noncentrosymmetric. In the case of organic 
or metalloorganic substances, the constituent molecules 
should have high molecular hyperpolarizabilities. Typi- 
cally, such molecules have rod-like shapes with an elec- 
tron-withdrawing group and an electron-donating group 
attached to the ends of a rc-con.jugated core. However, to 
minimize electrostatic repulsions. such molecules tend to 
pack antiparallel in their crystals, giving rise to centro- 
syrninetric structures. One of the ways to produce non- 
centrosymmetric NLO materials is to confine these 
molecules to channels formed in a substructure of the 
organic host. With hosts such as TOT. PHTP. DCA, and 
thiourea. a variety of channel inclusion compounds with 
organic and metalloorganic guest molecules exhibiting 
high molecular hyperpolarizabilities were prepared. Many 

exhibited pronounced SHC and EO effects.[".18' Inter- 
estingly. macroscopically. polar inclusion compou~lds are 
surprisingly often formed when dipolar guest molecules 
are incorporated into the host substructures that are typi- 
cally centrosymmetric (e.g.. thiourea or raceinic PHTP). 
The fact that dipolar guest molecules in neighboring 
channels of PHTP point in the same direction was 
explained in terms of a Markov model of a crystal 
g r ~ w t h . ~ ' . ' ~ ~  

As shown above, channel inclusion compounds exhibit a 
wide range of interesting properties and fundamental 
physicochemical phenomena. An enormous amount of 
progress was made in recent years in understanding 
the physical and chemical propertie6 of these com- 
pounds." 1 2 ]  and there is no doubt that new applications 
of channel-type composite materials are to be expected in 
the future. 
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INTRODUCTION 

The importance of topology of molecules on their 
supramolecular chemistries and, consequently, on the 
properties of their aggregates, is absolute. Chemical 
topology. in general; is [lie connectivity and linkage of 
atoms and molecules in space."' This connectivity and 
linkage play vital roles in determining the chemical and 
physical characteristics of the molecules (such as the 
boiling points of differently branched alkanes) and 
assemblies of them (such as the inclusion properties 
of crystals). 

In terms of connectivity, chemists normally consider 
principally the covalent bonds between atoms, whei-e the 
latter are regarded as poiiits. In terms of linkage. we infer 
crossing points between chains of molecules, as in cate- 
nanes-from the Latin carerla rneailing chain, comprised 
of two or Inore ii~terlocked macrocycles (with catenands 
and catenates being ligands and complexes, respective- 
ly)-and knots-self-crossing macrocycles. (Refs. [2,3] 
see also articles on ~'Catenanes and Interlinked Struc- 
tures.") Supramolec~iiar chemistry played a pivotal role 
in the preparation of different topological stereoisomers 
such as catenaries; that have topological diasatereomers 
that are the component macrocycles. and kz~ots. '~' Just as 
the topology of molecules can be described. so can the 
topology of assemblies of them, in which the noncovale~lt 
bonds are regarded as a connection. in addition to the 
covalent bonds. Perhaps the most striking example of this 
idea is in the study of nets i i  the solid All of 
these aspects are discussed in this short overview, which 
should act as a springboard to further reading; of the wide 
implications of chemical topoiogy. 

MOLECULAR GRAPHS AND TOPOLOGICAL 
ISOMERS AND BIASTEREQMERS 

11 is perhaps easiest to envision the concepts of topological 
isomerism and diastereoisomerisin for the case of mole- 
cules, althougin all the concepts can be extended in 
dimensionaiity to interpenetrating supramolecuiar net- 
works. For understanding the chemical topology of any 
system. it is important to define the molecuiar and 
supra~nolecular graphs. Any graph is a collection of points 

and lines. which in the chemical world are generally 
defined as ato~ns or ions and bonds; respectively. Changes 
in connectivities of atoms give rise to constitutional 
isorners. with different inolecular graphs that are planar, 
that is to say they can be represented in a plane with no 
crossing points.".21 This case pertairis to the isoiners of 
linear or branched alkanes or the isomers pyrazine and 
pyrimidine (Fig. I). The latter example is particularly 
relevant because it demonstrates the importance of 
constitution in determining topology. The coordination 
compounds of these two heterocycles show different 
conneciivities in the solid state. Hi should also be pointed 
out that enantiomers that are chiral by virtue of stereo- 
genic centers or planar chirality are identical from the 
topologicai point of view. Topology only distinguishes 
geometrical properties that remain unchanged upon 
continuous deformation. Increasing the connectivity leads 
to the Platonic and Archimedean polyhedra, each with 
distinct planar molecular graphs. 

Topological isomers cannot be converted into one 
another by continual deformation of the bonds between 
the atoms that comprise them. They have nonplanar 
graphs in three-dimensional space-a [2]catenane cannot 
be represented without having at least two crossing points 
or nodes (to avoid conf~~sion with point nodes, here we 
will call these crossing points topological nodes) and is, 
therefore. a topological isomer of its component rings. 
Rotaxanes Lire not topological isomers of their component 
macrocycle and dumbbell. because by (hypothetically) 
expanding the ring until it can slip over the stoppers. they 
may be interconverted. 

Increasing the number of crossing points in the 
~nolecular graph increases the topological complexity of 
the compound. A macrocycle presenting three crossing 
points is better k n o ~ n  as the trefoil knot. A simple 
L21catenane is not chiral: however. a trefoil knot is 
topologically chiral because the two enantiomers cannot 
be interconverted without breaking the linlz. They are 
topological diastereomers of the macrocycle that has no 
crossing points. Note that the synthetic template for the 
formation of a trefoil knot is a double helix. which is not 
topo!ogicaily chiral. although in principle. its helical 
chirality. if presented in the synthesis, could be converted 
into topological chirality. When a 12Jcatenaiie presents 
four crossing points. the doubly interlocked [2]catenane. 

Eiicvclopetiici of Sic~)i.iiiiioiec~~/tri. C/~erili,\tr? 
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Constitutional Isomers cube, dodecahedron, etc ) from molecular and supramo- 
lecuiar polygons (triangles, squares. pentagons, and so - q,- 0 0  on), especially because of potential interest In them as 
supramolecular hosts This statement holds true foi the 
mole developed coordination as well as for 

Popei~giea! B~aatereo~semers hydrogen-bonded 'konta~ners "'" For example, a capsule 

Topologbcal enant~emers 
with the topology of a tetrahedron can be constructed fiom 
four tr~aminoguanidine-based llgands and 1 2 cadmium 
ions. in wh~ch  the planar tliangulai blocks are h~nged 
through Cd-0 interactions between chelated metal ions 
and oxygen atoms fro111 the adjoining faces '" Also, a 

Topolog~cal Isornew Three cross~ng points 
truncated trigonal blpyiam~d can be prepared from a pal- 
ladium(I1) diamine complex and the hexadentate lsgand 
1.3.5-tns(3,5pynmidinyl)benzene 'lo' Heie, 24 compo- 
nents self-assemble to give the unique polyhedron struc- 
ture in solution 

Two crosslng points 
The formation of polyhedra can also be ach~eved uslng 

hydrogen bonds as the d~recting foice lsl An example IS 

the formation of a ch~rdl spherical supra~nolecular capsule 
with the topology of a snub cube (Fig 2.4) by six 
caiix[4]iesoicinarene moleculer (Fig 2B) in combination 
with eight water molecules "11 A partial view of the 

Four crossing polnts hydrogen-bond~ng netwoik around the sphere 1s shown in 

Fig. 1 Collstitutional isomers, topological isomers. topological 
Fig. 2C. The vertices of the square faces of the snub cube 

diastereomers. and topological enantiomers. (Vieir this ar t  in correlate with the corners of the calixarenes. while the 

color at ~i.iviv.ilekkei-.corn.) centroids of the eight triangles thai link the three squares 
are represented by the eight water molecules. 

two enantioilless exist that are diastereo~neric with the 
singly linked molecule and topologically isomeric with 
the component macrocycles. SUPRAMOLECULAR CHEMISTRY AIDING 

THE FORMATION OF TOPQLBGBCALLY 
COMPLEX MOLECULES 

SUPRAMOLECULAR POLYGONS 
AND POLYHEDRA It is clear from the drawings in Fig. I that pure chance is 

an inefficient way to make topologically complex mole- 
Dramatic advances, in resent years, were made in cules. While covalent-bonding strategies are valid, supra- 
preparing supramolecular polyhedra (the tetrahedron. ~nolecuiar chemistry has all but come into its own in the 

Fig. 2 (A) A representation of the snub cube. (B) The calis[4]resorcinarene that forms the polyhedron. six in combination with eight 
water molecules. (C) A partial view of the hydrogen-bonding aetwork around the sphere. (From Ref. [ I  I].) (Vielt, this nrf in color nf 
~vi~~~v.dekker.co~n.) 
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Fig. 3 The equilibrium-controlled self-assembly of a metallo-organic [2]catenane. (From Ref. [12].) 

preparation of molecular catenanes and lcnots. Metal ion. 
n-7~ stacking (aided by edge-to-face and LC-H. . .O] 
hydrogen bonding), ammonium to crown hydrogen 
bonding, and amide hydrogen-bond-assisted templatiilg 
afford isolable. stable molecules with an element of 
entanglement.i" Because these methods were amply 
reviewed elsewhere, emblematic examples follow. All 
show that orthogonally oriented fragments are a prereq- 
uisite for interlocking. 

The use of reversible rnetal ion coordination to 
pyridinic ligands can be used to form [2]catenanes in a 

quantitative way."21 Thus: the mixing of 1,4-bis[4- 
pyridyl)methyl]benzene (Fig. 3, R=H) with ethylenedi- 
amine palladium(I1) nitrate in aqueous sodium nitrate 
leads to practically total conversion to the [2]catenane. It 
is believed, on the basis of the x-ray crystal structure of 
the platinum analogue and the fact that the ligand with 
R = F  is not so efficient in catenaile formation, that edge- 
to-face aromatic interactions play a key role in the for- 
mation of this catenane. The pnm-xylyl unit acting as a 
spacer unit is particularly efficient for the formation of 
nets of difunctional ligands with metal ions (vide infra). 

R = CH2(CH20CH2)3CH=CH2 X = CH2(CH20CH2)3CH=CH(CH20CH2)CH2 

Fig. 4 L~thium-ion-templared format~on of a doubly lnterloclted [?]catenane. (From Ref. [13] ) 
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The preparation o f  the challenging doubly interlocked 
[2]catenane. with four crossing points. was achieved on 
several occasions. One example involves the intertwining 
o f  molecular strands incorporating three 1.10-phenanthro- 
line units linked by meta-phenylene spacers around three 
lithium ions (Fig. 4).[13' The mild ring-closing metathesis 
o f  the resulting trinuclear double helicate followed by 
exchange o f  the lithium ion for copper(1) afforded 
the catenate (in a remarkable 3 0 4  yield) :ha: was 
liberated o f  its metal ions u-sing KCN to give the doubly 
interlocked catenand. This metal-free compound shows 
the kind o f  slow dynamics in N M R  spectroscopy 
characteristic o f  the hindered intrarnolecular mo:ions in 
the self-entangled compounds. 

The double-helical topography is not the only one to be 
able to produce the doubly interlocked topology o f  a 
[2]catenane. For example, a precatenate based on coordi- 
nation o f  phenanthroline units to copper(1) ions can be 
linked through the coordination o f  pendant pyridine 
groups to palladium(II), as described previously.'1J1 The 
interaction o f  the gold(1) ion with alkynes [both end-on 
with the anions and side-on ( q '  and q 2  modes)] led to the 
formation o f  simple [2]catenanes as well as to the creation 
of  a doubly interlocked [2]catenane.'15' In the iatter 
example. the compound is formed under thermodynamic 
control. because the goid(1)-acetylide link is relatively 
labile, which leads to formation o f  the compounds in high 
yields when the ligand design i s  good."" 

Higher catenaries showing topological stereoisonierism 
were prepared. For example. a [5]catenane that is the 
topological equivalent o f  the Olympic rings is formed 
along with a branched isomer through a two-step 
procedure based on self-assembly o f  n-electron-rich and 
deficient components.i1" Although noncovalent interac- 
tions were used to great effect for the preparation o f  these 
and other topologically nontrivial compounds. the control 
in their syntheses makes the forination o f  molec~tles with 
Inore crossing points challenging. The use o f  D N A  as a 
construction unit, on the other hand. makes possible the 
synthesis o f  extremely complex mo~ecu les , "~~  as will be 
discussed in a subsequent section. 

TOPOLOGY QF NETS IN CRYSTALS 
AND POLYMERS 

Two le\-els o f  topology can be defined in nets in 
crystals: first, the connectivity in sheets or frameworks: 
and second. the way in which the nets interpenetrate. or 
not. In coordination chemistry; the degree o f  connectiv- 
ity is determined largely by the nature o f  the inetal ion 
and the number o f  coordinating groups in the ligands, 
which are usually rigid or at ieast se~nirigid.'~"" The 
to~ology o f  noncovalent interactions in colnpounds 

containing organic coinponents can also be rationalized 
using graph set A good example with which 
to show the different levels o f  topology is that o f  the 
organic compound 1,3.5-benzenetricarboxylic (trimesic) 
acid.'201 The di~nerizations o f  carboxylic acid groups are 
defined by various topologies, in this case, the R;(W) (a 
ring, R,  with eight members maintained by two 
hydrogen bond donors, the subscript 2 ,  and two 
hydrogen bond acceptors. the superscript 2)  holds any 
pair o f  molecules together (Fig. 5 ) .  The planar topog- 
raphy and trigoilal symmetry o f  these molecuies ~nakes 
them ideal for the formation o f  an infinite two- 
dimensional hexagonal net. This net is designated 
(6;3). because the complete circuit involves six sides. 
and each point (which is at the center o f  each benzene 
ring in the structure) is connected to three  other^.'^' 
Beca~lse the presence o f  void space in crystals is usually 
disfavored. the co~npound relieves this effect through 
interpenetration. Each net is interpenetrated by three 
others. as indicated schematically in Fig. 5. For many. 
interpenetration is not desired. for example, i f  the aiin is 
to prepare an "organic zeolite." The interpenetration 
can be avoided through complexation with guest 
molecules in the Changing the fi~nctionality. 
topology, and topography o f  the molecule to adaman- 
tine-1.3,5.7-tetracarboxylic acid leads to three-dimen- 
sional fivefold inte~~enetration.[~" The size o f  the 
connectors in the hexagonal nets o f  1.3.5-benzenetricar- 
boxylic acid can be increased in a supramolecular way 
by crystallization with 4.4'-bipyridine. giving rise to a 
triply interpenetrated undulating hexagonal sheet.["] 

In these organic structures. the connecting points are 
the centers o f  the molecuies. while in coordination 
compounds, the metal ions are usually considered as the 
points; and the organic ligands form the sides o f  the 
 net^.'^.".'*^ The connectivity o f  the nets (which is 
determined by the point metals). usually between two 
and six for the early transition metals, can be pushed as 
far as seven and eight in the case o f  lanthanide ions 
complexed to 4.4-bipyridine-N,~v'-dioxide.i"' The inter- 
penetration o f  nets is observed frequently, although the 
rules determining whether or not it will take place are not 
established in a general sense. These nets were reviewed 
extensively.'" and it is beyond the scope o f  this short 
overview to give iiiore detail. It is interesting to note that 
the para-xylyl unit is often present in interpenetrating 
networks o f  various topologies.'61 presumably because o f  
its penchant for edge-to-face hydrogen bonds.i2" A 
recent article by Carlucci et al. illustrated that the 
interpenetration is often anion dependent, and as many as 
10 dianlondoid nets car! be interwoven by the use o f  
1,12-dodeca~~edinitrile and silver([)  salt^.'^" This exam- 
ple has additional interest in the sense that the ligand 
is flexible and can "breathe  in'^ to its fully extended 
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Fig. 5 The (6.33 net formed by 1,3.5-benzenetricarboxylic acid and its triple interpenetration. (From Refs. [6,20].) (Vie\\, this art i r ~  
color at ~~.~t~t~..cfekkei-.conz.) 

all-trans form to give the 10-fold net when nitrate acts 
as counterion to the silver(1). In the hexafluorophosphate 
salt, the ligand adopts gauche conforrnations at the 
termini of the spacing chain in half of the molecules, 
resulting in an eightfold network with an unusual [4 + 41 
interpenetration, while in  the perchlorate salt, all 
molecules present gauche conformations at their termini; 
and a fourfold net results. 

Interpenetration is not limited to ordered crystalline 
materials. The polymeric interpenetrating networks are 
frequently believed to contain ~necha~lically trapped 
polymer  chain^.'^.'" lntespenetration has effects on the 
properties of the polymers when compared to their 
noninterpenetrating counterparts and is important in their 
applications. It is extremely difficult to define the exact 
topology of many of these systems. due to their polymeric 
nature, and the interested reader is recommended to read 

around the subject to explore the importance of chemical 
topology in these interesting r n a t e r i a l ~ . ~ ~ ~ ~ ~ ' ~  

EFFECTS OF MOLECULAR TOPOLOGY OM 
SUPRAMOLECULAR CHEMISTRY 

The topology of molecules can drastically influence their 
supramolecular chemistries and properties in general. For 
example. dendrimers or hyperbranched polymers show 
dramatically different properties when compared with 
their linear counterparts. To take a. recent example. hy- 
perbranched polyglycerols with a core-shell amphiphile 
structure encapsulate guests and thereby act as phase- 
transfer agents. while their strictly linear counte~parts do 
not.L2R1 
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Fig. 6 (A) The classic Boi-romean rings. (B) The Borromean 
rings as in A, but with each single topological node (crossing 
point) replaced with three. (C) The DNA molecule that was 
synthesized. (Frorn Ref. [17].) (Many thanks to Ned Seeman 
for providing the images.) ( V i e ~ v  t h i s  art irl color at www. 
dekker. corn.) 

The effect of interlocking on the properties of 
~noIecules is dramatic. For example, the basicity of the 
2,9-diphenyl- 1.10-phenanthroline unit is enhanced by 
several orders of magnitude when it is present in a 
[21catenand.~~" The proton catenate displays a similar 
molecular structure to that of the correspondi~lg copper(1) 
catenate. whereas that of the catenand is completely 
different. The special topology of the catenands and knots 
makes them unique ligands, with strong complexes being 
formed with a variety of metal ions.'301 

TOPOLOGICALLY lNTWlCATE 
DNA-BASED MOLECULES 

The topological complexity of the synthetic compounds 
described above pales in insignificance when compared 
with that observed in naturally occurring DNA~"' and 
with that created using the nucleic acids as building blocks 
for the construction of molecular objects, including 
polyhedra and all kinds of knots."71 

in nat~rrally occurring DNA, catenaries and knots are 
observed that are crucial for the replication cycle of the 
genetic data with the help of the various families of 
topoisomerase  protein^.^"^ However, to quote Ned See- 
man. "there is far more to DNA than a repository for 
genetic information! " The use of "sticky-ended" 
DNA duplex strands. in combination with control of 
branch junctions. design of B-DNA and Z-DNA segments. 
and restriction and ligation sequences led to the creation 
of molecules beyond the dreams of non-DNA chemists. 
The synthetic DNA chemistry even pl-ovided the chal- 
leilging Borrornean rings-three macrocycles linked 
together. but no two of which are entwined; and the 
breaking of any one of the macrocycles results in the 
disconnection of the other two (Fig. 6). The Borromean 

rings remain a daunting confrontation for those involved 
in the synthesis of topologically complex molecules 
through supramolecular assistance. 

CONCLUSION 

Topology in all of its forms has important consequences in 
molecular and supramolecular chemistry, and in the 
properties of the materials that result. Great control was 
demonstrated over the creation of polyhedra using 
coordination chemistry based on appropriate design of 
the topology and topography of ligands and the coordi- 
nation nulnbers of the metal ions employed, strategies that 
also apply to the formation of coordination nets. Purely 
organic systems of analogous nature. in which the branch 
points are located at the center of the component 
molecules, are in their early days, although significant 
progress has been made. The preparation of topologically 
complex molecules and assemblies through the employ of 
noncovalent bonds has made remarkable progress, but it is 
fair to say that the doubly interlocked [2]catenane and the 
[5]catenanes are at the limit of present capabilities. it is 
likely that new supramolecular motifs with orthogonal 
topography will be needed to progress in this area. These 
motifs would also be applicable to the preparation of 
interpenetrating nets. Precise control over polymeric 
structures and detailed proof of their topologies are still 
challenging. and a lot can be learned from the topological 
heights that were reached in DNA structures. 
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Enantioselective recognition is a long-standing preoccu- 
pation of supramolecular chemistry. On the one hand. the 
phenomenon is of great theoretical interest, being critical 
to the functioning of biology. On the other, it has practical 
importance deriving from the need for enantiomerically 
pure compounds in the chemical industry. To quote from a 
recent monograph. "The separation of enantiomers may 
well represent the economically most important applica- 
tion of supramolecular chemi~try.""~ It is a substantial 
topic, and coverage herein must be selective. This entry 
will focus on recognition in solution and selectivity in the 
sense of differential binding free energies. Solid-state 
host-guest chemistry and spectroscopic differentiation (as 
for chiral NMR shift reagents) will not receive general 
consideration. Chromatographic chiral stationary phases 
(CSPs) will be mentioned only briefly; for more detailed 
discussions, see reviews by Pirkle and ~ o c h a ~ s k y ~ ~ ~  and 
Okamoto and   as hi ma.^" After a short section on general 
principles, the account will be organized according to 
substrate type. following the sequence amines/ammonium 
ions. carboxylic a~idslcarboxylates~ underivatized amino 
acids, peptides and peptide models, carbohydrates, and 
nonpolar guest molecules. 

GENERAL PRINCIPLES 

General discussions of enantioselective recognition are 
given in a number of  review^.'^.^^" A prevalent concept 
is the "three-point rule."[61 formulated by Pirkle. as 
"CChal recognition requires a minimum of three simul- 
taneous interactions between the CSP(1receptor) and at 
least one of the enantiomers, with one of these interactions 
being stereochemically dependent."i21 Schematically; 
receptor 1 is a match for 2 but not for 3. However, while 
undoubtedly true, this principle encourages a design 
concept that may not be optimal. When 1 and 3 interact. 
they should be capable of two interactions as in 4, and it is 
the third interaction @. . .C' that determines the degree of 
enantioselectivity. This third interaction will be the 
weakest of three noncovalent bonds and, in most cases, 
is not likely to represent a large energy difference. In 

practice, the most successful enantioselective receptors 
seem to present a complex array of functional groups and 
steric barriers. such that one enantiomer can make good 
binding contacts but the other has minimal opportunities 
for interaction. Beyond this, it may be difficult to 
generalize, but there is a case for saying that rigidity 
and bulky substituents are often helpful for achieving 
good selectivity.[" and it is true that strong interactions 
are necessary (the larger of the binding energies sets an 
upper limit for the useful difference in binding energies). 

ENANTlOSELECTlVE RECOGNITION OF 
AMINES AND AMMONIUM IONS 

Primary ammonium ions can bind to crown ethers, 
especially 18-crown-A derivatives. via formation of three 
H-bonds as shown in 5 .  In seminal work by Cram and 
coworkers, this interaction was exploited in a series of 
chiral receptors based on the twisted 1,l'-binaphthyl and 
1.1'-ditetralyl units. A key example is receptor 6: con- 
taining two binaphthyl units. of which one ca l~ies  methyl 
substituents. This cornpound was capable of extracting 
protonated methyl D- and L-phenylglycinates (7'.H+ and 
8.H+. respectively) from racemic aqueous solutions into 
chloroform in the ratio 31: 1,[" setting a standard that 
has proved difficult to match with newer systems. The 
system was used to demonstrate a "resolving machine" 
based on the transport of the cations through a chloroform 
barrier.[" The machine consisted effectively of two 
U-tubes filled with chloroform and placed in contact 
with a central reservoir of aqueous racemate. One chlo- 
rofor~n soiution contained 6 and selectively removed 7 
from the central reservoir into a receiving phase. while 
the second contained ent-6 and transported 8. The two 
receiving phases accumulated phenylglycinates in up to 
90% e.e. 

Eric-~cloqieclin of Sii~~i.ui~~oleculiir Cherizi.st~y 
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A variety of other chiral crown ethers were studied. 
although selectivities usually peaked at 10: 1 or less.[" 
Pyridine-based systems. typified by 9,l" were subject to 
especially detailed investigations. The incorporation of 
phenolic units allows the crowns to bind amines, as op- 
posed to arn~noilium ions, and may also be used to 
introduce a spectroscopic response to binding.['03111 For 
example. the calixarene-crown 10 acts as a colorimetric 
chiral sensor for amino alcohols, changing from red to 
blue on exposure to R-phenylglycinol 111 in ethanol 
(Ka=66 M p l )  but unresponsive to the enan*' L~omeric 
~ubstrate. '~ ' 

An alternative strategy for binding amines is to use a 
Lewis acidic metal atom. Zn-porphyrin complexes prove 
especially usef~il in this context. For example, the doubly 
bridged r,x,p.p-system 12 bo~lnd the methyl esters of 
c/.-amino acids with moderate but fairly general enantio- 
selectivities (7.5: 1 for valinate, 4: 1 for alaninate) in 
d ichlor~rnethane."~~ The "Troger's-base-linked" bis- 
porphyrin 13 was designed to make two Zn-Ninteractions 
and was shown to bind histidine methyl ester 14 with an 
enantioselectivity of 13:1 in C D C ~ ~ . ~ ~ ~ ~  Recently, the 

relatively accessible x,p,r.p-complex 15 was found to 
give 22: 1 selectivity in binding the enantioners of methyl 
phenylglycinate (7 + 8) in clichloromethane.' 

ENANTIOSELECTIVE RECOGNBTlON OF 
CARBOXYLlG ACIDS AND CAWBOXYLATES 

Carboxylic acids/carboxylates are popular substrates in 
supra~llolecular chemistry. offering \rarious opportunities 
for hydrogen bonding and electrostatic and donor-accep- 
tor interactions.'"' Especially prevalent are duplex H- 
bonded motifs. as shown in 16-18. A number of groups 
incorporated these motifs in enantioselective receptors. A 
simple but effective example is 19, due to  ora an."^' This 
receptor was targeted at 0-carbamoyl lactic and mandelic 
acids 20 and is thought to bind them via an array of H- 
bonds, as shown. The chiral centers in host and guest are 
held close in space. allowing the receptor to differentiate 
between guest enantiomers. The best results were obtained 
with lactic derivatives 20 (W = Me), for which the Pi 
receptor (shown) preferentially bound the S substrate with 
exceptional enantioselectivity of 90: 1 in CDC13. 

Motif 16 was also employed in receptors 21 and 23. 
designed respectively to bind dicarboxylic acids and C- 
terminus dipeptides. Receptor 21 is part of a series in which 
different linkers were used to connect the binaphthol 
oxygens and thus control the dihedral angle between the 
naphthyl groups."71 The MeN(CH2CH2)2 unit in 21 gave 
optimum results, including an affinity ratio of 16:l in 
CDC13 for L-aspartic derivative 22 versus the ~-enantio- 
mer. Tweezer 23 was aimed especially at the ~ - A l a - ~ - A l a  
unit in 24, the target in nature of the Valinomycin family of 
antibiotics. In CISCl?. 24 was bound 23 times more 
strongly than its enan t i~ rne r .~ '~ ]  The guanidinium-based 
motif 17 was exploited in the steroid-based receptors 25. 
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The methyl ester 25a was found to extract N-acetyl 
alaninelphenylalanine carboxylates from aqueous solution 
into chloroform with L:D selectivities o f  10:1, while the 
lipophilic ailalogue 25b transported iV-acetyl phenylala- 
nine through apolar solvent barriers in up to 70% e.e."yl 

In special cases, n-donor-n-acceptor iiltei-actions can 
supplement H-bonding to achieve good chiral recognitio~~. 
The group o f  Pirkle applied this approach to carboxylic 
acids as well as other classes o f  compounds (vide infra). 
For example. derivatization o f  leucine with the n-acidic 
3.5-dinitrobenzopl group, to give 26, proLides a "handle" 
that allows enantiodiscrimination by selector 23. A 
combination of 23 and tetrahexylammo~~ium chloride in 
hexane can transport 26 between aqueous phases with up 
to 95% e.e., in favor o f  the S enantiomer."O1 The Pirkle 
group also addressed the enantioselective recognition o f  
Naproxen 28, seen as a difficult target due to the relative 
dearth o f  polar functional groups and the small difference 
in bulk between methyl and hydrogen at the asyillllletric 
center. In this case, the 3-5-dinitrobenzoyl group can be 
incorporated in the receptor. complementing the electron- 

rich aromatic system in the substrate. CSPs incorporating 
selector 29 gave %-values (equivalent to a ratio o f  binding 
constants) o f  up to 2.6 for 28. retaining the S enantiomer 
more strongly.L21' 

Carboxylates (like amino groups) can also bind to 
Lewis acidic metal complexes, such as Zn-porphyrinates. 
In receptor 30. derived from an N-methyl porphyl-in. the 
methyl group blocks an approach from the lolver face. A 
carboxylate coullterion must, therefore. coordinate to the 
top face. in the chiral environ~lle~lt created by the strap. 
When 30 ( X  = OAc) was dissolved in CHC13 and shalien 
with aqueous N-acyl amino acids. many o f  the carbox- 
ylates were extracted with >SO% e.e.'2'1 

UNDERlVATlZEB AMINO ACIDS 

From the previous two sections. it is clear that 0-amino 
acid derivatives are popular substrates for studies o f  
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enantioselective recognition. The amino acids themselves 
are of particular interest, considering their direct partici- 
pation in biocheinistry. A natural approach to the enantio- 
selective recognition of amino acids is the incorporation of 
well-established ammonium- and carboxylate-binding 
inotifs in a chiral framework. The bicyclic guanidiniurn 
receptor 31 conforms to this strategy. It also features a 

naphthoyl unit that should bind to the side chains of 
aromatic amino acids. providing an especially clear 
example of three-point contact. Indeed, 31 binds L- 

tryptophan 32 and L-phenplalani~le with good enantio- 
selectivity, extracting them from race~nic aqueous solu- 
tions into chloroform in ca. 80% e.e.1'"231 

Metal ions can bind amino and carboxylate groups 
(vide supra), so are well-adapted to amino acid recogni- 
tion. The cobalt(I1) coinplex 33 (racemic) reacts with 
DL-alanine to give diastereomeric products 34 and 35 in - 2: 1 ratio. A controlling influence is the tendency of the 
carboxylates to locate tmns to each other. Interestingly, 35 
is converted almost exclusively to 34 upon treatment with 

X = OAc or substrate carboxyiate 
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aqueous base. implying a substantial energy difference 
between the two complexes.[2s1 

Amino acids may be bound in water by n~olecules with 
hydrophobic cavities. Cyclodextrin derivatives were stud- 
ied extensively. Enantioselectivities are usually modest, 
with some exceptions. For example, a diphenoxyphos- 
phoryl-substituted P-cyclodextrin bound serine with 3.6: 1 
enan t iose le~ t iv i t y~~  and an r-cyclodextrin with a pyr- 
idinium substituent showed 10: 1 enantioselectivity toward 
the same s~bstrate."~] Synthetic cyclophanes were also 
used. The bipyridinium-based macrocycle 36 bound 
DOPA 37 with 13: 1 R:S selectivity in acidic aqueous 
sol~~tion."'~ 

PEPTIDES AND PEPTlBE MODELS 

Peptides and peptide models (i.e.: amides derived from cx- 
amino acids) are also important targets for enantioselec- 
tive receptors: many o f  the most extreme selectivities 
were obtained with these substrates. An example is 
Rebek's tetra-amide 38. derived from two mofecules o f  

H 0 

Me 
Ac' . N'  

pi; H 

"Kemp's triacid." One enantiomer o f  the diketopiper- 
azine (cyclodipeptide) substrate 39 can bind through four 
hydrogen bonds. as shown. The other enantiomer cannot 
form a similar complex without a steric clash between the 
isobutyl groups and the naphthyl system. Accordingly, the 
receptor gives N 100: 1 enantioselectivity with this sub- 
strate in C D C ~ ~ . ~ ~ ~ ~  

Still and coworkers also described some remarkably 
selective peptide receptors. Tricyclic systems 40-42 rep- 
resent an interesting sequence. These ~nolecules adopt 
bowl-shaped co~lforrnations in which the central aromatic 
ring serves as the "base." and the outer rings o f  alnide 
groups define the "rim..' The first example 40 was found 
to bind a range o f  N-Boc cx-amino acid arnides with 
excellent enantioselectivities, peaking at 130: 1 for valine 
derivative 43 in C D C ~ ~ . [ ~ ~ ) '  Receptor 41 was then used to 
demonstrate, with unusual clarity. the importance o f  a 
well-defined preorganized architecture. This slightly 
more flexible molecule was still a good receptor but 
showed just 9: 1 enantioselectivity for 43.'"' The colored 
system 42 was used to explore the application o f  
combinatorial chemistry to molecular recognition. When 
exposed to a library o f  bead-bound peptidic substrates, 
it bound preferentially to certain members. turning the 

NO., 
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corresponding beads a deep red. High affinities were 
indicated for peptides with terminal cyclopropanoyl 
groups, and when amide 44 was tested in solution, it 
was bound exceptionally strongly. Strong binding will 
often imply an exact fit and, therefore, high selectivity. in 
this case. 44 was bound with - 300: 1 enantioselectivity, 
probably the highest recorded value for a synthetic 
receptor.'""' 

Still and coworkers reported a second tricyclic system 
45. This host was accessible in a single step from 46 and 
47 (13% yield) and also showed exceptional enantiodis- 
crimination. For example, L-phenylglycine derivative 48 
and its enantionier were bound in the ratio - 160: 1. with 
@DC13 as solvent.["l 

Finally, Pirkle's pioneering work on enantioselective 
separations was especially successful with N-3.5-dinitro- 

benzojil peptide models. For example, a CSP of form 49 
was able to separate the enantiomers of 50 with r= 18*L3J1 
while the later-generation phase 52 gave r=30 for 51.["~ 
These simple but effective systems are amenable to 
detailed structural analysis and, thus, can be especially 
informative. For example, NMR'"' and x-ray crystallog- 
~aphji["~ were used to show that the more stable 51.52 
complex possesses a compact structure held together by a 
n-n interaction and two intermolecular NH. . .O=C 
hydrogen bonds. 

CARBOHYDRATES 

Carbohydrates are challenging targets for inolecular 
recognition. being complex yet only subtly different froin 
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ENANTIBSELEGTIVE RECOGNITBQN OF 
LESS-FUNGTIOMALIZED SUBSTRATES 

each otl~er."~] Enantioselectivity is usually achieved 
through host structures that can s~lsround the carbohydrate 
nucleus. accessing all the recognition features o f  the sub- 
strate. Exanlples are 40. 53. and 54, which were tested 
against organic-soluble octyl glucosides 55-58 in CDC13. 
The steroid-based system 53 showed moderate selecti\l- 
ities in x-  and P-series, preferring 58 (r-L) over 57 (T-D) 
by a factor o f  2. and 55 (P-D) over 56 (P-L) by a factor o f  
3.['s1 Chiral "bow!" 48 gave values o f  2 and 4 in the 
%- and p-series, respectively, favoring the D-substrate in 
each case."" Receptor 54 (the S,S,R-member o f  a family 
o f  stereoisorners) showed better selectivity in the r-series. 
binding 58 and 57 in the ratio 4:l.'")' Unfortunately. a 
figure could not be obtained for the P anomers, because 56 
bound with slow kinetics. 

Bis-phosphonate 59 is exceptional in that it cannot 
erlcapsulate the substrate, providing instead a chiral cleft 
to act as binding site. The receptor was not resolved, but 
NMR studies with 55 and 57 in CD3CN could be 
analyzed to give binding constants for both diastereo- 
meric complexes. The selectivity was only 1.4:l for the 
r-series. but the ratio for p-anomer 55 was 5: 1 .'"I This 
figure? though moderate, is still the record for enantio- 
selective carbohydrate recognition through non-covalent 
interactions." 

"An alternative approach to carbohydrate recognition iilvolves cox-alent 
B-0 bond formation. For a re\ i e \ ~  of this area see Ref. [J2). 

Selective molecular recognition usually relies on strong 
and specific attractioils involving polar functional groups. 
Enantioselecti~e recognition is favored by several such 
interactions. Substrates with just one functional group. or 
none at all, are therefore especially challenging targets. 
An extreme exainple is the chiral haloform CHFClBr (60). 
Merely binding this nlolecule is nontrivial. especially in 
organic solvents. The solution was found in "crypto- 
phane" 61, a host molecule with an enclosed chiral cavity 
that is closely matched in size to 60. The cavity appears to 
be too small for CDC13. so this solvent does not compete 
with the substrate. At low temperature (215 K) ,  receptor 
61 formed a 2: l  ratio o f  diastereoineric complexes with 
excess o f  race~nic 60."" A related chiral hemicarcerand, 
constructed from two calixarenes linked face to face via a 
binaphthyl unit. was employed for soinewhat larger 
substrates. In this case. the substrates were used neat or 
dissolved in nonconlpeting diphenyl ether. The hemicar- 
cerand showed an enantioselectivity o f  2.7:l with 
BrCH2CH2CHBrMe as guest, and it appeared to be 
completely selective for one enantiomer o f  p-tolyl methyl 
~ulfoxide. '~'~ An interesting recent development is the 
formation o f  capsular hosts by self-assembly. The sulfa- 
mido-giyco!uril unit 62 forms an enclosed, symmetrical 
tetralneric structure capable o f  accepting sizeable guests. 
Desymmetrization as in 63 distorts this structure so that it 
can show enailtioselectivity. With ketone 64 as guest. the 
results are remarkable: the self-assembled capsule sho\vs 
4: 1 selectivity in favor o f  the S-s~bstrate."~~ 

With water as solvent. hydrophobic interactions can be 
used to drive cornplex formation. Cyclodextrins were 
widely used to study hydrophobic binding. and they often 
show enantioselectivity. However. strong enantiodiscrim- 
ination is rare: especially for less-f~mctionalized sub- 
strates.'"' synthetic water-soluble receptors gave similar 
results. For example, cyclophane 65 bound the enantiomers 
o f  menthol 66 in the ratio 5:4.['71 while macrocycle 67 
bound Naproxen derivatives 68 in D20/MeBH (60:40) 
with 1.9: 1 enantio~electivit~."~' 

CONCLUSION 

Chiral guest recognition is a success story in supramo- 
lecular chemistry. with inany examples o f  good selectivity 
and some that are impressive. However. there is plenty o f  
room for improvement. B y  their nature, the most effective 
receptors are complementary to specific substrates and, 
therefore. tend to be limited in scope. Also, some substrate 
classes have proved far more resistant than others. The 
goal o f  binding a wide range o f  substrates with. say. >95% 
ex. .  is still unrealized. Success will probably require an 



Chisal Guest Restzgnitiorm 

equally wide range of receptors, and one may foresee an 
increased role for combinatorial chemistry in future 

It is unlikely that interest will lapse-chirality 
continues to fascinate chemists. and the supramolecular 
cornm~mity is unlikely to drop this challenge for many 
years to come. 
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INTRODUCTION 

Chiral induction is the generation of a chiral molecular 
structure or superstructure in an otherwise achiral or race- 
mic system by use of some stimulus (Fig. l).'" It is impor- 
tant, because it guarantees creation of chiral organizations 
of a determined handedness. which is not available through 
spontaneous resolution.['] The chirality of the organization 
is determined from the n~olecular level in the conforma- 
tions that the molecules adopt: the way the molecules come 
together through covalent or noncovalent means, and the 
way in which these aggregates self-assemble. 

The most obvious stimulus to chiral induction is the 
use of stereogenic centers, but external perturbation, such 
as physical fields; can also be used to induce chira~ity."~ 
The tern1 is applied to traditional asymmetric synthesis 
through covalent bonds as well as to supramolecular 
synthesis. which is our interest here. Mention the word 
"chirality" to any chemist. and thoughts will be conjured 
of the right-handed B-DNA double helix. the right-handed 
3-helices formed by peptides of the natural L-amino acids, 
of thalidomide, and other emblematic and dramatic exam- 
ples of the importance of stereochemistrjr. It is clear that 
the chirality of the components of biological systems play 
a key role in their function. in which induction of chirality 
through noncovalent bonds is inherent. But beyond 
natural systems and related phenomena, there is a wealth 
of unnatural chemical systems that display remarkable 
and important properties. 

The scope of the area is so wide that all we can attempt 
to do here is discuss key examples and encourage the 
interested reader to investigate the other interesting results 
cited therein. We concentrate strictly on supramolecular 
effects in chiral induction. There is a separate article in 
this Encyclopedia that deals with the related field of chiral 
guest recognition. 

study of chiral induction. Ideas can be given of how 
chirality is transmitted through the systems via the con- 
formations and intermolecular interactions from the pack- 
ing of molecules in the crystal. The obvious limitation is 
that high-quality single crystals are essential. Electron 
microscopy is useful when it comes to the induction of 
chirality in fibrous self-assembled systems. especially 
transmission electron microscopy (TEM), where direct 
observation of the twisted threads can be realized, as we 
will discuss. The use of scanning tunneling microscopy 
(STNI) and atomic force microscopy (AFM) are also 
emerging rapidly as alternatives in this regard.[" as well 
as in the study of chiral induction in mono layer^.[^] 

However. perhaps the most widely used techniques for 
observing chiral induction are the optical ones. polariinetry 
and, especially. circular dichroism (CD) spectroscopy, 
both in solution and in the solid state.[" While induction of 
chirality implies the formation of a chiral structure, care 
must be exercised when drawing parallels between optical 
activity (as witnessed by these methods) and "real" struc- 
tural chirality. For example, binding of a rigid achiral mo- 
lecule to another chiral molecule may give rise to a Cotton 
effect in the absorption of the chromphores of the former. 
Optical activity was induced, but was chirality induced? 
The electronic structure is clearly chiral, there is a Cotton 
effect, but the conformation of the molecule is not. If the 
achiral molecule is flexible, and a Cotton effect is observed 
upon complexation with a chiral molecule, we cannot be 
sure that this is the result of a chiral conformation or 
merely the influence of the chiral complexing molecule on 
the electronic transitions. The problem becomes more 
complex in the case of complexation of a chiral agent to a 
racemic molecule, as highlighted by Krois and Lehner for 
the case of bil ir~bins. '~ '  These problems do not apply when 
the chirality is amplified to larger assemblies, where the 
increase in the magnitude of the Cotton effects cannot 
possibly be caused by proximity effects. 

CHIRALITY IN CRYSTALS 
Induction of chirai structure is precisely observed in the 
crystal structures of compounds. In this sense. x-ray 
crystallography is a precise and informative tool in the 

The induction of chirality in crystals is usually achieved 
through the incorporation of stereogenic centers in one 
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Fig. 1 A representation of the hierarchy of chiral induction, 
leading in this case to a principally two-dimensional chiral 
assembly. 

molecule. which is complementary with an achiral or 
racemic compound. The resolution of racemates is a 
model example. but chiral compou~lds can also be used to 
confer chiral structures 011 otherwise achiral systems. The 
inclusion colnpounds formed by the chiral cholic acid host 
and achiral N-aryl-N-nitrosamine guests result in the 
adoption of a chiral conformation of the latter.'" Here, the 
conformation observed by x-ray crystallography was cor- 
related with the Cotton effects observed in the solid-state 
CD spectra. This type of trapping of chiral conformations 
in the solid state can be used to perform covalent-bond- 
forming photochemistry.'" Thus, the inclusion co~npound 
formed between the chiral host 1 and the achiral anilide 2 
contains the latter in a chiral conformation (Fig. 2). 
Irradiation of the crystals with UV light results in 
photocyclization of the anilide to form compound 3 in 
989 ee and in a yield of 46%, and the reaction could be 
followed by x-ray crystallography. Even more efficient 
reactions. in which chiral host crystals act to induce chiral 
conformations in reagents prone to photocyclization, were 
observed."' 

The use of anions or organic ligands as inducers of 
chirality to metal ion centers is well documented. if not 
entirely predictable because of high coordination numbers 
and a throng of possible metals."01 As an example of 
induction by organic ligands, we take our own work on the 
formation of metal complexes by x-nitronyl nitroxide 
radicals, such as 3MLNN, in which a basic phenyl z- 
nitronyl nitroxide is substituted with a methyl lactate 

When (R)-3MLNN is crystallized with man- 
ganese(I1) hexafluoroacetylacetonate, a coordination po- 
lymer is formed through coordination of the radical's 
oxygen atoms to the metal ion (Fig. 3), and in which the 
chirality in the ligand induces a chiral A configuration in 
the manganese coordination sphere. Interestingly. the 
chiral conformation adopted by the ligand-regarding the 
helicity between the phenyl ring and the imidazolyl ring 
and that of the imidazolyl ring-is of the same type as that 
seen in the isolated ligand's crystal structure. In addition 
to being chiral, this metal-radical-based material is in- 
teresting, because it is a magnet at low temperatures. 

CHEMICALLY INDUCED CHIRALITY 
IN SUPRAMOLECULAR SYSTEMS 
IN EQkBlLlBRlkBM 

The induction of chiral structure in supramolecular 
systems at equilibrium was widely studied, partially be- 
cause of surging interest in the hierarchical nature of the 
self-assembly of chiral aggregates. It is also of utmost 
relevance in the study of chiral inforination in unnatural 
systems displaying new properties. 

The transmission of chirality ill membranes and other 
types of aggregates formed by surfactants was widely 
studied. The superstructures of bilayers formed by gemini 
dicationic surfactants based on quaternary ammonium 
centers can be modulated through the e~nploy of enan- 
tiomeric tartrate salts."21 The twisted ribbons (Fig. 4) are 
formed when an eilantiomeric excess of one of the 
tartrates is present, with the period (helical pitch) shorten- 

Fig. 2 Chiral induction in the photochelnical reaction of 2 
included in 1. (From Ref. [9].) 



Fig. 3 Formation of the coordination polymer  ( R ) -  
3RILNN.Mn(hfac)2 and a view of the crystal structure of the 
molecular material showing part of the 2 ,  chain. (From Ref. [ l  11.) 

ing as the enantiomeric excess of the anion increases. 
When there is no enantiomeric excess of tartarate or in the 
presence of achiral anions, flat ribbons are observed. The 
gemini nature of the surfactant is crucial in observing the 
effects. This effect is probably due the possible chiral 
conformers that the surfactant head group can 

Perhaps one of the most important applications of 
chiral induction is in the area of liquid crystals. Upon 
addition of a wide range of appropriate chiral compounds, 
the achiral nematic, smectic C, and discotic phases are 
converted into the chiral cholesteric (or twisted nematic). 
the ferroelectric smectic C'" and the chiral discotic 
phases. As a first example, we take the induction of chi- 
rality in the columns of aromatic chromophores present in 
some liquid-crystalline polymers.['" The polymers. 
achiral polyesters incorporating triphenylene moieties, 
display discotic mesophases, which upon doping with 
chiral electron acceptors based on tetranitro-9-fluorene, 
form chiral discotic phases in which the chirality is 
determined by the dopant. These conclusions were 
reached on the basis of CD spectra in which strong Cot- 
ton effects were observed. Interestingly, the chiral dopants 
were unable to dramatically influence the chiral winding 
of triphenylene polymers that already incorporated ste- 
reogenic centers. 

The induction in smectic C phases of chirai order in the 
form of smectic Cd' phases is interesting and important in 
view of the applications of this phase in The 
calalnitic (rod-like) molecules in this phase are organized 
in layers, with the long axes of the lnolecules forming an 
angle with the normal to the layer plane. Upon addition of 

a suitable chiral dopant, this angle is forced into a helical 
arrangement about the normal to the layer plane, with a 
pitch of a few microns. The induction mechanism is be- 
lieved to operate by incorporation of the dopant into the 
layers of achiral molecules, which interact in a host-guest 
type of way such that an orientational bias is inferred on 
the host. These chiral superstructures may be induced by 
molecules with stereogenic centers in the alkyl chains 
attached to rigid cores, with relatively high flexibility of 
the stereogenic center in general, which induce chirality in 
host phases with a wide variety of structural features.'16] 
Meanwhile. when rigid atropoisomeric cores are used in 
the dopant molecules. specific interactions take place be- 
tween host and guest, and a more pronounced dependence 
on the structure of the two is observed.'"' Dopant 1110- 
lecules of Type 4 in Fig. 5 interact with host smectic C 
liquid crystals with a phenyl pyrimidine core (PhP1) in 
such a way that a preferred axially chiral conformation of 
the host is induced by the dopant guest, and this con- 
formation is propagated through the layers. 

Just as chiral induction can be realized in discotic 
liquid crystals, so it can in assemblies of disc-like 
molecules or disc-like aggrezates. As far as molecules 
are concerned, C3-symmetrical tris-amides (Fig. 61, which 
exhibit discotic liquid-crystalii~le phases, also form chiral 
columnar stacks through n-n interactions when dissolved 
in apolar  solvent^,"^] which are depicted schematically in 

Fig. 4 The twisted ribbons forined by the addition of tartrate 
ions to aggregates formed by gemini ammonium surfactants. 
(From Ref. [12].) The authors thank Dr. Reiko Oda for supplying 
these TEM images. 
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Fig. 4. An achiral compound of this type exhibits no 
optical activity in dodecane, but when the compound is 
dissolved in the chiral (R)-(-)-2,6-dimethyloctane* sig- 
nificant Cotton effects (only slightly less intense than 
those observed in a chiral derivative) are detected. A 
chiral disc-like tris-amide compound can also be used as a 
dopant at concentrations as low as 2.5% to induce su- 
pramolecuiar chirality in the stacks of achiral compound. 
The presence of the additional hydrogen bonds in the form 
of the self-complementary urea unit is detrimental to chi- 
ral induction in this case. 

Disc-like aggregates are also capable of forming chiral 
aggregates, in which chiral induction can be realized. The 
rosette-type aggregates formed by ~nelamine derivatives 
and cyanurates or barbiturates form the basis of chiral 
aggregates formed from a calix[4]arene dimelamine Mell 
and a complementary cyanurate or barbiturate."s1 Be- 
cause there is a twist between the layered rosettes in the 
3:6 aggregate, a helical twist exists between upper and 
lower decks, as seen in Fig. 7 by the orientation of the 
calixes. In the absence of any chiral influence. the M and 
P enantiomers are formed in equal amounts (Fig. 7), but 
when a stereogenic center is included in the barbiturate 
component (for example, Barl). the point chirality is 
transmitted to the twist between the two decks of the 
assembly. Furthermore. the chiral component can be 
replaced through equilibration with an achiral cyanurate 

derivative (CU1). and the assembly retains the induced 
chirality. This kind of memory effect can also be achieved 
using an achiral calix[4]arene dimelamine with pendant 
pyridine moieties combined with achiral cyanurate to 
form the double-decker rosette and inducing a chiral 
secondary structure by adding tartaric acid derivatives that 
hydrogen bond to the pyridine moieties."" Efficient chi- 
ral induction requires the presence of t\vo sterogenic cen- 
ters in the his-acid. Subsequent precipitation of the acids 
through slat formation leaves the enantiomerically en- 
riched supramolecules. 

The chiral induction seen in the double-decker supra- 
~nolecule we just discussed can also be seen in stacked 
systenls that forrn nanotubes. A self-complementary het- 
erobicyclic base CC-which incorporates the hydrogen 
bond donor-donor-acceptor sequence of guanine and the 
acceptor-acceptor donor sequence of cytoseine-suitably 
substituted with crown ether rings, undergoes formation of 
a cyclic hexa~ner which in methanol subsequently piles up 
on itself to give a nanotube-type structure, as observed by 
TEM. dynamic light scattering, and small-angle x-ray 
scattering."" When chiral amino acids are added to this 
preassernbled nonchiral system in concentrated lnethanol 
solution, the ammonium moieties bind the crown ether 
ring and induce a CD spectrum indicative of a helical 
superstructure. At lower concentrations, where the aggre- 
gation number is lower, the addition of amino acids leads 

Smectic C Phase 

PhPl 

Smectlc C* Phase 

Fig. 5 The chiral induction of the srnectic C;:: phase in the smectic C phase of PhPI by atropoisorneric cornpound 4. (From Ref. [15].) 
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Fig. 6 Chiral and achiral tris-ainides that display chiral induction phenomena and a representation of the n-stacked aggregates that 
the) form. (From Ref. [17].) The authors thank Dr. "Bert" Meijer for supplying these images. 

Mell R = NO,, R' = n-Bu 

Fig. 7 Chiral double-decker rosettes formed by dimelamine calix-141-arenes and ba1,biturates and cyanurates. (From Ref. [18].) One of 
the helical forms, the P. is shown. 



to a slow hierarchichal assembly o f  the rosette nanotubes 
with chirality that is determined by the nature o f  the amino 
acid used as the inducer. The optical activity o f  the helical 
nanotubes formed from the stacked rosettes depends 
critically on the nature o f  the amino acid inducer. L-Met 
being the best. Furthennore, the assembly process seems to 
be all or nothing. the maximum optical activity is obtained 
in a small range o f  concentrations and the aggregate can be 
disassembled upon heating and reassembled on cooling. 

Treatment o f  a number o f  covalent polymers substi- 
tuted with molec~tlar recognition capability with suitable 
guests leads to chiral induction. The same crow11 ether- 
amino acid cornplelnentary pair described for the rosettes 
above was employed in the form o f  crown-ether pendant 
cis-transoidai poly(phenylacerylene).1201 When the achiral 
polymer is treated with amino acids (in the form o f  their 
hydroperchlorate salts in acetonitdle) a large induced CD 
signal is observed in the backbone o f  the polymer. The 
polymer is sensitive to small enantiomeric excesses in the 
amino acid, as little as 0.005% enantiolneric excess o f  
alanine can be detected. In a similar vein, cis-transoidal 
poly(carboxyphenylacety1ene) shows induced circular 
dichroism when treated with nonracemic chiral amines.'"' 
In addition, the system displays chiral memory, in that 
treatment o f  the complex with achiral amino alcohols 
results in retention o f  the chiral polymer backbone. 

Supramolecular polymers are also partial to induction 
o f  chiral  structure^.'"^ Biureidotriazines form polymeric 
chains maintained by the extremely strong complex 
formed by the self-complementary unit through four 
hydrogen bonds. When chiral "arms" are attached well 
away from the ureidotriazine units, chiral induction is 
seen in the polymers o f  the difunctional monomers, thanks 
to stacking o f  the neighboring hydrogen-bonded pairs.[231 
Also, startlingly. when a chiral monofunctional ureido- 
triazine was used to cap a polymer formed in dodecane 
from an achiral biureidotriazine, significant chiral induc- 
tion was observed from the end o f  the polymer chain 
through the secondary structure. Heterocomplementary 
monomers, just one o f  which contained a stereogenic 
centers, were also used for the formation o f  chiral su- 
prarnolecular polymers.["1 In this case, the transfer o f  
chirality was observed in the helical fibers witnessed in 
electron microscope images. 

SUPRAMOLECULAR ASSISTANCE 
IN REACTIONS DISPLAYING 
CHIWAL INDUCTION 

The diastereoselectivity o f  covalent bond-forming reac- 
tions can also be influenced by supramolecular effects. 
The polymerization o f  isocyanides shows chis effect. 

When isocyanopeptides are polymerized under certain 
conditions. a dramatic dependence o f  reactivity on the 
stereochemical nature o f  the amino acid residues present 
in the monomer.'251 The origin o f  this difference appears 
to lie in the orientation o f  the hydrogen bonds acting 
between the monomers, which line the isocyanides up 
into chains in the solid state as well are present in the 
polymer chains. 

Supramolecular effects were also observed during the 
formation o f  poly(isocyanide)s derived from chiral pro- 
mesogenic phenyl benzoate-containing monomers.[261 
These effects were seen through the degree o f  chiral 
induction from the stereogenic centers in the side chains to 
the polymer backbone during the kinetically controlled 
polymerization in different solvents and at different 
concentrations. Importantly, the sense o f  chiral induction 
seen during the polymerizations in certain cases was 
identical with the helicity induced in nematic and smectic 
C phases by the monomers. 

PHYSICAL FIELD-INDUCED 
CHIRALITY IN SUPRAMOLECULAR 
SYSTEMS IN EQUILIBRIUM 

Simple stirring is known to induce chirality through 
different mechanisms. Stirring during crystallization, for 
example, can lead to enantiomerically enriched samples. 
The origin o f  this chiral induction lies in the breaking o f  the 
first formed crystals into many pieces, which in turn, act as 
nucleation sites. Stirring solutions o f  protonated posphy- 
sins-which form aggregates as concentration is increased 
or as the ionic strength is changed-results in the formation 
o f  vortices that are able to influence the chirality o f  the 
growing supramolecular system.[271 as observed in the CD 
spectra o f  the aggregates. It was suggested that this kind 
o f  vortex effect ,  observed under rotary evaporation and 
stirring, may be general for supramolecular systems that 
are formed under kinetic control."81 

Irradiation o f  switchable systems by circularly polar- 
ized light is another way o f  inducing chirality in racemic 
compounds. Racemic sterically hindered alkenes can be 
switched in solution using circularly polarized light to 
give enantiomeric excesses o f  only about 0.l7c.'~'~ In 
order to amplify this small effect, the racemate was used 
as a dopant in a nematic liquid-crystal phase. and the 
resulting achiral mesophase was irradiated with circularly 
polarized light. A cholesteric phase resulted because o f  
the small enantiomeric excess o f  the sterically hindered 
alkene. This system i s  a three-way switch. Irradiation with 
left or right circularly polarized light generates differently 
handed cholesteric phases. while irradiation with linearly 
polarized light affords the nematic phase. 



Irradiation of racemizing species in solution with 
unpolarized light in a strong magnetic field can also give 
rise to small enantiomeric excesses. thanks to magneto- 
chiral ani~otrop~.'"' The effect was observed for the 
potassium salt of chromium tris(oxa1ate)-an ideal system 
for magnetochiral anisotropy in that it has high natural CD 
and magnetic CD asymmetry factors-in water. In a field 
of 10 Tesla, an enantiomeric excess of about 1 x 10-a was 
observed. which equilibrated back to zero with time. But it 
was proved beyond doubt that photochemistry with 
unpolarized light in a magnetic field are enantioselective: 
and it was suggested that it be considered when addressing 
the origins of the homochirality of biological systems. 

CONCLUSION 

The ability of chemists to induce chirality through 
noncovalent bonds in systerns in which it is absent was 
achieved in certain systems with efficiency on a number of 
occasions. some of which were highlighted in this review. 
The phenomenon is dramatic and potentially useful. 
However, the exact pathways of chiral transfer from the 
molecular through supramolecuiar to the macroscopic 
level are poorly understood in general. The use of physical 
fields in the induction of chirality has a long history but is 
still poorly understood. It is surely the conformations of 
molecules and their relative dispositions in aggregates that 
are key in the propagatio~l of chirality. and the battery of 
analytical and theoretical techniques available today are 
sure to help in determining these factors and will aid in the 
rationalization and prediction of chiral induction. 
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Clathrates. or inclusion compounds, are the typical 
representatives of supennolecular species. We may define 
them as the compounds formed by inclusion of one kind of 
molecules, called guest molecules. into the cavities of a 
crystalline framework composed of the molecules of 
another kind (or into a cavity of one large molecule), 
called host molecules, without forming any specific 
chemical bond between guest and host. Unlike the case 
of traditional chemical compounds, favorable spatial 
complementarity of the guest and host subsystems. not 
chemical reactivity. plays the important role in formati011 
of these coinpounds from the components. This principle 
of formation allows molecules that are coordination sa- 
turated and do not interact chemically with each other to 
be brought together, so that they form supermolecules or 
supermolec~~lar crystalline phases that are thermodynam- 
ically more stable than a mixture of initial components. 

J. Priestley (1778) seems to be the first to have observed 
the formation of a compound that today we call clathrate. 
He described "anomalous" ice formed at positive 
temperature. which sank in the aqueous solution of sulfur 
dioxide (also discovered by him). Since then, for nearly 
170 years, outstanding chemists of the world H. Davy, M. 
Faraday, F. Wohler, and B. ~ooseboom"'  often encoun- 
tered these compounds. In some cases, they approached 
the understanding of their nature, however, for a long time 
these coinpounds were mainly considered as laboratory 
curiosity. The crucial role of van der Waals forces in the 
formation of these compounds was highlighted for the 
first time by Russian chemist B. A. Nikitin in 1936-1938 
during the investigation of molecular compounds of noble 

However, the nature of the compounds under 
question was discovered in the most complete manner by 
Ha. M. Powell in 1947-1948 in x-ray crystallographic 
studies on the compound of P-hydroquinone with SO1 
(and also with other volatile components: HCI. HBr. As, 
Xe), which showed that the guest molecules were 
enclosed into the cavities of the framework formed by 
hydroquinone molecules and were not bound to the 
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framework by any other forces than weak van der Waals 
interactions.['] Independently, but somewhat later (in 
1949); the same conclusion was made by M. von 
Stackelberg on the basis of x-ray analysis of the hydrate 
of sulfur dioxide,"' and by W. Schlenk who investigated 
channel adducts of urea and thiourea.[41 In 1956 to 1959, 
van der Waals and ~ l a t t e e u w [ ~ ]  constructed a statistical- 
thermodynamical ideal rnodel of clathrate formation. 
Later, the compounds were discovered in which weak 
chemical interactions occur between guest and host mol- 
ecules; these compounds are coordinatoclathrates, an ex- 
ample being trimethylamine hydrate (CH3)3N.10,25H20, 
in which the amine molecule occupies the cavity of the 
water framework and is bonded to it through a hydrogen 
bond.'" In the 1960s, C. 9. ~ e d e r s e n l ~ ]  and J. -M. ~ e h n " ]  
introduced new species into the class of inclusion com- 
pounds: complexes of the alkali metal salts with crown 
ethers and cryptands (clathratocornplexes): in this case. the 
interaction between guest and host subsystems is rather 
strong, but spatial complementarity has a pronounced 
effect on the properties of the resulting compounds. 

MAJOR IDEAS, TERMS, CLASSIFICATIONS 

The term "clathrate" (originating from Latin word 
"clathratus," which means closed, surrounded froin all 
sides (in turn, originating from the Greek words K ~ ~ E I ~ ~ O V .  

~?~&r;=lock,  key) was introduced by H. M. Powell in 
1948, as we mentioned above, for the inclusion com- 
pounds of P-hydroquinone that have a crystalline kame- 
work with cavities shaped as isometric cages in which 
the guest molec~~les are located. In 1949, W. Schlenlc 
introduced the term "inclusion compounds" (Einschlup- 
verbindungen) for channel compounds of urea and thio- 
urea. At first, the term ciathrate was used to denote only 
cage inclusion compounds. At present: along will  the 
term inclusion compounds, it is used independently of the 
shape of cavity; this points to the fact that there are no 
specific chemical interactions between the guest and host. 

Clathrates may be classified according to the shape of 
the cavity into the following types: cryptatoclathrates- 
the compounds of this type have cage structures (icpun~ov 
is secrecy in Creek); tubulatoclathrates-one-dimensional 
channel inclusion compounds (tubus is the Latin tube): 
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Fig. 1 The cubic structure I (CS-I) hydrate with methane 
molecules accommodated in the dodecahedra] (D) and in the 
tetradecahedral (T) cavities. (Vie+$, this art irz color at I~TL'I~, .  
cieltkei-. conz. ) 

iiltercalatoclathrates-layered inclusion compounds. An- 
other classification is based on the type of bonding of the 
host molecules in the framework. The host framework in 
lattice clathrates is composed of molecules bonded with 
each other with relatively weak specific bonds (most often 
hydrogen bonds). The guest molecule located within a 
cavity of such a frainework is surrounded by several host 
molecules (for example, by six rnolecules in hydroquinone 
clatilrates or 20-38 molecules ill aqueous clathrates). 
When dissolved or melted. the clathrate compound of this 
type decomposes. Thermal stability of a clathrate may be 
higher than that of a host colnponent by several tens of 

degrees but not more: for lattice clathrates, the upper liinit 
of stability is about 200-250°C. The host framework in 
macromolecular clathrates is colnpletely constructed 
using covalent bonds: it is irnpossible to distinguish an 
individual host molecule. and the framework is a inacro- 
molecule as a whole. ~ la th ras i l s '~ '  may serve as an 
example of this type of clathrates. Si02 being the formula 
unit in the framework. The structure of melanophlogite is 
identical to that of methane or xenon hydrate (Fig. 1). with 
silicon atoms occupying the positions of oxygen atorns of 
water molecules, and Si-0-Si bonds presenting instead of 
H-bonds. Guest molecules in clathrasils can be the same 
as those in the hydrates. because the cavities are close in 
size; however, it is clear that tremendous differences are 
observed in thermal properties. The host molecules in 
mollomolecular clathrates are large: each has one (or 
more) cavities in which guest molecules can be located. 
A feature of monomolecular clathrates is that they can 
also exist in the liquid phase. The typical examples of 
monomolecular clathrates are iilclusioll compounds of 
cyclodextrins."O1 Some examples of inclusion compounds 
classified in accordance with the type of cavities are 
given below. 

Cage-Type inclusion Compounds 

The major structural nlotif determining the structure of 
host framework in P-hydroquinone clathrates is a hexag- 
onal ring (OH)6 composed of hydrogen-bonded terminal 
OH groups of six hydroquinone inolecules (Fig. 2). 
Because a hydroquillone ~nolecule has two hydroxyl 
groups occupying p-positions. a three-dimensional hydro- 
gen-bonded single a-hydroquinone structure (&-frame- 
work) can be constructed; however. it is absolutely 

Fig. 2 The cavity in the P-hydroquinone structure with included Xe molecule. (a) the top vie~v. (h) the side view. (l'ielt. t h i ~  art iiz 
color ar it.n.lt..dekher.coin.) 
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unstable in the absence of a guest. The host framework in 
0-hydroqninone clathrates consists of these two mutually 
interpenetrating translatio~l-equivale~lt unconnected net- 
works. Cal'ities in this structure can accom~nodate small 
guest species HCI. HBr. CHI. and CH30H. inert gases, 
each sandwiched between two (OH)6 rings positioned at 
distance 5.5-5.6 A. The structural stoichiometry (ratio of 
the number of cavities to the nunlber of host molecules) is 
1:3. however, the real degree of cage occupancy can 
change depending on clathrate formation conditions.["' 
The molecules of phenol and Dianin's compound (which 
can be considered as a phenol derivative with a large 
substituent) do not have a second functional OH group 
and. hence, cannot create the three-dimensional network, 
so the structural fragment described; composed of 12 host 
molecules (Fig. 2) is a supermolecule with a cavity inside 
of it. These supermolecules are packed in a structure 
tightly (in this case, cavities are only inside a super- 
molecuie, as in the structure of Dianin's compound), or 
there is a free space of a ~nolecular size between them, in 
which the guest n~olecules can also be accommodated 
(phenol clathrates). Small cavities in the phenol clathrate 
framework of a size of 4-4.5 A may enclose the same 
guests as the cavities ill the P-hydroquinone framework: 
HCl. HBr, inert gases. SO2. Each large cavity can enclose 
several molecules: 4HC1. 4HBr, 3S02; thus, the stoichi- 
ometry of clathrates with small guests like HC1 is 5:12. 
and for SO2 and similar molecules it is 4:12.["' In the 
cavities of Dianin's cornpound clathrate framework. the 
distance between hexagonal (OH)6 rings is - 11 A. and 
different numbers of guest molecules (CC14. CH30H. 
CH3N02, C6H5Br), depending on their size, can be 
located within the cavity. At present, several 10s of 
analogues of Dianin's compound capable of clathrate 
forination were s y n t h e ~ i z e d . " ~ ~  Replacement of the 
structure-defining motif in the host frameworks of phenol 
clathrates and similar compounds. i.e.. a six-membered 
(OM)6 ring, by a benzene molecule with volun~iilous 
substituents led to the synthesis of a new type of host. the 
"hexahost.' ' Hexahosts based on polynuclear aromatic 
hydrocarbons (naphthalene. anthracene. coronene) were 
also synthe~ized.~"' 

Water can build a number of frameworks close in 
energy content. Because of this, clathrate hydrates of 
different structures can be formed, depending on the sizes 
ancl shapes of the guest molecules and on the conditions of 
ciathraie formation. More than a dozen water clathrate 
frarneworks are ki~own.~" The inost common structures 
found in the gas hydrates are Cubic Structure I (CS-I), 
Cubic Structure I1 (CS-11). Hexagonal Structure III (HS- 
III), and Tetragonal Structure I (TS-I). The first two occur 
most frequently. Such guest molecules as argon, krypton, 
xenon; methane. acetylene. and hydrogen sulfide. chlorine 
stabilize CS-I (Fig. 1). The unit cell contains 46 water 
~nolecules and eight cavities. The eight cavities contain 

two so-called ' kmal l '  dodecahedral D-cavities and six 
""large" tetradecahedral T-cavities, thus giving the stoi- 
chiometry 8:46= 1:5.75; however, because a small frac- 
tion of cavities remains empty. the hydrate number often - 
increases to six or more. If a guest molecule is larger [for 
example: CHC13. CCII. tetrahydrofi~ran (THF), etc.], CS- 
I1 hydrates are formed, their stoichiometry being 1 : 17. In 
this case. guest molecules occupy only large cavities 
(hexadecahedral H-cavities that are somewhat larger than 
T-cavities in CS-I). Small D-cavities, the number of which 
in the structure is two times more than the number of 
large ones (unit cell formula is 8 5  160. 136H20), remain 
unoccupied. More conlplicated molecules can aiso stabi- 
lize the water clathrate frameworks. For example, tetra- 
butylaminonium and tetra-i-arnyiammonium salts with 
water form clathrate polyhydrates under definite condi- 
tions. Water molecules with simple anions (like halide, 
hydroxy, nitrate, formiate. etc.) build a crystalline water- 
anion framework, forming hydrogen bonds between them 
(hydrophilic inclusion), while each substituent of the 
cation occupies one of the large cavities arranged in the 
structure tetrahedrally. The vertex shared by all four 
cavities is occupied by the central atom of a cation 
(nitrogen in the case under consideration) that displaces a 
water ~llolecule and does not form any H-bonds with 
adjacent molecules (hydrophobic inclusion). Hydropho- 
bic-hydrophilic inclusion of an anion is also possible. For 
example, a carboxylate anion displacing two water moie- 
cules with its oxygen atoms builds one of the framework 
edges, while the hydrocarbon part of the anion (starting 
frorn acetate) occupies vacant dodecahedral (small) cavi- 
ties. the number of which in these structures is not less 
than the number of anions. 

Because in the structures of different hydrates the ratio 
of the small cavities to the large ones varies within 
the broad range (2 > Rt > 0) (if the small D-cavities are 
vacant), the packing coefficients (k) vary considerably 
(0.47 < k < 0.60). Therefore, the behavior of hydrates 
under pressure varies. too: from destabilization (dtldp = 
2 . 5  Wkbar for THF.17H20; k = 0.485) in the case 
of CS-11, to a considerable stabilizaion in the case of 
CS-I hydrates (dtldp=7.0 Wkbar for C2H10.6.7H20; k = 
0.537)- and of hydrates with completely occupied cavities 
(dtldp= 10 Mlkbar for THF.0.5(C3H7)INF.1 6 H 2 0 :  
k = 0.591).Lr4."1 In the latter example, the large H-cavi- 
ties are occupied by the TMF guest molecules. and the 
small dodecahedra1 ones are occupied by tetrapropylam- 
monium-cation guests. The GS-11 hydrates can also be 
stabilized with the help of snlall molec~lles of inert gases 
(for example. Xe) or CHI. 111 the case of THF hydrate, the 
double hydrates of the con~position THF,2Xe.17M20 
(k = 0.6 19), THF,2CH4.1 7H20 (k = 0.568) are formed 
that are stabilized by pressure (Fig. 3). In the classic CS-II 
hydrates with 1: 17 stoichiometry. Rt is the largest (for the 
hydrates that can exist with absolutely vacant small 
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cavities). their packing coefficients are the smallest 
(k = 0.47-0.52, after the ice l i ~ .  k = 0.43). and, therefore, 
they are destabilized by pressure. With a pressure in- 
crease, they become thermodynamically unstable, and a? 
relatively low pressure (P < 3 kbar), they are replaced by 
hydrates with a stoichiometry about 1 :7 (CS-I hydrates), 
which are stabilized by pressure (Fig. 3). 

Glathrates sf Metal Complexes 

In Hofmann's compounds. the clathrate nature discovered 
by H. M. Powell in 1952,'" the host coordination mol- 
ecule. composing the framework: has a chemical formula 
[Ni(CN)IWi(NH3),]. These units are bound with covalent 
bonds via bridging CN ligands, forming layers of the host 
framework positioned one above another at a distance of 
8.28 and touching each other with ammine ligands, 
protruding above and below the layer at the octahedral Ni 
atom (Fig. 4). Cavities between layers are efficiently filled 
with guest molecules. for example, benzene, forming the 
compound [Ni(CN)4Ni(NH3)2].2C6H6. Replacement of 
one of the two nickel atoms in the structure, i.e., 
octahedral nickel, by the metal ions with the same 
coordination geometry (divalent Mn. Fe, Cu. Cd) does 
not result in any substantial change in clathrate formation 
ability. Replacement of the square planar Ni(CN)I by 
tetrahedral C C ~ ( C N ) ~  or Hg(CN)4 groups leads to a 
substantial change in the structure and the cavity shape, 

but the ability to form clathrates is not lost."61 Similar 
clathrates form so-called Schaeffer complexes. The host 
complex has a formula [M(MePy)4(A)2], (here, MePy=4- 
methylpyridine, M=divalent octahedrally coordinated 
metal atom, A =monovalent acido ligands like halides, 
nitrate, and, most frequently, N C S ) . " ~ ~  Unlike the Hoff- 
mann clathrates, the host molecules in the Schaeffer 
clathrates are not bound by covalent bonds; they are 
packed in a crystal together with guest molecules by van 
der Waals forces. Some host complexes are stable in their 
own crystalline phase. for example, [ N ~ P Y ~ ( N C S ) ~ ] :  
clathrate formation causes their additional stabilization. 
Others can exist in a crystal only when cocrystaliized 
with guest molecules, which stabilizes the structure. For 
example. the complexes [Zn(MePy)d(NCS)2] and [Cu(Me- 
Py)4(NCS)2] are completely unstable, although clathrates 
[Zn(MePy)4-(NCS)2].G, [Zn(MePy)4(NCS)2].2/3G3 or 
[ C U ( M ~ P ~ ) ~ - ( N C S ) ~ ] . ~ G  are stable-they were isolated, 
and their structures were determined. However. when a 
guest molecule is removed, two methyl pyridine ligands 
split off immediately, and the complex [ M ( M ~ P Y ) ~ -  
(NCS)2] is formed. These examples demonstrate contact 
stabilization of molecules, in this case. of the host 
m~lecules ."~ '  Contact stabilization is responsible for the 
stability of polyiodide guest molecules in the channels of 
starch a~nylose or polyvinyl alcohol. The polymeric guest 
molecule composed of iodine atoms is unstable without 
noncovalent support of the host. 

I I I I I 

8 4000 8000 12000 '1 6000 

P, bar 

Fig. 3 The P.T decomposition curves of the simple and double hydrates. The melting curves of different ices are given. 
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Fig. 4 The structure of Hofmann compound [Ni(CN)4Ni(NH3)2].2C6H6. 

Channel-Type lnelusion Compounds 

In urea clathrates,"" the hydrogen-bonded host frame- 
work (p-urea) consists of an asray of parallel hexagonal 
channels, the diameter of which (5.5 A) is practically the 
same along their length (Fig. 5). There are six urea 
molecules in the unit cell of 0-urea, and the corresponding 
channel length is 11.00 A. So. the composition of a 
clathrate (the ratio of a number of urea molecules to a 
number of guest molecules) is nz=6.1:11.00. where 1 is the 
length of the guest molecule in A. The most suitable 
guests are n-alkanes and others with minimal branching 
(alcohols. amines). With an increase of the length of a 
guest molecule, the thermal stability of urea clathrates 
increases; for example, the compound of urea with 7z- 
hexane deco~nposes at 3Q°C, with rz-hexadecane at 106°C 
and with polyethylene at 14Q°C (which is 15" above the 
melting point of pure urea). In the absence of a guest. the 
clathrate P-framework is absolutely unstable. Channel 
compounds of thiourea are similar to those of urea. but the 
channels have broadened ( ~ 5 7  A) and narrowed (= 6 2  A) 
regions. Clathrates are formed with @el,. cyc10-C6HL2 
and isoparaffins. Perhydrotriphenylene forms a hexagonal 
P-framework with channels about 5.5 in diameter when 
cocrystaliized with nonbranched guest molecilles (? I -  

paraffins). Because the host molecules, collstituting the 
channel walls, are bound by van der Waals forces, the 
structure is flexible; clathrates can be formed with larger 
guest molecules (cyclohexane, bromoform, b ~ t a d i e n e ) . ' ~ ~ '  
Triorthothymotide (TOT) is a ~miversal host molecule 
able to forin inclusion compounds of channel and cage 

types. As in the case of perhydrotriphenylene, host-host 
interactions in the host framework are only of the van der 
Waals-type, resulting in flexibility of the structure. Sur- 
prising is the ability of TOT to form inclusion compounds 
with guest molecules of various sizes, from alcohols to 
polynuclear aromatics and organometallic complexes of 
Cr, Mn, w . '~"  Cholic acids belong to channel inclusion 
compounds in which desoxycholic acid is the host, while 
the guests are such molecules as stearic, palmitic: and 
oleic acids.[221 

Layered-Type BncBusion Compounds 

A characteristic feature of layered compounds is that the 
interaction within a layer is much stronger than the 
interaction between the layers. In the majority of layered 
compounds (graphite: sulfides of transition metals, clays, 
phosphates and phosphonates of Croup IV metals). 
molecules of a layer are bonded by covalent bonds, thus 
forming a giant macromolecule, while the interaction 
between the layers is mainly via van der Waals forces. As 
a consequence. layered solids usually exhibit a high 
degree of anisotropy in physical properties. There are 
several classifications of layered solids.[231 Based on layer 
charge, they can be divided into two groups: layers 
characterized by the presence of charge and uncharged 
layers. The first group includes some cationic and an- 
ionic clays: montmorillonite. muscovite, hydrotalcite- 
type anionic clays, and Group IV metal phosphates cc- 
M(HP04)2.H20 (M=Ti, Zr, Ge, Pb, Sn). The compounds 
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Fig. 5 The molecules of n-alkane in  the urea channels. (View this art rn color at ~v1vu.dekker.conz.) 

of the second group. in turn. can be subdivided into in- 
sulators and electronic conducting layers. 

The typical exanlples of insulators are nickel cyanide, 
nickel hydroxide. and alkyl- and arylphosphonates of 
Group IV metals. Among this group. r-Zr diphosphonates 
of general formulae Zr(03P - R - PO;) (pillared com- 
pounds) are of interest due to their application potential as 
ion and molecular sieves. In these compounds, adjacent 
inorganic layers consisting of tetravalent Zr atoms bound 
to oxygen atoms belonging to R(P03)2 groups are co- 
valently joined by divalent organic groups R (aryl, 
alkyl). Changing the length of organic pillar R and the 
distance between adjacent voluminous pillars, n~aterials 
of desired interlayer distance and porosity can be 
obtained.'"' 

The electroi~ic conducting layers include graphite and 
transition metal dichalcogenides exhibiting intercalation 
and redox properties. Graphite layers can act as acceptors 
of electrons in the interaction with strong reducing agents 
(alkali metals) and as donors of electrons in the interaction 
with oxidizers (halogens. metal halides PtF6, IrF6, OsF6, 
AsF6). Intercalation of metal atoms (M) makes carbon 
layers (A) move apart and shift, so that they stand exactly 
one above another (an AMAMA. . .stacking sequence, 
unlike pristine graphite, in which layers are shifted with 
respect to each other and form an ABABABA.. .stacking 
sequence). If the interlayer space is completely occupied 
by metal atoms. Stage 1 intercalation compounds are 
formed. The stoichiometry for this arrangement of atoms 
is MC, for heavy alkali metals (starting from potassium) 
(Fig. 6). If metal layers are separated from each other by 
two, three, or more graphite layers. Stage 2, Stage 3, and 
so on compounds are formed. Stage 1 compounds with 
alkali earth metals (Ca, Sr. Ba) and lanthanides (Sm, Eu. 

Ub) were synthesized and under definite conditions, 
compounds with iron were obtained. Graphite acts as a 
donor of electrons when it interacts with halogens. and 
intercalation co~npouilds with Br2. IC1, IBr molecules are 
easily formed, while the compound with C12 is extremely 
unstable. At low temperatures (15-10O0C), graphite 
interacts with fluorine with the help of catalysts (HF, 
A@). This fluorination results in the formation of graphite 

Fig. 6 The Stage 1 graphite intercalation compoulid of 
potassiun~ KC8. (Vietv thi.r art in color at u.vi~~v.dekker.coi~z.) 
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fluorides with different compositions. Among them, 
c ~ F ' ~ ~ ~  is the intercalation compound of fluoride ions 
into graphite. In layered compounds of Ti, Zr. Hf, Nb and 
Ta dichalcogenides, the slabs cornpsising the structure are 
not monolayers. as in the case of graphite or boron nitride, 
but are coinposed of two anionic monolayers framing a 
cationic layer. Dichalcogenides of transition metals form 
inclusion compounds with alkali metals. some alkali 
earths, as well as with Eu and Ub. Similar to the case of 
graphite, compounds of different staging can be formed 
with alkali metals.[261 

The stoichiometrp of clathrates may be easily determined 
from structural data-it is numerically equal to the ratio of 
the number of cavities to the number of host molecules in 
the unit cell. The real stoichioinetry can differ from the 
structural if the cavities are only partially filled with guest 
molecules. It is reasonable to consider three cases: 

1. The composition of the clathrate compound is con- 
stant. as is possible in the case of host frame- 
works that are extremely unstable in the absence of 
a guest. As examples, the compound of urea with 
n-decane C10H22.(8.06 + Q.Q~I ) (NH~)~CO,  or the hy- 
drate (i-C5Hll)4NF.(26.8 2 0.03)H20 may be cited. 
In both cases, the clathrate composition corresponds 
to the structural within the experimental error and 
remains constant in the whole stability region. 

2. The host framework is thermodynamically stable in 
the absence of the guest molecules. In this case. 
solid clathrate solutions are formed on the basis of 
the x-modification of the host. which means that no 
new phase is formed. The inclusion of the guests 
results in additional stabilization of the c/.-structure. 
For example. a-hydroquinone with included krypton 
melts at a temperature 1°C higher than that of the 
pure r-phase. 

3. The host component has a metastable modification 
with cavities of molecular size, which becornes stable 
above a certain value of the degree of filling the 
cavities. In this case. the clathrate is a new phase of 
variable composition due to changing the degree of 
cavity filling upon changing equilibriuin conditions. 
Exanlples include the classic hydroyuinone clathrates 
based on the P-hydroquinone framework, with such 
guests as Ar. Kr, Xe, H2S, SO2; HCl, HBr. etc.'"' 

CONCLUSION 

Similarity in the chemical behavior of atoms. molecules, 
or their fragments (functional groups) is determined 

predominantly by the similarity of their electronic struc- 
tures. It suffices to look at the elements in the groups of 
the Periodic Table or to compare chemical reactions, for 
examples, those of arnines, ketones, or alcohols. The 
decisive role in supramolecular chemistry is played by the 
sizes and shapes of molecules rather than their chemical 
natures. For example, from the viewpoint of clathrate 
chemistry, xenon. hydrogen sulfide. chlorine, methane, 
sulfur dioxide, and phosphine are all analogous. In spite 
of different chemical natures, these molecules have a 
common feature, which is the correspondence in size 
and shape to the geometry of the cavities in the CS-I 
hydrate framework. And. all of these form hydrates of 
this structure. These guest molecules can also stabilize 
the 8-hydroquinone framework (besides chlorine, which 
oxidizes hydroquinone). On the other hand, the behavior 
of chemical analogs, for example, normal and branched 
secondary alkylamines, differs significantly on reaction 
with urea: the first ones form tubulatoclathrates, while 
the latter do not. This difference provides the possibility 
of efficient separation of isomers. As the cavity shape 
becomes more complicated. the selectivity of clathrate 
formation reactions increases substantially. In 1894, the 
Canadian scientist Emil Fisher introduced the lock and 
key principle (see "The Lock and Key Principle") to 
explain highly specific enzyme reactions. In other words, 
if the substrate is complementary to enzyme (or guest- 
host in our terms). like a key to a lock, the reaction 
proceeds. However, as a rule, a host (and a guest if its 
lnolecule is complicated) does not exist beforehand in 
the clathrate form. The necessary modification of the 
host framework and proper conformation of the guest is 
induced during their interaction. Cascade inclusion pro- 
cesses are possible. For example, hernoglobin is com- 
posed of a protein part (globin). including a nonprotein 
heme molecule (iron porphyrin complex) without any 
valent bonding. This heme molecule attains a confor- 
mation with a basket-shaped cavity which. in turn, 
includes an oxygen or carbon dioxide molecule. known 
to exchange for each other easily. 

As a discipline, clathrate cheinistry is the most ad- 
vanced part of supramolecular chemistry. because its sub- 
jects. despite relative complexity, are amenable to strict 
quantitative experiment and interpretation. which allows 
for the forming of concepts that would simplify thc 
understanding of more complicated supermolecular spe- 
cies (as in the example mentioned above). 
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Although suprainolecular compounds are general and 
were recognized more than 100 years ago, beginning with 
Emil Fisher's "lock-and-key principle" of enzyme- 
substrate recognition."' the real rise of this field started 
in the late 1960s or early 1970s. after the discovery of the 
crown compounds and cryptands by the pioneers of the 
field, C. J. ledersen and J.-M. Lehn, and also including 
the pioneering work on host-guest chemistry by D. J. 
Cram. In 1987. these leading proponents of what is now 
called supramolecular chemistryrz1 were awarded the 
Nobel prize in che~n i s t r~ .~" '~  With this. the era of 
supranloiecular coinpounds rapidly expanded into differ- 
ent disciplines and fields, from supramolecular organic to 
the rising new field of nanotechnology, including special 
subjects such as molecular recognition. self-assembly. and 
crystal engineering.'".'" All that produced new classes of 
compounds, with new names, scientific terms, acronyms, 
and notations being iilustrated and specified briefly in the 
follorving. However. as the so-called host-guest chemis- 
t ry [~41  sponsored to the great majority and most remark- 

able structural variations in the field, having as a conse- 
quence a ~a r i e ty  of detailed nomenclature, the host-guest 
(or receptor-substrate) compounds take precedence over 
other supramolecular compounds. which are discussed 
more briefly or referred to under specific keywords (see 
cross-references at the end of the article). 

BEFlNlTlON AND BASIC CLASSIFICATION 

SupramoIecular chemistry may be defined as "chemistry 
beyond the molecule." bearing on the organized entities 
of higher complexity that result from the association of 
two or more chemical species held together by i~itermo- 
lecular noncovalent forces, such as metal ion coordina- 
tion, electrostatic forces. hydrogen bonding. van der 
Waals interactions, and  other^.'^-'^^ These supramolecu- 
lar entities derived from supra~nolecular association are 
generally called supermolecules or suprarnoiecular com- 
pounds. Thus. one may say that "supramolecules are to 

molecules and the intermolecular bond what molecules 
are to atoms and the cobalent bond." This kind of 
definition is highlighted in Fig. la.  

Supramolecular Compounds Designed 
for Host-GuestlReceptor-Substrate 
interactions 

Within the above context. host-guest chemistry and 
host-guest compoundsL'" might be seen as particular 
cases of suprainolecular chemistry and supramolecules, 
respectively (Fig. la). In a more specific determination. 
hosts are defined as (organic) molecules containin, 0 con- 
vergent binding sites. and guests are defined as molecules 
or ions containing convergent binding sites.'" I '  The 
terms receptor and substrate, originating from biological 
systems and inodels, are now largely syilonyinous with 
host and guest. respectively. in artificial supra~nolecular 
systems. However, while the hosts are usually convergent 
in the construction of the binding sites, receptors can 
be convergent or divergent, i.e., forming endo- or exore- 
ceptor-type supramolecular associations (Fig. lb). In 
particular, when the host or the receptor provides a hollow 
space. or any not precisely defined cavity. all inclusion 
compound results."" Moreover, it has become useful 
to divide incl~ision cornpounds into two inajor classes 
(Fig. Ic). Those where the host substance is a single 
molecule possessing intramolecular cavities, and the guest 
molecule or molecules reside coinpleiely ~vithin the host. 
are designated "cavitates" (used here in a broad sense). 
In this case. the supermolecule is limited to the particular 
host-guest entity, accounting also for the descriptions of 
intramolecular. endomolecular. or inonotnolecular inclu- 
sion compound. Concerning the second class of inclusion 
compounds. there is more than one host molecule with 
which to construct the cavity for accoin~llodation of the 
guest. In the terminology of suprainolecular compounds, 
this species is called an extramolecular. exomolecular, or 
multimolecular inclusion compound. The vast majority of 
inclusion compounds where predominantly formed in 
the solid state belong to this latter category. These in- 
clusion compounds of relevance only in the solid state are 

Eirc~ c ~ l ~ ~ ~ ~ e ~ i i c i  i~j '  Jt~[~i-~iirio/rcir/ur- Cl~en~istty 
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Fig. 1 Definitions and overall scheme of supramolecular events: (a) chemical host synthesis and formation of a supramolecule (host- 
guest inclusion compound); (b) endo- and exosupramolecular receptor-substrate (host-guest) chemistry; and (c) formation of mono- 
and multimolecular inclusion compounds. 
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(a) I Coordination-typlpolar 

interaction host-guest 
i inclusion compound 

I Interaction 

I1 Intrainolecular host 
cavity inclusion compound 

Topology I11 Extramolecular lattice 
cavity inclusion compound ~ 

(1) Coordinativelelectrostatic force interaction; (2) monomolecular shielding interaction; 
(3 j lattice barrier interaction 

(b) capsular; (c) nesting: (d) perching; (e) tubular; (f) wrapping; (g) sandwich; (h) monomolecular; 
(i) dinuclear, homonuclear; 6) dinuclear, heteronuclear. ditopic; (k) monomolecular, dihapto: 
(I )  second-sphere 

Fig. 2 General classification/nomenclature and descriptive terminology of host-guest supramolecular inclusion compounds 

commonly termed "clathrates" or "lattice-type inclusion including ion-dipole, dipole-dipole. hydrogen bonding, 
compounds. '"171 etc., the term "complex" is used. On the other hand, if 

A further fulldan~ental subdivision of supramolecular species are held together by less specific and often weaker, 
host-guest cornpounds may be made on the basis of the nondirectional interactions, such as hydrophobic, van der 
forces between host and guest (Fig. 2a). If the host-guest Waals, or crystal close-packing effects, then the terms 
aggregate holds together by primarily electrostatic forces. "cavitate'. and "'clathrate" are more Thus; 
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another potential way of distinguishing between com- 
plexes. cavitates. and clathrates is to make use of the fact 
that complexes mostly retain their identity in solution, 
which is larsely observed also for cavitates. whereas 
clathrates decompose on dissolution. Ho\vever, it should 
be noted here that there is a significant trend in the current 
literature to use the word "complex" to cover all of these 
phenomena. Nevertheless. because a great number of in- 
termediate types of host-guest compounds exist; these 
borderline cases are sometimes treated as hybrids between 
the most applicable terms, such as "clathratocomplex" or 
"coordinatoclathrate." I11 the first case, the host-guest 
interaction is largely of the complex type. but there is also 
a distinct crystal close-packing participation. while it is 
the reverse in the latter case. The hybride terms "cavita- 
tocomplex' ' and "cavitatoclathrate" are also topologi- 
cally descriptive designations describing that the guest 
resides partly in a host cavity of a complex- or clathrate- 
type inclusion compound.r1s1 

Other subsidiary descriptive terms used to illustrate the 
spatial relationships between host and guest refer to the 
designations "layer-type" (two-dimensionally open), 
"channel-type" (one-dimensionally open). and "cage- 
type" (totally enclosed) inclusion compound, also termed 
"intercalates." "tubulates.' ' and "cryptates," respec- 
tively, which makes further coinbinations of descriptive 
hybrid terms possible, e.g., tubulatoclathrate indicating a 
channel-type clathrate: and so on."" Even more precise 
descriptions are possible wheil using terms such as 
< < capsular.. ' "nesting.. ' "perching," "sandwich." or 
' < wrapping" to ~isualize spatial relationships between 
host and guest (Fig. 2b-g). In addition. with respect to the 
number and nature of the bound guests (substrates), the 
resulting supermolecule (host-guest compoundlrecep- 
tor-substrate complex) may be mono- or polynuclear 
and homo- or hetero~luclear, if the guests (substrates) are 
identical or different. The respective hosts (receptors) are 
monotopic or polytopic. i.e., containing one or more 
discrete binding subunits. Moreover, the mode of guest 
(substrate) binding may be monohapto or polyhapto, 
depending whether fixation occurs via a single or via 
multiple  association(^)^"' (Fig. 2h-k). Another specific 
phenomenon involving an onion-skin- or cascade-type 
structure of the supernlolecule is defined as a "second- 
sphere> ' [ 1 "201 or "doll in the doll" complex (Fig. 21). 

Finally. it is advantageous to distinguish in the naming 
between the free host (receptor) capable of forming the 
host-guest aggregate and the complete host-guest com- 
pound. This is achieved by using the suffix-"and.' to 
mean free host or uncomplexed ligand, and the ending 
"-ate" for the host-guest compound.['71 Thus. the cavi- 
tate-forming host cornpound is termed a cavitand. tubu- 
lands correspond to tubulates. and so on (Table I).  How- 
ever, it was pointed out that this naming is misleading. 

Table 1 Specificationlnomenclature of hosts (ligands) and 
suplamolecular compounds they form (decripti\e terms or 
names of supramolecular con~pounds. if existing. are given 
111 parentheses) 

a) Hostsll~gands typlcal of supramolecular 
con~plex formation: 

Catenand (catenate) 
Corand (coraplex) 
Coronand (coronate) 
Crolr n ether 
Cryptand (crjptate) 
Cryptaspherand (cryptaspheraplex) 
Cyclanl 
Glytne 
Helicand (helicate) 
Hemispherand (hemlspheraplex) 
Hexdcylen 
Laliat ethel ( la~iate)  
Metallacoronand (metallacoronate) 
Metallacl 1 ptand (metallacr) ptate) 
Molec~~ldl  cleft host 
Octopus host 
Pincer host 
Podand (podate, podaplex) 
Sargophagine 
Sepulchrand (sepulchrate) 
Siderophorc. siderand (siderapleu) 
Soccer hall cryptand 
Spherand (spheraplex) 

b) Hosts typical of cavitate inclusion forrnation 
Calixarene 
Capsule host 
Carcerand (carceplex) 
Ca\ itand (cavitate. caviplex) 
Cyclodextrin 
Cyclointercaland (cy clointercalate) 
Cyclophane 
Cryptophane 
Henlicarcerand (hemicarceplex) 
Kohnkene 
Ivletal array host 
Molecular box 
Molecular square 
Resorcarene 
Speleand (speleate) 
Softball host 
Tenn~,  ball host 
To~dnd  (tordplet) 
Tubuland (tuhulate) 

C) Hosts typical of clathrate (crystal inclu~ion) forrnation 
Clathrand (clathrate. clathraplex) 
Coordinatoclathrand (coordinatoclathrate) 
Hexahost 
Piedfort host 
Roof host 
Scissors host 
Spider host 
Urheel-and-axle host 

Specific cases: Cyclotriphosphazene. cyclotri\eratrylene. Dianin's 
con~pound. hydroquinonc. perhydrotriphenylene. tetraphenylene. trimes- 
ic acid. tri-o-thymotide. 
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because the suffix '.-atew is usefully used for anions, 
whereas a great many of the host-guest compounds 
referred to are cations or i~ncharged species. This is why it 
was proposed to replace it with the suffix "-plex.'~ to give 
caviplex, clathraplex, and so on1"' (Table 1). kJn'fortu- 
nately. this suggestion for improvement has not yet been 
generally accepted. 

Supram.as!eeular Compounds 
Involving Objects Other Than 
Host-GuesVReeeptsr-Substrate 
Association 

Because by definitio~l supramolecular coinpounds include 
any cheillical species resultiag from association of mole- 
cules, the nurnber and variety of coinpounds or materials 
that fall under the category are irumense.[" and the host- 
guest compounds. although important, make up only a 
relatively small segment of the whole range. Nevertheless. 
this majority of supralnolecular compounds is far from 
producing descriptive terms and names compared to the 
host-guest compounds. Generally. they are classified into 
dirferent bur broad fieids. where engineered suprarnolec- 
ular structui-es and pattern motifs, mostly of nanoscale 
or cornmunica!ing functional systerns. are the center of 
interest. They include the so-called interlocked and inter- 
woven systems, the crystal engineering supramolecular 
materials and liquid crystals. the surfactant-type aggre- 
gates and mono-Imultilayers. the catalytic systems and 
biological mimics. the self-replicating systerns. and the 
supramolecular devices. to nlentiorl only relevallt fields of 
~lassification.'".'~.~~' The structures belonging to these 
supran~olecular coinpoi~nds or nlaizriais are ~rsually com- 
plex. yet in many cases they contain a host-guest com- 
ponent as part of the frameworli. 

STRUCTURAL VARlATlQNS 
AND TRlVlAh NAMES 

Apart fi-on1 the basic classificatioil scheme given above. 
extremely varied struct~tral types of supermolecules were 
developed. supplying a more detailed specification of 
supraislolecular co~npounds by using trivial names. In the 
cases of the host-guest compounds. they normal!y refer 
to a particular feature of the host molecule. 

Crol~n-Type and Cryptand Hosts 

Typical exanlples of this category of are 
illristrated in Fig. 3. The essential property common to 
this family of host ~nolecuies is a flexible framework of 
inultidentate donor atoms, such as oxygen. nitrogen. or 

sulfur. to rnentio~l but :lie lnost important. Depending on 
the topology with which these donor atoms are arranged. 
one basically distinguishes between the acyclic podands 
(fro112 Greek. meaning '-foot" j. the macrocyclic "coro- 
nands" (from Latin. meaning "wreath or ring"). and the 
macropolycyclic cryptands (from Greek, meaning "hid- 
den.').[261 Another resin occasionally used for the multi- 
dentate monocyclic coronands is  oran and,.""."^ while 
the term "crown ether9' is reserved for cyclic oligoethers 
containing oxygen donor atoms only (Fig. 3a). Histori- 
cally, these appealing structures of crown ethers are the 
basic units of the nowadays varieties of supra~nolecular 
hosts. That is why the term "crown compound" is also 
loosely used for any n~acrocyclic ligand having a crown- 
like shape. and even the acyclic podands are sometimes 
called "opeil-chain crown compounds" in this connec- 
tion. Moreo~er .  structure types of higher category 
involving each compound family and hybrids between 
the three basic cornpound families are known. Thus. 
extending the podand concept to three dimensions gives a 
tripodal ~nolecule specified as "tripodand" (see Fig. 3d). 
Important examples of this compound type are the 
naturaliy occurring siderophores and synthetic siderands 
(from Greek, meaning "iron bearer").["' h4~1ltiarmed 
representatives of the podands are the "octopus mole- 
cules.-. 127.2SI and in the final analysis, also the "den- 

d r i m e r ~ " ~ ~ ~  when containing donor sites. A molecular 
co~nbinarion of two separate coronand rings leads to a 
dicoronand. and so on. The podandocoronands, e.g., are 
hybride co~npounds featuring a coronand ring with a 
podand side arm. Because of their graphic resemblance to 
a lasso they are usually called '"lariat compo~mds" (lariat 
ethers, from the Spanish "la reata." meaning "the 
rope").r2" The analogs with two side arms are named 
"bibracchial ethers" (BIBLES).~'~' 

Other descriptive na~nes for particular cornpounds are 
cornmon in the literature. The tern1 "glyme" (mono-. di-. 
triglyme. elc.); is actually short for ethyleneglycol 
dimethyletl~ers, which are perhaps the simplest represent- 
atives of podands[27~2x1 (see Fig. 3b). Furthermore. 
azacoronands (azaanalogues of crown ethers, cf. Fig. 
3g) often have unusual names. such as "cyclam" or 
"hexacyclen" for the respective 14- or 18-membered 
tetra- or haxaaza-coronands.'"" Similarly; there are trivial 
names such as sarcophagine (from the Greek meaning 
"luxory coffin made from stone") and sepulchrates (from 
the Latin meaning "grave") named by analogy with the 
bicyclic cryptands with nitrogen (cf. Fig. 3h) and carbon 
bridgehead ~i ton~s .  respectively. but having all-aza donor 
 site^.'^' Another special case of an arnphiphilic cryptand 
coinbini~lg the macrocycle cyclotriveratryleile and a 
coronand fragment as hydrophobic and polar binding 
sites, respectively. is called speleand (from the Greek 
meaning "ca\,e").["' 
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Fig. 3 Crown-type and cryptand hosts: (a) Class specification: (b)-(j) representali\-e cases of compounds: (b,c) linear ( r z  = 0, 1. 2. 
etc.) and (d) tripodal podands: (e.0 crou-n ethers ( r z  = 0. I .  2. etc.). and (g) corona~~dlcorand (X = NH. S): (h) bicyclic (1, l i l ,  n = 0. 1 .  
2). (i) tricyclic spherical. and (j) tricyclic cylindrical cryptands (x = 0, S). 

All of these host molecules (ligands) were synthesized Enforced Cavity Hosts 
wit11 the inclusion or comp!exation of guest species in 
mind, mostly of metal ions. Thus. transformation from the The features shared by all of the host molecules of this 
free host ~ n o l e c ~ ~ l e  to the host-guest complex changes the category are a high degree of structliral rigidity coupled 
ending of the host name from "-and" to '"-ate9' or with lnuliipoint binding, thus leading to rigid preorgani- 
"-plex9' (podate or podaplex. coronate or coraplex. etc.: zation of the host for accommodation and binding of the 
see ~ ~ b l ~  1),[17,2~.2~1 g ~ e s t ~ ~ ' , " ~  (Fig. 4). While the usual flexible podands have 
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a low degree o f  preorganization, the rigid molecular clefts 
(Fig. 4a) and tweezers (Fig. 4b) are much more organized 
in this respect.'" -'31 In a sense. they may therefore be 
understood as highly preorganized podands. Similarly, the 
hemispherands. spherands (Fig. 4c). and cryptaspherands, 
showing enforced spherical arrangement o f  donor atoms. 
with increasing preorganization in this order. are the 
preorganized analogues o f  crown compounds and crypt- 
ands. respectiveiy.'9~'0"" Typical o f  their rigid backbone 
are the ortho-connected anisyl units replacing the flexible 
ethyleneoxy fragments in the conventional crown com- 
pounds and cryptands. The stable inclusion complexes 
formed o f  the spherands are mostly called "sphera- 
plexes.' ~ 

Actual!y, these aromaiic groups containing spherands 
fall under the extensive range o f  cyclophane hosts."'] By 
definition. a cyclophane host must contain at least one 
macrocyclic ring comprising a bridged aromatic unit. 
This has been realized in numerous structurai types (c f .  
Fig. 4d-g) that can be grouped to different compound 
classes. including the above cavitands (in a more specific 
sense) and carcerands. mostly having a rigid cyclophane- 
type fralnework and being generally termed container 
 molecule^."^] The difference between the two species lies 
in the fact that the molecular cavity o f  the cavitands is 
us~lally open at one end ( c f .  Fig. 40.  while the carcerand 
(Fig. 4g) is defined as a closed molecular container or 
capsule without portals o f  significant size through which 
guests can enter or leave. Guest species within a 
carcerand to yield a carceplex are. therefore. permanently 
trapped or intercarcerated within the internal volume, 
unless covalent bond breaking within the host occurs.'361 
Other individual cyciophane-type hosts making use o f  a 
characteristic kind o f  building block are the "calixar- 
enes"[37."' They are macrocycles formed from the 
condensation o f  a p-substituted phenol (e.g.. y-tert- 
butylphenol) with formaldehyde. The most coininon 
calixarene is the cyclic tetramer derived from these 
components (Fig. 4h). The descriptive name "calixar- 
ene" for the whole family o f  compounds is indicative o f  
the bowl-shaped conformatioil o f  the smaller calixarenes 
resembling a Greek vase called a "calix crater". Hybrid 
calixare~les such as calix-crowns, -cryp~ands. or -spher- 
ands are also known.["7.381 Closely related to the calix- 
arenes are the resorcarenes or calixresorcarenes. which 
are derived in similar fashion by condensatioi~ o f  resor- 
cinol with a~dehydes~~~." '  (Fig. 4i). Calixarenes and 
resorcarenes form cavitates. The torands and the kohn- 
kene (named after his creator) are toroidal-shaped, rigid 
host cornpounds featming a macrocycle o f  condensed six- 
inembered rings, while the characteristic curved molecu- 
lar buildiilg block for the formation o f  cryptophanes (Fig. 
4j) is cyclotriveratrylene (CTV).'~."" These capsular hosts 
were given the name cryptophanes by analogy with the 
cryptands, while the ending " -phane" comes from 

memberrhip In the class o f  cyclophanes. From another 
view* the cryptophanes fail under the class o f  "hemi- 
carcerands" (closed molecular containers allowiilg guests 
enter to and exit), thus yielding herrnicarceplexes on in- 
clusion o f  a guest species.i361 

However, using linlced aromatic rings o f  cyclophane 
type is not the only way to introduce rigidity into a host 
design. The most common, most studied and cheapest 
com~nercially available hosts, the cyclodextrins (CDs). 
are fully saturated cyclic oligosaccharides comprising 
usually six to eight D-glucopyranoside units, linked by a 
1,4-glycosidic bondr3" ((Fig. 4 ~ ) .  The name comes from 
dextrose. an early syi~onym for glucose. The shape o f  a 
cyclodextrin is often represented as a tapering torus or 
truncated funnel. making available a hydrophobic cavity 
into which guests can be included.'"" Another well- 
known host conlpound based on the fully saturated rigid 
glycoluril building block is cucurbituril["' (Fig. 41). This 
barrel-shaped compouild is named because o f  the 
resemblance to a go~lrd or pumpkin o f  the Cucurbitaceae 
family. The inclusion co~npounds formed o f  cucurbituril 
are o f  cavitate type with a likeness to a hemicarceplex. 

Self-Assembling inclusion Hosts 

While the above host compounds were obtained by 
conveiltional covalent synthesis, formation o f  the present 
type o f  !lost compounds is based on a so-called self-as- 
sembling process: as a synthetic ltey step. i.e., programmed 
molecular components or tectons (from the Greek mean- 
ing   builder^') come together spontaneously. iil a well- 
defined way. to give noncovalent assemblies that are sta- 
ble in Thus. the host assembly as such 
is already a supermolecule constituting the first level o f  
hierarchy in the construction conlpleted by formation 
o f  the inclusion compound, which is the second level o f  
supra~nolecular construction. Characteristic examples o f  
this class o f  host compouilds are the self-assembling tennis 
ball and softbail capsules formed o f  two self-co~nple- 
mentary b~iilding blocks (see Fig. 5a) or the so-called giant 
capsules. being larger self-asseznbling cavity systems.'"' 
A different approach than assembling closed capsules via 
hydrogen bonding, as above. is to form self-asse~nbling 
coordination compounds. where transition metals as 
structural components are used in the construction o f  
containers. This was realized by a range o f  supramo- 
lecular triangles, squares. spheres. and boxes composed 
o f  different coordinatively effective building units and 
metal centers or partly protected metal fragments[4" (see 
Fig. 5b). Hn analogy to the conventional coronands and 
cryptands, the terms '\netallacoronands." "metaila- 
cryptands," etc. (metallacoroilates. rnetallacryptates for 
the inclusions) are in use for this type o f  supramolec~rlar 
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Moving away from closed capsules. a number of rack, 
ladder. and grid structures were produced via metal- 
directed self-assernbly using multidentate bridging 
ligands of different geometries to yield two- and three- 
dimensional synthetic receptors'"' (see Fig. 5c). From a 
more general point of view. this type of self-assembling 
metal arrays. also specified as open structures or porous 
systems. fa11 under the class of "coordination poly- 
m e r ~ , " ~ ~ '  an active field. Early types of coordination 
polyiners to be mentioned here are the Hofmann 
compounds and Werner clathrates, that are also classified 
into the below family of solid-state inclusion hosts.'"' 

Interlocked and Interwoven Systems 

Typical exainples of this category of supramolecular 
structures are the c a t e n a n ~ s . ' ~ ~ '  consisting of two or more 
rings that are interlocked mechanically without any 
chemical interaction between the two except nonbonding 
interaction (see Fig. 5d). Generally. the rings cannot be 
separated without breaking a chemical bond. A particular 
case of catenane being composed of five interlocked 
rings. such as in the international Olympic Games 
symbol. is dubbed "olympiadane."L1"l I11 circumstances 
where the interlocked ring system is capable of actin, as a 
ligand, the terms "catenate. ' for the con~plex apply.[2' 
Compounds related to the catenaries are the r ~ t a x a n e s . ' ~ ' ~  
They consist of a long. fairly linear molecule threaded 
through a macrocyclic ring with the linear part of the 
molecule terminated by bulky groups preventing slip out 
(see Fig. 5e). Rotaxanes without such physical barriers 
that can take apart are called pseudorotaxanes. They are 
frequently necessary precursors to rotaxanes and cate- 
nanes. The self-assembling double-helical structure of 
DNA provided the inspiration for a further area of 
supramolecular con~pounds called hel ica te~.~"~ Usually. 
they consist of extended. multidentate bridging ligands 
(helicands. a particular type of podands) capable of 
chelating different metal centers that gives rise to helical 
coordination complexes (see Fig. 5f). but hydro- 
gen bonding analogues of such helical assemblies and 
much higher complex interwoven systems are also 
knoWn,i12.33.J-71 

above. host-guest compounds of this type are generally 
termed clathrate~. '" . '~~ Although, here, a distinction 
between host and guest is sometimes subjective, because 
there are prototypes of organic and inorganic structures of 
host cornpoi~nds following particular lines of molecular 
construction and concepts taken up in the trivial 
names,12,47.51,52j I11 the first place. a distinction can be 
made between host molecules that feature strong mutual 
interactions (mostly via hydrogen bonding: see Fig. 5g,h). 
and those that have remarkable franles (specifically 
curved or propeller-type backbone, or a kind of awkward 
shape: see Fig. 5ij) .  They result in an inefficient filling of 
space when host molecuIes are packed together in the 
crystalline form. thus providing voids. 

The mutually interacting hosts can be simple mole- 
cules, such as water, on the inorganic and urea or thiourea 
on the organic side of compounds. The inclusions of ice 
are usually called clathrate hydrates or gas hydrates.[16' 
Triinesic acid (Fig. 5g) and derivatives, Dianin's com- 
pound (named after the creator), and other phenols. 
including hydroquinone, are further exainples of this 
particular co~npound type. Derivatives of cyclotriphos- 
phazene. tri-o-thymotide, cyclotriveratrylene (CTV: 
Fig. 5i), perhydrotriphenylene (PMTP) and tetraphenylene 
are exempiary cases for the second category of llost 
compounds characteristic of a curved or propeller-like 
franlework structure. The host molecules typical of an 
awkward shape include all kinds of triarylinethanols and 
their derivatives. as well as molecular frameworks 
resembling a pair of scissors (Fig. 5h). a roof. or a 
wheel-and-axle s l ~ a p e ~ ~ ~ . " ' . ' ~ ~  (Fig. 5j). Other design 
strategies leading to hexahosts (six-armed derivatives of 
benzene) or piedfort analogues (two trisubstituted 8.1-0- 

matic rings juxtaposed: the term comes from a special 
coin stuck) were also successfully developed.116~'S.471 The 
most general approach to designing a solid structure 
(diamondiod network. rosette, tape motif. etc.) including 
host-guest systems. however. is to make use of the 
supramolecular sqnthon and crystal engineering con- 
cepts, i51-5'1 

Finally. the layered solids and intercalates of inorganic 
clay minerals and graphite as well as the zeolites as 
porous aIu~ninosiIicates ha\-e to be quoted here.r47i 

Solid-State inclusion Hosts 

The previous hosts produced host-guest compounds that 
usually exist in solution and in the solid state. By way of 
contrast; inclusion compounds of a so-called solid-state 
host are only in existence in the solid state. As stated 

Due to their complex structure, systeinatic names of 
supramolecular conlpounds are cun~bersome in use. This 
has given rise to Inany trivial nanles and descriptive 

- ~ -- - - 

Fig. 4 Exemplary cases of enforced cavity hosts and their supramolecular cornpounds (guests symbolized in broken rings): (a) Cleft- 
type: (b! tweezer-type: (c) spherand: (d) cyclophaile (monocyclic): ie) cyclophane ibicyclic): (f) cal-itand: (g) carcerand: (h) calixarene 
(calix[4larene): (i) resorcarene; (j) cr~,ptophane: (k) cl~clodextrin (0-cyclodextrin): and (I) cucurbituril. 
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Fig. 5 Typical exarnples of (a-c) self-assembling inclusion hosts; (d-f) interlocked and interwo\en systems: and (g-j) solid 
state inclusion hosts: (a) tennis ball dimer; (b) metallan~acrocycle: (c) ladder-structured metal array: (d) catenane: (e) rotaxane: (f) 
helicate: (g) net~vorli lattice host (exemplary host molecule): (h) coorclinatoclathrate host (exemplary hosts): ( i)  curved framework 
host molecule: and (j)  aukward-shape host molecule. 

terms. as shown above. On the other nand. systeills of Seen from this point of view, the naming of crow11 ether 
more detailed terminology were established for particular compounds is relatively simp~e.[3-5.'i1 The first number in 
classes of cornpounds in order to make smooth yet the crown name designaies the number of atoms in the ring 
sufficiently precise expert conversation possible. and is usually given in square brackets. The second number 
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following the class specification crowll gives the number 
of oxygen atoms involved. Substituents or condensations 
are denoted with a prefix such as benzo-. dicyclohexano-, 
and so on. For example, [18]cro\v11-6 (Fig. 3e, IZ = 2) is a 
crown ether with an 18-membered macrocyclic ring 
containing six oxygen atoms, and dibenzo[l8]crown-6 is 
an analogue with two benzo condensations (Fig. 3f). These 
are sometimes modified to 18-cro\vn-6 and dibenz(e11)o- 
18-crow11-6 (abbreviations: 18Cb and DB 18C6). Although 
this kind of 11otation is cotnmonly accepted. it gives only a 
rough characterization of the structure and is not clearly 
defined (positions of 0 atoms and substituents). In an 
improved notation system."6' the name [18]cro\v11-6 (cf. 
Fig. 3f) becomes 1 8(8626-coronanci-6)9 meaning an 18- 
membered  non no cyclic compound containing six oxygen 
atorns linked by six spacers containing two carbon atorns 
each to give a total of six donor atoms. Similarly, a 
corresponding azacoronand (azacorand) compound con- 
taining alternate oxygen and nitrogen atoms (Fig. 38; 
X = O,Y = NH) is callen triaza[l8lcrown-6. 18(03N3-26- 
coronand-6) or 18 ((ON)3-26-coronand-bj showing ~ipward 
precision in naming. Especially for coronailds containing 
multiple nitrogen or sulphur donors. a notation based on 

9. the suffix "-ane. along with numbers denoting the ring 
size and donor atorns. is in use.["1 Thus. the hexaaza 
analogue of 1 8C6, 18 (N626-coronand-6) (Fig. 3g: 
X.Y = NK). is denoted [lglane-N6. and its sulfur analogue 
(Fig. 3g; X,Y = S) [18]ane-S,. 

The spherical cryptands have a somewhat different 
n o m e n c l a t ~ r e . [ ~ - ~ . ~ ~ )  Each host is denoted by a series 
of numbers, gi\-en in square brackets, followed by the class 
name "cryptand". The numbers in square brackets and 
separated by dots indicate the number of donor atoms in 
each of the bridges between the bridgehead atoms. Thus. 
the most common cryptand (Fig. 3h) is termed [2.2.2] 
cryptand. sometimes abbre1,iated [2.2.2]. in accordance, 
the analogous compound with sulfur atorns in the bridges 
is designated [2s.2s.2s]. A more specific non~encla t~~re  as 
for the coronands was also been developed for the 
cryptands but is only scarcely in use."61 Commercialiy. 
the cryptands are sold under the trade name M*yptofixr' . 

By way of contrast, the podands cannot refer to a 
simple notation system for naming,i2" except for the 
glynles (e.g.. gyme-6: Fig. 3b, n = 3) where the number 
following the class name denotes the number of oxygen 
atoms connected to the ethylene glycol ~ i n k a ~ e s . ~ ~ ' ~ ~ ~ ]  

Regarding the big fanlily of enforced cavity hosts. a 
more specific nomenclature than class names is more or 
less in use only for the calixarenes and cyciodextrins. In 
case of the caiixarenes. the number of phenolic residues is 
denoted by a nurnber in square  bracket^.^".^" Thus. the 
most common cyclic tetramer with p-t-butyl substituents 
(Fig. 4h) is termed p-t-butyl-calix[3]arene. When using 
the cyciophane nomenc!ature.'"' the calix[:']arene would 

go by the name of [1.1 . I ]  metacyclophane. The other 
cyclophane-type hosts, if not too complex in structure, are 
narned con-espondingly. The three most important mem- 
bers of the cyclodextrin family are y.-, P-, and ;J- 

cyclodextrin isornetimes abbreviated to r-.  p-, and ;/- 

CD). which possess, respectively, six. seven. and eight 
glucopyranoside units. Thus. the Greek letters serve to 
distinguish the different ring sizes of the homologous 
series and are essentially historical in nature."" Numbers 
in square brackets of a nomenclature rnay still have 
another meaning than mentioned above. In catenane~"~"' 
these denote nurnbers of interIocked rings, e.g., a [2]cate- 
nane consists of two interlocked rings (Fig. 5 4 ,  and in 
the case of the hel i~ates , '~ . '~ '  they denote the binding sites 
of the helicand used for coordination of a metal ion. e.g., 
[4 + 4lhelicate for the structure shown in Fig. 5f. 

While a distinction between the free host (ligand) and 
the host-guest compound (inclusion complex) is easy to 
make for all hosts ending their name with "-and." simply 
by changing the ending to "-ate" 01- "-plex" for the 
host -guest c o ~ n ~ o ~ r n d ~ " ~ ~ ~ . ~ '  (Table I) ,  the other hosts 
cannot be treated in a similar way. e.g., the calixarenes or 
cyclodextrins. Here, paraphrastic wording may be used 
for specification of the host-guest compound. However. 
there is also the possibility of using formula terms 
denoted by the lllathelnatical symbol C, meaning "part of 
the set ~ f . ~ " ' ~ '  Thus. the coronand 18-crown-6, when 
including a metal ion M + ,  forms the corollate 
[ M + ~ 1 8 @ 6 ] .  or p-cyclodextrin including benzene gives 
the cavitate [benzene c p-cyclodextrinl. 

CONCLUSION 

Due to the fast growth in the nurnber of supramolecular 
con~pounds. assemblies, or materials. it becomes difficult 
to distinguish between the different chelnical species. It is 
true that. in principle, naming by using the systematic 
nonlenclature could help in telling the species apart, but 
most of the compounds under discussion are so complex in 
structure that systeinatic names are culnbersome and thus 
ilnpracticable in common use. This is the reason for the 
many trivial names, ~nostly of high pictorial nature, that 
have been coined. However, this is anything but a solution 
to the problem. because new trivial names constantly have 
to be found. Oil ihe other hand, efforts have been under- 
taken to find a generalized system of nomenclat~ire for all 
suprarnolecular compounds. or at least for the host-guest 
cornp~unds ."~.~"  Is shown, this is possible up to a point. 
but naming also tends beconle intricate and thus relatively 
troublesome. The main problern, ho~vever. is more 
complicated. owing to the noncovalent binding type a 
supra~no:ecular compound rests upon. Interactions of this 
kind are not contained in the conr,entional nomenclature 
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systems that are designed only for covalent-bonded 
molecules or ions. Another insurmountable problem met 
with the naming of solid supramolecular cornpounds is 
connected with the phenomenon of p ~ l ~ m o r p h i s m . ~ " ~  i t . .  
the ability of a compound to crystallize in different crystal 
arrangements. Thus, at present. it is more or less 
impossible to unambiguously name a moderately complex 
supramolecular compound using the existing nomencla- 
ture. In a way, the circuinstances are sinlilar to the single 
compound nomenclature used somewhere near the end of 
the nineteenth century. A glimmer of hope might come 
from the so-called ' %upramolecular ~ynthons"'"~"~ to lay 
the foundation for a new system of nomenclature. They are 
related to the functiorlal groups on the molecular level that. 
as known, are the bases of conventional nomenclature. 
Apart from this potential approach, a long-dated solution 
of the problem is not in the offering, although this would 
be profitable for the development of the whole field. 

To summarize, it can be said that basic classification of 
supramolecular compounds has been developed using 
several criteria, of which the type of interaction and 
topological considerations are most important. On the 
other hand, a strict systematic nomenclature for any type 
of supramolecular compounds is laclting. Instead, a 
number of trivial names, notations. and semi-systematic 
names are presently in use. 
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A clathrate hydrate is a crystalline inclusion compound in 
which small guest molecules. usually hydrophobic. are 
trapped in polyhedral cages formed by hydrogen-bonded 
water molecules.~" True clathrates are formed by guests 
that interact with the hydrate lattice only by weak, 
nondirectional forces. In such cases. the water molecules 
form a completely hydrogen-bonded network, and the 
inaterials effectively are ices. A number of structures are 
known for true clathrate hydrates. including the three 
major families of clathrate hydrate  structure^'^' that will 
be discussed later. 

Clathrate hydrates are of interest today for a number of 
reasons. It probably is fair to say that they were the first- 
recognized suprarnolecular coinpounds. with a history 
going back 200 years. Scientifically. they are of interest as 
perhaps the best-understood class of incl~rsion com- 
pounds, and they serve as the archetypal model for 
hydrophobic hydration. Technically, hydrates proved to 
be a hazard in the exploration and transport of hydrocar- 
bon resources because of solid plug formation in pipe- 
lines.'" Last. the existence of nat~irally occurring hydrates 
sparked an interest in their roles in the geosphere, 
especially pertaining to their possible roles as agents of 
climate change. as sources of clean-burning methane gas, 
and as geoha~ards.~" The last features are related to the 
fact that a hydrate is an extremely efficient storage 
medium for gases. as each \~olume of Structure I hydrate, 
for example, is known to hold - 160 volumes of gas at 
standard te~nperat~lre and pressure (STP). 

Several classes of ~iiaterials closely related to clathrates 
are known as well, generally classified as semiclathrates, 
and ionic or salt hydrates."' Semiclathrates are crystalline 
hydrates formed mainly by amine guests, where there is 
some interaction between guest and host. This often takes 
the form of hydrogen bonding between the guest molecule 
and host lattices. which leaves some water ~nolecules 
incompletely incorporated in the hydrogen-bonded clath- 
rate framework. There is a large variety of structures. 
some of which are related to the true clathrates. 

The ionic clathrates are formed by oniunl salts MR+4 
and SR'; ( M  = N, P. and R = Ci-isoC5). where the anions 

can be inorganic or organic ions.[21 For these structures, it 
is also possible to substitute NH4F for some of the water 
molecules. As well, acids such as perchloric, tetrafluoro- 
boric, and WXF6 (X = P, As. Sb). form clathrate structures 
with the anion in a hydrate cage and the proton in- 
corporated into the hydrate lattice. Again, some substitu- 
tion of lattice water molecules is possible for these 
compounds with HF. Oxides with formula R3N0, R3P0. 
and R3As0. where R = C5H9; isoC5HI ,. also form clath- 
rate hydrates. 

HlSTORBCAb PERSPECTIVE 

Although some researchers claim that the initial observa- 
tion of a clathrate hydrate took place in the eighteenth 
century. it is generally accepted that the first official report 
was made by Davy to the Royal Society and published in 
181 I.[" He reported that a compound of muriatic oxide 
(chlorine) and water had a melting point higher than that 
of ice, and Faraday measured its composition to be 
e l2 .  l ON20 in 1823.[~] Thus, clathrate science is. in [act. 
older than the concepts of modern chemistry. It can also be 
said that the clathrate hydrates often did not obey the 
general rules that were being discovered for chemical 
compounds. and until the first structure was determined in 
the early 1950s, remained somewhat of a mystery. Many 
eininent scientists contributed to clathrate science. devel- 
oping a number of general co~~cepts.[" For instance. 
clathrates formed definite compounds. but their compo- 
nents could be recovered unchanged on decomposition: 
they were generally nonstoichiornetric with fractional 
hydration numbers; and mixtures of guests often gave 
coinpounds as readily as pure guests. 

The observation that solid hydrates of hydrocarbons 
might more easily form blockages in gas pipelines than 
iceLsJ was the impetus for a vigorous research prograin 
with the aim of predicting hydrate formation conditions 
and preventing blockages, an effort that continues today. 
The early work led to a comprehensive package of prac- 
tical knowledge on phase equilibria of gases and gas 
mixtures. either in the presence or absence of hydrate 
inhibitors. such as methanol and salt.L91 
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Fig. 1 Methane hydrate. hich is stable belou- and to the left of the phase boundary line. Also shown is the geothermal gradient in 
permafrost as well as marine environments. Where the curves intersect, natural methane hydrate is stable. Natural methane hydrates are 
found in the lightly shaded region. BSR labels the "bottorn-simulating reflector." an unexpected interface found by sonic exploration 
techniques and usually associated with the interface between sediments ~vith and without hydrate. (Vieit. th is  art it1 color clt 

1~1~~1~..dekkei-.conz. 

The first crystal structures for the clathrate hydrates 
now known as Structures I and II were published in 
the early 1950s, giving answers to many of the ques- 
tions raised during the previous 150 years of hydrate 
\~ork.~'O-'" They were seen to fit the class of materials 
known as "clathrates." a term coined a few years earlier 
by e ow ell'"' to describe inclusion compounds of quinol 
and trapped guests. The knowledge of structural informa- 
tion and compositional data on clathrates. including the 
hydrates. led van der Waals and Platteeuw to propose their 
elegant "solid-solution" theory for ~ l a t h r a t e s , " ~ ~  still the 
basis for much of the predictive modeling of clathrate 
stability conditions today. 

Interest in clathrate hydrates was sparked again when it 
was realized that hydrates might exist naturally in the 
geosphere. and when this hypothesis was subsequently 
confirmed. This includes "air" hydrates deep inside 
glaciers"7' and natural gas hydrates, both under the 

and offshore on the continental margins 
(see Fig. J).["~ On a more speculative note. it was also 
conjectured that gas hydrates exist on the outer planets 
and in  cornet^.^"."' 

In the last 30 years or so. clathrate science has blos- 
somed. with the reports of many new guests, a new hydrate 
structural Family, a complete revision of the structure-size 
relationships. new approaches for hydrate characteriza- 
tion. refined models for hydrate stability prediction, high- 
level calc~rlations and computational work on hydrate 
physical properties, experimental work and models for 
kinetic processes, etc. 

MOLE '10 

I + h , b p  

,b ;o i o  40 l o  Qo o L 9'0 
WT PERCENT DME 

Fig. 2 Temperature-composition diagram for the water- 
dimethyl ether system. The two hydrates that form at -12 and 
22 Wt% DME are Structure IT (DME.17H20) and Structure T 
(DME.8 213 H20 hydrates. respectively), Both decompose in- 
corlgruently. (S.L. Miller, S.R. Gough. D.\V. Dax-idson. J. Phys. 
Chem. 1977. 81, 2154: K.A. Udachin. C.1. Ratcliffe. and J.A. 
Ripmeester. Angew. Chern. Int. Ed. 2001. 113. 1343.) 
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STRUCTURES 

Fig. 3 Polyhedra pre5ent in the true clathrate hqdrates 

The true clathrates can be classified as belonging to three 
major families. comrno~lly known as Structures I. 19 ".'I 
ancl H . ' ~ ' . ~ ' ~  and several unique structures formed by 
br~rnine.~'" dimethyl ether (see Fig. 2).['" ancl tert-bu- 
tylarnine.r'71 The polyhedra that make up these various 
structures are shown in Fig. 3. In contrast to Ice Ih, in 
which hexagonal rings of hydrogen-bonded water mole- 
cules occur exclusively. Fig. 3 and Table 1 show that 
pentagonal rings predominate in the clathrate hydrates. 
although hexagonal and, sometiilles, square rings are 

necessary in order to give space-filling frameworks. The 
polyhedra, which must comply with Euler's relationship, 
F + V = E + 2 (where I;, V. and E are the number of faces. 
vertices, and edges. respectively), stack together by 
sharing faces to fill three-dimensional space. They are 
usually described by the descriptor n"', where m is the 
number of faces with rz edges. Of the hydrate cages, the 
pentagonal dodecahedron (512), also referred to as "na- 
ture's second fa~lorite structure",[2" is the only polyhe- 
dron that can have equal edges and interedge angles while 
inaintaining planar faces. The cages of various types stack 
together to fill three-dimensional space. as shown in Fig. 4. 

Table 1 Hydrate structure types. unit cell contents. and cage types 

Structure type Unit cell content Space group Cage Symmetry of cages 

Structure 1 

Structure LI 

Structu~e H 

Structure IIIH pol) type (ideal form) 3E 12H,bD'.33D. 306H20 
R-3m 

Structure T 12U. 12T 24T' 12P 348B20 
P32 1 

Bromine hydrate 

5 ' 2 ( ~ )  
5 "6 ' (~)  
5 "(D) 
5 ' 26 ' (~)  
5 ' 2(D) 
4 3 5 6 6 ' ( ~  ) 
5 ' 2 6 S ( ~ )  
5 "(D) 
4'5h6'(~') 
5 126'iH) 
5"6'(~) 
4'5"'(~) 
5 I26'(T) 
5 "6 ' (~)  
1 '5 ' ( '6 ' (~  ) 
5 l 2  (D) 
5126' (T) 
5 "6' (P) 

m3 
42m 
3 m 
43n1 
mmm 
61112 
61mmm 
3. 3m 
3m 
3m, 31n 
3 n1 
2. 2. 1 
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Fig. 4 Clathrate hydrate structures. Hydrates of cubic Struc- 
tures I. 11. and hexagonal Structure H are illustrated to indicate 
the stacking of the polyhedra. 

As well. a summary of the structural details and the cages 
in each structure is given in Table 1. 

Suitable guest materials for true clathrate hydrates vary 
widely in size and chemical nature and number well oher a 
hundred. The main criterion is that the guest rnolecule 
should i ~ o t  interact too strongly with water, as i i ~  the solid 
hydrates, the guest and host inust interaci hydrophobi- 
cally. Thus. the classes of hydrate formers include mona- 
t o m i c ~  (Ar. a. Xe), diatomics (N2. 03. CO. Br2- CI1). 
other inorganics [HLS, H2Se, CO,, COS, PH,, NF;. 
C103F. S01F2. MF6 (M= S, Se. Te)], organic hydrocar- 
bons (aliphatic. alicyclic. olefinic, acetylenic. aromatic). 
and substituted organics (halides. including CFCs HCFCs, 
sulfides. mercaptans, ethers, ketones, some alcohols. alde- 
hydes, and acids). Size limits (van der VVaals' diameter) 
on the guests vary from 4-8 A (Ar to --dimethylcyclo- 
hexane). On the basis of high-pressure experiments. i t  was 
suggested that Ne, He, and H2 are also able to form clas- 
sical hydrate structures.L281 

The actual hydrate structure that forms is usually 
determined by the size of the guest. 111 two-phase systems, 
the relationsllip between guest size and structure is 
reasonably straightforward. When there is more than one 
guest type, the relationship is far more complex. as shown 
in Fig. 5. 

PREPARATION AND 
PHYSICAL PROPERTIES 

Pure hydrates are crystalline ice-like solids usually 
prepared from water or ice and an appropriate guest 
species. Hydrates of water-soluble guests have well- 
defined phase diagrams characteristic of two-phase 
systems with compo~md formation."." If tlze hydrate 
melts congruently, it is sirnply a matter of freezing a 
solution of the correct co~nposition to obtain the hydrate. 
For systems that melt incongruently, the aqueous solution 
must be quenched belon- the peritectic ternperaiure and 
conditioned so that the crystalline hydrate can for111 on 

annealing the frozen mixture. In cases where the guest 
species is a poorly water-soluble liquid or gas, hydrates 
can be made by contacting powdered ice with the guest in 
a sealed tube or in a pressure vessel and leaving the 
sample for periods of several days to weeks. Often it helps 
to cycle the temperature through 0°C in order to promote 

cyclopentane W L ~ - _ - ~ ~  ; ; 
propane i 

- isobutane I ! 
I I 

n-butane(g). neopentane 
benzene, cyclohexane I 

adamantane I 

cyclooctane. methyl 
I 

I 
- butanes 

--=---,--- 

methyl pentanes (g) 
meihylcyclohexane 
din~ethylcyclohexane 

Fig. 5 Structure-sire relationships. A number of representative 
guests are shown at their largest van der Waals' diameters. 
Guests are classified as I and 11. those being the structures 
formed if a single guest of that type were present. The a. b, c 
letters classify different subgroups, with the guest size of a 
smaller than that of b. which, in turn. is smaller than that 
classified as c. Also indicated are the ideal hydration numbers: 5 
213 for guests of IIa. 5 314 for Ia if all cages are full. For guests 
ot  1'1 and Ib. some of the small cages are empty. so that hydration 
numbers tend toward 6 213 as the guest size increases. For guests 
of Tlb, the small cages are empty. so that the hydration number is 
17 Some guests at the Ib-IIb boundary can 211 e either Structure 
I or IT Guests In Groups 1Ic and Ha ,\re not known to form 
h) drates by themselves but need small help gas  molecule^ (trorn 
Groups la. IIa, w m e  hom ITb) If guest types from Ia or IIa are 
present together with guests from Group Pb. Structures I or 
I1 maq occur depending on P.T conditions and relative 
concentrations. Guests of Type IPa. Ta. or Ib together with IIb 
or TIC give double hqdrates of Structure 11, and guests of Type Ia. 
IIa. or Ib with Ha give structure H. (J.A. Ripmeester. Ann. N. Y. 
Acad. Scie~lces 2000. 912. 1.) (Vie~r this art i i ~  color at 1t .u '~ .  
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hydrate formation, and continuous grinding of the reaction 
mixture has also been used effectively. 

On the other hand, it is also possible to react water with 
liquid or gaseous guest in bulk. However, the hydrate 
usually forms at the interface, and agitation is needed in 
order to produce significant amounts of hydrate. The 
pressure of a gaseous guest must be maintained within the 
P-T range of stability for the hydrate, and usually a 
significant overpressure is needed in order to n~~cleate  
hydrate initially. For the clathrates with gaseous guests, it 
is difficult to form a "pure" hydrate in which there is 
neither ice nor hydrate former in excess. This is especially 
difficult if the hydrate is to be homogeneous in terms of 
composition. as it needs to be made under fom-phase 

Gas or equilibrium (usually water-liquid guest-hydrate-, 
water-ice-hydrate-gas) conditions. 

Because hydrates are nonstoichiometric, the determi- 
nation of the composition, especially for gaseous guests. 
has been a chal le~~ge.~ ' . '~  This determination can be done 
by direct measurement of water and guests for samples 
known to be pure hydrate, or more generally by a variety 
of wet chemistry techniques. One of these is the 
application of the Clausius-Clapeyron equation to I"-T 
data for the hydrate-liquid-gas and hydrate-ice-gas 
equilibria in systems of water plus one guest component, 
which yields the heats of forination for these two 
reactions, HI and H,. The difference divided by the molar 
heat of fusion of ice then gives an estimate of the number 
of moles of water in the hydrate. Because natural hydrates 
often occur in the presence of sediment and excess water. 
there is a strong interest in developing instrumental 
techniques that will allow the determination of composi- 
tion in situ or in the presence of impurities. 

THERMODYNAMIC DESCRIPTION 

The best simple description of clathrate hydrates is the 
solid solution model of van der Waals and ~ la t t eeuw. [ '~ '  It 
assumes that there is an hypothetical empty hydrate lattice 
that is metastable with respect to ice, and that the lattice is 
stabilized by the presence of the guest molecules. Further 
assumption5 are that there is single occupancy of hydrate 
cages, and that guest-guest interactions can be neglected. 
Then, for a single-guest component at the quadruple point 
(hydrate, ice, water. gas), the hydrate will have the 
minimum cage occupancy for lattice stability. and the 
chemical potential difference By between the hypothetical 
empty lattice and ice can be expressed in terms of the 
fractional cage occupancies 0, as: 

where rz,  is the number of cages of type i, and N is the 
number of water molecules per unit cell, respectively. 
For Structure I hydrate, the best estimate of Ap is 1297 
J/m, which means that for guests such as methane and 
xenon. the large cages are essentially full and the small 
cages are -75% occupied, giting hydration numbers of 
6-6.2. The ther~nodynamics of clathrates were recently 
reviewed.'291 

CHARACTERIZATION QF HYDRATES 

A complete description of a hydrate requires knowing the 
detailed structure; including the distribution of the guest 
molecules over the cages. which then fixes the composi- 
tion. and its phase diagram (P-T-composition. or a two- 
dimensional cross section the~eof) . [ ' -~ .~"  Other important 
parameters. especially for engineering and geophysical 
applicatio~xs. include the thermal parameters, such as the 
various hears of reaction. the heat capacity, and physical 
properties. such as the dielectric permittivity, the thermal 
conductivity, the speed of sound. and the refractive index. 

As for other crystalline solids, the primary method for 
determining hydrate structure is by diffraction techniques. 
High-quality single-crystal x-ray data obtained on a 
modern diffi-actometer can be good enough to determine 
the framework structure and the highly disordered guest 
positions. Refinement of the data with the cage occupancy 
as a variable can then be used to determine the compo- 
sition of the hydrate.[301 Powder data (x-ray or neutron) 
can be refined by Rietveldt analysis, although the coupling 
of parameters tends to preclude a completely independent 
determination of structure and compo~i t ion.~"~ 

Other techniques for the characterization of hy- 
drates[32.331 ' include calorimetry, dielectric measurements. 
and spectroscopic techniques such as NMR,"~] Ra- 
man9[35.361 and IR spectroscopy.i371 These techniques de- 

pend on providing a structure-dependent spectral 
signature. In NMR spectroscopy. isotropic chemical shifts 
of the guests are affected by the size of the cages. As well. 
the anisotropic chemical shifts or quadrupolar coupling 
constants observed for the guests reflect the guest dynam- 
ics and the symmetry of the cages. Quantitative infor- 
mation can yield relative cage occupancies, which 
through expression I can be related to the hydration 
number. In vibrational spectroscopy. the size of the cage 
affects some of the vibrational modes of the guests. again 
allowing for identification of guests in different cages. 
However. there is evidence of guest-guest coupling. 
suggesting that intensity information needs to be treated 
with caution. especially in Raman spectroscopy, where 
the intensities depend on the polarizability tensor at the 
guest ~ i t e . ' ~ ~ . ~ ~ '  
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Gas hydrates continue to challenge researchers in scien- 
tific and technical areas. There is much current interest In 
understanding and controlling nucleation and kinetic 
processes; in discovering new hydrate phases, especially 
at high pressures; in viewing the nature of the hydrate in 
natural settings; in determining the locatiol~ and extent of 
ilatural hydrate deposits and their roles in the geosphere: 
and in determining the feasibility of producing gas from 
natural deposits. 

Over time, various applications were demonstrated on 
laboratory or pilot plant scale, including the fractionation 
of gases, the concentratioll of aqueous solutions. the 
desalination of water, cool energy storage, and the storage 
and transport of natural gas. All of these await future 
developments of commercially viable technologizs. 
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INTRODUCTION 

Clathrate hydrates are supramolecular framework materi- 
als in which guest ~l~olecules are physically trapped in- 
side cages made of hydrogen-bonded water molecules. 
Naturally occurrillg hydrocarbon gas hydrates constitute a 
vast untapped energy resource, generally little known by 
the layman, though receiving increasing attention in the 
media. Ice-like in appearance, methane hydrate can gen- 
erate about 160 times its own volume of gas at standard 
temperature and pressure (STP). Gas hydrates already 
have a huge impact on industry, as the cause of numerous 
problems for the oil and gas industry, but they also have a 
few specialized beneficial applications. and they have 
potential for use in a number of other areas. This review 
will be rather eclectic. because the study of hydrates cuts 
across many sciences, from the basic physics and chem- 
istry of hydrates to their involvement in biological sys- 
terns, in geological processes, in astronomy. and in 
c l i~~~atology.  They even have a place as a source of enter- 
tainment. The sources for nluch of the current informa- 
tion, especially regarding natural gas hydrates, are a 
number of books. reviews, and conference proceedings, to 
which the interested reader may refer."-15' 

First, we will present a little history and basic science. 
Although gas hydrates have been known to scientists since 
the early nineteenth century, with the work of Davy (in 
181 1) and Faraday (in 1823) on chlorine hydrate, their 
true nature as clathrates was not demonstrated until the 
advent of x-ray crystallographic studies in the 1950s. Gas 
hydrates began to gain more attention when their potential 
for causing blockages in natural gas pipelines was first 
noted in 1933. Their existence as nat~trai deposits in 
permafrost regions of the Earth was recognized in Siberia 
in 1965 and in Canada in 1974. Off-shore deposits were 
found with the advent of the Deep Sea Drilling Project, 
with the first indications of hydrate recorded around 1972 
and the first samples recovered around 1983. 

The detailed physical science of hydrates can be found 
in a number of revie~s.'""~' Three principal crystal 
structures are known: Structures I and II: which are cubic, 
and Structure H. which is hexagonal. All have small cages 
together with cages of increasing size (in the order 1, I%, H) 
that can accommodate larger guest molecules. They are 

nonstoichiometric, and their stabilities depend on the 
particular guest molecules and the pressure (P) and tem- 
perature (T) conditions. Stability models are based on 
the statistical thermodynamic description formulated 
by van der Waals and ~latteeuw."" Many hydrates can 
exist above the melting point of ice, some up to 28OC 
under pressure. Because the guest does not have any 
chemical bonds to the host. it has considerable transla- 
tional and rotational freedom within its cage. Resonant 
coupling between these guest motions and the low- 
frequency lattice vibrational modes results in a thermal 
conductivity for hydrates that is considerably lower than 
that in ice. Many different techniques have been applied to 
study hydrate compositions and physical properties. The 
rnost reliable methods for determining structure type are 
x-ray diffraction, solid-state nuclear magnetic resonance 
(NMR), and (to a lesser extent) Raman spectroscopy. 

OCCURRENCE 

Hydrates can and will occur wherever the compollents 
exist in sufficient concentrations and the conditions of 
temperat~lre and pressure are right for stability of the 
hydrate relative to ice (or water) and the particular en- 
caged gas molecules. 

Natural Gas Hydrates on Earth 

Naturally occurring hydrocarbon hydrates occur in per- 
mafrost regions, i.e.: in the north of Canada. Alaska, and 
Russia (Siberia), in marine deposits on the continental 
margins (probably everywhere around the globe), and in 
the beds of smaller seas and large deep lakes (Black Sea, 
Caspian Sea. Sea of Okhotsk, Lake Baikal. Gulf of 
Mexico) (Fig. I ) .  The most widespread gas hydrates 
(permafrost and continental margins) appear to be largely 
of Structure I type. with methane as the principal 
component, though other gases that form clathrate 
hydrates are usually present in much snlaller amounts, 
e.g.. H2S. COz, and some hydrocarbons. However, 
hydrates associated with major marine oil and gas deposits 
and seeps. as in the Gulf of Mexico. are inore often of 
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Fig. 1 Gas hydrate locations around the norld. (Courtesy of K. Kvenvolden, U.S. Geological Survey. from Ref. [13]. p. 18.) 

Structure I1 type because o f  the high content o f  the higher 
hydrocarbons' propane and butane. which are too large 
to form Structure I .  There is even a suggestion that Struc- 
ture H (first disco\.ered in laboratory preparations in 
1987[171) may also occur naturally in the Gulf o f  Mexico 
deposits:i1".'" lsopentane is found to be excluded from 
the Structure I1 hydrate beds (this molecule is too large for 
Structure 11). but it remains in quantity in the surrounding 
sediments. Thus. the coexistence o f  Structure 11 and 
Structure H at petroleum seep sites is postulated. and the 
Str~icture HI-H hybrid recently discovered in the lab may 
also be relevant in this Structures 11 and H can 
contain the smaller gas molecules, including CH4, in their 
small cages, and, in fact, Structure H is only known to 
exist when such small help gases are present. Double 
hydrates involving methane are quite likely to occur. 

"Massive" hydrate deposits outcropping on the sea 
floor have been found in the Gulf o f  Mexico and o f f  the 
West coast o f  Canada. In the latter case; geolo,' mists were 
alerted to their existence when large frothing chunks were 
pulled up in a fishing net. 

On the continentai slopes, gas hydrates typically occur 
below 500 m water depth and within the upper 700 m o f  
sediment. though they can go significantly deeper. In the 
permafrost regions. the zones can range between 100 m 
(in places in Siberia) and as deep as 2000 m .  The exact 
conditions o f  stability depend on the composition o f  the 
hydrate. The zones where they are found depend on the 

heat flux from below and the temperatures above. Tnus, 
the bottom o f  the hydrate zone occurs where the tem- 
perature is just too high for stability at the local pressure 
(Fig. 2) .  Large quantities o f  gas can accumulate beneath 
the hydrate zone. There are also relict deposits, reflecting 
a11 earlier enlarged zone o f  hydrate stability, presumably 
still present because o f  self-preservation (a state in which 
hydrate particles develop a coat o f  ice that prevents fur- 
ther decomposition). 

Much effort is expended in making assessments o f  these 
geological occurrences; exploratory drilling often pro- 
duces fizzing cores. and numerous other down-well sensor 
logging techniques are used. Besides these direct probe 
techniques, much use has been inade o f  seismic explora- 
tion. Bottom-simulating reflectors (BSRs) are sound 
reflectors (they depend on a discontinuity in sediment 
density) that follow the contours o f  the sea floor, usually 
cutting through the bedding planes o f  the sediments in 
which they occur. The BSR's images are generally taken to 
indicate the presence o f  gas hydrates. and thus have been 
very usefill in mapping potential hydrate areas. Follow-up 
drilling has confirmed the presence o f  hydrates in many 
instances, though BSRs are not an 100% reliable indicator. 

The origin o f  the gases that form the hydrates can be 
biogenic. involving the natural breakdown o f  organic 
detritus and bacterial action. or thermogenic, involving 
thermal fractionation o f  oil sediments. The latter usually 
generates the higher hydrocarbons and. thus, is usually the 
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Fig. 2 Pressure (depth) versus ternperature stability diagram 
for methane hydrate. (From "Oceanic Gas Hydrate Research 
and Activities Re~iew." U.S. Departlllelit of the Interior. 
Mirlerals Management Service. Gulf of Mexico OCS Region. 
OCS Report MMS 2000-017.) 

source for Structure I% (or R) hydrate deposits. Carbon 
isotope analysis is ~rsed to distinguish between hydro- 
carbons o f  these different origins. 

Natural hydrates o f  air have been found in ice cores 
obtained from the deep ice caps o f  Greenland and the 
Antarctic. Because the main guests are nitrogen and 
oxygen molecules. the material is o f  Struct~ire I1 type, and 
considerable pressures and. hence. depths are required for 
their stability. Ii? these environments. the temperatures 
are !ow. 2 0  to - 2g°C, for which ininilnuin depths 
for air hydrates are 600-700 rn. respectively.'"' These 
have been studied principally by microscopy, Rainan 
spectroscopy, and powder x-ray diffraction. 

Artificial Hydrates 

Laboratory production 

There are a number o f  :aboratories around the world 
where hydrates are produced artificially for study. The 
bulk o f  our knowledge o f  the structures and properties o f  
gas hydrates emerged from such synthetic materials. 
Additionaliy. many hydrates with unustiai guest species 

that are unlikely to be found in nature have been studied in 
this way. Structural types. usually specific to one or two 
particular guest molecules, beyond the nlajor Structures I. 
11. and H .  have also been found. Recently. a Structure IT 
H2 hydrate with multiple cage occupancy["1 and new 
hydrate forms o f  methaneL"' were discovered by work at 
very high pressures. These high-pressure forms have 
relevance to extraterrestrial hydrates. 

In laboratory prepared samples. i f  air is not excluded 
during the formation o f  the hydrate, then OL and W2 can 
end up in the cages not occupied by the main guest. This 
shows up as extra electron density in x-ray diffraction 
single-crystal structural studies, and paramagnetic O2 
molecules cause relaxation effects and line-shape distor- 
tions in NMR spectra. 

Incidental production 

Of course, there are situations in which hydrates call form 
where they are not wanted, for instance, in gas and oil 
pipelines and in tank cars used for transporting liquid 
hydrocarbons. These will be discussed in more detail as 
problem areas. 

Extraterrestrial Gas Hydrates 

It is thought to be highly probable that gas hydrates exist 
elsewhere in the solar system and beyond, wherever the 
right conditions prevail, e.g., in the gaseous giant planets 
and on many o f  their moons. The crust o f  the Jovian 
satellite Europa probably contains clathrate hydrates in 
abundan~e.'~" and i t  was postulated that C02 hydrate 
exists oil Mars. 

Much attention has recently been given to the possibil- 
ity o f  vast amounts o f  methane hydrate and high-pressure 
structural forms o f  methane hydrate existing on Titan, the 
largest moo11 o f  Saturn. Previously. it was thought that 
methane hydrate would phase separate into inethane and 
ice at very high pressures, and that. consequently. Titan 
would have lost most o f  its methane. However, the 

7 3 1 .  . . 
discovery o f  the new high-pressure structuresL-- mihated 
major revisions o f  illodeis o f  the geology and at~nosphere 
o f  Titan. 

Hydrates may also be involved in the outgassing from 
cornets. which are often described as dirty snowballs, as 
they warm during their close approach to the sun. 

USES 

Hydrocarbon and Energy Source 

The naturnl gas hydrates constitute a \ ast hydrocarbon and 
energy resource. Though the nu~nbers are constantly 
re\isect ac exploration and rneasuremel~ts of hydrate 
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Fig. 3 Flaring of natural gas produced by thermal stimulation of gas hydrates at the Mallik 51-38 production research well located in 
the Mackenzie Delta of Canada's Northwest Territories. (Photo provided courtesy of the Geological Survey of Canada from the Mallik 
2002 field program.) (View this art in color at www.dekker.com.) 

content in different deposits are made, there have been 
estimates suggesting that the world has 5.6 x 1018 m' of 
methane stored as hydrate, though more conservative 
current estimates suggest somewhere on the order of 
1-50 x lo'"'. On land, gas was obtained for years from 
hydrate beds in Messoyakha in Siberia, and gas was 
successfully generated and flared from hydrate buried 
under the permafrost at the cxpcrimental well at Mallik 
in Canada in 2002 (Fig. 3). There was drilling into marine 
hydrate deposits in the Nankai trough off Japan in 
1999-2000, and further drilling is planned to recover 
usable methane. 

Gas Storage and Transport 

Bccau\e a hydrate can contaln, volume for volume, a large 

ducted with liquid C 0 2  on the ocean floor using sub- 
mersibles to demonstrate the formation of hydrate from 
seawater. While  his would remove a greenhouse gas, its 
disposal in this form raises other environmental concerns. 

Gas Separation 

Some gas mixtures can be separated by exploiting the 
different stability conditions for their hydrates, e.g., have 
been hydrofluorocat-bons (HFCs) have been separated 
from nitrogen by forming the HFC hydrate that requires 
much less pressure than N2 hydrate. 

Desalination 

amount of gas, this is potentially a useful solid storage and 
This involves producing a hydrate froin cold seawater 

transport medium, though it has to compete cconornically 
(deeper ocean temperatures are close to 2-4OC around the 

with liquefied gas. There is active research to find storage 
world) and a guest that does not require much pressure for 

systems that will work at pressures less than 1 MP, 
stability and then recovering and draining the saltwater. 

involving "additives" to give double hydrates that are 
The hydrate can then bc decomposed to obtain fresh 

more stable. 
water, and the hydrate former can be recycled. 

602 Sequestration 
Sludge Remediation 

There has been considerable interest in the possibility of 
disposing of industrial C 0 2  waste as hydrate in the deep This can be el'fccted by producing hydrates that remove 
ocean trenches. There have even been experiments con- excess water and thus concentrate the sludge. 
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Cold Energy Storage 

Storage systems have been produced that make use of 
cheap off-peak eicctrlcity to produce hydrates. Then. at 
peak deniand period<, the hydrate 1s used for air- 
conditioning. 

Hydrogen Storage 

The new high-pressure hydrogen hydrate[221 has been 
touted as a potential hydrogen storage medium, with 
iinplications for fuel cell applications and the "Hydro- 
gen Economy," because it appears that it call be 
recovered at atmospheric pressures at liquid nitrogen 
temperature. With 4H2 in tne large cages and 2H2 in the 
small cages. a filled hydrate would have a substantial 
4.97 wt% of hydrogen. 

A Role In Anesthesia? 

Hydrates enjoyed a period in the spotlight many years ago. 
when Pauling suggested chat they might have a mecha- 
nistic role in anesthesia. because inany gases that cause 
anesthesia will also form clathrate hydrates. However, 
with our current knowledge of the stability conditions of 
these gases, it is not likely that such hydrates can exist in 
the body at normal body temperature and pressure. 
Nevertheless, this theory may have an element of truth, 
because clathrate hydrate-like structures involving other 
materials. such as ainines, are stable at higher tempera- 
tures and normal pressures, or perhaps hybrid hydrate- 
organic structures could develop. 

Hydrates and Biological Systems 

It has been found over the last few years that there are 
marine ecosystems that depend on the existence of 
methane hydrates. There are certain methane-consuming 
archaea and bacteria associated with methane hydrate 
deposits in temperature and presslire regions where the 
hydrate is close to its decomposition In 
one system studied, the archaea interact symbiotically 
with sulfate-reducing bacteria. with the net result that 
metl~ane is oxidized and sulfate is reduced: 

The sulfide produced is then processed by communities 
of sulfide-based organisms also found around the 
hydrate deposits. All of these organisms, in turn. provide 
a food source for the aptly named "ice worms." a new 
species recently ciiscovered apparently feeding on the sur- 
faces of exposed massive gas hydrate outcrops on the sea 
floor['81 (Fig. 4). 

Fig. 4 "Ice \vorn~s" in their natural habitat. The white ice-like 
material is gas hydrate. (From Ref. [28] and Fisher, C., Penn. 
State Eberly College of Science. Web site: ~vww.science. 
psu.eduliceworms1iceu.orms.html.) (Inset) Detailed view of an 
ice wonn. (From MacDonald, I.R.; Joye. S.. Quarterdeck 1997. 
j(3). TAMU. Department of Oceanography. Web site: www- 
ocean.tarnu.edulQuarterde~k/QD5~311nacdonaldhtml) (View 
this art in coloi- at n,n,)t,.dekkei-.coi?z.) 

It has been inferred that the waters of Lake Vostok and 
numerous other subglacial Antarctic lakes contain oxy- 
gen sufficient to support life in an unique ecosystem. at 
350 atln and -3°C. in permanent darkness. Though 
the lake water has not been sampled for fear of 
introd~rcing bacteria from above. oxygen is foulld in the 
refrozen lake water just above the lake. The oxygen comes 
fro111 the decomposition of air hydrates present in the ice 
o~erburden.'~'] 

As a Source sf Entertainment 

There has been recurring media interest in gas hydrates 
ever since it was postulated by McIvor that they might be 
the cause of mysterious events in the Berrnuda Trian- 
gle.i301 The notion is that ships might sink from loss of 
buoyancy, and aircraft co~ild stall from lack of oxygen, 
due to large-volume gas release when a hydrate cap cracks 
or slides and the gas reservoir below bursts to the surface. 
While it is probably safe to say that this suggestion 
regarding the folklore of the Triangle now has little 
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credence in the scientific community, especially since the 
discovery of deposits all around the globe. the science 
regarding disturbances of hydrate deposits has relevance 
in the context of hydrate "problems.' discussed later. 

Gas hydrates were used inadvertently as a plot theme in 
the movie "Total Recall," (starring O1 hydrate). Set on 
Mars at a mining colony, it transpires that the whole 
interior of Mars is "ice." and that 0.5 M years ago, an 
alien race collstructed machinery in huge underground 
caverns, which when set in motion sends huge heaters 
plunging into the "ice," which melts, generating vast 
amounts of water vapor and oxygen and creating a 
breathable atmosphere on Mars. From a scientific view- 
point, the implication is that the atmosphere was stored or 
trapped as air hydrate, and hence, it must have been of 
Structure I1 type. 

Submarine hydrates feature prominently in the recent 
novel "Fire Ice" (by Clive Cussler with Paul Kempre- 
cos). in which a scheme is developed by a megalomaniac 
Russian tycoon to explode methane hydrate deposits off 
the East coast of the United States, creating destructive 
tidal waves. 

The "burning snowball" is an often-repeated pyro- 
technic demonstration (Fig. 5 ) .  Methane hydrate is 
allowed to warm to the point where the surface begins 
to decompose. and the evolved methane can be ignited 
(methane hydrate requires 26 atmospheres pressure of 
methane at 273 K to keep it stable). The burning snowball 

Fig. 5 The "burning snowball." Methane hydrate decom- 
posing to gas, which is bmning, and water. (Photo courtesy of 
the GEOMAR Research Center, Kiel. Gerinany.) (View this a i l  
in color at \t,n3+~,. tlelcker..conz.) 

is self-sustaining until all the hydrate decomposes and the 
methane is consumed. 

PROBLEMS 

Pipeline Blockages 

In the oil and gas industry. the occurrence and deterrence 
of gas hydrate plugs in pipelines has a tremendous cost. 
for example, 011 one occasio~~, the gas supply to all major 
users in Melbourne was shut down for 3 days because of a 
hydrate plug in a 30-inch pipeline. It is estimated that 
roughly $1 billion USD is spent annually to prevent and 
remove hydrate plugs. Co~lsequently, there is great 
interest in both the formation and inhibition of gas 
hydrates. Water can be removed where possible, but from 
subaquatic sources especially, this is not feasible. Instead, 
large quantities of chemical additives are used, such as 
methanol or ethylene glycol, which act as tlierrnody~~amic 
inhibitors, shifting the stability conditions. Kinetic inhi- 
bitors, such as poly(N-vinylpyrrolidoIle), delay nucleation 
and slow the growth of hydrates. Quaternary ion salts can 
act as emulsifiers and antiagglornerants; any hydrates that 
form remain as small particles that are carried away in the 
flow. When plugs occur, attempts to unblock by releasing 
pressure on one side of the plug can be hazardous; because 
the plug tends to decompose from the outside in. Then, 
when it  releases from the sides of the pipe. the high 
pressure on the other side turns the hydrate slug into a 
high-velocity projectile, until it meets a restriction or turn 
in the pipeline, with predictably disastrous consequences; 
i.e.. failure and rupture of the pipeline at the point of 
impact. Consequently, it is recommended that the pressure 
be released on both sides of the plug. 

Methane Hydrate and the 
GBobal Environment 

As a greenhouse gas. CHI is more than 10 times worse 
than C02. and as such. may be an important factor in 
climate change."" Concerns have been raised that its 
rapid release from hydrates due to increased global 
temperatures may exacerbate the greenhouse problem. 
causing runaway warming. It has been suggested that CH, 
released from gas fields and hydrate deposits caused two 
sudden strong warming pulses at the end of the last 
glaciation episode. Hydrates have also been associated 
with other prehistoric sudden warnliilg episodes in the 
Jurassic (183 million years ago) and the Late Palaeocene 
(55.5 million years ago) periods.["2." But, at the same 
time, hydrate plays a role in the global carbon cycle, 
acting like a great carbon-methane capacitor (a source or 
a sink). 
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Marine Geohazard 

There is a great deal of geological evidence linking hy- 
drate destabilization with massive submarine slides and 
slumps. Such slides can run large distances. and the huge 
masses displaced create destructive t ~ u n a m i s . " ~ ~ ~ ~ . ~ ~ . ' ~ '  

Driiiling and Construction Hazards 

Drilling and production through hydrate formations above 
oil and gas reservoirs can cause dissociation and well 
blowouts. Similarly, the possible instability of the sea 
floor sediments over hydrate deposits where oil and gas is 
extracted raises concerns over the collapse and loss of 
engineering structures. 

Tanker Car ExpBssisns in Cold Climates 

Though there do not seem to be any generally available 
technical reports. there are genuine stories of explosions 
and burn accidents caused by the inadvertent formation 
and subsequent decomposition of hydrates of hydrocar- 
bons in railway tank cars in the cold climate of Canada. 
Incidents occurred due to the practice of washing 
"empty.' tank carr following their use for transporting 
liquid hydrocarbons. In a cold winter climate, it is possible 
to form hydrates with small amounts of hydrocarbon 
residues. which later decompose when the tank car warms 
up, e.g.. when exposed to sunshine. For example, the 
clathrate hydrate of isobutene (2-methyl-propene, b.p. 
6 . 9 " C )  needs only 1.12 bar at 273 K to be stable. 
Precautions were not taken around sitch nominally "clean 
and empty" tankers, and exposure to sparks or naked 
flames led to flash fires and explosions. While the nlain 
content of the tankers was butane, other hydrocarbons 
were present. In another kind of industrial accident, a 
worker was killed by H2S gas liberated from K2S hydrate 
residue in a heavy water production plant. during a 
shutdown for maintenaace. 

Problems in the Sense of 
Insuficient Knowledge 

Prediction 

The phase stability diagrams for natural source hydrates 
can become yery complicated. especially when there are 
several guest components. This poses a major problem 
when assessing the quantity of gas, stability zones, 
structural types, etc. Also, the delicate physical balances 
determining structural types means that very small 
changes in the relative amount of a third component 
may trigger a structural transformation. 

Exploitation 

The exploitation of gas from natural hydrates poses many 
problems in terms of the technology needed to mine or -. 

extract them, environmental impact. and economics. One 
noble idea is to replace CH4 with C02,  and although lab 
experiments show that the physical exchange is possible, 
whether it can be done in situ in natural hydrate beds is 
another question. 

Hydrate formation 

The mechanisms of hydrate formation are still somewhat 
of a mystery. as neither component is soluble enough in 
the other to convert bulk material completely. 

Clathrate hydrates are seen to be widespread in Nature 
wherever the stability conditions are met, occurring in 
vast. hidden quantities. It is s~uyrising that these materials 
with such far-reaching potential and consequences for 
mankind have received so little attention beyond the oil 
and gasindustries and the scientific community. But that 
must surely change in the coming decade and as 
conve~ltional hydrocarbon sources decline. In closing. let 
us not forget that the amazing universe of clathrate 
hydrates and associated systems ultimately depends on 
one of the pillars of supramolecular chemistry. namely. 
the hydrogen bond, which in this case provides the glue 
for the assembly of clathrate hydrate frameworks. 
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Interaction between guest molecules is a weak secondary 
energy compared with the primary host-guest interaction, 
and it contributes a small additional stabilization to the 
formation of the supra~nolecular system. However, in 
some inclusion compounds. the anisotropic part of the 
guest-guest interation plays a decisive role in determining 
their structures and properties, especially the temperature 
dependence of these characteristics. This occurs in dis- 
ordered clathrate crystals for which the entropy is the 
important thermodynamic parameter underlying the oc- 
cursence of phase transitions. In this article. we discuss 
phase transitions arising from the guest-guest interactions 
in inclusion coinpounds based on urea, thiourea. and 
Bydroquinolle hosts and in clathrate hydrates and several 
other supramolec~~lar systems from the structural and 
thermodynamic point of view. 

PHASE TRANSITIONS 

Phase transition is a general term meaning change of the 
physical state of matter. It includes melting. vaporization, 
sublimation, and the changes opposite these. In solid state 
and condensed matter. appearance and disappearance of 
ferromagnetistn. ferroelectricity, superconductivity. su- 
perfluidity, and liquid crystalline phases are among the 
important phase transitions. Phase transitions in clathrate 
inclusion compounds are structural phase transitions. 
The term "structural" means that the crystal structure 
(rather than the electronic states or spin states) changes in 
the transition. 

The symmetry of the crystal changes as it undergoes a 
phase transition. Here, the symmetry is that of the 
distribution of atoms and molecules in the crystals. For 
an ordered crystal, it is simply the symmetry of the 
periodic structure; whereas. for a disordered crystal. it is 
the symmetry of the positions of the atoms and molecules 
averaged over space and time. Thus, the symmetry is that 
of the distribution functions of the atoms and molecules 
in the crystal. It is generally believed that two phases 
separated by a phase boundary in a phase diagram have 
different symmetries"J (such as characterized by the pres- 

ence or lack of an inversion symmetry). even if their ac- 
tual space group symmetries are not known or have not 
been studied. A notable exception of this general state- 
ment is the vaporization: the liquid and the vapor of a 
substance have the same uniform distribution of mole- 
cules in the two phases. Also, there are several exception- 
al phase transitions. known as iso~uorphous transitions, 
where the symmetries of the distribution of the lnolecules 
in the two phases involved are the same, but the degree of 
the order of the atomic positions changes discontinuously. 

The discussion based on symmetry becomes less clear 
when we consider modulated and incommensurate phases. 
In some crystals (notably thiourea), the crystal structure 
does not repeat Itself precisely with the periodicity of an 
ordinary crystal lattice but is modulated with a longer 
periodicity of several unit cells. The periodicity is, in 
general, not an integral multiple of the original lattice. 
Hence, the modulated structure is incon~mensurate with 
the basic structure. The symmetry of such a crystal cannot 
be described by one of the 230 space groups. although the 
space group representation theory copes with modulated 
structures and phase trailsitions involving them. Incom- 
mensurate phases can be identified by single-crystal dif- 
fraction experiments and are relevant to phase transitions 
in clathrate crystals. 

Another iinportant characteristic of a phase transition is 
the occunence of discontinuities or singularities in the 
thermodynainic properties as functions of temperature, 
pressure. and other parameters. In the Ehrenfest classifi- 
cation,['." a phase transition is of the nth order if the free 
energy of the substance changes in such a manner that its 
nth derivative with respect to an independent variable 
(e.g., the temperature) is discontinuous at the transition 
point. Thus, a phase transition is of the first order if it is 
accompanied by a latent heat, because the entropy, one of 
the first derivatives of the free energy. is discontinuous at 
the transition point. This classification forms the basis of 
the Ehrenfest relations connecting the slope of the phase 
boundaries with the magnitude of the discontinuities in 
thermodynamic q~antities. '~." However, the Ehrenfest 
classification is nor general enough to cover all types of 
phase transitions. Important classes of phase transitions in 
which various the

r
modynamic derivatives, such as the 

heat capacity. diverge to infinity are not included. The 
singularites in such cases are dealt with by the Pippard 
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relation in ther~nodynamics and by critical exponent 
fornlulations in statistical mechanics.['.31 

There are two major types of structural phase transi- 
tions: order-disorder and displa~ive. '~." An order-disor- 
der phase transition is characterized by disorder of the 
atoms or molecules in the structure of one of the phases. 
Sometimes both phases are disordered in different 
degrees. The disordered (or more disordered) phase is 
more symmetric. because disorder inakes the average 
distribution of atoms more even. Most of the phase 
transitions in clathrate crystals are of this type. 

In a displaci~e phase transition. the positions of atoms 
are ordered in both phases. but the position changes from a 
less syminetric site to a more symmetric one as the crystal 
undergoes the phase transition. Order-disorder transitions 
are distinguished from displacive transitions by, among 
other properties, a large entropy of phase transition. 
dielectric dispersion at low frequencies. and directly, by 
crystal structure revealing two or more sites fractionally 
occupied by the same atom. 

Phase tranlsitions are often accompanied by changes in 
the mobility of molecules. Nuclear magnetic resonance 
(NMR) is a sensitive technique used to detect the oc- 
currence of phase transitions and to determine the type, 
magnitude, and timescale of the molecular motion in- 
volved in the phase transition. Neutron scattering also gives 
quantitative knowledge about the molecular motion in- 
volved in phase transitions. On account of the large scat- 
tering power of protons to a neutron beam. this is especially 
useful if the substance being studied contains hydrogen. a 
condition readily met in organic clathrate compounds. 

Phase transitions in clathrate inclusion compounds are 
of interest in the general viewpoint of phase transition 
study because of the structural peculiarity of inclusion 
compounds that distinguishes them from ordinary molec- 
ular crystals. Phase trailsitions occur in clathrate inclusion 
compounds as a result of interactions between the guest 
molecules. (Clathrate hydrates are exceptional in that the 
host lattice is also disordered.) Host-guest interaction is 
not sufficient for the occurrence of a phase transition. 
however strong it may be. Thus. occurrence of a phase 
transition shows that there are strong enough interactions 
between the second nearest pair of rnolecules in the 
crystal. The first neighbor interaction is, of course, the 
host-guest interaction. The guest-guest interaction thus 
deduced from the phase transition also contributes to the 
stability of the clathrate crystal to some extent. 

UREA AND THBOUREA 
INCLUSION COMPOUNDS 

Long-chain hydrocarbons such as decane. dodecane, 
hexadecane. and eicosane form channel-type inclusion 

coinpounds with urea. Low-temperature calorimetry on 
these compounds reported in 1965'" appears to be the first 
work that introduced inclusion cornpounds into the study 
of phase transitions. The hexagonal space group P6,22 
requires that the guest molecules in the all-tt-rrizs confor- 
mation be disordered, with their molecular planes lying in 
one of the three equivaleilt orientations. The phase 
transitions occur at temperatures between 100-200 M. 
depending on the chain length of the guest molecules. For 
the urea-hexadecane inclusion compound. the low-tem- 
perature phase stable below 150 K is orthorhombic, 
belonging to the space group P212121. The transition 
entropies are consistent with the threefold disorder of the 
molecular plane in the hexagonal phase and its ordering in 
the orthorhombic structure at low tempel-a t~re .~~ '  Because 
the length of the hydrocarbo~l chain is not always an 
integral multiple of the repeating unit of the host lattice; 
the structure may be i n c o m m e n s ~ ~ r a t e . [ ~ . ~ ~  This compli- 
cates the structure analysis. For smaller guest rnolecules 
such as trioxane, the stoichiornetry ( ~ r e a ) ~ G  suggests a 
commensurate structure."' These stoichiolnetric inclusion 
compounds also undergo phase transitions. Deuteron 
magnetic resonance gives detailed knowledge about the 
reorientation of the guest molecules in fhe high-temper- 
ature phase. Undecane-1.1 1-dicarboxylic acid and dode- 
cane-l .12-dicarboxylic acid form siinilar inclusion 
compounds with urea. They also undergo phase transi- 
tions at low temperatures arising from the order-disorder 
mechanism."1 

Thiourea forms channel-type inclusion compounds 
with globular molec~~les.~" This is partly because the 
space group ~ 3 c  lacks a screw axis that the space group of 
the urea inclusion compouilds P6122 possesses. The larger 
diameter of the channel than in the urea compounds 
accommodates cyclohexane and monosubstituted cyclo- 
hexane as well as carbon tetrachloride and hexachloro- 
ethane in the channel. With these more or less spherical 
molecules as the guest species. thiourea inclusion co111- 
pounds are rich in their polymorphism. most undergoing 
two or more phase transitions below room temperature. 

The thiourea-cyclohexane inclusioil compound under- 
goes phase transition at 127 K and 148 K.'"' The 
reorientational motion of the guest molecule approaches 
the spherical rotatioil at a higher temperature. with dis- 
conlinuous increase of its rate at these temperatures. as 
detected by deuteron magnetic res~nance."~ '  Neutron 
scattering was used to study the molecular motion in space 
and time, simultaneously giving detailed knowledge of 
geometry and time rate of the reorientation." 'I 

The thiourea-CC14 cornpound shows that a rigid 
moiecule can also form an inclusion co~npound with 

It undergoes phase transitions of an order- 
disorder type. as the entropjl change and the crystal 
structure ~uggest.'"."~ The eBrCl3 forms a similar 
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T.,, vs  g ( g u e s t )  of Hydroqu~none C l a t h r a t e  Compounds 

Fig. 2 Transition temperatures of hydroquinone clathrate 
compounds plotted against the electric dipole moment of the 
guest molecule: 1: H2S. 2: HCI. 3: MeOH. 4: HCN. and 5 :  
CH,CN. [The original plot from T. Matsuo and H. Suga, J. 
Inclus. Phetroin.. 2 (1984) 49, was extended ~vith recent 
experimental data from Refs. [26] and [29].] 

between the rotational energy levels of the guest species in 
the gaseous state. Far infrared absorption and neutron 
scattering showed the unusually high rotational mobility 
of these guest molecules at very low  temperature^.'^^' 
Quantum mechanical effects may be important in these 
compounds. as discussed in a quantum version of the 
mean field theory.'271 

The nonstoichiometric property of this compound 
presents a new type of cooperative behavior of the guest 
molecules. At lower concentrations of the guest MeOH. 
the transition temperature is lower. because the effective 
ordering energy is smaller. However, the reorientation rate 
of the guest molecule in the cavity decreases faster than 
the ordering temperature. This results in strong short- 
range correlation of the guest orientation. while the crystal 
remains in the high-temperature phase. Eventually. this 
leads to the freezing of the guest orientation in a spin- 
glass-like state.[281 

GLATHWAPE-HYDRATE CRYSTALS 

The guest molecules in clathrate hydrates are confined in 
nearly spherical cavities. The symmetry of the cavities is 
high, most having fourfold. threefold, inversio~~, or other 
symmetry elements and their  combination^.'^" Therefore, 
the guest molecules of low symmetry (e.g.. polar mole- 
cules) have several equivalent orientations in the cavity 
and, hence, are disordered. The disorder persists to 4.2 K, 
as dielectric and NMR measurements show for, e.g.. 
dimethyl ether in a Structure 11 hydrate.'291 A phase 
transition to ail ordered phase may be expected to occur. 

as we saw in hydroquinone compounds discussed above. 
In fact, in trimethylene oxide hydrate; the ordering of 
orientation of the guest occurs in a phase transition at 
105 K.'"' In other clathrate hydrates, it appears that the 
guest molecules remain disordered, even at low enough 
temperatures where the ordering is expected to take place 
from the thermodynamic point of view. Interestingly, the 
guest molecules reorient themselves fast. even at the 
lowest temperature (4 K) examined. Slow kinetics is thus 
excluded as the reason for the absence of ordering. 

It was pointed out that the ordering is inhibited by the 
random electric field due to the disorder in the host lattice. 
The host lattice formed by tetrahedraily hydrogen-bonded 
water molecules has the same local structure as in ice Ih 
and has the same disorder as to the position of hydrogen 
atoms. Ice Ih becomes ordered below 72 K when doped 
with KOH (see the reference cited in the caption of Fig. 3). 
The dopant is effective even at concentrations less than 
0.1 mole 5%. Clathrate hydrates undergo similar ordering 
tra~lsitions under the action of doped KOH. In Fig. 3, the 
heat capacities of tetrahydrofuran (THF) hydrate samples 
(pure and KOH-doped) are shown. Pure THF hydrate 
undergoes a glass transition at 85 K, and doped THF 
hydrate undergoes a phase transition at 61.9 K. The tran- 
sition entropy includes contributions from the host lattice 

Fig. 3 The heat capacity curves of tetrahydrofuran clathrate 
hydrate (open circles) and tetrahydrofuran clathrate hydrate 
doped with KOH (mole fraction 1.8 x 10-f filled circles). 
showing the glass transition at 85 K for the former and phase 
transition at 61.9 K for the latter. [From 0. Yarnamuro. M. 
Oguni. T. Matsuo and H. Suga, J. Phys. Cl~enl. Solids. 48 (1988) 
425. See also 0. Uamamuro and H. Suga, J. Thermal Alznlysis. 
35 (1989) 2025.1 
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and guest molecules. The dielectric permittivity showed 
that the guest inolecules are disordered above 61.9 K and 
are ordered below. Other clathrate hydrates behave in a 
similar way. undergoing phase transitions when doped 
with KOH. For these, see the references given in Fig. 3. 

OTHER CLATHRATE INCLUSION 
COMPOUNDS UMDERGOlNG 
PHASE TRANSITIONS 

Phase transitions were reported in other clathrate systems. 
Although these were not studied systematically, they are 
important as indications of generality of phase transitions 
in supramolecular systems. Some are of interest because 
of the transition mechanism. others are of interest for 
molecular recognition involving cooperative effects, and 
still others are for potential use in practical applications. 

In the toluene clathrate of t-butylcalix[4]arene, disorder 
of the molecules is suspected ii-om the crystal structure. 
The NMR nieasurements showed that the spectrum 
changes at 248 K.~","' The more complicated spectrum 
recorded at a lower temperature is evidence for ordering 
of the host and guest molecules. Disorder of the guest 
molecule appears to also be involved in the phase tran- 
sitions of the Werner clathrate compound containing 
p-xylene, studied by low-temperature calorimetry. We- 
moval of xylene from the crystal does not destroy the 
crystal, but the peaks (at 45 K and 75 K) in the heat 
capacity curve disappear.'"' They are most likely order- 
ing transitions arising from the guest molecules: though 
there were no structural studies of this compound at 
low temperatures. 

P-Cpcloclextrin undecahydrate undergoes a first-order 
transition at 226 K. accompanied by an entropy change of 
45 J K  ' m o l  The large transition entropy is related 
to disorder of the water molecules in the channel of cyclo- 
dextrin. Disorder of the water molecules is also involved in 
a clathrate-like hydrate crystal [H31014][cdC~2(CN)7] 
studied by calorimetry and dielectric measurement.r341 

CONCLUSION 

The most interesting aspect of phase transitions in 
clathrate compounds is probably the cooperativity among 
the guest ~nolecules that underlies their ordering. This 
arises from guest-guest interactions that are weak sec- 
ondary interactions. usually disregarded in comparison 
with host-guest interactions. Despite the weak energy 
involved, guest-guest interactions can generate long- 
range cooperative effects that determine even macroscop- 
ic properties and the syminetry of the compound. Various 
clathrate systems undergoing phase transitions have so far 

been studied mostly for the purely theoretical purpose of 
understanding the basic mechanism of cooperativity. 
Clathrate systems will continue to provide actual cheinical 
compounds in which we will be given new aspects of 
cooperativity. They will include equilibrium as well as 
time-dependent cooperative phenomena. Nonstoichiome- 
try, an original defining property of a clathrate com- 
pound'2" (but not stressed in recent years), offers the 
possibility of uniformly random cooperative systems. 

Molecular recognition. as understood now: is a local 
concept meaning preferential stabilization of a pair of 
molecules in a specific mutual configuration. It appears 
that molecular recognition may be generalized to include 
cooperativity extending over a large distance. There is 
actually cooperative molecular recognition in the simplest 
clathrate crystal. When a hydroquinone acetonitrile 
clathrate crystal grows in acetonitrile solution, acetonitrile 
molecules enter the crystal lattice exactly in the orienta- 
tion dictated by the guest molecules already in the crystal 
lattice. In the crystal thus formed. all the guest molecules 
recognize their own orientation relative to the orientations 
of their neighbors. Hence, cooperative molecular recog- 
nition. Although the hydroquinone clathrate is too rigid 
to be of use in actual application, the cooperative 
molecular recognition enunciated by this case may be 
a useful concept arising from phase transitions in clath- 
rate compounds. 

ARTICLES OF FURTHER INTEREST 

ffydroquinone, p. 679 
Incomrnensitmte and Conzrnenszimte Structz~res. p. 7 12 
Iizela~tic Neutron Scattering. p. 727 
Nuclear Magnetic Resonarzce Spectroscopy. p. 981 
Nzlclear Quadrilpole Resonance Spectroscopy. p. 989 
Thiourea Inclusion Compounds. p. 1501 
Urea hcluriolz  compound^, p. 1538 
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INTRODUCTION 

Collagens are a family of extracellular matrix proteins that 
represents up to one-third of protein Inass in higher 
animals. They are often associated with the emergence 
and evolution of metazoa. By definition, collagens are 
proteins that contain at least one triple-helical domain and 
that form supramolecular aggregates in the extracellular 
matrix. The triple-helical domain results from the confor- 
mational association of three polypeptides consisting of 
Gly-X-Y triplets and has to be considered as one of the 
multiple modules used to build multimodular proteins. 
Collagens were first know11 as the key elements of the 
extracellular matrix, providing the structural integrity of 
tissues, and ultimately, of animals. Involvement of many 
collagens in human diseases and their numerous interac- 
tions with neighboring extracellular components and 
cellular receptors clearly support their functional impor- 
tance in developmental processes and tissue remodeling. 
Their roles in these functions are closely related to their 
ability to oligo~nerize and to create muitivale~lt supramo- 
lecular networks. 

COLLAGEN DEFINITION 

In mammals. collagen is <he most abundant protein (about 
30%) and was first known as gelatin, which corresponds 
to heat-denatured collagen. A useful history of collagens 
was presented by van der Rest and ~ a r r o n e . ~ ' ]  The word 
collagen came from the properties of some conilective 
tissues to give glue or gelatin after boiling (from the 
Greek; ~ o h h x ,  glue, and ysvok, birth). During the last 
century. biocheinical and inolecular investigations led to a 
clearer definition of this family of proteins. Colla, oens are 
extracellular matrix proteins that contain at least one 
collagenous domain or triple helix and that form supra- 
molecular networks. More recently. biological activities 
other than their involvernent in the structural integrity of 
organisms were demonstrated for collagens. Consequent- 
ly. their fundamental role in developmental and biological 
processes such as cell behavior should be included in a 
current definition of collagens. In this article, we will 
describe collagens in terms of structure. metazoan 
evolution, and function. 

THE COLLAGEN TRIPLE HELlX 

The triple helix is a hallmarl< of collagens. which are 
trimeric molecules. This structural motif corresponds to a 
right-handed super helix and represents the conformation 
resulting from the association of three left-handed 
polyproline-11-like polypeptide a chains (Fig. 1). The 
sequence involved in this left-handed conformation 
consists of the repetition of Gly-X-Y triplets. where X 
and Y are often proline and 4-hydroxyproline, respective- 
ly. The imino acids stabilize the triple helix. while the 
sterically small glycine residue is the only amino acid that 
can fit into the central position of the three intertwining 
helices that are closely packed (1.5 nm in diameter). 
Within the triple helix, the neighboring y. chains are 
staggered by one amino acid. During the last decades. 
diffraction and x-ray crystal structure analyses of collagen 
and synthetic peptides improved the knowledge of this 
supercoiled protein motif. The main conclusion is that the 
triple-helical structure is dependent on the collagen 
sequencei3] Hence, t'he triple-helical twist is smaller in 
imino-acid-rich regions, but there are generally 3.33 
residues per helical turn, with a rise of 2.86 A per residue 
(see Fig. 1). 

COLLAGEN AND COLLAGEN-LIKE FAMILIES 

Collagen-hike Proteins 

A collageilous domain is not peculiar to collagens and is 
present in proteins that are not implicated in extracellular 
matrix structure.'"'"] Some of the collagen-like proteins 
are involved in host defense, and for this reason, they were 
called defense c o ~ l a ~ e i l s . ' ~ '  In this group of proteins are 
the collectins that possess a short collagenous domain. 
connected to a C-type (calcium-dependent) lectin via an 
x-helical coiled neck region; the ficolins. which are 
structurally similar to co!lectins but with the lectin region 
replaced with a fibrinogen-like module: the complement 
C l q  and adiponectin. which both consist of a carboxyl- 
terminal C l q  domain connected to a collagenous region: 
and membrane-associated Type-I1 proteins, including 
three isoforms of the macrophage scavenger receptor 
and the so-called macrophage receptor MARCO. Other 
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or1 chain 

Fig. B The triple helix motif. Shown is a cross-section of a 
right-handed triple helix made of three left-handed 2 chains 
(adapted from Ref. [2] ) .  The syrnbol (*) shows one exarnple of 
amino acid residues present at the same axial level and the 
one residue stagger between two adjacent .r. chains. Note the 
location of every third glycine residue at the center of this 
structural motif and the availability of the side chains of the X 
and Y residues at the surface. (Vielt, this urf in color at 
u,i,~r..dekker.com.) 

noncolIagenous proteins possessing a triple helix are 
emilins. the collagen tail of acetyl cholinesterase, and the 
Type I1 transmembrane protcin, ectodysplasin. 

Human Csilagens 

Collagens are present in organisms from the sponge to a 
h ~ ~ m a n . ~ " ' ~  In humans, 27 types were characterized, and 
their sequences are available online (Ref. [4]). Collagens 
are made by the association of three identical r-chains for 
homotrimeric molecules or by the association of two or 
three  genetical!^ distinct E-chains for heterotrimeric 
molecules. The collagen nomenclature results mostly 
from the order of characterization of the collagen types (I, 
11. III. . .). More precisely. an xn(Y) collagen polypeptide 
corresponds to the r chain 17 of type Y. where 7z  and Yare 
Arabic and Roman numerals. respectively. Collagens can 
be divided into several subfamilies according to their 
primary struct~lres and their resulting supramolecular 
structures. The first and best known are the so-called 
fibrillar collagens (Types 1-111. V. and XI) that generate 
cross-striated fibrils. The procollagen procursors of all 
fibrillar %-chains present the same overall structure, i.e., a 
central uninterrupted triple helix of approximately 338 
Gly-X-Y triplets flanked by two noncollagenous 
doinains, the amino- and carboxyl-propeptides (Fig. 2A). 
Other sribfamilies are known as nonfibrillar collagens, 
b e c a ~ ~ s e  they present short interruptions in their colla- 
genous domains. Among them, Type IV collagen is spe- 
cific to basement membranes and is a network-formi~lg 
collagen. Other nonfibrillar collagen subfamilies include 

the fibril-associated collagens with interrupted triple 
helices or FACYTs (Types IX, XII, XHV. XX. %XI); the 
FACIT-related collagens (Types XVI and XIX): collagens 
that form beaded filaments and hexagonal networks (Type 
VI); Type VII, which is the major component of anchoring 

procollagen 
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Fig. 2 Biosynthesis of collagens. a view based on the fibrillar 
collagens. (A) The domains of a fibrillar %-chain arid of a 
procollagen molecule. (B) From procollagen mRNAs to fibril 
formation: 1) Procollagen lnRNAs are translated into procolla- 
gen 2-chains on polysomes of the rough endoplas~nic reticulum. 
and cotranslatiolial events take place on nascent 9 chains. i.e.. 
hydroxylation and glycosylation reactions: 2) after translocation 
into the endoplasmic reticulurn lumen, the C-propeptides of 
three appropriate 9-chains trimerize. and the triple helix 
elongates from its carboxyl-terminus to the amino-terminus: 3) 
tralislocation of procollagen molecules into the Golgi and lateral 
association of the procollagen molecules: 4) secretion of 
procollagen molecules; 5 )  c lea~age  of the IV- and C-propeptides 
by specific proteinases; and 6) formation of the fibril. (C) Sea 
urchin fibril visualized after negative staining (courtesy of Claire 
Lethias). Bar: 100 urn. Resident endoplasmic reticulurn proteins 
are indicated: P4-H. prolyl-4 hydroxylase: PDI. protein disulfide 
isomerase: and Hsp47, heat shock protein 47. (Vielc. this nrf in 
color at ~t~w~t..dekkei:coriz.) 
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Table 1 Fibrlllar collagens 

Type &loBecea%e Tissue distribution Disease 

I 
nl(I) 72(1) ( ~ / l ) ~ ,  n2 Ubiquitous skin. tendon Osteogenesls iniperfecta. 

bone etc Ehlers-Danlos syiidiome (arthrochaldsia). 
o5teoporosis 

(7 113 Dentin. turnori, skin 
(minor form) 

TI 
n l(I1) (2113 Hyalme cartilage, Chondiodyspla5ia (selere to mild d~seaie) 

vitreous body osteodrthrosls 
111 
3 l(I1I) (@I)?  Skm, blocd \ essels intestme Ehlers-Ddnlos syndrome (vascula~) 
v 
yl(V). 72(V). v3(V) (XI)? 72 Same as Type I Ehlers-Danlos syildrolne (classical) 

(majol form) 

( n l ) ~  Harnster lung cell culture 
a 1  a2. 23 Placenta. Synol ial membranes 

V/XI heterotypic molecules 
XI 
7 l(XI), 72(XI), 73(X1) 71. 22. 73 Hyal~ne cart~lage Chondrodysla51a (mild disease). osteoa~throsis 

no-syndiomic hearlng loss 

Thc x3(XI) chain appears to be a post translation all^ modified form of the xl(I1) collagen chain. 

fibrils that participate in the attachment of basement 
membranes to the underlying extracellular matrix; and 
short-chain collagens f o r m i ~ ~ g  hexagonal networks (Types 
VI11 and X). Finally, the latest families include Type TI 
transmembr-aile collagens (Types XIII. XVII. XXIII, and 
XXV); multiplexins (collagens including multiple coilag- 
enous domains and interruptions. Types XV and XVYII); 
and the newly characterized Type XXVI. 

COLLAGEN BIBSYNTHESIS 

In the extracellular matrix, collagens form supramolecular 
organizations. To follow the different steps leading to 
these structures. we will focus our attention on fibrillar 
collagens for which most of the work was done. IIlustrated 
in Fig. 2B are the fates of fibrillar collagen chains from 
their syntheses to their incorporations into fibrils. The first 
step is the translation of collagen mRNA in the rough 
endoplasmic reticulum on membrane-bound polysomes. 
Concornitant with the translocation of the nascent pro- 
collage11 chain into the lumen of the endoplasmic 
reticulum, cotranslational events occur. These include 
the hydroxylation of some proline and ly sine residues by 
prolyl and lysyl hydroxylases. respectively. Modified 
prolines are 3-hydroxyproline and 4-hydroxyproline in the 
X and Y positions. respectively. Other cotranslational 
rnodifications are the glycosylation of certain hydroxy- 

lysines by galactosyltransferase or glucosyltransferase, the 
addition of mannose-rich oligosaccharides to the W-linked 
oligosaccharide attachment site in one or both propep- 
tides, and the formation of disulfide bonds in the C- 
propeptide. mediated by the protein disulfide isomerase 
(PDI). After complete translocation of the procollagen 
chain and removal of the signal peptide, the formation of 
procollagen molecules begins. As indicated in Table I .  not 
all of the possible molecular compositions are produced 
indeed-one cell can synthesize different types of fibrillar 
collagen. It was demonstrated that a short sequence 
located in the C-propeptide is involved in the recognition 
of relevant pro-c/. chaii~s. '~' Interestingly, this sequence is 
absent in all the invertebrate fibrillar %-chains character- 
ized to date.i71 The formation of the procollagen mole- 
cules begins by the recognition and association of the 
C-propeptides, this structure being stabilized by intra- and 
interdisulfide bridges. At this point. the formation of the 
triple helix is propagated from the C-terminus toward the 
amino-terminus. Even though a triple-helical conforma- 
tion can be formed in the absence of the C-propeptide, 
proper %-chain recruitment and correct register of the 
collagenous regions requires this domain. The next step is 
the transfer of the procollagen molecules into the Golgi 
without leaving the lumen of the cisteri~ae.'~] During 
cisternai maturation, procollagen is laterally aggregated. 
The final step is the secretion of these aggregates from 
vesicles. During ail of these processes, several chaperone 



proteins are involved in the proper folding. the retention of 
~tnfolded molecules. and the vesicular trafficking of 
collagen  molecule^."^' In addition to being involved in 
the hydroxylation of proline residues in position Y. prolyl- 
4 hydroxyiase (P4-H) also acts as a chaperone by 
interacting with the correctly folded monomeric triple 
helix. The PDI is the enzyme used in the formation of 
disulfide bridges in the C-propeptides, but it is also 
involved in quality control of collagens in the endoplas- 
mic reticulum. Hence, PDH mediates retention in the 
endoplasmic reticulunl of unassembled procollagen C- 
propeptides. The Hsp47 is an endoplasmic reticulum 
collagen chaperone that seems to prevent the lateral 
aggregation of collagen molecules before their transfer to 
the golgi. An in vitro study indicated that Type 1 collagen 
is ther~nally unstable at body temperature.'"' As indicated 
by Persikov and ~ r o d s k ~ . ~ ' ~ ~  the collagen triple helix is 
more stable in cells, and an increase in collagen stability 
might be correlated with the interaction between chaper- 
ones and the triple helix. 

After secretion, the soluble aggregated procollagen 
molecules are generally processed by amino and carboxyl 
proteinases, leading to the formation of insoluble collagen 
~nolecules ready to be incorporated into fibrils. The 
mature collagen ~nolecule consists of a central triple helix 
flanked by two shori noncollagenous extensions, the N- 
and the C-telopeptides. In fibrils, collagen molecules, 
approximately 300 nm or 4.4 D ic length. are aligned in 
parallel. with a D-stagger, including a gap zone and an 
overlap region (see Fig. 2B). This molecular staggering 
explains the striated appearance of negatively stained 
fibrils as revealed by transmission microscopy (Fig. 2G). 
How are the fibrils organized and how can we explain the 
shape heterogeneity of fibrils? Although numerous studies 
and models were made from structural analyses, these 
questions were not completely answered. In this article, 
we will present data concerning heterotypic fibrils in 
cornea composed of Types I and V collagens. Corneal 
stroma fibrils are uniformly thin and are arranged into a 
highly ordered lattice-like structure. This orthogonal 
structure was postulated to be of inlportance in the 
transparency of cornea. Holmes et al.['31 used automated 
eiectron tomography to analyze the structures of corneal 
fibrils. The authors indicated that these fibrils are 
composed of microfibril units (five collagen molecules). 
which are tilted by 15" with respect to the long axis of the 
fibrils in a right-handed helix. Moreover. the microfibrils 
exhibit an ordered lateral arrangement at the boundaries of 
the overlap regions (N- and C-telopeptides) and in a 
region of the gap zone. Disordered arrangements were 
observed in other regions of the D-period. The N- and C- 
telopeptide regions are involved in intermolecular cross- 
linking in fibrils. Moreover, their presence improves fibril 
formation: as revealed by in vitro fibrillogenesis experi- 

ments. Analyses of these heterofibrils reveal that macro- 
molecules are located at their surfaces in regions 
exhibiting a relatively ordered arrangement. These mac- 
romolecules might be the N-propeptide of Type V 
collagen that is not fully processed in mature fibrils. 
Linsenrnayer et al.'I4l suggested that the retention of Type 
V N-propeptide at the surface of the fibrils prevents, by 
sterical hindrance, the addition of new collagen molecules 
and permits the formation of thin fibrils of regular 
diameters. Other macromolecules are the small leucine- 
rich repeat proteoglycans such as lumican. Lumican-null 
mice present an opacification of the cornea and a 
disorganization of the fibril network."" The presence of 
lumican in normal mice seems to prevent the lateral fusion 
of collagen fibrils. Hence. different parameters might 
explain variations in fibril shape, including the collagen 
types involved and their ratios, retention of the N- 
propeptide, interaction with neighboring components such 
as the small leucine-rich repeat proteoglycans or the 
FACIT collagens, and the intrinsic sequence of the triple 
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Fig. 3 Supramolecular organizations of some nonfibrillar 
collagens. The steps leading to the formation of supramolecular 
structures from monomeric molecules. Nand C: IV-terminus and 
C-terminus of the molecules: closed circles and thick black 
lines indicate noncollagenous and triple-helical domains. res- 
pectively: GAG: glycosaminoglycan: 7S is the triple-helical 
region of the Type IV collagen molecules involved in the 
formation of tetramers; NC1 is the carboxyl-terminal noncol- 
lagenous domain of Type TV collagen molecules involved in 
the formation of dimers. 
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helix. To coinplete this section. the supramolecular 
organizations of some nonfibrillar collagens are illustrated 
in Fig. 3. 

EVOLUTION OF COLLAGENS 

From the first multicellular animals, sponge and hydra. to 
humans, only two classes of collagens seem to be 
maintained to date: the fibrillar and the basement- 
nienlbrane Type IV collagens. For fibrillar collagens, 
their absence was demonstrated in a few species such as 
Dvosophiln melnnogc~stei. and Cnerzorhnbditis elegatzs. It 
was suggested that flies and nematodes do not need the 
mechanical resistance produced by fibrillar collagens, 
because they have a chitinous or a cuticular exoskeleton, 
respectively.15.'" The complete genome sequences of 
these two protostome animals are available, and subse- 
quent analyses indicated that in addition to Type IV 
collagen. only a vertebrate collagen ortholog, Type XVIII, 
is present in these animals. Collagens that appear to be 
unique to some invertebrate phyla were characterized. We 
can cite the cuticular collagens of nematodes. These short- 
chain collagens are encoded by a large family of genes 
and are involved in part in the physical properties of 
the c~ l t i c l e .~"~  Another family of short-chain exocol- 
lagens (collagens outside the animal) was described in 
sponges.[18' These collagens are termed spongin and play 
two major roles. One is to attach the animal to its 
substratum, while it can also act as cement between the 
spicules forming the sponge skeleton. Hence. in the well- 
known bath sponge, spongin collagen replaces the inor- 
ganic skeleton. Other invertebrate collagens described to 
date are the collagen from mussel bysus, hydra minicolla- 
gens, and the cuticle collagen of annelid."" From the 
diversity of collagen and collagen-like proteins and the 
presence of this structural motif in prokaryotes. several 
questions come to mind. HOW old is collagen? How should 
the triple helix be perceived? Frorn sequence and fossil 
analyses. its metazoan origin was dated to approximately 
600 to 1000 million years ago.[2o1 Environmental changes. 
such as the increases in oxygen in the late proteozomic, 
were postulated to be involved in the burst of metazoan 
radiation during the Vendian-Cambrian period. Oxygen is 
important for animal respiration and for the evolution of 
lnetabolic processes in animals.[211 Moreover. through its 
involvement in the posttranslational hydroxylation of 
proline and lysine residues. the increase of oxygen can 
also be considered a key step favoring the synthesis of 
coilagen. which can be considered an hallmark of metazo- 
ans. En fact. collagen and collagen-like molecules were also 
described in plants and prokaryotes. In metazoans, extra- 
cellular matrix proteins and the extracellular region of 
trans~ne~nbrane proteins are composed of modules. By 

definition, a module should be present in multiple copies in 
one protein or in otherwise unrelated proteins,r221 it should 
be able to fold independently, and it is generally encoded 
bv one exon. Several authors indicated that the t r i ~ l e  helix 
i i g h t  be considered a m o d u ~ e . ~ ~ ' ~ ~ ]  Froin its short 
repeating primary motif (Gly-X-Y), the size of this 
module can easily be changed. Hence. in fibrillar collagen 
genes, most of the exons encoding the triple helix are 54 
bp or 45 bp long. In Type VI gene, there is a prevalence 
of 63 bp exons. Another important function of the triple 
helix is its involvement in oligomerization. a structural 
function permitting the formation of inultivalent supra- 
molecular networks. 

FUNCTIONS OF COLLAGENS 

The structural and biological importance of collagens is 
clearly demonstrated by the study of human genetic 
diseases resulting from mutations in genes encoding 
collagens or enzymes involved in their posttranslational 
modification. The catalog of human diseases is available 
in a recent review"] and is indicated in Table 1 for the 
fibrillar collagens. Natural disease and knock-out experi- 
ments in mice confir~ned the human data and also 
permitted the identification of other potential genetic 
diseases. In this article; we will focus on the Ehlers- 
Danlos syndrome. This syndro~ne is divided into several 
subtypes, but it is generally associated with joint hyper- 
mobility and skin fragility. The genes involved in this 
syndrome encode Type 1 and III collagens, and the xl  and 
32 chains of Type V collagen. lysyl hydroxylase and, 
more recently identified, tenascin-x.~~" Tenascin-X is 
also an extracellular matrix protein detected at the surface 
of fibrils in the skin that interacts with decorin, a small 
leucine-rich repeat proteoglycan.['" lecor in  interacts 
with Type I collagen and tenascin via its core protein 
and its dermatan sulfate chains. respectively. Moreover, 
decorin-null mice present a phenotype related to the 
Ehlers-Danlos syndrome.1261 Altogether, these data clear- 
ly show that maintainance of the supramolecular fibrillar 
network is important for the s t r ~ ~ c t ~ ~ r a l  integrity of skin. 

The f~~nctional importance of collagens in biological 
activities can be considered on two levels. The first results 
from the triple-helical sequence. Hence, as previously 
indicatedi1] and shown in Fig. 1. residues X and Y are 
exposed at the surface of the triple helix and are available 
for lateral interactions. Ligands of the triple helix were 
characterized. such as several integrins and proteoglycans. 
The second level concerns the noncollagenous domains of 
collagen. One of the best known is endostatin, which 
represents the C-terminal region of collagen XVIPI, a 
component of endothelial and epithelial basement 
membranes. Endostatin is the major molecular form in 



several tissues. Functions associated with this protein 
are the inhibition of endothelial cell proliferation, migra- 
tion, and a n g i ~ ~ e n e s i s . ' ~ "  Another function is the reduc- 
tion of tumor growth in animal models. Actually, different 
modules form the noncollagenous domains of collagens, 
and some of their putative functions might be suggested 
from their obvious biological importance in other extra- 
cellular matrix proteins. Hence, chordin, which possesses 
several cysteine-rich modules (Tsp-2), is involved in 
dorsal-ventral patterning. Chordin interacts with different 
bone morphogenetic proteins ( B M ? ~ ) . ~ ~ ~ ~  Type IIA 
collagen includes a Tsp-2 module in its N-propeptide. 
The dorsalizing activity of Type IIA collagen was shown 
by injecting Type IIA mRNA in Xerzc~pus embryos.'2y1 
The Tsp-2 module of Type IIA collagen, which is 
required for this activity, binds to TGF-P1 and BMP- 
2.'"' Hence; the retention and the concentration of 
growth factors or cytokines might be some of the 
nonstructural functions of collagen fibrils. The availabil- 
ity of these sequestering molecules during remodeling or 
tissue differentiation might be realized by the action of 
different metalloproteinases. 

The metazoan extracellular matrix is composed of large 
supramolecular networks that involve modular glycopro- 
teins and proteoglycans. Structural elements (coiled-coil 
motif, triple helix) permitting oligomerization are of 
importance in generating these networks. The triple- 
helical structure. the common structural element of 
collagens. allows the formation of trimeric molecules. 
This first structural order is often associated with higher 
oligomerization levels involving the self-association of 
the triple helix or multimerization from the noncolla- 
genous domains of these molecules. Networks including 
collagens are implicated in the structural properties of 
tissues. The best known are the collagen fibril networks 
that provide protection against mechanical constraints in 
skin and tendon. However, collagens are also important in 
numerous physiological events. Future directions in the 
collagen Geld will include dissecting their functions 
during development, tissue remodeling, and tumor inva- 
sion. Their use in biomedical applications will also be 
explored. Hence. from their biological properties, col- 
lagens are of use in several biomedical applications 
(hemostatic sponges. surgical sutures, sponges for burns 
and wounds, etc.). Private companies and academic 
institutes used different systems (plant, yeast. mammalian 
cells) to produce recombinant collagens. Improvements in 
production in terms of quality, quantity, and cost will be 
considered in the future. This approach will be further 
improved with a better understanding of the biological 

functions of the noncollagenous domains. Actually. future 
progress will come in the understanding of collagens, not 
as an individual component of an extracellular matrix but 
as one of the elements of the extracellular macroaggre- 
gates. Mow do these macromolecular networks influence 
cell signaling events and what are the roles of the 
extracellular matrix on the control of distinct morphoge- 
netic processes. are some of the questions that will 
mobilize laboratories working in the collagen field during 
the next few years. 
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INTRODUCTION 

Complexation of fullerenes covers a diverse range of 
interactions and structural types. ranging from simple 
host-guest complexes through to oligomeric structures 
and continuous mays .  and structures with covalent metal- 
fullerene interplay.i1~51 The later organometallic chemis- 
try is extensive and beyond the scope of this article.i61 
except where the complexes show supramolecular inter- 
actions, such as in the coinplexation with silver nitrate, 
where the f~illerene effectively templates a curved silver 
nitrate network.'" Accordingly, the focus of this article is 
on the host-guest chernistry of fullerenes and higher 
complexity supramolecular chenlistry based on organiza- 
tion of fullerenes with one or more other synthons. 

GENERAL CONSIDERATIONS 

Fullerenes are electron-deficient molecules comprised 
exclusively of carbon, collectively representing a new 
allotropic form of carbon. for which ChO is the most 
abundant, smallest. and most widely studied. having a 
truncated icosahedral structure 10.0 A in diameter at the 
van der Waals limit. They can undergo addition organic 
reactions that have been extensively mapped out for C6"; 
the addition is across the 4;6'-position ring junction of two 
six-membered rings. which is consistent with the double 
bonds in the fullerene avoiding the fi~le-mernbered rings 
of the polyhedran, an area reviewed by Diederich and 
Gomez-~opez.'" Recent advances in the supral~lolecular 
chemistry of such modified fullerenes include the orga- 
nization of the potassium salt of a penta-substituted 
fullerene into -17 nm spherical bilayer vesicles.is1 
assenlbling fullerenes on surfaces3'" and binding por- 
p h y r i n ~ . ~ ' " ~  In general. surface assembly of fullerenes on 
continuous flat surfaces and on the surface of nanoparti- 
cles is possible and includes the use of aza-crown ether to 
complex ChO at air-water interfaces. and the assembly of 
64 C60p anions on the surface of a dendimer with terminal 
ferricinium moieties.["' Dendrimers can also bind ful- 
lerenes within their internal ~ a v i t i e s , " ~ . ' ~ '  and this 
includes po~hyrin-containing  system^.['^."^ In addition, 

self-assembly processes can stabilize nanoparticles of 
fullerenes, such as a diblock polymer shrouding 10") 
f~lllerene molecules. "" 

In embracing the principles of supramolecular chein- 
istry. the goal is to encourage the interplay of fullerene 
molecules, or reduced fullerenes, noting that they can be 
readily reduced, in the case of C6" this is reversible to 
C 6 0 n p ~  n = 1 to 6. with other synthons in an organized 
way. This chemistry is inherently conlplicated by the 
tendency of filllerenes to aggregate at the van der Waals 
limit in the presence of other synthons, but this offers 
potential for building new asrays and materials based on 
both types of interactions. i.e., host-guest and interfuller- 
ene. Optimizing complementarity of curvature of ful- 
lerenes with host molecules, such as bowl-shaped 
cavitands and saddle-shaped molecules was a successf~il 
but not essential strategy for host-guest chemistry, as was 
the choice of solvent. which can tip the balance from 
complexation to coinplexation with aggregation of the 
fullerenes, through to little or no complexation. Summa- 
rized in Fig. 1 are the main types of host molecules, 
including cavitands 1-4. 7."71 and 9:"" saddle-shaped 
molecules, 5: polphyrins. 6: siloxanes, 8: curved-face 
tryptophanes. 10:''~' and P:/-cyclodextrins. 11. Where 
complexation is not prevalent. the addition of other 
synthons can be effective. Group 1 ions. for example. bind 
to modified calixarenes (R' =ester) and now results in 
complexation of c~[~."~) '  Seemingly most molecules with 
aromatic ring systems and electroll-rich moieties can form 
complexes with fullerenes. including benzene and ex- 
tended aromatic systems and t e t r a t h i a f ~ l v a l e n e s ~ ' ~ ~ ~ ~ ~  but 
the conditions to effect complexation are varied. Essen- 
tially planar porphydns. 5. form a myriad of complexes. 
despite the lack of complementarity of curvature with 
fullerenes. The synthesis of fi~llerene complexes is often 
simple. for example, the mixing of equimolar amounts of 
the two components usually in toluene, or with an excess 
of the "host," with the complex crystallizing over se\-era1 
hours or sometimes days. Only where special conditions 
are required, is this discussed below for specific synthons. 

Fullerenes can also be taken up in the pores of 
mesoporous silica, with aggregation of the fullerenes in 
the presence of cavitand molecules such as 1-4. This is 
a qualitative test for host-guest chemistry between the 
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fullerene and the cavitand,'" and confinement o f  the 
fullerene can be used to form hydrated C6() at 350°C, i.e., 
coi~troiled synthesis in confined space.[221 Fullerenes. 
including metallofullerenes such as S r n @ ~ ~ ~ , [ ~ "  can also 
be drawn into carbon nanotubes. Salient aspects o f  
supramolecular chemistry o f  f~illerenes are now elaborat- 
ed below. making reference to leading papers in the field 
and review articles."-" The class of complexes formed 
are dealt wi:h according to the nature o f  the host mole- 
cules. Simple donor-acceptor colnplexes were reviewedt5' 
and dealt with in the article Fullererze Irztercalates. Each 
class o f  host molec~rles often afford different structural 
types. which are also elaborated below. 

Supramolecular ckernistry o f  fullerenes can be used to 
controi the interplay o f  fullerenes in the solid state, for 
then covalently linking the f~illerenes under high pressure 
and temperature. The pioneering work for the synthesis o f  
dumbbell-shaped C l z o  was done by Iwasa et al. This was 
followed by Sun and Reed preparing a linear polymer o f  
covalently linked CGO molecu~es.'~" 

HOST-GUEST COMPLEXES 

Calixarenes and Related Molecules 

Historically, cornplexation o f  fullere~les with 12-But- 
calix[8]arene, 1. R = But. R' = H .  was an important 
development in the field, independently reported in 1994 
by Atwood et al. and Shinkai et al.. although there was an 
earlier report on the binding o f  a water-soluble calixarene 
bearing sulfonate groups on <he lower pE5ut- 
caiix[8]arene is effective in retrieving high-purity CkO 
from toluene solutions o f  fullerite. which is a mixture o f  
all the tolcene-soluble fullerenes in carbon soot. This 
involves recrystallization o f  the precipitate from toluene 
followed by decoinpositioll o f  the 1:  1 complex when 
added to chlorinated hydrocarbons in which the fullerene 
is only sparingly soluble (Scheme I ) .  Significant advances 
were made in understanding the nature o f  the host-guest 
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Scheme 1 Purification of CGo by complexation 

complex,L" albeit with some conflicting reports. The 
p-BuL-calix[8]arene/C60 cornplex has a resonant inter- 
fullerene molecular transition at 470 nm. similar to that 
observed in thin films of c ~ ~ . ~ ~ ~  Formation of the cornplex 
is thought to involve a n~onoineric 1: 1 transient interme- 
diate that may be a genera! phenomenon for colnplexation 
of the fullerene with other host molecules. The proposed 
structure of the final complex is a tria~lgular asrangenlent 
of three fullerenes surrounded by a sheath of three 
calixarenes in the double-cone conformation. [(C60)3(~- 
But-calix[8]are11e)~ (Scheme 1). In contrast. the vibra- 
tional spectrum of the complex was probed, using Raman. 
IR. and neutron scattering,'" with the results consistent 
with the C60 molecules being almost isolated. suggesting 
that any fullerene-fullerene interactions are weak. 

The electroche~nistry of the p-But-calix[8]arene/C60 
cornplex was extensively studied with the complex 
breaking apart on reduction (at 400 mV more negative po- 
tential)."' Other calix[g]arene complexes were reported, 
1, 17 = 8. R = Pr' and Et; R' = M,"~'  but they also were not 
structurally authenticated. 

Fullerene C70 does not form a complex with the same 
calixarene in toluene. but it does so in benzene. crystal- 
lizing as the 2: 1 complex, (C70)20~-Bu'-calix[8]arene) 
(structme ~mknown) . '~ '~  The same fullerene also forms a 
2:l complex with y-B~~r-caiix[6]arene. and its precipita- 
tion from toluene solutions can be used to retrieve 87% 
purity C7" from Cho-depleted f u l ~ e ~ i t e . ~ ~ ~ ~  

The fullerene-rich caiix[filarene complexes. (C60 or 
C70)2calix[6]arene, were structurally authenticated as 
isomorphous complexes.'" showing the calixarene in the 
double-cone conformation with a fullerene perched in 
each of the shallow cavities. resembling the jaws of a 
pincer acting on two adjacent cage molecules; the 

extended structures have continuous three-dimensional 
interplay of the fullerenes close to the van der Waals limit 
(Fig. 2j). In the case of the C70 complex, the principle axis 
of the fullerene is aligned such that the end of the ful- 
lerene close to this axis, where the curvature of the cage 
is similar to that of C60. resides in the cavity. Calix[6]- 
arenes bearing N,N-dialkylaniline or m-phenylenediamine 
units also form complexes of ChO in toluene solution 
(ill defined). 

These can be grouped with oxacalix[_?]arenes (see below), 
because they have single-cone conformations. at least for 
R' = H, which have a cyclic hydrogen bond asray, and they 
have good complementarity of curvature with fullerene 
c ~ ~ . ~ ~ ~  In addition, there is the potential for '3ymmetry 
matching," whereby the f~~llerene lines up with the C5 or 
C3 symmetry axis of the cavitand, thereby optimizing 
T C .  . .TC overlap between the synthons. For both calixarenes, 
there is little or no preorga~lizational requirement prior to 
forming host-guest interactions; unlike for the more 
flexible. larger-ring systems for calix[6,8]arenes. 

Calix[5]arene, 1. 11 = 5, R = R' = H, forms a complicat- 
ed 4:5 complex with c~". '~"  where the fullerenes 
assemble into five closed paclced columns in a Z- 
arrangement. susrounded by a sheath of calixarenes (Fig. 
2g). Initially. the complex was thought to be a I : I  
complex, and in this context, care needs to be exercised in 
establishing the stoichiometry of fullerene host-guest 
complexes. Moreover, the presence of otiher fullerenes and 
other globular molecules in solution dramatically changes 
the nature of the crystalline complex. 111 the presence of 
C7". which is the other major fullerene in f~~llerite, a 1: 1 
calixarene:Cho complex forms with NO C7" incorporated 
in the structure, which is now comprised of a single zigzag 
array of fullerenes surrounded by a sheath of calixarenes 
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Fig. 2 The types of arrangements of fullerenes (van der Waals contacts) in their ho~t-guest complexes (host molecules not shown). 
These cover finite structures. (a) monomeric (encapsulated). ib) dirneric. and (c) the proposed trimeric complex involving p B u t -  
ca l i~a [8 ]a rene . '~~  and higher aggregates. and continuous structures, all of which were established in parts (d-j).[2.251 with scope for 
structures of higher complexity. (Vietv this ar t  irz color a t  u~ub,u,.dekker.com.) 

(Fig. 2e). This is despite solution-binding constants 
favoring C7() c0111pIexatio11 of C6@ and thus crystal- 
packing forces are important. The same I : 1 complex also 
for~ns in the presence of Cg4 and 1.2-dicarborane (1,2- 
CIB an icosahedral molecule that is independently 
drawn into the cavity of the calixarene.'" 

p-Benzylcalix[5]are11e forms 2: 1 complexes with Coo. 
The fullerene is shrouded by two staggered tmrzs-host 
molecules that are in the cone conformations with 
dangling benzyl groups (Figs. 2a and 3).[2,28i There is 
alignment of the symmetry axis of the calixarene with a 
C5 symmetry element of CbO. However, in the case of y- 
phenyl~alix[5]arene,~'"~ the rigid extended arms interdigi- 
tale on one hemisphere of the 2: 1 supermolecule such that 
symmetry matching for both calixarenes is not possible. 
and interestingly. the fullerene here is now completely Fig. 3 space-filling alTangement of the 2 : l  supermolecules 
disordered."" Other authenticated structures with C60 in [C6,]c(p-benzylcalix[5]arene)2].8(toluee) (From Ref. [2] . )  
encapsulated by two calix[5]arenes. hence precluding (Vie+r, this ar t  iiz color a t  ~v>t.tt,.dekker.coi?z.) 



interfullerelie contacts, is a calix[5]arene complex with 
three methyl and two iodo groups 11.3 disposition) in the 
p-positions of the upper rim.'" 

Solutions studies on co~nplexation of 1, R = benzyl, 
R'= H, with CsO in toluene gives a high K1 association 
constant (2800+200 dm3mo11) and a relatively low K, 
(230k50 d m b o l ' ) .  This is consistent with the initial 
formation of a 1:1 complex [ C 6 0 ~ ( l ) ]  (cf calix[S]arene 
intermediate. Scheme 1); followed by the formation of a 
2:1 supermolecule. [C60~(B)2],  and is in agreement with 
densitometry studies.[2J Similar UVIVis studies involving 
2, R = benzyl. R' = H. suggest the presence of more than 
one species in solution. In contrast, Fuji et al. obtained a 
1:l association constant of 35.6 d m ' m o l '  for a related 
oxacalixarene ( R  = But, 2)  (or 6 4 t 5  d m 3m o l  ' for an 
independent study); and obtained 1: 1 complexes rather 
than a 2: 1 complex in the solid state, showing interfuller- 
ene  interaction^."^ Other solution studies on calix[5]ar- 
enes were also reported.'"' including the electrochemical 
behavior of CGO with p -~u~-ca l ix [5 ]a rene [~~  and p-benzyl- 
calix[5]arene (solution and solid state).'," Two calixarenes 
covalerltly linked show exceptional affinity for binding 
filllerenes (Fig. 4). One such system has a space between 
the calixarenes capable of binding metal ions (Fig. 4), 
and inetal cornplexation triggers complexation of the 
fullerene, selectively for Hydrogen bonding 
through urea moieties of single substituted calix[5]arene 
is another approach to entrap C60, which can be retrieved 
under acidic conditions. The coinplexation proceeds via 

a 1:1 superrnolecule that then takes up a second func- 
tionalized calixarene (association constants 450 and 110 
dm'mol ' ,  respectively). The findings have major im- 
plications in the separation of fullerene~.~'" Elaborate 
monofunctionalized metal-complexed calix[5]arenes and 
bis-calixarenes (Fig. 4) can act as highly selective sen- 
sors for the detection of C60 and C70.i321 

Calix[4]arenes and calix[4Jresorcinarenes 

The cavity of these calixarenes is usually too small to 
accommodate fullerenes, and is confirmed by solution, 
unless they have extended cavity walls as in calix[4]- 
naphthalenes.'"' Nevertheless, some calix[4]arenes were 
shown to form stable crystalline complexes with C60 with 
the fullerene eno- to the calixarene cavity. and they 
include y-Ph-calix[4]arene, which has a toluene molecule 
in the cavity, the overall structure dominated by fullerene- 
fullerene and eso-calixarene fullerene  interaction^;^^] 
p-Br-calix[4]arene propyl ether, the structure sho\ving 
very close interfullerene contacts in a columnar struc- 
ture (Fig. 2d), which most likely results in opposing 
induced dipoles from the unidirectionally aligned calix- 
arenes;["I and p-I-calix[4]arene benzyl ether. where the 
fullerenes are ordered without appreciable interfuller- 
ene interactions.'" There is also a calix[4]resorcinarene. 
R = CH2CH2Ph, 3, which has a molecular capsule derived 
from head-to-head hydrogei~ bonding of two resorcinar- 
enes and propan-2-01 molecules, with the fullerenes also 

Fig. 4 Encapsulation of fullerenes by bridged calix[5]arenes. (From Refs. [30.32].) 



arranged in  column^."^ A his-calix[4]resorcinarene is 
effective in billding C6" (cf. his-calixarenes; Fig. 4).'"l 
and calix[4]resorcinarenes bearing dithiocarbarnate 
groups between the oxo group, R = allcyl chains, and with 
nlethylene groups between adjacent 0x0-groups, 3, form 
torus-shaped colnplexes comprised of three calixarenes 
with divalent cadmiurn and zinc ions, which effectively 
bind c ~ ~ . [ ~ ~ ~  

The four-fold symmetry of calixarenes and resorcinar- 
eiles relates to complexation of the siloxane. 8, with CbO in 
tolue~le."' Here the fiillerenes are arranged in double 
coluinnar arrays shrouded by edge on siloxanes (Fig. 20 ,  
the siloxanes interlocking by one of the phe~lyl groups of 
one anolecule residing in the cavity of another. 

These calixarenes form 2:1 complexes with C60 and 
include R = benzyl. R' = H, for which the complex was 
structurally authenticated (see above);'" R = 4-pyridyl, 
R' = CH2C(0)OEt, which can be assembled with ~ d "  via 
pyridyl complexation into hexacationic capsules confining 
C6(] (NMR studies);"" and R = But, R' = water-solubiliz- 
ing CH~C(O)IN(IJ)(CH~)~NM~~~~~~~~ Here the hexacation- 
ic capsules assemble as a monolayer on anio11-coated gold 
surfaces and indium tin oxide surfaces. For the structure 
including R = benzyl. the benzyl groups are edge-on to the 
fullerene with C-H. . .fullerene i~lteractions rather than 
face-on for n . .  .x interactions. 

Complexation of C60 in toluene solutions of CTV. 4, 
R = R' = Me, results in poiymeric structures in the solid. 
either a fullerene-rich phase (C60)l,5(@TV) or a 1:l phase 
(C~~)(CTV),'".'" both complexes being studied electro- 
cheinically (solution and solid state). The structures are 
domiilated by fullerene-fullerene interactions, and each 
CTV has a C6() associated within the cavity of the CTV as 
a "ball and socket" nanostructure. For (C60)1.5(CTV), the 
f~illerenes collectively comprise n two-dimensional close- 
paclted array with half of the fullerenes devoid of CTV 
(Fig. 2h).'2' Solvated host-guest species, [(CTV)(C60)]. 
are fornled first in solution. This results in polarization of 
the fullerene promoting aggregation, which is evident by a 
resonant inlerfullerene transition band as 475 nm. The 
substituted analogue 4. R = Me, R = allyl, with CGO shows 
only solvated host-guest species. C70 does not form an 
isolable complex with CTV. yet remarl<ably in the 
presence of 1.2-dicarborane, a ternary complex results 
with each fullerene in the cavity of a CTV. and each of 
these supermolecules is linked by bifurcated H-bonding to 
two carborane molecules. for~lai~lg a helical arrangement. 

Thus. additional synthons can encourage host-guest 
chemistry .'21 

The incorporation of aromatic pendant arms on CTV 
leads to strong binding of Cso, that of N-methylpyrrole 
showing the highest association constant, 48 x 10' 
dm3mol-' in benze~le. With six benzoyl arms. a 1:1 
complex foims In the solid state. with two host molecules 
surrounding one fullerene, with a second "bare" CbO in 
the lattice ['I The host molecule, R = benzoyl, 4. can be 
~ ~ s e d  to retrieve CbO from fullerite A planar analogue of 
CTV with a central SIX-membered ling (without the 
br~dglng methylene units of CTV) forms a 1 2 con~plex 111 
the solld state. with isolated fullelenes surrounded by foul 
planar molecules 

Metal Macrocycles 

Nonaromatic macrocycles 5 

These have two divergent concave surfaces iil a saddle- 
shape arrangement that arises from the otherwise unfa- 
vorable interactions between the inethyl groups and the 
adjacent H-atoms on the aromatic rings. It can act as a 
divergent heterotopic receptor toward C60. In the structure 
of (C6())RTi(TIVITAA) (5, R = H, R' = R" = Me), two host 
molecules shroud the fullerene such that a filllerene is 
in the saddle of one Wi(TMTAA) molecule with the 
methyl groups directed toward it and in the opposite sad- 
dle of another Ni(TMTA.4) molecule, the overall host- 
guest contacts form a continuous zigzag array. with the 
fullerenes forming a corrugated two-dimensional sheet 
(Fig. 2i).'2' Cu(I1) and Zn(1I) TMTAA molecules similarly 
bind Cso and are isostructural with the Ni(I1) analogue. 
For R = lMe, 5 ,  (=OlMTAA). a I :  1 complex is formed with 
CbO with the extended supramolecular array based on 
linear chains of close contact C60 molecules, and linear 
chains of n-stacked alternating molecules of CbO and 
Ni(OlMTAA), with adjacent chains running in opposite 
directions and thus cancelling out dipole moments. The 
same macrocycle for~lls a 1: I  complex with C70, which is 
isostructural with the C60 complex of Ni(TMTAA). In all 
of these Ni(II) macrocycle structures, there are no sig- 
nificant contacts between the metai centers and the fill- 
lerenes. As in other systems, there is evidence for the 
formation of 1 : 1 solvated supermolecules in solution. 
which then go on to form micelle-like species.'" The 
unsymmetrical macrocycle. 5 .  R = H. R' = Me, R" = Ph, 
also forms a I :1 complex with 

Strong complexes form between n-curved surfaces of 
f~~ilerenes. including C60. C7@ K*@C60, NSc3@CX0. and 
Er2@C82, and the airnost-planar n-surface of porphyrins, 



Fig. 5 A tertaporphyrln host deslgned for cooperati! e binding of CG0 molecules (Flom Ref [17] ) 

4. The most widely studied porphyrins are 6, R = Et, 
R' = H (OEQ); for M = Zn. Ru(CO), Pd, Cu, Ag. Ni. VO, 
Co. and Fe. with much of the work covered in a recent 
review ar t ic~e . '~]  The complexes fall into two types: The 
first type includes ethyl groups in the syn-form, with the 
alkyP groups directed toward the fullerene, either one or 
two porphyrins associated with each fullerene (includes 
endohedral fullerenes)."" and in the latter case. they 
almost shroud the fiillerene. The second type includes fo~lr  
adjacent ethyl groups in either side of the porphyrin plane 
(anii-form), allowing slipped porphyrin-porphyrin con- 
tacts (includes endohedral fullerenes).'"] in structures 
 here fullerene-fullerene contacts prevail. 

Bulky groups incorporated into the porphyrin. 6, R = H. 
R' = C,B3-3.5-(Bd)?. result in a 1:l complex with C,,, but 
there is a fullerene on either side of the porphyrin, such 
that the continuous structure has the fi~llerene encapsu- 
lated. In the case of C7, complexes. the f~~llerene lies 
side-on to the principle axis, which maximizes n . .  .n 
interactions with the flat p ~ r p h ~ r i n . ' ~ "  Amino-substituted 
porphyrins. 6, R = NMe2, R' = H, M = Ni or Cu, or where 
the poi-phyrin is metal free. show a variety of structural 
types."" More elaborate porphyrin ligands were devel- 
oped. including covalently linking two units to shroud a 
fi~llerene.''~' and attaching four units around a terphenyl 
axis (Fig. 5).'"] and assembling twro porphyrins via metal 
complexation to form a '.jaws porphyrin" In this 
context. dendritic porphyrins strongly bind fuller- 
enes."'."] A silica-supported zinc(I1) tetraphenylporphy- 
rill is effective in separating metallofullerenes fro111 C60 
and higher fullerenes (HPLC).'~] 

The original work focused lilainly on the larger -!- 
cyclodexirin, 11. n = x.~'" associated wi:h solubilizing 
fullerenes in aqueous media. which u-as achieved for niore 
hydrophobic cavitands. namely. lower-rim sulfonated 

calix[X]arenes'" and amine-substituted oxacalix[3]ar- 
plol  enes. which are of interest in the separation of 

fullerenes as \yell as in biomedical applications. Earlier 
work used heterogeneous reaction to effect complexation, 
and here there is no binding with r- or P-cyclodextrins. 
11, 11 = 6  and 7; respectively. This was thought to be a 
consequence of the smaller cavity size of these cyclodex- 
trins, ["'I However, by using a mixed DMFJtoluene solvent 

system. now as a homogeneous reaction, a 2: l  cornpiex 
results. and the isolated complex is water soluble. 4 g L  I .  

Covalently attaching fullerenes to cyclodextrins also 
results in binding in the cavity of two 0-cyclodextrins, 
also as a water-soluble ~omplex. ' "~  

ARTICLES OF FURTHER INTEREST 

Cc~lix-areries nrzcl Their Analogues: Molecular Cornplesa- 
tion. p. 145 

Corzc~zve Recrgerzts, p. 3 1 1  
Concepts irz Crystal Engineering. p. 3 19 
Fuller-enes as E~zcapsularirzg Hosts: Prepamtion, Derec- 
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Concave Reagents 

INTRODUCTION SYNTHESES 

The selectivity of enzymatic reactions is mainly caused 
by the concave shielding of the active site. However. 
enzymes do not exist for all purposes. For some substrates 
and reactions, no enzymes have yet been found. 
Furthermore, most enzymes do not survive extreme 
reaction conditions (high temperatures, concentrated salt 
solutions, extreme pH, nonaqueous solvents). Therefore, 
the concave geometry of enzymes has been combined 
with artificial reagents. Standard organic reagents and 
catalysts have been placed in a concave en\rironinent in 
order to amplify or alter selectivities. Such concave 
molecules need not be made from amino acids. Almost 
any building block of organic chemistry may be used. 
Therefore, the structural components can be varied 
broadly. In addition, if compared to enzymes. the 
molecular weights of concave reagents will be reduced, 
because no large amino acid backbone is necessary to 
build up the concave structure. 

The key feature of these new synthetic tools is the 
concave shielding of the functional group. In order to 
guarantee a concave geometry, the concave reagents or 
concave catalysts" have to be very rigid (see cleft 
molecules) or the potential rotational freedom has to be 
limited to avoid the functional group from turning to the 
convex outside. This can be achiebed by incorporating the 
functional group into a polymacrocycle (cavity mole- 
cules). In the latter case. the overall geometry of such a 
concave reagent can be compared to a lightbulb in a lamp 
shade: the larnp shade is the concave shielding. and the 
lightbulb is the reactive f~~nctionality. Several classes of 
such concave reagents have been realized. and the most 
prominent classes will be discussed below. 

In principle, all functional groups of organic chemistry 
can be incorporated into a concave structure. Especially 
acids, bases. and transition inetal ions have been 
investigated in detail. Shown in Fig. 1 are important 
examples of concave reagents. 

"111 the context of this article. the term concaxe reagent uill  not dif- 
ferentiate between reagents and catalysts. 

Before any concave reagent can be employed in a re- 
action. it has to be synthesized in acceptable quantities. 
For the translation of the structure "lightbulb in a lamp 
shade" into molecular dimensions, one conceivable geo- 
metrical forin is a bimacrocycle. In a concave reagent. the 
rim must be large enough to let a molecule or a part of a 
molecule pass for a contact with the lightbulb. Therefore. 
it must be macrocyclic. This macrocycle must then be 
spanned by a bridge that carries the functional group, the 
lightbulb. Therefore, at least bimacrocycles must be 
synthesized. Such a synthesis is not necessarily trivial. 
Nevertheless, for bimacrocyclic concave pyridines 1 and 
concave 1.1 0-phenanthrolines 2, cyclization methods 
have been established with more than 50% overall yield 
for the cyclization steps. For other classes. the yields are 
not yet optimized. 

Kinetically and thermodynamically controlled macro- 
cyclizations have been used. A kinetically controlled 
reaction has the advantage in that once a macrocycle is 
formed; it remains a macrocycle. In contrast. the products 
of a thermodynamically controlled equilibrium may be 
interconverted into one another. If the desired macrocycie 
is the most stable molecule. potential side products will be 
transformed into the desired bimacrocycle. 

Among the "library" of potential macrocycles, oligo- 
and polymers, the concave 1,lO-phenanthrolines 2b are 
the thermodynamically most stable products and can be 
formed by ring-closing metathesis of the tetra-alkenylated 
precursors 4 (see Fig. 2) in excellent yields (>70-92% 
for a double macrocyclizatio~~).[~~ In contrast, the first 
macrocyclization in the synthesis of the concave pyridines 
1. the formation of the macrocyclic diimines 7,  can only 
be realized using a thermodyna~nical approach if a 
stabilizing template ion is added. When mixing a 
dialdehyde 5 and one or more diamines 6, a huge variety 
of possible products is or can be formed. and only the 
addition of a suitable template ion. an earth alkaline ion in 
this case, will shift the equilibrium to one macrocycle 7. 
The final stable macrocyclic dianiines 8 can be isolated 
after reduction. If the iibrary is large and contains several 
diarnines 6, then the addition of more than one template 
ion can give more than one inacrocyclic diamine 8 in 
good yields (>70%) in parallel.'s' 

Ei~c~clopediii  of S~~pri i i i~olec~i lur  C l~emis t r~  
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Concave Reagents 

b X = ICH,),,~,(CI-I=CI-I)(CH,),. , 
c X = no chain. but trio meth)l groups 

Fig. 1 Important classes of concave reagents: concave 
pyridines I['-'' and concave 1.10-phenanthroli~les 2"." and 
3.'" which may complex transition metal ions. 

But in most macrocycIizations, thermodynamic control 
is not yet possible. These ~nacrocyclizations have there- 
fore been carried out under kinetic control, often using 
high dilution conditions. Typical reactions are the 
formation of lactams, for instance. in the second macro- 
cyclization during the synthesis of concave pyridines 1 by 
reaction of the rnacrocyclic diamines 8 with diacid 
dichlorides.'"' or the reaction of calix[6]arene with 

dibromides to give A,D-bridged calix[b]are~les like 3 by a 
double substitution reaction."." 12' 

Not only cavity-containing molecules can be employed 
as concave reagents, but also, cleft molecules have been 
realized. The necessary stiffness usually is realized by an 
aryl-aryl backbone (Fig. 3). In particular, two classes of 
concave reagents have been successfully employed to 
enhance selectivities: concave reagents based on 2'- 
substituted m-terphenyls I O ' ' ~ - ' ~ ]  and 2.9-diaryl-1,10- 
phenanthroline-derived transition metal ion complexes zc, MII+ ,[4.5.7,19,20] The key synthetic steps are the for- 
mation of the aryl-aryl bonds. The synthesis of m- 
terphenyls 10 uses the addition of Grignard compounds 
to dichloroiodoarenes like 9.['3-181 The resulting 2'- 
magnesium function in the m-terphenyl 10 can then be 
transformed into a broad variety of other f~lnctional 
groups like Hal. Li, COOH (and its esters), CHO (and its 
acetals), CH=NOH. C H 2 0 H ,  CH=CH2. S02C1. 
S 0 3 H .  SO2H. SH. SAC. and H . ~ " - ~ ~ ~  The stiff 
in-terphenyl moiety has been used successfully for 
these cleft ~nolecules and also in bimacrocyclic concave 
 reagent^."""^ Due to its special geometry. the stabili- 
zation of less stable fiinctional groups like selenic and 
sulfenic acids is allowed.i211 2,9-Disubstituted 1,lO- 
phenanthrolines like 2c or 4 can be obtained either by 
adding aryl lithium compounds to I,l0-phenanthroline 
and following with rear~matization".'~ or by Suzuki 
coupling of areneboronic acids with 2,9-dihalogeno- 1.10- 
phenanthr~l ines .~~ '~  

REACTIONS 

Three different classes of reactions have been investigated 
using concave reagents: 

1. Sto~chiometric use of concave reagents in proton- 
ations. 

2. Base catalyses. 
3. Catalyses by transition metal ions. 

Protonations 

All concave reagents carrying a proton within the cavity 
can be used as concave acids. This includes protonated 
concave bases. If a proton is delivered directly from the 
proton source to the substrate (general protonationb) and 
the protonation is irreversible, the concave shielding will 

"11e term general and specific protonation is used in the sarne sense as 
the terlnr general and specific acid catalyses are used: specific means 
that a specific protonated solvent rnolecule is the reacting species. 
while general means that in general, all acids in solution contribute to 
the reaction. 



Concave Reagents 

many imines, including 
cyclic and acyclic 
oligomers and polymers 

Fig. 2 Efficient syntheses of macrocycles for concave reagents using thermodynamic control for macrocyclizations: (a) Formation of 
concave [,lo-phenanthrolines 2 by ring-closing metathesis; (b) sclectioll of niacrocyclic diimines 7 from a dynamic combi~latorial 
librar) with the help of transition metal ions as teniplates and subsequent reduction to 8. here: formation of an 18-membered macrocycle 
by using ~ a ' + .  

influence the selectivity of the protonation (see Fig. 4a). 
Such a selective protonation would be extremely usefill. 
especially if carried oiit stereoselectively, because most 
asymmetrically substituted carbon atoms carry a hydro- 
gen atom as one of the four different substituents. But if 

Fig. 3 Cleft ~nolecules based on "-substituted 172-terphenyls 80 
(for X see text) and 2.9-diaryl- l,lO-phena11tIirolines like 242. 

the acid protonates a sol\lent molecule first ( k S o l , ) .  and this 
then transports the proton to the substrate (specific 
protonationb), then all proton sources will exhibit the 
same selectivity. Also. if the protonation is reversible 
(kdcpl.c,t). no influence of the proton source will be 
detectable, because the ther~llodynamical stability of the 
products wo~lld determine the selectivity. In order to 
avoid the equilibriuin, the conjugate base of the acid 
should not be too basic, and the acid should not be too 
strong to avoid the protonation of the solvent. These 
limitations only allomi a small window of acidities and 
basicities. and therefore, not too many examples for a 
selective kinetically controlled general protonation exist 
to date. However, soliie concave acids have been suc- 
cessf~~lly employed in selective pr~tonations."~" '  

These selective protonations include the "soft Nef 
reaction" (Nef reaction in buffers at high pH), in which a 
nitsonate ion is selectively protonated (proper buffer) to 
form the aci-nitro compound ac i - l l  that uiti~natively 
gives the corresponding carbonyl compound 12.'26.271 Due 
to the steric shielding of the protons in the concave 
reagents. the coinpeti~lg G-protonation to give the nitro 
compo~~nd 11 is much slower (Fig. 4b). 
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a) 
solvent 

kdeprot 
anionic 1 I anionic 
substrate substrate 

selectively protonated 
protonated product(s) 
~ r o d u c t  

General Protonation Specific Protonation 

b) 

RR'CH-NO, RR'C-NOOH 

11 aci-11 

COOEt 

cis-1 6, trans-? 6 

Fig. 4 (a) The change of the structure of an acid can enhance 
the selectivity of a protonation only is1 a kinetically controlled 
general protonation. (b) in the "soft Nef reacti~n,"'~"."~ (c) in 
regioselective protonations of allyl anions.12" and (d) in 
stereoselective protonations.["l 

A regioselective protonation (of allyl anions 13'~") is 
also possible (Fig. 4c), as is the stereorelective proton- 
ation of esterenolates like 15 (Fig. 4d)'25' In the latter 
case, a contrathermodynamical diastereoselectivity (cid 
tmr~s for 15 or thveolen~thro for ~loncyclic substrates) was 
observed, which was explained by a concave wrapping of 

the protons in the concave reagent. In the transition state, 
the wrapped proton is very large, while in the product. the 
transferred proton is the smallest substituent. 

Base Catalyses 

Pyridine is well known as a catalyst in organic reactions. 
However, in a large number of reactions, only pyridine is 
reactive. r-substitution diminishes the reaction rates con- 
siderably, because it hinders the reaction of pyridine as a 
nucleophile. The formation of hydrogen bonds to the 
nitrogen atom of a pyridine is also hindered by E- 

substitution but only if these substituents are huge (for 
example tert-butyl). Therefore, concave pyridines 1 also 
form hydrogen bonds, and they thus can be used, for 
instance, to enhance the nucleophilicity of hydroxyl 
groups. This has been exploited for the addition of 
alcohols to ketenes. and rate enhancements with several 
concave pyridines have been m e a s u ~ e d ~ ~ ~ - ~ ~ '  (see Fig. 5 ) .  

In competition experiments, the relative rates for the 
addition of various hydroxyl groups to diphenylketene 
have been determined, and selectivity improvements 
have been found for inter- and intramolecular competi- 
tions, [28 -301 Steric factors are dominant. and primary 

alcohols are added much faster than secondary ones. But 
by variation of the concave base. some concave pyridines 
could be identified that were able to differentiate even 
between similar secondary hydroxyl groups within one 
molecule. The glucose derivative 19 possesses two 
secondary. equatorial alcohol functions. Nevertheless. 
the 2-OH group can be acylated exclusively by using 
the concave pyridine l a  and dipheny~ketene. '~~'  With 2% 
of the catalyst and 85% co~lversion, only the 2-acylated 
carbohydrate 20 (not 3-acylated or doubly functionalized 
sugar) could be found. Also. a chinovose derivative could 
be acylated to give one out of seven conceivable products 
with 60% ~e lec t iv i t~ . "~ '  

Fig. 5 Base-catalyzed addition of alcohols to diphenylketene. 
Formation of a complex 17 between a concave pyridisle and an 
alcohol activates the OH group and facilitates the formation of the 
ester 18. When the concave pyridine Pa is used, the carbohydrate 
19 can be acylated exclusively in 2-position to give 20. 
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Fig. 6 (a) Transition metal ion complexes of concave 1,lO- 
phenanthrolines 2.Mn+ can enhance the eso-selectivity of temris- 
acid-catalyzed Diels-Alder reactions. (b) The use of concatle 
1.10-phe~ianthrolines 2 as ligands can enhance the diastereo- 
selectivity of palladium-catalyzed allylations. 

Complexes of Concave 1 ,I 8-Phensnthrolines 
2 and 3 with Transition Metal ions 

In organic chemistry (and in enzymes). Inany reactions 
and especially catalyses take place at a transition metal 
ion. Concave 1,10-phenanthroliiles 2 and 3 offer two 
nitrogen atoms that can bind a metal ion in a bidentate 
fashion. In complexes such as 2.Mn+. the concave 
shielding ensures a 1:1 sioichiometry. leaving coordina- 
tion siies open for the binding o f  substrates. Numerous 
complexes have been in~estigated,['".'~' and in many 
cases; these complexes are catalytically active. Then the 
selectivity o f  the catalyses can be determined by the shape 
o f  the concave shielding. 

For instance. the exolerzdo-selectivity o f  Lewis-acid- 
catalyzed Diels-Alder reactions can be shifted toward 
exo-products by incorporating the metal ion into a 
concave I .  l 0-phenanthroline 2 (Fig. 6a).i201 

Palladium-catalyzed allylations can be carried out in 
the presence o f  a concave ligand 21311 (Fig. 6b). Due to the 
square-planar orientation o f  all ligands at the palladium 
center. non-macrocyclic and bimacrocyclic 1 .lo-phenan- 
throlines %a, 2b. and 2c do not differ much in their 
selectivity. The 2,9-his-aryl-substilution is the important 
feature for this catalysis. 

In copper(1)-catalyzed cyclopropanations o f  cyclic or 
noncyclic alkenes 25 with diazoacetates, two classes o f  
bilnacrocyclic 1910-phenanthrolines 2 and 3 have been 
checked (see Fig. 7).[3J-3" Surprisingly. bath ligands are 
reactive and selective but give complementary antils?;rz- 
selectivities (exole~zrlo or translcis for cyclic or noncy- 
clic alkenes 25, respectively). While the bimacrocyciic 
diaryl-phenanthrolines 2 showed a strong arzti-selectivity 
(e.g.. up to 140: 1 with indene), 1 .lo-phenanthroline- 
bridged calix[b]arenes 3 led to the syiz-cyclopropanes 26 
(e.g., up to 14:86 with indene). With 2, the selectivity 
was better when large residues W' at the diazoacetate 
were used, while in the latter case. using 3, the smallest 
substituent Pi', the methyl substituent. gave the best syn- 
selectivity. Respoilsible for this striking difference is the 

a) COOR' COOR' 

Fig. 7 (a) Copper(1)-catalyzed cyclopropanation of alltenes 
25 with diazoacetates. (b) Explanation of the different antilsyiz- 
selectivities of the cyclopropanation of alltenes 25 by diazoa- 
cetates in the presence of either concave diaryl-I. 10-phenan- 
throlines 2 or of A . 9 - I ,  10-phenanthroline-bridged calix 
[6]arenes 3: stereopictures of the copper(1)-bound carbenoide 
iiitermediates. For details see text. (Viels this n r i  iiz color at 
~w.it..dekker..corn.) 
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Fig. 8 (a) Polymer and (b) dendsimer fixed concal-e pyridines 27 and 28. 

flexibility of the two ligands. In the case of the diaryl- 
1.  I 0-phenanthrolines 2.  only a slight twist along the aryl- 
I .  10-phenanthroline bonds is possible. Therefore, the 
overall geometry cannot be much different from the 
concave str~lcture found in x-ray analyses. In the selec- 
tivity determining step. the carbene moiety transfered to 
the alkene 25 is attached to the copper ion that is bound to 
the concave ligand 2. In the res~~lt ing intermediate, the 
concave reaction site is partly covered by the ester 

substituent of the carbene moieiy. allowing the approach 
of an alkene only ar~ti to this group. The validity of these 
intermediates has been investigated by calculations, and 
Fig. 7b shows a stereopicture of the minimized structure 
based on the x-ray geometry of a ligaild 2a. 

In contrast to the diaryl-l,lQ-phenanthsolines 2. the 
calix[b]arene derivatives 3 contain an oxygen atom and a 
methylene group between the aryl bridgehead and the 
1.10-phenanthroline. This allo~+-s twists within the 
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bimacrocycle and leads to a structure in which the 1,10- 
phenanthroline bridge is tilted against the vertical on the 
calixarene plane. This was proven by x-ray analyses['71 
and by !ow-temperature N M R  experiments. A complexed 
metal ion is still strongly shielded but is accessible from 
another direction i f  compared to the stiff coinplexes o f  2. 
When a carbene moiety is bound to the copper(1) ion in 
the calixarene ligand 3, the ester group receives a strong 
sterical repulsion by the calixarene macrocycle that also 
forces the copper atom to leave the plane o f  the 1.10- 
phenanthroline a little bit (see Fig. 7b). An incoming 
alltene call now have two possible orientations: syrz to 
the ester substituent o f  the former diazoacetate and thus 
arzti to the calixarene, or vice versa. This difference is 
largest in the case o f  the small methyl group. which 
explains the finding of the highest sytz-selectivity ihr 
methyl diazoacetate. 

Thus. with two classes o f  concave ligands. 2 and 3, 
respectively. which only differ a little in <heir flexibility, 
opposing selecti~ities are accessible. Modification o f  each 
class o f  ligands with chiral substituents shall now allow 
these reactions to be carried out enantioselectively. 

RECYCLING 

To  justify the synthetic efforts for the synthesis o f  con- 
cave reagents, the gain in selectivity must be com- 
bined with an easy recovery. Usually. polymer fixation 
allows easy recycling, and therefore. the concave pyridine 
l a  has been attached to a Merrifield resin (23, see 
Fig. ~a) . "~ . " '  Indeed, the polymeric material 27 was able 
to catalyze the alcohol addition to diphenylketene 
comparably to the soluble concave pyridine la, but 
complications may exist due to swelling o f  the resin and 
substrate depletion deep within the polymer. Therefore. 
soluble polymers loaded with the concave pyridine l a  
have also been synthesized. However, this material 
behaved unreproducibly, especially because side reactions 
led to cross-polymerized insoluble material. Furthermore. 
due to reptation (leakage through membrane), an easy 
separation o f  product and catalyst would not be possible 
by ultrafiltration. 

Dendritic compounds avoid such a reptation due to 
their branched structure. Thus, the concave pyridine l a  
was incorporated into FrCchet-type dendrimers by a 
convergent synthesis (see Fig. ~b) . '~ ' . " ]  The resulting 
products like 28 can be retained by nanofiltration. 

A ~arietg o f  concave reagents and catalysts is now 
accessible In protonatlons. base catalyses and metal- on- 
assisted catalyses. they have been successfully einployed 

enabling chemo-. regio-, and stereoselectivity. By intro- 
ducing chirality into the concave structures. the problenl o f  
enantioselectivity shall be tackled next. The class o f  con- 
cave 1.10-phenanthrolines (and related molecules) seems 
to be especially promising for other selecti\-e reactions. 
which have not been investigated yet. because different 
concave catalysts can be provided by binding different 
metal ions to one given concave 1,lO-phenanthroline. 

ARTICLES OF FURTHER INTEREST 

A r t f i i i  En:yr?zes, p. 76 
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Concepts in Crystal Engineering 

Andrew D. Burrows 
Urliversity of  Batli, Bath,  United Killgdorn 

Crystal engiileering involves the design and synthesis of 
solid-state structures with desired properties, based on an 
understanding and exploitation of intermolecular interac- 
tions. The two main strategies currently in use for crystal 
engineering. based on hydrogen bonds and coordination 
bonds respectively, are discussed together with key con- 
cepts such as those of the supranlolecular synthon and the 
secondary building unit. 

CRYSTAL ENGINEERING 

Crystal engineering is a rapidly expanding discipline, as 
witnessed by the steady increase of publications in the 
area over the past 6 years (Fig. 1) and the recent 
inauguration of several iilternational journals in which the 
topic plays a major role, including Ciystnl Eiqgir~eering. 
C~ystErzgCornm, and Crjstal Gr-oli.th nrzd Design. 

The term "crystal engineering'. was first used in 1971 
by Schmidt'" in connection with photodimerization 
reactions in crystalline cinnamic acids. Since this initial 
use, the meaning of the term has broadened considerably 
to include inany aspects of solid-state suprainolecular 
chemistry. A useful modern definition is that provided by 
Desiraju. who defined crystal engineering as "the 
z~~zcler~staridirzg of irzternzoleculnr internc.tiorzs iiz the 
corztext qf' crjstal packing and the zitiliscrtior~ of s~ich 
~irzderstnndirzg irz tlze clesigrz of new solids n.it11 desirecl 
plzysical arld cheinical proI,ei-ties'9.'21 Since many of the 
bulk properties of molecular materials are dictated by the 
manner in which the molecules are ordered in the solid 
state, it is clear that an ability to control this ordering 
would afford control over these properties. 

MOLECULAR RECOGNITION AND 
SUPRAMOLECULAR SVMTHBNS 

Crystal engineering relies on noncovaleni forces to 
achieve the organization of molecules and ions in the 
solid state. Much of the initial work on purely organic 
systems focused on the use of hydrogen bonds. though 

with the more recent extension to inorganic systems, the 
coordination bond has also emerged as a powerf~~l  tool. 
Other interlnolecular forces such as n. . ..n. halogen. . .halo- 
halogen, and Au. . .Au interactions have all been exploited 
in crystal engineering studies. and ionic interactions can 
also be important. However, the two most commonly used 
strategies in crystal engineering exploit hydrogen 
bonds'"."] and coordination bonds.i51 

Molecular recognition lies at the heart of crystal 
engineering, with the molecular recognition event typi- 
cally involving an interaction between complementary 
hydi-ogen-bonding faces or a metal and a ligand. By 
analogy with the retrosynthetic approach to organic 
synthesis, Desiraju coined the term "supramolecular 
synthon" to describe building blocks that are common to 
many structures and hence can be used to order specific 
groups in the solid state.'" The carboxylic acid dimer 
(Fig. 2a) represents a simple supramolecular synrhon, 
though in practice this is only observed in approximately 
30% of crystal structures in which it is possib~e."~ The 
alternative caterner (Fig. 2b) avoids the unfavorable 
secondary interactions present in the dirner (vide infra). 
The Cambridge Structural Database (csD)'~' provides an 
excellent tool for assessing the efficiency of particular 
synthons. The supramolecular synthon approach has 
been successf~illy applied in the synthesis of one- 
dimensional tapes. two-dimensional sheets. and three- 
dimensional structures. 

CRYSTAL ENGINEERING USING 
HYDROGENBONDS 

Examples of supralnolecular synthons based on hydrogen 
bonds that have been used in crystal engineering studies 
are shown in Fig. 2. In an X-El.. ."n' hydrogen bond. the 
X-H group is referred to as a hydrogen bond donor and 
the U group a hydrogen bond acceptor. It might be 
expected that the greater the number of hydrogen bond 
donors and acceptors on each face. the greater would be 
both the degree and the specificity of the inte

r

actions 
between the faces. This is true to some extent. though in 
systems containing multiple hydrogen bonds, secondary 
interactions are also important.i91 Hydrogen bonds are 
mainly electrostatic in origin. and secondary interactions 
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Fig. 1 The number of publications per year including the term "crystal engineering" in the title. keywords, or abstract from 1991 to 
2001. Source: IS1 Web of Science. 

arise from the electrostatic interactions between those 
hydrogen-bonding groups on the two faces that are not 
hydrogen bonded together. Thus, in a synthon that contains 
two hydrogen bond donors on one face and two hydrogen 
bond acceptors on the other. denoted DD:AA (Fig. 2d), the 
secondary interactions are attractive, whereas in a synthon 
in which each face contains one donor and one acceptor, 
denoted DA:AD (Fig. 2a), the secondary interactions are 
repulsive. Since each secondary interaction has been 
calculated at approximately one-third the energy of a 
hydrogen bond. synthons based on DD:AA interactions 

would be expected to be more robust than those based on 
DA:AD interactions, a prediction borne out by theoretical 
studies, NMR experiments, and an analysis of the CSD. 

One of the most highly studied hydrogen bond systems 
is that based on the triple hydrogen bond interaction 
between melaxnine and cyanuric acid. Melamine possesses 
three DAD faces, whereas cyanuric acid possesses three 
complementary ADA faces (Fig. 3a). The two molecules 
cocrystallize to form hexagonal two-dimensional sheets in 
which all hydrogen bond donors and acceptors are 
satisfied. a fact that despite earlier predictions was only 

Fig. 2 Supramolecular synthons based on hydrogen bonds that have been used in crystal engineering studies. (From Refs. [3.4].) 
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confirmed crystallographically in 1999 (Fig. 3a).L'01 
~hitesides["I  and ~ e h n " ~ '  and their respective coworkers 
showed that by introducing substituents onto the two 
components, they could reduce the number of hydrogen- 
bonding faces on each molecule, which reduces the 
diinensio~lality of the resultant aggregate forming either 
one-dimensional tapes (Fig. 3b) or discrete rosettes, 
depending on the steric demands of the substituents. 

Guanidinium sulfonates form similar hexagonal two- 
dimensional sheet structures. though because each guani- 
dinium cation contains three hydrogen-bonding faces 
bearing two hydrogen bond donors and each sulfonate 
anion contains three hydrogen-bonding faces bearing 
two hydrogen bond acceptors, in this case, charge- 
augmented DD:AA interactions serve to link the ions into 
the sheets. Ward and coworkers studied the influence of 
the sulfonate alkyl or aryl substituent on the s t r ~ c t u r e ~ ' ~ '  
and demonstrated that use of a disulfonate enables the 
guanidinium sulfonate sheets to be linked together to 
form pillared structures capable of including guest 
molecules.["1 

Bifunctional ligands containing metal-binding and 
hydrogen-bonding faces are used in crystal engineering 
studies.'"' A metal center can serve to orientate the 
hydrogen-bonding faces in a predetermined direction, 
such as in the square-planar cation trnrzs-[Ni{SC(NM,) 
( w H N H ~ ) - K ~ s , N } ~ ] ~ ~ .  which contains two DD hydrogen- 
bonding faces directed at 180" from each other and forms 
tapes with dicarboxyiate anions.[lbl Unlike organo- 

Et, Et 

O* 

dNy"'" 
0 

chlorine compounds, metal-bound chloride can act as a 
hydrogen bond acceptor (Fig. 2e). This has been exploited 
in the formation of tapes based on protonated amine 
cations and polychiorometallate anions. typified by [4,4'- 
Hzbipy] [PtCl,] . [ I 7 '  

Hydrogen bonding in the solid state can also serve to 
bring reagents together. Hydrogen bonds between pyr- 
idyl-substituted alkenes and a resorcinol template have 
been used to orient the alkene double bonds into 
appropriate positions for solid-state photoreaction to 
occur, giving much higher yields of the [2  + 21 cyclo- 
addition product than is observed in solution.['8i 

Although most of the synthetic strategies employing 
hydrogen bonds use relatively strong interactions, weaker 
hydrogen bonds such as C-FI. . .O  and C-II . .T 
interactions are also important. The recognition of the 
frequent occurrence of multiple phenyl embraces invollr- 
ing combinations of C-H . .7c and n.  . .7c interactions is 
particularly noteworthy, as the total energy of interac- 
tions between two triphenyl moieties can be as high as 
80 kJ r n o l  

CRYSTAL ENGINEERING USING 
COORDINATION BONDS 

The use of bridging di-or polyeopic ligands in conjunction 
with metal centers to construct predictable one-, two-, or 
three-dimensional coordination networks has received 

Fig. 3 (a) The structures of ruelamine and cyanuric acid and the hydrogen-bonded sheet fornled by a I :  1 combination of them. (b) The 
structures of ~YN-bis(p-toly1)melamine and 5.5-diethylbarbituric acid. and the hydrogen-bonded tape formed by a 1: l  combination of 
them. (From Ref. [I  I ] . )  (Viel~' ilzis crrt in color at iv~~~\. .dekkencoi~z,)  
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Fig. 4 Ditopic bridging ligands that have been used in crystal 
engineering studies involving coordination bonds. (From Refs. 
[5.20].) 

considerable atiention recently.[201 The predictability 
arises from knowledge of the relative orientation of the 
ligand donor sites and the preferred metal ion coordina- 
tion geometries, though variatioils in counterion and 
solvent can sometimes have unexpected effects. Examples 
of bridging ligands used in crystal engineering studies are 
shown in Fig. 4. 

A 111 mixture of AgBFl and the linear spacer ligand 
4,4'-bipyridine (4,4'-bipy. Fig. 4a) gives the one-dimen- 
sional coordination polymer {[Ag(4,4'-bipy)]BFIJ. con- 
taining linear two-coordinate silver(1) centers.i201 Square- 
grid coordination polymers represent a common class of 
two-dimensional network. These structures are based 
upon a 1 :2 ratio of metal centers containing square-planar 
coordination sites and linear spacer ligands such as 4,4'- 
bipy.'211 

Robson pioneered a net-based approach to the gener- 
ation of three-dimensional coordination  network^.'^'] A 
net is a collection of nodes with clearly defined con- 
nectivity or topology.["1 The strategy involves identifying 
molecuiar building blocks with the functionality and 
stereochemistry appropriate to a particular target net. For 
example. the rutile net consists of octahedral and trigonal 
nodes in 1:2 ratio, and in rutile the titanium centers are 
octahedral and the oxides trigonal. The tricyanomethanide 
ion [C(CN);] (Fig. 4d) contains trigonally arranged 
nitrogen donors, and the structmes of Pv~[C(CN)~] (M=Cr. 
Mn,Fe.Co.Ni.Cu,Zn.Cd, or Hg) all contain two interpene- 
trating rutile networks (Fig. 5).[2'1 

Interpenetration is a common phenomenon when 
networks contain large channels. It occurs when the 
channeis created by one framework are filled with one or 
more independent networks that may or may not be 
identical to the first. By using 1,12-dodecanedinitriie 
(Fig. 4e), interpenetration of as many as 10 independent 
networks has been obser~ed."'~ Intel-penetration may be 
problematic when using coordination networks to prepare 
porous materials. though there is evidence it can lead to 
the strengthening of network structures.1261 

In some Instances, inore than one structuie may be 
possible for a given set of molecular components. and 
such structmes can be described as <upramolecular 
isomers For example, three forms of [ C O ~ ( N O ~ ) ~ { ~ . ~ -  
blr(4-pyridyl)ethane]3],, ha\ e been structurally character- 
ized with different network stluctures This results from 
the conformational freedom of 1,2-61~(4-pyndyl)ethane 
(Fig 4c). wh~ch  unlike 4,4 -bipy can adopt gauche or orztr 
coni-ormat~ons ['71 

SYNTHETIC STRATEGIES FOR 
CRYSTAL EMGlNEERlNG 

Crystal engineering requires information on intermolec- 
ular interactions in the solid state, which necessitates 
crystal structure determinations. Despite the increasing 
importance of structure solution using powder diffraction 
data, this generally implies a need for single crystals. 
Recent developments in diffractometer technology and 
access to synchrotron radiation have afforded the 
opportunity to obtain information using crystals of 
smaller size and poorer quality than previously possible. 
and on a vastly greater scale. However, the need for single 
crystals remains. Many elaborate experiments have been 
devised in order to ensure slow mixing of reagents and 
enhance the likelihood of growing single crystals. This is 
particularly important in coordination-based systems in 
which the PI-oduct is usually insoluble. The reversibility of 
hydrogen bond and coordination bond formation is likely 
to be crucial in the formation of single crystals. 

Two-component systems typically use cocrystalliza- 
tion or metathesis techniques. and in these experiments. 
the solvent needs to be chosen carefully to prevent the 
components from crystallizing separately. Grinding the 
components together can also be used sometimes to 
prepare cocrystalline co~n~ounds."" 

Fig. 5 The structure of Cr[C(CN);I2. which is based on two 
interpenetrating nets with the sutile topology. (Frorn Refs. 
[22.24].) (View this art iiz color at ~crv~c.dekker.coiiz.) 
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STRUCTURE-PROPERTY RELATIONSHiPS 

Much of the crystal engineering Iiterature is concerned 
with atiempts to dictate organization in the solid state 
through control of interinolecular interactions. A criticism 
occasionally leveled at crystal engineering is that this can 
easily become a simple data gathering exercise. Although 
it can be argued with some validity that the discipline is at 
a stage where its tools are still being evaluated, it is clear 
that future progress wiil focus predo~ninantly on func- 
tion,r?91 Many properties of materials are related to the 

manner in which the component molecules or ions pack. 
Thus. for example, for second-order nonlinear optical 
activity, the components need to be arranged in a 
noncentrosyinrnetric manner, whereas for magnetism. 
the components need to be organized so that cornmuni- 
cation between spins is possible. For porous materials that 
can be used for separations or gas storage, close-packing 
and interpenetration need to be prevented. Yaghi and 
coworkers have prepared a range of highly porous 

materials using the concept of the secondary building 
unit (SBU).~"' 

The secondary building units utilized by Yaghi and 
others are metal carboxylate clusters such as copper 
acetate [CU?(~-OAC)~] .  and basic zinc acetate [Znl(p4- 
O)(~L-OAC)~];  shown in Fig. 4. The bridging coordination 
mode of thc carboxylates in these compounds imparts 
rigidity, and these SBUs can be linked together into two- 
or three-dimensional structures (Fig. 6) by use of 
dicarboxylates such as terephthalate (Fig. 4f) instead of 
acetate. Unlike many coordination networks. the resulting 
structures are maintained when the solvent is removed. 
The compound in which Zn4(p4-0) units are linked by 
triphenyldicarboxylate dianions is, following removal 
of the solvent, the least dense crystalline material 
currently known, with a calculated crystal density of 
0.21 gem-%and a free volume of 91.1%. The series of 
compounds prepared by linking Zn4(p4-0) units by linear 
dicarboxylates shows reversible isotherm behavior char- 
acteristic of inicroporous n~ater ia ls . '~~ '  

Fig. 6 (a) The M2(y-02R)4 SBU containing a square-planar arrangement of carboxylate groups. (b) The structure of [Zn2(~1-terepli- 
thalate)2(0H2)2], formed from linking M2(k~-Q2Rj4 SBUs. (c) The M4(p4-O)(~~-02R)6 SBU containing an octahedral arrangement of 
carboxylate groups: (d) The structure of [Zn4(yl-O)(~I-terephtha1ate)A formed from linking M1(~~J-O)(p-02R)6 SBUs. (From Refs. [30 
and 3 11.) (I/iei.t, this ar t  irl color at n.>i,u..dekkei-.co~rl.) 
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CONCLUSION 

Although concerned with the design and synthesis of one-, 
two-. and three-dimensional structures, crystal en,' 01neer- 
ing is not synonymous with crystal strlucture prediction. 
which is a far more precise and complex task. Crystal 
engineering at the current time also cannot seek to 
control. in anything but a very imprecise way. the factors 
involved in crystal nucleation and growth, though these 
obviously impact heavily upon the results obtained. 

Crystal engineering is. however. a truly interdiscipli- 
nary area, coinbining organic and inorganic synthesis with 
material science. Much progress has been made over the 
past few years in the design and synthesis of new 
materials and, although much more work is needed before 
crystal engineering can be considered a mature area, it is 
clear that the discipline has a very promising future. 
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Crown Ethers 
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INTRODUCTION 

Crown ethers are organic ring compounds, typically 
larger than 12 atoms in the cycle, that contain oxygen. 
nitrogen, sulfur: or other heteroatoms. These heteroatoms 
alternate with carbon bridges that may be ethylene 
(CH2CH2) units, or they may be part of more complex 
structures. One example of such an element is catechol 
(1,2-dihydroxybenzene), which may be thought of as an 
0-C-C-8 unit fused to a benzene ring. The key property 
of crown ethers on which interest has centered for 
decades is their ability to complex various ions. Initially; 
studies were focused on such alkali metal ions as sodium 
and potassium, but ammonium ion, diazonium ion, 
transition metals, and even neutral species were com- 
plexed by these versatile macrocycles. Their applications 
in modern supramolecular chemistry now extend to their 
uses as functional elements or structural scaffolds in 
even more complex structures. 

THE DiSCOVERY OF CROWN ETHERS 

Crown ethers were known as structural types as early as 
the 1950s, when 12-crown-4 was prepared and patented. 
As a class; however, the discovery is credited to Charles 
Pedersen, who obtained dibenzo-18-crown-6 serendipi- 
tously, while attempting to prepare open-chained com- 
plexing agents for vanadium cations that he planned to use 
as polymerization ~atalysts.".'~ The target structures had 
phenolic hydroxyl groups that could readily be deproton- 
ated and interact with a metal ion. The cyclic compound 
that was isolated had no detectable hydroxyl group. but an 
interaction with a metal ion was still apparent. Pedersen 
deduced that the cyclic. rather than open-chained, com- 
pound was formed. He then undertook an extensive and 
systematic study of macrocycles in which ring size, 
heteroatoms. and substructural elements were all varied. 
For this discovery, Pedersen shared the 1987 Nobel Prize 
in Chemistry. 

DEFINING FEATURES OF CROWNS 

Structural Features of Crown Ethers 

Thousands of different macrocycles that fall under the 
general description "crown ether" are now known. It is, 
therefore, impossible to define the structural features 
beyond the presence of a macrocyclic ring (generally, but 
not always: considered to be > 12 members), in which 
heteroatoms (generally 2 4 )  are separated by a carbon- 
containing unit of two or more atoms. Oxygen is probably 
the predominant heteroatom in macrocycles intended to 
bind alkali metals. Nitrogen is often incorporated into 
these structures and may predominate when binding to 
transition metals is the object. Likewise, crowns contain- 
ing sulfur atoms in the donor array favor transition over 
alkali metal ions. 

The two-carbon unit that separates heteroatoms may 
be part of an aromatic system (e.g., benzene, naphthalene, 
pyridine). In the case of a heteroaromatic component 
such as furan or pyridine. the subcyclic unit may 
contribute a heteroatom to the donor array. In aliphatic 
crown ethers, the preference for ethyleneoxy units 
(OCH2CH2) results from chemical and practical consid- 
erations. Repeating ethyleneoxy units are readily avail- 
able by poly~nerization of ethylene oxide (oxirane). 
Construction of a crown from such a simple and readily 
available starting material is economical. Use of the 
ethyleneoxy unit also means that every third atom is a 
donor, so the macrocycle's interior void is electron rich. 
A higher concentration of donors would be possible if 
methyleneoxy (OCH2) chains were used, but the acetal 
(OCH20) linkage is hydrolytically unstable. Fewer 
donors would be available in the same size of macroring 
if propyleneoxy (OCH2CH2CH2) units were used for 
construction of the macrocycle. A problem in the latter 
case is that unfavorable conformational interactions 
would occur. Rotation about the ethylene linkage is 
facile when oxygens occupy the 1,2-positions (i.e., 
0-CH2CH2-0). The corresponding 0-CH2CH2-CH2 inter- 
action is energetically less favorable. The conformation 
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problem increases with the number of carbons between 
the heteroatoms. 

Grown Ether Nomenclature 

A macrocycle coinplrsed of six ethyleneoxy unrts 
[(CE%2CH20)6] 1s named 1.4,7,10,13.16-hexaoxacyclo- 
ocradecane Alternate heteroatoms and other structural 
eleinents consrderably complicate this already cumber- 
some nomenc la t~~~e  Because of the appearance of the~r  
molecular models and the fact that these maclocyclec 
"crowned" cations. Pedersen suggested the farnily name 
"crown ether ' He called (CH2CH20)6 18-crown-6 The 
analogs (CH2CH20)4 and (CH2CH20)i ale named 12- 
crown-4 'ind 15-crown-5. respectively When the ethyl- 
eneoxy umt 1s part of the arene catechol, the compound IS 

named as a benzo-3n-clown-n in which "3r7" the total 
number of atoms in the macroring, and "rz" 15 the nu~nbei 
of heteroatoms In Fig 1. 14 clown ethers are illustrated 
along wlth the~r  semi-systematic names 

Problems wlth the nomenclature will be ~mmed~acely 
apparent The naming system assumes the presence of 

two-carbon spacers. This is clearly impossible for 20- 
crown-6. but the relative positiolls of the 3-carbon bridges 
are not revealed by the name. This lack of clarity is also a 
problenl wlienever more than one substituent is present. 
The two cyclohexane rings of dicyclohexano-18-crown-6 
may be adjacent, separated by one ethyleneoxy unit, or as 
illustrated. This ambiguity applies as well to the dibenzo 
and dipyrido crowns. Because the systematic names are so 
cumbersome, structures are typically expressed by a 
combination of an illrrstration and a short name. 

Crown Ether Toxicity 

Early studies conducted at Dow Chemical Company 
showed that 12-crown-4 caused testicular atrophy in test 
aniinals.[" Pedersen also found in early studies that at least 
one of his macrocycles was an irritant in the eyes of a 
dog."' These observations and a variety of anecdotal 
evidence gave crown ethers a reputation for toxicity. Later 
studies showed that for some macrocycles. toxicity was 
low.[" In particular. the lethal dose for rats of 18-crown-6 
and aspirin is similar. Of course, crown ethers should be 

Fig. 1 Representative crown ethers and their semi-systematic names. 
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Pig. 2 Schemes depicting synthetic access to dibenzo-18- 
crowrl-6 d~cyclohexano-18-clown-6. and 18-crown-6 

handled with care. and all chemicals for which biological 
data are not available should be treated as potentially toxic. 

STRUCTURAL TYPES AND 
SYNTHETIC ACCESS 

Synthetic Methods 

Unsubstituted crowns such as 15-crown-5 or 21-crown-7 
may be prepared by cyclooligomerization of ethylene 
oxide (oxirane) under Lewis acidic  condition^.^^] The 
products form in a mixture and must be separated by 
distillation. The predominant product of the reaction is 
dioxane, but the distribution of crowns may be i~lfluenced 
by the addition of alkali metal cations of different 
diameters. Unsubstituted crowns may also be formed by 
reaction of a diol fragment with a complementary frag- 
ment activated for substitution by dihalide or ditosylate. 
Reaction of CI(CH2CH20)2CH2CH2C1 with H(BCH2- 
CM2)30H in the presence of KOH can result in 18-crown- 
6 being ~b ta ined . '~ . '~  The crown is obtained by distillation 
and is further purified by forming a crystalline acetonitrile 
solvate (Fig. 2). Preparation of 15-crown-5 can be done 

similarly, by reaction of Cl(CH2CH20)2CH2CH2C1 with 
FI(QCH2CH2)20H or ClCH2CH20CH2CH2Cl with 
H(OCH2CH2)30H. A difficulty with the approach in this 
case is that the leaving groups may exchange; leading to 
mixtures of 9- and 18-membered rings contaminating the 
desired 15-crown-5. 

Pedersen' s original preparation of dibenzo- 18-crown-6 
involved the reaction of ClCH2CH20CH2CH2C1 and 
catechol (1.2-dihydroxybenzene) with NaOH in rz-butanol 
solution. The ~llacrocycle was isolated as a white solid. 
Hydrogenation produced dicyclohexano-18-crown-6 as a 
mixture of stereo isomer^.'^^ Compounds such as dipyrido- 
18-crown-6 (see Fig. I )  may be produced by a similar 2 + 2  
strategy. In this case, either 2,6-Dis(chloromethy1)pyridine 
and ethylene glycol or 2,6-Dis(hydroxymethy1)pyridine 
and ethylene glycol ditosylate must be used. When a 
compound that includes a single subcyclic unit is desired, 
i t  may be produced from the diol and an appropriately 
sized dihalide or ditosylate. For example, the reaction of 
2,5-bis(hydroxymethy1)furan and pentaethylene glycol 
ditosylate will give f~trano-18-crown-6. shown in Fig. 1 .  

Macrocycles. especially azacrowns, were prepared by 
reaction at high dilution between diamines and diacid 
chlorides. The cyclic his(amide) is then reduced (e.g., 
LiAlH4) to afford the cyclic cliatnine. Other general and 
compound-specific inethods were developed (Fig. 3).'"."" 

The Template Ufect 

Crown ethers complex cations. as discussed later in this 
article. Conversely, cations can organize the reactive 
partners to form the macrocyclic products. In the 
absence of some organizing principle. the formation 
of large rings is an improbable process. The reaction 
of triethylene glycol with triethylene glycol dichloride 
in the presence of KOH. for example, begins with 
ether formation: 

The next step in this process is likely to be a fiirther 
extension of this intermediate to form the next longer 

Fig. 3 A cyclizatio11-reduction synthesis of 4,13-diaza- 18-crown-6. 
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analog, H(OCH2CH2)90H. In addition, two inolecules of 
H(OCH2CH2)661 may combine to give H(OCH2CH2)12C1. 
This is a polymerization process. and Inany chain lengths 
will be formed. The process is favored because it is more 
likely that one ~nolecule   ill find a second one with which 
to react than to find its other end. The latter can be made 
more probable by working at high dilution (i.e., low 
concentration). In that case. the odds of finding the other 
end are not increased, but finding another molecule is 
made more difficult. 

There are two notions implicit in the idea of a 
"template effect.'' as discussed by Greene in reactions 
to form 18-crown-6.["' The first is that the two reactive 
ends of the crown precursor are brought together by what 
is tantamount to a complexation phenomenon. This is 
illustrated in Fig. 4. Mandolini and Masci studied the 
template effect in a cyclization that formed benzo-18- 
crow11-6.'"' The presence and absence of cations demon- 
strated that the presence of an organizing cation was 
beneficial. These reactions are illustrated in Fig. 4. 

The second concept inherent in the template effect is 
that cations of different sizes favor the formation of 
different ring sizes. In the cyclooligomerization of 
ethylene oxide reported by Dale et al.[61 relatively more 
15-crown-5 was formed in the presence of Naf and more 
18-crown-6 was formed when K+ was added to the 
reaction mixture. When the reacting components are 
triethylene glycol and triethylene glycol dichloride, the 
possibilities are the formation of rings having sizes of 9. 

or\o con"? + C ? KOH 

OH 1-10 CI CI 

Fig. 4 Cyclization to form crown ethers assisted by cation 
complexation. 

18. 27. etc. Cram showed that a 27-membered ring was 
favored by the large cationic template-gua~lidinium 
io11.~~" Often. thoug!~. the differences in the reaction 
products are subtle. and the demonstrat~on of a clear 
template effect is problematic. 

The earliest and most studied properties of crown ethers 
concern their ability to cornplex  cation^.^'^'" A crown 
ether is, in a sense, a unirnolecular solvation gradient. The 
exterior of the macrocycle (allcyl) is lipophilic (hydro- 
phobic), and the interior (heteroatoms) is hydrophilic 
(lipophobic). An 18-crown-6 may be likened structwally 
to a doughnut. An appropriately sized cation may fit in the 
"hole" to give a complex. The question of appropriate 
size is complicated. When the macroring hole and the 
cation diameter are identical, the cation is typically 
ernbedded within the ring. When the ring is larger than the 
cation, the ring may pucker so that donor-group-to-ion 
contacts are of appropriate length and geometry. When the 
cation is larger than the ring. the cation may "perch" on 
the ring or be "sandwiched" between two rings. Other 
geometric arrangements are also possible. 

Organic cations may also bind to crown ethers. In 
particular. the macroring oxygen atoms may function 
as PI-bond acceptors. Alternate oxygen atoms in 18- 
crown-6 are positioned to form three N-H.. .O bonds 
with an ammonium ion. Hydronium ion. H30+. has 
nearly the same geometry as R-NH3' and forms a 
similar complex. 

Shown in Fig. 5 are several complex structures. The top 
row illustrates typical alkali metal complexation. A sphere 
and the macrocycle structure represent the cornplex 
between 15-crown-5 and Na+. This type of illustration is 
also used for the K+ structure of 18-crown-6, shown in 
structural form in the center. The middle row illustrates FI- 
bond co~nplexes of an arninoniurn ion, a hydronium 
ion,L17-191 and a water complex of a protoilated aza- 

crown.i201 The left-hand structure shown in the third row 
is a so-called "second-sphere" complex. The Pt-N bond 
renders the nitrogen atom partially positive, so the 
Pt-NM; structure is like R-N+H3. At the righi is shown 
an arenediazonium cation complex. 

Complexation sf Anions 

The "bole9' of a crown ether is lined ~vith electronegative 
atoms. This nicely complements cations but repels anions. 
Complexation of anions proved to be possible. however. 
for azacrowns, protonated azacrowns, and related species. 
In these cases. the complex is stabilized by rnuliiple 
hydrogen bonds. Although the anion complexation field is 
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Fig. 5 Crown ether coinplexation of a range of cationic guests 
(see text for details). 

growing the ll~tlnber of examples is dwarfed by 
the literature on cation complexation. 

Methods to Detect and Measure 
Cation Gomplexatisn 

The complexation of ions by crown ethers can be detected 
in solution, but evidence was also obtained by studies in 
gas and solid phases. Most complexation chemistry is 
conducted in solution. Complexation reactions can be 
expressed generally by the equilibrium: 

host + guest = complex 

The critical requirement is. therefore, to detect the 
complex quantitatively. From the amount of complex 
formed; the position of the equilibrium and, therefore, the 
equilibrium constant will be known. at least under the 
conditions of the measurement. 

At an early stage. Freilsdorff, a colleague of Peder- 
sen's at Dupont. developed a ~rseful method for deter- 
mining the equilibrium complexation constant in solu- 
tion.L22.2" The method required the use of ion-selective 
electrodes and an appropriate voltmeter. Calorimetric 
methods were applied early in the development of crown 
ethers by Arnett and by Izatt and Christensen and their 
 coworker^.'^'-^" The latter group reported extensive 
solution calorimetric studies of complexation involving 
inetal and organic guest molecules with a variety of hosts. 

Considerable data on cation binding by macrocycles may 
be found in the l i terat~ire.~"-~~'  

Crain and coworlcers developed a convenient extrac- 
tion method that they used to assess the structural factors 
that influence cornplexation of metal ions and protonated 
amino a~ids ." '~"~ (For a review of chiral complexation 
see Ref. [29].) The method was used extensively enough 
to merit a description here. Ail aqueous solution of, for 
example, sodium picrate, is prepared. The solution is 
yellow owing to the trinitrophenoxide anion. A potential 
host ~nolecuie is dissolved in GHCl;, and the two phases 
are shaken together. If successful, the host molecule will 
extract the cation picrate salt into the organic phase. The 
extent of the extraction can be quantitated by UV 
spectroscopy, based on the assumption that the amount 
of picrate anion observed comesponds to the amount of 
cation extracted. For obvious reasons, this method is 
called the "picrate extraction technique." For compar- 
isons to be made between data sets obtained by this 
method, solvents, volumes. concentrations. temperatures, 
etc., must be controlled. The influence of the anion on 
complexation was also studied.['01 

Enantioselective complexation between chiral host 
molecules and racernic guests was also achieved.L291 One 
enantio~ner of phenylethylammoniuin cation can be 
selectively complexed by optically pure bis(binaphtho)- 
2 2 - ~ r o w n - 6 . ' ~ ~ - ~ "  The racemic ammonium salt, dissolved 
in water. and the chiral crown, dissolved in an imlniscible 
solvent such as CIICl3. are shaken together. If one of the 
two diastereoineric complexes is favored, it can be 
detected (e.g.. by NMR) or separated. When the chiral 
macrocycle is bound to a resin. a multi-plate, chiral 
organic separatioli is possible. 

Solid-state complexes 

Modern chemistry is aided profoundly by the advancement 
of x-ray techniques. and crown ether chemistry is no 
exception. Our understanding of solution coinplexaiion 
has been augnlented by numerous solid-state structures. 
Among the earliest crown ether co~nplexes to appear were 
those reported by Truter and BLLS~.["]  Numerous other 
contributions to this area were reviewed by ~ o b l e r . " ~ '  In 
brief, many crown ethers are solid and form regular 
crystals. Because they possess an empty central space, one 
or inore methylene residues typically turns inward to fill 
the molecular void. When complexation of a cation occurs, 
the methylene rotates outward so that the bou~lcl cation will 
be accessible to all of the macroring donors. 

Shown clearly by solid-state structures is that crowns 
are versatile binders. Althotrgh the fit between I<+ and 18- 
crown-6 is nearly perfect. this host can complex numer- 
ous other cations. In addition, other crowns can complex 
K+, even if <he host is larger or smaller than the guest. For 
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example, 15-crown-5 forms a 2:l "sandwich" complex 
with M+. Likewise. 14-crown-4 forms a 2:l sandwich 
complex with Na4. The structure of Na+, 18-crown-6 
s h o ~ ~ s  that the macroring contracts so that the 0-Na+ 
distances are optimized for five donors. essentially in a 
plane. The sixth oxygen puckers upward but also 
coordinates the cation. A complex was also reported in 
which two Na+ ions are complexed within a 24-crown- 
8 macroring. Literally hundreds of solid-state structures 
are known for crown ethers with cations and molecular 
species. and these may be found in the Cambridge Struc- 
tural Database. 

Six structures are shown in Fig. 6. Unbound 12-crown- 
4 is shown in panel (a). It is shown complexed in panel 
(b), along with 18-crown-6, in an unsy~nmetrical sand- 
wich. Two additional molecules of 18-crown-6 are present 
in the unit cell but do not bind the cation. Note that 
because 10 oxygen donors are present. K+ is not in the 18- 
crown-6 macroring's plane. Potassium cation is in the 
plane in (c), (d). and (e). The C104- ion is shown in 
contact with the cation in id). The counterions are not 
shown for (c) and (e) iN-heptylaza-15-crown-5). The 
molecular complex between 18-crown-6 and acetonitrile 
is shown in panel (0. 

Fig. 6 Solid-state structures of crown ethers and several potas- 
sium complexes. (Vielc this cirr in color al ~~1v~v.dekker.co~71.)  

Complex detection by mass spectrometry 

The advent of such low-fragmentation technique5 as fast- 
atom bombardinent (FAB) and electrospray ionization 
(ESI) permitted the direct observation of crown ether 
complexes in the gas phase. Complexation of a species 
such as (18-crown-6,Na)+ is readily detectable as a 
species having mlz (264 + 23) = 287. The corresponding 
K+ complex would have a mass of 303. Selectivities were 
inferred by comparing peak intensities. The mass spec- 
trometric inethod is of great value, but comparisons 
between gas, solution. and solid phases should be made 
with appropriate circumspection.i331 

APPLICATIONS 

The applications of crown ethers in modern chemistry 
could fill many volumes. Initially, they were used to 
complex metal ions. This was expanded to organic ions 
and molecular species. E\.entually, crowns became scaf- 
folds upon which other. more ambitious structures were 
built. This section presents a limited ilumber of these 
interesting and important applications and in only the 
briefest outline. 

Dye and coworkers formed complexes of the type 
M + . c r o w n . M .  A cryptand complex of Na+ permitted the 
first observation of Nap. This work was extended from 
alkalides to cation complexes having an electron ("elec- 
tride" ) as co~nterion.[""."~ 

Chromophoric groups can be appended to or integrated 
with crown ethers. If absorption of light ind~ices a con- 
formational change in the macrocycle, complexatioll 
selectivity may be controlled and switched. This was 
recognized almost simultaneously by ~ i s u m i , ~ ~ ~ ~  Vog- 
t ~ e , ~ ' ~ ]  Taltagi,"" and shinkai.13" who all reported "crown 
ether dyes" or photoresponsive crown ethers. Another 
means of altering the conformation is to use a redox re- 
action. Shinkai used oxidative formation of a disulfide 
linkage to achieve this end.'"' Another means of "switch- 
ing" is to vary the electron density rather than the confor- 
mation. If this can be accomplished electrochemically. it is a 
convenient and reversible process. Enhancement of elec- 
tron density by reduction of appended nitroaro~natic 
residues in crown ethers was reported by Maifer. Eche- 
goyen, and ~ o k e l . " ' ~ ' ~  During the past decade, numerous 
and diverse applications were made for crown ethers. 
These include the formation of rotaxanes. catenaries, and 
knots*rAA.A51 membrane'""-i" and rnon~layer~ '~ '~  for-ma- 

tion, and ion  channel^.^^'^'^^ They were used as fluo- 
rescent  probe^["^^^' and to demonstrate catioll-n 
ir~teractions.~~" 
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CONCLUSION 

The original concept and report of crown ethers is now 
more than three decades old. Even so, the field remains 
vital. and many applications in modern science are found 
for crowns. They are used as complexing agents and as 
substructural elements in complex chemical architectures. 
The number of literature reports involving crown ethers 
continues to increase, and undiscovered applications are 
still ahead. 

ARTICLES OF FURTHER INTEREST 

Ctyptarzds. p. 334 
lonophores, p. 760 
Lariat Ethers, p. 782 
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CRYPTATES QF METAL CATIONS 

Shortly after the discovery of crown ethers by Pedersen in 
1967. Lehn designed the first cryptand. and the synthesis 
of this compound was achieved in the fall of 1968.1"21 
Thus, at the end of the 19605, one of the largest fields of 
research was opened by these two classes of compounds, 
and the origin of supra~nolecular chemistry goes back to 
that time. Not often mentioned in the foundation of this 
large field are the cyclodextrins. Nevertheless, credit 
should be given to the pioneer workers in this area, since 
as early as 1952, "Einschlussverbindungen" (inclusion 
compounds) were studied by F. Cramer.'" loone of the 
numerous achievements of cryptand chemistry will be 
presented after a brief historical introduction. 

HISTORY 

In the mid- 1960s. Jean-Marie Lehn developed interest in 
the process occurring in the nervous system, in partic- 
ular, in the fact that the electrical events in nerve cells 
rest on changes in the distribution of sodium and 
potassiunl ions across the membrane. Around the same 
period, several research groups established that some 
natural macrocyclic antibiotics (nonactin; valinomycin) 
have a complexing ability toward alkali cations, and the 
first x-ray investigation on the K'-nonactin complex 
revealed the efficient surrounding of the cation by eight 
oxygen atoms of the rnacrocyclic ligand. Thus, when 
Charles Pedersen reported the cation binding properties 
of crown ether. Lehn rapidly realized that the recogni- 
tion of a spherical species (an alkali cation) would be 
much more efficieni if the ligand has a sphericai three- 
diinensional (3D) cavity instead of the circular two- 
dimensiorlal (2D) surrounding of the cation observed 
with the crown This idea led to the synthesis of 
the first cryptand 41 (Fig. 1) that forms a stable potassium 
complex 2 (Fig. 21, named "cryptate." In addition to the 
high stability. the ligand also has a large selectivity for 
the potassiuin cation versus the smaller (Na+) and the 
larger (Rbf) cations. The crystal structure determination 
confirmed the incl~ision of the cation in the 3D cavity 
and the perfect matching between size of cation and size 
of cavity. 

This first synthesis was followed by the modification of 
the cavity size by altering the length of the bridging 
chains. This led to a series of cryptands exhibiting high 
selectivity of conlplexation toward almost all cations of 
Groups I and II. For example, the sinaller cryptands 3 
and 4 (Figs. 3 and 4) are selective for Ei+ and Na+. 
respectively. Cryptands incorporating other donor atoms 
(nitrogen, sulfur) or heterocyclic rings were also synthe- 
sized (Figs. 5-7). These ligands present attractive coor- 
dination chemistry features: depending on their specific 
structures. they can bind transition metal ions, heavy 
metals, or lanthanides cations. Thus, most of the cations of 
the periodic table can be comp!exed with variable 
stabilities and selectivities. In addition, by virtue of n ~ o -  
lecular design. a tuned ligand exhibiting specific proper- 
ties may be obtained by making appropriate nlodifications 
of an existing ligand. 

A further step in complexity was accomplished by 
designing ligands able to complex more than one cation: 
cryptand 8 (Fig. 8), for example. forms a homodinuclear 
complex with silver or copper.'" The crystal structure of 
the dinuclear Cu(1) complex formed with the hexaimine 
macrobicycle 8 shows the inclusion of the two copper 
ions, which are tetracoordinated at each end of the cavity. 
the Cu. .  .Cu distance being very large (11.07 A). The 
small hexaimine macrobicycle 9 (Fig. 9) forms a CulI) 
dinuclear coinplex in which the Cu(1). . .Cu(l) distance is 
short (2.45 A). In the reduced ligand 10 (Fig. 101, the 
Cu(I) is not stable, and only the [Cu? (lo)]'+ cryptate was 
obtained. The Cu. . .Cu distance in this complex is 2.42 A, 
and on the basis of ESW measurements, an average redox 
state (di CU'  ') was postulated rather than a @u(I). . .Cu(Ili) 
dinuclear complex.'61 

Mention has to be given to the synthetic aspects of 
cryptands. It is obvious that after the intellectual process 
of ligand design and despite the various new (efficient) 
modelization tools found for the computer. the necessity 
still exists to obtain the actual compound. Numerous 
methods were developed over the years.i71 Many sym- 
metrical cryptands can be obtained in a few steps and 
with high yields. For the more elaborate cryptands, syn- 
thesis is usually more cumbersome. and the number of 
steps is high. 
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Fig. 1 1: Diazahexanxa macrobicycle cryptand [2.2.2] 

Fig. 2 2: Potassium coinplex of cryptand 1. An example of 
cryptate. 

The nomenclature used to describe the slmplest 
cryptands 1s simple, it 1s formed by thlee numbeir. each 
designing the numbeis of oxygen atoms In each cham For 
exainple 1 1s called [2 2 21 

PROTON CRYPTAPES 

The small cryptand 11 (Fig. 11) was obtained with 
difficulty. because the inajor compound obtained was a 
macrotricyclic tetraarnide resulting from a dimerization 
reaction. It was observed that stable proton cryptates of 11 
can be obtained. The [1.1.1] bicycle binds one or two 
protons illside its intran~olecular cavity. The diprotonated 
cryptate 11; 2H+. has a high resistance to deprotonation. 
The monoprotonated cryptate may be obtained with 
difficulty; but this latter species cannot be f ~ ~ l l y  depro- 
tonated by base to afford the free ~ r y p t a n d . [ ~ ~  Smaller 
analogues of 11 containing only carbon atoms in the three 
chains were also described. They present similar behavior 
toward the proton.'" Another class of cryptands able to 
strongly bind the proton was developed Inore recently. 

Fig. 3 3: Cryptand [1.1.1]. 

Fig. 4 4: Cryptand [2.2.1] 

CH3 CH3 

Fig. 5 5: Wexaazadioxa macrobicycle 

Fig. 6 6: Diazatetraoxa-dithia ruacrobicycle 

The tetraazamacrotricycle 12 (Fig. 12) is an example of 
this type of cryptand. The name adamanzane was pro- 
posed for these compounds. As for the cryptands de- 
scribed above, in this new type of "proton sponge," one 
can observe the same inertness of the inside coordinated 
proton toward strong bases."01 The simplicity of the 
synthesis of this class of compounds will allow for the 
preparation of many new representatives. 

CRYPTATES OF AMMONIUM 
AND ORGANIC CATIONS 

The binding by cryptand 1 of the nonspherical aminoni~rnl 
cation uas  observed. but not surprisingly, the receptor- 
substrate binding co~npleme~ltarity is poor. and therefore. 

Fig. 7 7: Ti-is-bipyridine cryptand. 

Fig. 8 Homodinuclear complev of the hexailnine crlptdnil 
8 contalnlng a dlphen) lmethane space] 



Fig. 9 9: Hexairnine cryptand 

Fig. 13 13: Tetraaza-hexaoxamacrotricyclic cryptand. 

Fig. 10 10: Octaazacryptand 

the stability constant of the coinplex [NH4+ c 2.2.21 
is in the medium range. By contrast, the macrotricyclic 
cryptand 113 (Fig. 13) forins a stable ammonium cryptate. 
The cation is held inside the cavity by a tetrahedral array 
of N-M+. . .N hydrogen bonds with the four bridgehead 
nitrogen atoms. The binding is completed by electrostatic 
interaction betureen the partial charges on the NH4' 
hydrogens and the remaining heteroatoms of the ligand.[41 

A new approach for efficient binding of the arnmonium 
cation was postulated. It relies on the use of cation- 
.rr interactions in addition to hydrogen bonding. The ligand 
14 (Fig. 14) was synthesized, and the binding of NH4+ 
was studied. The x-ray investigations revealed that the 
benzene rings are positioned at an appropriate distance 
from the cation so as to allow efficient cation-n interac- 
tions.ll l 1  

The above-described spherical macrotricyclic cryptand 
13 was designed for the ammoniuin cation, whereas the 
series of cylindrical macrotricycles 15 (Fig. 15) was 

Fig. 11 11: Cr)pta~ld [1 .1.1] .  

Fig. 1% 12: Tetraazatric) clo cryptand 

synthesized for the linear recognition of diamrnonium 
salts 'H3N(CH2),,-NH3+. The various bridges (R) allow 
specific binding of the substrate of complementarity 
length (rx=2-12). Definitive proof that these molecular 
coinplexes display cryptate-like behavior was obtained by 
x-ray structure analysis of the complex [+H3N(CH2),- 
~ 1 l , + c 1 5 b ] . [ ' ~ '  

Compared to cations. the field of anion coordination was 
developed more recently. but due to the efforts realized 
over the years in several laboratories, the area of anion 
complexation is by now a full member of the supramo- 
lecular chemistry family. The delayed exploration of the 
field can be mainly ascribed to the limited choices of 
appropriate binding sites for anions. The most studied are 
the arnmonium binding sites that present. unfortunately, 
an intrinsic drawback: their positively charged status is pH 
dependent (except for the teiraalkylarnmonium deriva- 
tives). Nevertheless. Inany polyainmonium macrocycles 
were synthesized and studied. These ligands exhibit good 
binding properties toward large poiyatomic anions (phos- 
phates, sulfates, adenosine phosphates. tartrates, etc.). 
For the smaller spherical halide anions. efficient binding 
requires macrobicyclic structures. Thus, the octaaza ana- 
logue of the [2.2.2] cryptand, cornpouild 410. binds in its 
hexaprotonated form the H ;  halide, with a high stability 
constant and a shai-p Fp /C1  selectivity (> IO~) .""  The 
slightly larger macrobicycle 16 (Fig. 16) binds well the 

Fig. 14 14: Cage-type receptor for NH4+. In the top and bottom 
benzene rings, the 2.4.6 ethyl subctituents are omitted for clarity. 



Fig. 15 85: Cylindrical rnacrotricyclic ligands. 

C 1  anion. X-ray investigations confirm the inclusion o f  
the anion in the macrobicyclic cavity. Ligand 13 described 
above for the ammonium cation coinplexation is able to 
complex, in its tetraprotonated form. the C 1  anion, a high 
Clp/Br- selectivity being observed for this compound. 
An x-ray structure o f  the complex [CIp c 134H+] con- 
firmed the anion i:lclusion in the cavity and also the 
binding of the anion by a tetrahedral array o f  fou-r ionic 
hydrogen bonds. 

Successful anion coinplexation was also achieved with 
larger inacrobicyclic ligands. Thus, the macrobicycle 17 
(Fig. 17). 6H' binds halide anions and the linear triatomic 
azide anion with a very high stability constant. The x-ray 
structure revealed an efficient shape and size comple- 
mentarity between N 3  and the cavity.["1 A whole series 
of  polyazacryptands was obtained in high yields by a 
simple Schiff base [2 + 31 condensation between the 
tria~ninotriethylamine (tren) and various dicarboxalde- 
hydes. The hexaimine macrobicycles prepared by this way 
lead, after reduction, to the polyaza cryptands, which iil 

Fig. 16 16: OctaazacrypCand containing a propyl spacer. 

Fig. 17 17: Octaaza-trioxa cryptand. 

their hexaprotonated form were shown to complex 
numerous polyatomic anions. The examples presented 
here were characterized by x-ray structures: terephtalate 
anion by cryptand 18 (Fig. 18). 6~+, ' " '  perchlorate and 
nitrate by 19 (Fig. 19), 6H+, and 20 (Fig. 20); 6 ~ + . [ ' ~ '  
Encapsulation o f  two nitrates by the latter compound was 
also observed. and the x-ray structure revealed that the 
two planar nitrate anions were maintained inside the 
cavity by hydrogen-bonding interactions between the 
protonated amine f~~nctions and the anions."71 

The large cavity o f  cryptand 13 allows another ap- 
proach to anion coordination, the "cascade anion bind- 
ing." In a first step, the ligand binds by its trerz subunits 
two Cu(E1) cations. In a second step. the axial vacant 
hollow between the two already bound Cu(I1) cations will 
allow the binding o f  an anion. An early example was based 
on computer analysis o f  potentiometric titrations data, and 
the efficient binding o f  the chloride anion by the dicopper 
complex o f  13 was po~tulated."~' Many other Dis-tren 
type figands were studied, and the cascade binding o f  
anions such as B r

p

,  OH

p

,  N3-, WCO

p

. etc. was demon- 
strated. Many x-ray structures confirm the location o f  the 
anions between the various metal ~a t ions . '~ . '~ '  

An interesting novel approach to anion binding is the 
use o f  NH-7c hydrogen bonds. It has to be emphasized that 
this type o f  receptor rests on neutral hydrogen bonding, a 
seldom-encountered situation in the field o f  anion coor- 
dination. In Compound 21 (Fig. 2 1 ). it can be seen that the 
amide hydrogens are orientated toward the inside o f  the 
cavity and are ab!e to iilteracc with the z electron system 
o f  an anion. Crystal structure o f  the acetate coniplex 
reveals that the anion is bound within the cavity."01 

Fig. 18 18: Octaazacryptand conta~lling a d~phenyl-methane 
5p'lcer. 



Fig. 19 19: Octaazacryptand containing a furan spacer. 

APPblCATjBNS OF CRVPTANDS 

The development of the crypiand field has been rapid for 
two major reasons. First. a few years after the first 
publication on cryptands syntheses. several representa- 
tives became comlnercially available, allowing subse- 
quent wide inquiries into numerous areas. A second 
explanation for rapid ~nultifield developments rests on 
the large ~lurnber of researchers in various fields who 
immediately realized the potentialities of cryptands in 
their ow11 spheres of expertise. 

Few examples will illustrate the revolution introduced 
in some domains by the cryptands. In 1974. J. E. Dye 
published the first x-ray structure of an alkalide. a new 
species coiitaining a sodium anion (Na-) (a rather offen- 
sive discovery for a traditional trained chemist in the 
i970s) as counterion of the sodium cryptate of cryptand 
[2.2.2]. The cryptate has a stabilizing effect on the fairly 
ullstable anion. and by using this procedure, a large 
number of alkalides were isolated. A further step was the 
isolation of electrides species in which the coullterion of 
the cryptate is an electr~ri. '~'.~' '  The field of polyanionic 
clusters was largely studied by J. D. Corbet:. and many of 
these systems could be isolated owing to the stabilization 
of the polyanioil by the associated alkali cation cryp- 
cand,[3.24~ Other interesting new species were generated 

by L. Echegoyen using the electroreductive crystallization 
of the sodium cryptate of ligand 7. This process leads to a 
ne~rtral entity formed by the positively charged cation 
cryptate and one electron located on one of the bipy units 
of the cryptand. The name cryptatium was proposed 

Fig. 20 20: Octaazacryptand containi~lp anxylyl spacer 

Fig. 21 21: Cage-type receptor for anion. I11 the top and bottom 
benzene rings. the 2.4.6 ethyl substituents are omitted for clarity. 

for this new class of compounds.i251 The ELI" cryptate 
formed with cryptand 7 showed attractive l~lminescent 
proper tie^,'^^' and practical applications in fluoroimmu- 
noassays were realized. 

Other areas of interest incl~ide stabilization of non- 
common oxidation states, solvent extraction of cations. 
transfer of cations through membranes, isotopic separa- 
tion, detoxification of harmful and radioactive metals, 
metal recovery, nletal trace analysis. ion chronlatography 
on polymer-supported cryptands, and chrorno- and fluoro- 
ionophores. More organic-chemistry-orientated applica- 
tions can be mentioned, including enhancenle~lt of metal 
salt solubility in organic solvents, anion activation, phase- 
transfer catalysis. and anionic polymerization. Many of 
these applications are covered in other articles in this 
encyclopedia as well as in the literature.L271 

CONCLUSION 

In this short presentation, the author tried to give a 
short survey of this enormous field. There was not enough 
room to mention many other types of cryptands, like the 
metalloceile-containing cryptands. the sepulchrate and 
sarcophagine cage con~plexes, the photocleavable cryp- 
tands, the borocryptands, the phosphor~~s cl-yptands. and 
the macrobicyclic polyethers with carbon atoms bridge- 
head. to cite just a few. Concerning the future. there is no 
doubt that the design of new cryptands displaying specific 
properiies will remain a major challenge for the people 
active in this area. Improvements of already existing 
compoundsi2" and new trials[291 ivill lead to new achieve- 
mellts and progress. 
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Cryptophanes: MsBecular Containers 

K. Travis Holman 
Georgetown University, Washington, District of Col~imbia, U.5.A 

INTRODUCTION 

I11 the past few decades, we have witnessed the profu- 
sion in synthetic chemical systems that highlight an 
elegance o f  design in the field o f  supramolecuiar 
chemistry, with many examples arising as models that 
help to deco~lvolute the suprarnolecular operations o f  bio- 
logical systems. T o  this end. a large variety o f  molecules 
appeared possessing concave hydrophobic surfaces that 
can serve as binding sites for convex substrates. Cryp- 
tophanes hold a special place in this historical context. 
First reported by Collet and coworliers in 1981.''' they are 
arnong the first examples o f  synthetic "container mole- 
cules"-that is, closed-surface rnacrocycles that possess 
the defining ability to completely encapsulate molecule- 

o ecules o f  this unusual form, in- sized sub~tra tes .~~~"  M 1 
cluding such members as the (hemi)carcerands and self- 
asseinbled capsules. immediately bring to mind poiential 
applications as microreaction vessels, sensors. molecular 
delivery devices, and separations agents. to name but a 
few possibilities. Research is ongoing in these areas, and 
technological applications based upon the remarkable 
recognition cheinistry that is characteristic o f  these con- 
tainer-like species appear to be forthcoming. 

The defining features o f  the cryptophanes are structur- 
al. They are composed o f  two cup-shaped. C3-symmetric, 
[I. 1 . 1  ]orthocyclophane units, connected by three bridges 
(Y3  Fig. I ) .  This construction effectively ensures that. with 
appropriate bridges. cryptophanes possess enclosed (or 
nearly so) elliptical cavities with interior volumes on the 
size-scale o f  indi~idual small molecules. The closed- 
surface nature o f  the cryptophanes is exemplified by a 
space-fill rendition o f  the so-called cryptophane-E, a well- 
studied member o f  the crypiophane Family (Fig. 1 ) .  En- 
forced cavities make these molecules exceptionally well 
suited for molecular recognition studies-particularly. the 
sort that shed light on the nature o f  substrate binding 
within a generally hydrophobic pocket. The existence o f  two 
diasteseorneric forms o f  these compounds (s j i z  and anti, 
Fig. I ) .  together with chemical variety in the bridging (I-? 
and peripheral substituents (R): makes a\railable a large 
number o f  cryptophanes with readily adjustable cavity 
volumes. aperture sizes, solubilities, and, ultimately, rec- 
ognition properties. 

The remarkable recognition properties displayed by the 
cryptophanes have attracted a great deal o f  attention. In 
this article, an attempt will be made to provide general 
insights into the supramolecular chemistry o f  these re- 
markable hosts by highlighting selected studies in the 
context o f  the field. Collet, the late father o f  cryptophane 
chemistry. provided more in-depth reviews elsewhere.L61 

CRYPTBPHANESPRUCTURE 
AND SYNTHESBS 

As the details o f  cryptophane structure greatly affect the 
molecular recognition properties o f  these hosts. some 
discussion of structure and synthesis is pertinent. The 
construction o f  a cryptophane skeleton can be accorn- 
plished via any o f  three basic methods: ( i )  the "template" 
method. (i i)  the "two-step" method, or (iii) a "capping" 
method. These approaches are generalized in Fig. 2. Each 
relies. at some stage. on a cyclization reaction that leads 
to the forlnation o f  the trimeric [i.  1. 11-orthocyclophatle 
moiety that provides the critical element o f  curvature to 
the cryptophane structure. This electrophilic aromatic 
substitution reaction is made regioselective, promoting 
C3-symmetric triineric products, by employing an appro- 
priately 3,4-disubstit~:ted benzyl alcohol as a starting 
material. For obvious reasons, the choice o f  substituents is 
limited. T o  achieve reasonable yields. the R substituerit 
is almost exclusively limited to the strongly activating 
methoxy group. The identity o f  the X substituent is 
less important; typically. X needs only to be activating 
(e.g., -OR. -SR, NNCOR). but some lilnitations exist. 
These synthetic limitations dictate that functionalization 
o f  the peripheral substituents (R ) ,  which ultimately define 
the apertures o f  the cryptophane cavity. usually occurs 
after the critical cup-forming steps. 

The C3 symmetry o f  the cup-lilie trimers indicates 
that they are chiral. typically being formed as a racemate. 
In some cases, the cups are resolvable via suitable dia- 
stereomers. as the enantioiners are somewhat stable to 
racemization via conformational inversion o f  the nine- 
membered cyclophane ring = 110-1 15 kY/~noI). 
Chirality in the cup-shaped units implies that two types 
o f  cryptophanes exist. Joining two cups o f  opposite 

340 Ei~cyclo~peiiin o f  Si~pinrnoieci~lai. Cheiilisti? 
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anti cryptophane-E 

Fig. B Cryptophane structure. 

handedness; as defined by the arrangement of the bridging 
Y substituents, results in a cryptophane, where the R 
substituents display a syn relationship. Alternatively, 
joining two cups of the same handedness results in a 
chiral crnti cryptophane (only one enantionier is depicted 
in Fig. 1). If R1 = R2, the syn diastereolner will be the 
achiral rneso form, with C3iz symmetry, whereas the anti 
diastereomer will be chiral, possessing D3 symmetry. 
Fortunately, most cryptophane syrl and arzti diastereomers 
can be readily separated, but unambiguous assignment of 
their identity can be more difficult. Additionally, if the top 
and bottom cups differ with respect to their peripheral 
substituents (R' # R'). the syrz and anti forms will both 
be chiral (C3). It is relatively straightforward to impart 
toplbottom asymmetry in the cryptophanes, but only re- 
cently have lower-symmetry C2 varieties, bearing differ- 
ent Y bridges. been achieved."] 

Method (i), the "template method," was the first em- 
ployed by Collet for the synthesis of cryptophanes.[" A 
suitably substituted benzyl alcohol is first cyclized to form 
a trimeric cup. Additional benzyl alcohol substituents are 

then appended via a bridging Y group, and these groups are 
then subjected to an intramolecular cyclization to yield the 
corresponding cryptophanes. The initially fonned C3-cup 
thus serves as a template for the second cup-forming 
reaction, with the reaction typically proceeding in good 
yields (often > 60%) and with appreciable diastereoselec- 
tivity. Though this method normally requires high dilu- 
tion conditions ( 1 0  ' iM in formic acid), it provides distinct 
advantages in some respects. This approach. for instance, 
allows the synthesis of cryptophanes that are asymmetric 
with respect to the peripheral substituents attached to the 
top and the bottom cups (R' f R ~ ) .  Second, provided that 
the initially forrned trirner can be resolved, this route can be 
employed to provide optically active anti cryptophanes of 
known absolute configuration. 

Method (ii), known as Collet's "two step" synthesis, 
yields suitable cryptophanes in only two synthetic steps 
from readily available vanillyl alcohol (R = OCH3, 
X = OP-I).'~' In this approach. a monomer possessing two 
vanillyl alcohol residues is synthesized and then cyclized 
directly, under acidic conditions, to the con-esponding 

/ racemic 

racemic 

Fig. 2 Synthesis of cryptophanes. 



342 Cryptophanes: TvIolecular Containers 

cryptophanes. The reaction entails the formation of both 
orthocyclophane cups i11 a single pot and. although the 
yields are gellerally low (< 2070)~ gram quantities of 
cryptophanes can be readily prepared by this convenient 
approach. Notably, this reaction tends to display diastereo- 
selectivity in favor of the chiral anti cryptophanes: making 
available some chiral anti cryptophanes that give low 
yields by the "template" method. 

Cram and co\vorkers demonstrated that Method (iii). 
the "capping" of one preformed C3-trimer with another. 
is also viable.[91 Though Cram's synthesis involved the 
oxidative coupling of two identical cups possessing 
terminal acetylenic groups (R = CH3; X = OCHIC=CH): 
"capping" one C3-trimer with a dissimilar trimer can also 
be envisaged (R' # R' or X' f X2). Though the yields of 
cryptophanes synthesized by the "capping" method were 
low (< 15%): lessons learned from similar approaches 
toward the syntheses of (hemi)carcerand molecular con- 
tainers suggest that it may be possible to improve yields 
by employing suitable guest templates.[101 

To date, several dozen cryptophanes have been syn- 

selectively cleaved to the phenol, providing a synthetic 
entry point to cryptophanes with varying peripheral R 
substituents. Interestingly, there are two examples of 
cryptophanes that were synthesized in effectively quan- 
titative yields via supramolecular self-assembly. These 
examples highlight the growing importance of self- 
assembly as a synthetic approach toward increasingly 
complex macrocycles.[' '.12' 

CRYPTOPHANE COMPLEXES 

Of the 70 or so cryptophanes that have been reported, 
relatively few were characterized with respect to their 
supramolecular chemistry. Listed in Table 1 are those 
examples that were shown to display some kind of 
complex-forming behavior. As the IUPAC names for 
cryptophanes are exceedingly complex, an alphabetical 
system based simply on the chronology of synthesis was 
used and, as much as possible. will be adopted here. 

thesized. A detailed list of these is beyond the scope of 
this short review; but 111ost cryptophanes are of the form Discovery 
where the bridging Y substituents are simple oxyhydro- 
carbons 1e.g.. Y = - OZO-: Z = (CHI),, [rz = 2-10], The cryptophane story begins in 1981 with Collet's 
C H 2 A r C H 2 .  CHICH=CHCF12,  C H 2 C  =CCH2:  template-directed synthesis of the first and smallest 
OCH2C=CC=CCH20, ( O C H ~ C H ~ ) ~ O } . [ ~ ~  Moreover, known cryptophane, the so-called cryptophane-A (anti; 
the peripheral R substituents of as-synthesized crypto- Y = O(CH2)20: R' = R2. = OCH~) . '~ '  At the time. the field 
phanes are often methoxy groups, but these may be of supramolecular or host-guest chemistry was entering 

Table I Cryptophanes possessing demonstrated complex-forming abi l~t~es  

Structure Name 

Bridges, -Y- R ' R2 anti sy rz ReL 

O c x 3  
OCH2C02H 
H 
OCH; 
OCH2C02H 
OCH3 
OCHzC02H 
CH3 
OCH; 
OCH? 
OCH3 
OCH3 
OCH3 
OCH3 
OCH? 
OCH3 
OCH3 

A colnlnon name sas  not assigned 
-Syizlc~izti form not specified. 
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its developing stages. and, though many examples of 
synthetic molecules capable of the selective binding of 
cations (or even anions) were known. nonnatural systems. 
wherein complexes persist in solution between uncharged 
apolar host, and siliiilar, uncharged apolar guests, were 
essentially unknown. Though naturally occurring cyclo- 
dextrins had long been observed to complex uncharged 
molecules in aqueous solution via their hydrophobic 
cavities. the question remained whether the design of 
synthetic molecules for such purposes could be achieved. 
It was generally recognized, however, that synthetic hosts 
capable of discriminatory binding according to size. 
shape; and especially chirality. could prove useful for a 
variety of technologies. 

Examination of space-filling models of cryptophane-A 
indicated it to be an effectively closed surface container. 
suggesting that it would be exceedingly difficult for 
certain solvent molecules. such as CHC13. to enter the 
cavity through the methoxy-guarded apertures. Accord- 
ingly. CDC13 was originally chosen as a noncompetitive 
solvent to initiate complexation studies. but the evidence 
showed that substrates like CH2C12 were only weakly 
bound under these conditions. It was thought. therefore. 
that the cryptophane-A cavity may be too well guarded, 
and that the cavity apertures needed to be enlarged in 
order to allow potential substrates access to the cavity. 
Collet and coworkers thus synthesized cryptophanes-C 
and -D, the anti  and syi7 cousins of cryptophane-A, 
wherein one of the two cups was absent the methoxy 
s ~ ~ b s t i t u e n t s . ~ ' ~ . ' ~ ~  Despite similar cavity sizes, the 'H- 
NMR spectrum in CDC13 showed cryptophane-C to 
complex CH2C12 more effectively than cryptophane-A, 
though the association was modest (K, = 1.8 M-I). 
Further studies showed that CH2CIBr (Ma zz 0.9 M-') 
and CH2Br2 (Ka :, 0.15 M-') were also weakly bound by 
cryptophane-C under these conditions, and effective size 
discrimination was clearly operative. Remarkably, the s y  
diastereomer, cryptophane-D, forms complexes with the 
sanle guests. but the association constants are an order of 
magnitude smaller. 

In 1985, Colier and coworkers demonstrated the first 
example of enailtioselective recognition by a cryptophane. 
Optically pure cryptophane-C was used as an 'H-NMR 
shift reagent for the analytical resolution and first ex- 
perimental determination of the maximum rotation of 
bromochlorofluoromethane (CHFClBr), one of the sim- 
plest chiral molecules."" At 332 K, the difference in 
association constants (in CDCJ3) between the diastereo- 
meric conipiexes (I<', = 0.22 M--' and 0.30 M -') were 
sufficient to effect the separation of the fast exchange 
resonances of the guest. and the enantiomeric excess of 
a weakly resolved sample could be determined; thus 
yielding the maxin~u~ll  rotation as [r12\ = 1.7 + 0.5'- 
data that were sought for nearly a century. The (R)-( - )  

absolute configuration of the haloform was later assigned 
with the aid of corroborating lnolecular dyilamics simula- 
tions and Raman optical activity spectra of the crypto- 
phane-CSCHFCIBr complexes.[26 "I 

Lessons in M~leculak Recognition 

Given the modest association constants. it originaliy ap- 
peared that thermodynamic driving forces for the for- 
Illation of cryptophane complexes were destined to be 
extremely small. Binding of CH2C12 by cryptophane-A, 
for instance, was immeasurably weak in chloroforin 
solution. As experiments progressed, however, it became 
clear that, contrary to earlier beliefs, the chloroform sol- 
vent was. in fact. a significant competitor for the cryp- 
tophane cavity. In (CDC12)2, a much larger solvent, the 
binding of CH2C12 by cryptophane-A is strong (K ,  = 475 
M-' at 300 K). Moreover, under these conditions. the 
strong affinity of cryptophane-A for chloroform also 
became apparent ( K ,  = 230 M-').'"I Binding of CH2C12 
by cryptophane-C was observable in chloroform, not 
because the apertures of the cryptophane cavity are larger, 
but because chloroform does not compete as effectively 
for the cavity of cryptophane-C [K, = 10 M-' at 300 K in 
(CDC12121. 

These results highlight a general caveat in supramo- 
lecular chemistry: the significance of complexation be- 
havior must always be interpreted in the context of the 
solvent. In special cases where the solvent is bound by the 
host in competition with the intended guest. the observed 
association constant is only an apparent association 
constant (Kal,p). Thus, Kapp will be comparable to the 
"true" association constant, KO. only when the binding of 
the solvent, K,, is extremely weak (K, < IO-'-I~-'). This 
considered, molecular recognition studies involving con- 
tainer co~npounds are typically performed in less conven- 
tional solvent systems, where the solvent is usually too 
large to be accommodated by the cavity (e.g., mesitylene. 
phenyl ether, hexachloroacetone, l,i,2,2-tetrachloro- 
ethane) or has a poor affinity for the, typically hydropho- 
bic, cavity (e.g., water). 

The subtleties of the molecular recognition properties 
exhibited by cryptophanes are best appreciated by com- 
paring a series of structurally similar cryptophanes in a 
common solvent system. In this respect, the binding of 
neutral guests by cryptophanes-A. -C. and -E (crrzii,  
Y = 8(CH2)30, R' = R' = OCH3) are directly comparable 
in (CDC12)2, as this solvent is sufficiently large that it 
cannot compete with the guests. Depicted in Fig. 3 are the 
free energies of association, at 300 K. as a function of 
guest xrolume for a series of neutral iiiolecules that are 

dentities bound by these three cryptophanes.[6.1J.1'1 The ' 

of selected guests are indicated. The most notable feature 
of this plot is the sharp size discrimination displayed by all 
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of all of the cryptophanes and particularly for crypto- 
phanes-C and -E. The intrinsic thermodynainic driving 
forces for complexation of optimal guests (-AG~') range 
from 15-21 k.JmolP', meaning that these hosts will 
effectively. seal-enge complementary guests. even in the 
absence of solvophobic effects. The optimal guest volume 
increases smoothly with increasing cryptophane cavity 
size: Xe, CH2C12. and CHCl; for -A. -C. and -E. 
respecti\.ely. Guests smaller or larger than the experi- 
mental optimal volume are bound less effectively; and 
those that, according to lnolecular models. are too large to 
occupy a particular cryptophane cavity are sirnply not 
complexed. Notably, the cryptophanes can effectively 
differentiate guests on the basis of subtle volume 
differences (< 5%). Cryptophane-@, for instance, discrim- 
inates between CH2C12 and CH2ClBr by 1.5 k.TmolP'. 
Siinilarly. cryptophane-E discriminates between CFICli 
and CPICl2Br by 1.2 k.TmolP1. In terms of shape 
recognition. guests of roughly tetrahedral or elliptical 
shape tend to be bound more effectively than planar or 
liilear guests. Isobutane, for example, is bound more 
strongly by cryptophane-E than is rl-butane ( 8 ~ 6 ~ )  = 6.0 
k ~ m o l ~ ' ) .  Additionally. the cryptophanes tend to have a 
low affinity for fluorinated guests. Cryptophane-A, for 
example. has allnost no affinity for CHF2C1. though the 
size and shape of this guest \nrould suggest that it should be 
bound strongly. 

Cryptophanes also readily bind and recognize suitable 
cations in organic solvents.[20' The free energies of 
association, at 300 K in (CD2C12)2. between crypto- 
phane-E and alkyi ammonium cations ranging in size 

from Me3NH+ to Me3PrN' are plotted in Fig. 3. along 
with the corresponding data for the binding of neutral 
molecules by the same host. A siinilarly sharp size selec- 
tivity profile is observed for the binding of these cations. 
with MeJN' being the most strongly bound. The K ,  of 
cryptophane-E binding to Me4N+ (2.25 x 10' M-.'), 
however, is three orders of magnitude greater than that 
of the most favored neutral rnolecule complex (crypto- 
phane-ElZCHC13). reflecting the strong preference of the 
cation for the electron-rich. aryl-lined cryptophane cavity 
as compared to the halogenated solvent. Moreover. 
Me4Nf is 33% larger than CHC13. Remarkably, neutral 
molecules of this size are essentially unbound under the 
same experi~nental conditions. and these results raise 
some serious questions concerning the criteria by which 
one defines inolecular "size." 

Collet and coworkers also synthesized cryptophanes of 
a water-soluble variety. Cryptophanes-A3, E3. and 0 3  are 
water-soluble derivatives of cryptophanes-A, C. and 0. 
possessing six pendant ionizable -OCH2COOH groups 
in place of the rnethoxy g r o ~ ~ ~ s . ~ ~ ~ ~ ' ~ ~ ' "  As expected, the 
stability of the neutral molecule cryptophane complexes 
is increased on moving to aqueous solvent due to the hy- 
drophobic effect. and the stabilizing effect is more 
pronounced as the size of the guest increases. Notably. 
the larger cryptophane-03 displays an affinity for coin- 
paratively larger guests (Me4Sn, Et4Ge. Me4Pb), an 
obser~~ation in accord with expectations. The water- 
soluble cryptophanes are far less effective at binding 
small alkyl ammonium cations in aqueous solution than 
their parent cryptophanes in organic solvents, though 

20 30 40 50 60 70 80 90 100 '110 120 
guest volume (A3) 

piophane-A cryptophane-E (neutral guests) 

ryptophane-C 6 cryptophane-E (cationic guests, 

Fig. 3 Glbb'i molar free energles of complevat~on for \al~ou\ crqptophane3gue,t coinplexes in (CDC12), at 300 K. 
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cryptophane-COCH2CI2 cryptophane-DOCH2C12 cryptophane-EOCHCI, 

Fig. 4 Crystal structures of mell-resolved cryptophane2guest complexes. 

similar trends are observed with respect to size selectivity. 
The K;, for the binding of MedN' by cryptophane-E3, for 
example. is only 320 M - I ,  as compared to the aforemen- 
tioned Kt, of 2.25 x 10' IVI-' for the cryptophane- 
E M e 4 N +  complex in (CD2C12)2. Lower association 
constants are attributable to the hydrophilic nature of the 
small alkyl ammonium cations. As the size of an alkyl 
alnmoniurn ion is increased, however. it tends to become 
more hydrophobic. Thus, the larger cryptophane-03 
forms a complex with acetylcholine that is of co~nparable 
stability to that of acetylcholine esterase. 

Variable temperature studies allow deconstruction of 
the free energy of association into the enthalpic and 
entropic contributio~ls.~" Though complex formation is 
typically favored from an enthalpy standpoint, these 
studies show that complex formation may also be 
entropically favored. The binding of CfI2Cl2 by crypto- 
phane-E. for instance, is driven strictly by entropy, with 
values for A@ and AS' equal to 4.2 k ~ m o l - '  and 25 
~ m o l - ' ~  '. respectively. Similarly. the binding of meth- 
ane by cryptophane-A is both enthalpically (AN" = - 6.7 
k~mol- ' )  and entropically (AS' = 17 ~ m o l - ~ ' ~ - ' )  favored. 
Moreover, Cram and Rebek observed similar results for 
hemicarceplexes and self-assembled capsules. respec- 
t i v e ~ ~ . ' ~ '  These extraordinary observations are counter- 

intuitive for an association of two molecules, ill an apolar 
solvent, wherein the motions of the molecules would be 
anticipated to be relatively restricted. Collet and co- 
workers rationalized these observations by pointing out 
that the guest molecules of such entropy-favored coni- 
plexes often do not efficiently fill the volume of the host 
cavities, suggesting that in such cases, the cryptophane 
interiors may best be described as a supercritical fluid and 
the guests may readily disorder within the host. The 
methane molecule of the cryptophane-A3CF14 complex, 
for example, occupies a inere 35% of the cavity volume. 
Cram used related arguments to make the case for a "new 
phase of matter" within carcerand interiors and pointed 
out the entropic benefits of diluting empty space on 
complex format i~n.~"  Additionally. it should be consid- 
ered that complexation may release soinewhat organized 
solvent molec~lles from the solvation sphere of the guest, 
a factor that is known to assist complex formation in 
aqueous solutions. 

The crystal structures of only a few well-defined cryp- 
tophane complexes were reported. The complexes cryp- 
t o p h a n e - ~ ~ ~ ~ ~ ~ ~ l ~ , ~ ~ ~ '  ~ r ~ p t o ~ h a n e - ~ ~ ~ ~ ~ ~ l ~ , ~ ~ ~ ~  and 
~ r ~ p t o p h a n e - ~ ~ 2 ~ ~ ~ 1 ~ " ~ ~  are depicted in Fig. 4. Each 
depicts an arrangeinent wherein the guest is completely 
encapsulated by the pseudo-C3 symmetric cryptophane. 

Fig. 5 Slow exchange binding of CHC13 by cryptophane-E in (CDC12)2 as revealed by 'H-NMR. 
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The two CH2C1? complexes possess ordered guest 
rnolec~~lcs This 1s In accord with a negative entropy 
of coinplexation for the cryptophane-C complex (AS0 = 
-4 ~ r n o l ~ ' ~ ~ ' )  and the fact that the guest can occupy 
ioughly 70% of the available cakity volume. a value 
$lmi!aa to the packing fiaction of close-packed crystals 

Constrictive binding: the "container effect" 

In an appropriate solvent. guests encapsulated by crypto- 
phanes typically exchange slowly, with Inany con~plexes 
exhibiting half-lives on the order of milliseconds-seconds 
at rooin temperature. Thus, in a typical I\JMR experiment, 
separate signals for free and cornpiexed guest species can 
often be observed simultaneously. Fig. 5 depicts the room 
temperature 300 MHz 'K-NMR spectrum of cryptophane- 
E in (CDC12)., in the presence of four equivalents of 
CHC13. The peaks at 6 7.28 and 6 2.84 correspond to free 
and cryptophane-bound CE-ICl;, respectively. The dramat- 
ic upfield shifts (A6 x 4 ppm) for encapsulated species 
are consistent with the close proximity to the shielding 
regions of the aryl rings of the host. Similar spectroscopic 
signatures were noted for guests encapsulated within other 
container molecules. 

Observation of slow exchange in these systems is 
remarkable. considering that the negative free energies for 
complexation of neutral molecules rarely exceed 15 
kJmolP ' . The activation barriers for dissociation. AGdi, 
were measured by line shape analysis for soine crypto- 
phane complexes of uncharged The A G ~ ~  for 
complexes of cryptophane-E are found to be nearly in- 
dependent of the guest identity, ranging only froin 66-7 1 
k4molP' lor a relatively wide range of guests. Cram and 
coworkers recognized similar behavior for hemicar- 
ceplexes and put forth the notion of a container effect. 
termed constrictive binding, as an explanation.'" l o n -  
strictive binding (AG,') is a manifestation of the physical 
consequences of encapsulation and is defined as the acti- 
vation free energy for host-guest association or. alterna- 

Constrictive Binding: A G ~ =  AG: - (-AGP> 
I 

cav~tands containers 
reaction coordinate - 

Fig. 6 Constrictive binding via encapsulatio~l results in 
complexes with  relatively high kinetic stabilities. 

tively, the activation free energy of dissociation (AGCiT) 
less the intrinsic thermodynamic driving force for com- 
plexation, -86,' (Fig. 4). As for some hemicarceplexes. 
the constrictive binding energy for cryptophane-E 
[AG,! = AG,,' - (-AG?) = 56 kJmol '1 remains relative- 
ly constant for a series of guests, implying that exchange 
of guests is governed by a (somewhat costly) conforma- 
tional gating by the host. As a result. complexes of 
relatively Iow intrinsic thermodynamic stability (e.g., 
AG? zz 15 k.TmolP') can display impressive kinetic sta- 
bilities (upwards of > 70 kJmol  '), a feature that 
should be regarded as a defining trait for true n~olecular 
containers. This concept is illustrated schematically in 
Fig. 6 by cornparing the binding behavior of container 
molecules with that of related cup-shaped cavitands. 
which display similar values for -AG? but differ greatly 
with respect to their ability to constrictively bind guests 
via encapsulation. Mclamlnon and coworkers performed 
molecular dynamics sinlulations on some cryptophane 
complexes and found that the conformational sampling of 
the host can depend on the identity of the encapsulated 
guest. 12"2" Irk related work. Houk and coworkers per- 
formed gas-phase calculations on several members from 
the hemicarcerand family and identified two operative 
mechanisms. termed "French door*' and "sliding door,.' 
responsible for the gating of encapsulated guests."01 
Taken together, the experimental and computational 
findings suggest opportunities to finely tune the kinetics 
of complexation by modifying the cavity-guarding 
periphery, without appreciably affecting the thermody- 
namics. It is clear that more insight can be gained from 
continued complementary computational and experimen- 
tal work. 

CONCLUSION 

The study of cryptophanes has led to a greater under- 
standing of molecular recognition phenomena. and par- 
ticularly that which occurs within a hydrophobic binding 
site. Moreover, the ability of these and other molecular 
containers to discriminate between sillall molecule sub- 
strates on the basis of size. shape, chirality. and electronic 
characteristics is extraordinary. and the feasibility of 
practical applications derived from these characteristics is 
clear, though much work senlains to be done. The 
development of higher-yield synthetic procedures or 
efficient optical resolutions, for instance. would increase 
availability and promote the use of cryptophanes for 
practical, recognition-based technologies. Additionally. 
much remains to be learned about the relationship be- 
tween the kinetics and thermodynamics of cornpIexaiion. 
the inechanisms by which these hosts select their guests, 
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and the properties of materials that rnight be derived from 
these remarkable compounds. Moreover, larger crypto- 
phane-like molecular containers should be ab!e to encap- 
sulate larger or even greater numbers of substrates, 
opening the door for use as delivery devices or miniature 
reaction chambers. To be sure, much remains to be written 
in the story of container molecule chemistry. 
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Crystal deconstruction is the process that leads back- 
wards. in a reverse "aufbau" process. from the structure 
of a molecular crystal to the component rnolecules or 
ions. Crystal deconstruction allows one to focus on the 
interactions that are more relevant for crystal structure 
cohesion. The objective of the deconstruction process is 
also that of learning about the factors responsible for 
molecular/ionic recognition and self-assembly in the 
solid state. Insights into crystal poly~llorphism can be 
gained by comparing the different distributions of 
intermolecular interactions associated with the existence 
of different crystal forms of the same molecular species. 

FROM BONDS BETWEEN ATOMS TO 
BQNBS BETWEEN MOLECULES 

Understanding the interactions that control molecular or 
ion recognition and self-assem-bly is one of the most 
relevant chemical problems of our time. with implications 
in all areas of chemistry, from biochemistry to organic, 
organonxetallic. and physical chemistry, to encompass 
inaterials chemistry. The interest in the bonds between 
molecules is paradigmatic of suprainolecular chemis- 
try.".21 This perception is shared with molecular crystal 
engineeringr33i1 if the concept of bonds between mole- 
cules is convoluted with the translational symmetry of a 
~llolec~ilar crystal (see Fig. I ) .  

Molecular crystals can. in fact, be viewed as periodical 
superrnolecules, in m~hich a large number of rnolecules or 
ions interact via noncovalent interactions, generating 
collective physical and chemical properties.i51 According 
to the same reasoning. polymorphic modifications of a 
molecular crystal. i.e.. different crystals of the same 
constituellt molecule~ions, '"~~ can be regarded as peri- 
odical supramolecular isomers, differing in distribution of 
the noncovalent bonds. 

In the context of this article, we will use the term 
"i~ztermoleculnr" as a synonym of noncovalent. with this 

encompassing all types of secondary interionic or 
intermolecular interactions, e.g., electrostatic, hydrogen 
bonds, and van der Waals interactions. which do not 
imply two-electron o-bonds. Accordingly, it is useful to 
identify neutral molecules and molecular ions (e.g., those 
formed by an ensemble of covalently bonded atoms) as 
molecular systems. 

INTERNAL VERSUS 
EXTERNAL INTERACTIONS 

The assembling of molecules to form stable three- 
di~nensional aggregates is the quintessence of the self- 
recognition and self-aggregation processes that are behind 
the construction of any supramolecular system. The 
understanding of these processes requires a profound 
l<nowledge of the interactions among molecules and ions 
in the solid state.["] 

Crystal deconstruction is a logical process that allows 
one to "decode" the crystal structure organization of a 
given molecular or ionic crystal by sifting out those 
interactions. that are relevant to supramolecular recogni- 
tion and to crystal cohesion.["' 

Supramo!ecular recognition is a process that applies 
when two different or identical entities (two molecules. 
two ions) approach each other in the vacuum or in a 
solvent medium to form a stable aggregate. I11 the absence 
of directing interactions, such as those resulting, for exam- 
ple, from the presence of strong dipoles or hydrogen- 
bonding donor-acceptor groups, the recognition process 
will be controlled by the outer shape of the molecule and 
by the nature of the peripheral atoms. The formation of a 
stable dimolecular aggregate. whether formed by the same 
molecule, i.e.. AA, or by two different moleculeslions, i t . .  
AB, or A + / ~ B ~ / + .  will depend primarily on the 
complementarity of shape. This concept was put forward 
by kinus Rauling long ago: 1121 

. . .in order to achieve the maximum stability, the two 
molecules must have complementary surfaces. like die 
and coin. and also a compleme~ltary distribution of active 
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supermolecule 

periodicity 

periodic supermolecule 

Fig. I The relationship between an aggregate at the molecular 
level-a supermolecule-and an aggregate at the crystal le\-el- 
a periodic supern~olecule. 

groups. Thc caie  might occur i n  which the two 
complementary structure5 happened to be identical: 
howel'er. in this case also the stability of the complex 
of two molecules would be due to their compleinentari- 
ness rather than their identity. 

The pairwise approach of two molecules is the most 
elementary aggregation step in the nucleation of a 
crystal. This first nucleus will respond to the need to 
optimize the pairwise interaction; possibly in competi- 
tion with the solvation/desolvation process. However, as 
the first nuclerls begins to grow. with molecules/ions 
clinging to it one after the other, the cohesion of the 
overall aggregate becomes Inore important, to the extent 
that an optimum pairwise interaction map be sacrificed 
in favor of a more stable multicomponent aggregation. 
111 other words. the construction of the crystal responds 
to a process of global energy minimization. which has to 
con~promise between various factors in order to optimize 
the following: 

I .  Pairwise atoni-atom interactions between first neigh- 
bors (strong "local" repulsions are not tolerated). 

2.  Cohesive energy of the crystal aggregate (with its 
trillions of molecules). 

3. Conformational energy for the isolated molecules. 
(This term is relevant in the case of flexible. 
str~icturally nonrigid moleculeslions.) 

In addition. the temperature of the system must be taken 
into account, because molecules in thermal motion or 
r~ndergoing low-energy reorientational/fluxional processes 
have temperature-dependent shapes and geometries. It 
should not be surprising, therefore. that there is no unique 
answer to the optimization process. and that different 

compromises between internal and external energy terms 
(both of enthalpic and entropic natures) may be reached 
for a given species. This inay well be the fundamental 
reason for the existence of polyrnorphic modifications of 
the same substance or for the occurrence of solid-state 
processes, such as solid-to-solid phase transitions between 
enantiotropic forms, order-disorder transitions, iempera- 
ture-dependent isoinerization in the solid state, etc. Crystal 
deconstruction is also useful for exploring the different 
distributions of interrnolecular interactions that are con- 
sequences of crystal polymorphism. 

ANAbOGlC CRYSTAL DECODING 

The crystal structure formed by neutral n~olecules or by 
molecular ions can be efficiently decoded by focusing on 
the number and distribution of the nearest neighbors 
around the reference molecule or ion in the crystal, the so- 
called molecular "enclosure shell'' (ES) approach.["' 
The ES approach avoids the strictness of translational and 
point symmetry and affords a direct appreciation of the 
most relevant interinolecular interactions involving the 
molecule of interest. One commences from the known 
molecular structure to study how the observed crystal can 
be reconstructed. This logical process recalls Kitaigor- 
odsl<y9s lnolec~~lar ' .aufbau'~ process.' "I In general, if 
possible, it is useft11 to first prepare a "one-dimensional" 
crystal by linking molecules to form a inolecular row. 
then a "two-dimensional" system by coupling m.olecular 
rows. and finally. a three-dimensional crystal by stacking 
molecular layers as depicted in Fig. 2. The decoding 
process can be carried out by using computer-aided 
graphic programs exploiting atomic coordinates deter- 
mined by x-ray diffraction. 

A practical application of the decoding process is 
afforded by the investigation of the crystal structure of 
two chemically different molecular systems. namely. ben- 
zene and bisbe~lze~lechromium."~' compared in Fig. 3. 
The analogy between the two crystals is remarkable. 
even though the two molecules greatly differ in terms 
of chemistry. This is because the periphery of most 
organometallic molecules and coordination complexes is 
"organic" in nature."" while the metal centers are 
mostly situated in the molecular cores and are shielded 
from neighboring molecules. Because the surface atoms. 
besides determining the outer shape of the molecules/ions. 
are crucial in determining the nature and extent of 
internlolecular interactions, the packing problem of most 
molecular organometallic compounds reduces to the 
organic case. Under this viewpoint. it should be no 
surprise that the structures of benzene and bisbenzene- 
chromium are topologically similar. The peripheral. 



Fig. 2 The "crystal construction" process. Formation of (a) a 
one-dimensional crystal by linliillg molecules to form a molec- 
ular rolr: (b) a two-dimensional system by coupling molecular 
rows: and finally. (c) a three-dimensional crystal by stacking 
~nolecular layers. 

crystal-structure-determining features of the two mole- 
cules are the same. with discoid. aromatic CbHb moieties. 
which are able to form C-H. . .n  interaction^.'".'^' 

A Inore complex application of the deconstruction 
algorithm is provided by a prototypical transition metal 
carbonyl cluster molecule. R L ~ ~ ( c B ) ~ ~ . " ~ ~  In this crystal. a 
row of molecules forming the crystal backbone is 
obtained by inserting of one axial CO-ligand into a 
tetragona! cavity-formed by two axial and two radial 
COs-on a next neighboring. equally oriented molecule 
(see Fig. 4). This intermolecular interaction is responsi- 
ble for deviation of the ~nolecular symmetry from the 

Fig. 4 Deconstruction of crystalline R U ~ ( C O ) ~ ~ :  (a) a row of 
molecules constituting the crystal backbone is obtained by 
inserting one axial CO-ligand into a tetragonal cavity. formed 
by two axial and t ~ v o  radial COs on a next neighboring. 
equally oriented molecule: (b) a molecular layer is obtained by 
placing other rows on both sides of the central one. uith the 
(CO); and (CO)4 units protruding from the surface affording a 
"Velcro"-type interaction for the incoming molecular layers. 
(From Ref. [17].) 

idealized D3h symmetry. Once a sou of R u ~ ( C Q ) , ~  mole- 
cules is formed. a molecular layer is obtained by placing 
other rows on both sides of the central one. The layer 
presents (C8)1 and (CO)4 units protruding from the sur- 
face. These units afford a 'Te1cro"-type interaction be- 
tween molecular layers, which can then pile up. gen- 
erating a three-dimensional stacking. viz. the observed 
crystal structure.'181 

An example of crystal deconstruction is pro\-ided by 
Dance's studyiJ9' of the packing of molecules containing 
PPh; peripheral groups. Dance showed that anolecules 
with rnultiple PPh3 ligands recurrently form one-. two-, 
and three-dimensional supramolecular networlis. based on 

Fig. 5 A sixfold phenyl embrace involving two PPh; ligands 
Fig. 3 Space-filling representation of the crystal structures of on adjacent NilPPH3)3 molecules. The remaining PPh3 ligands 
benzene (a) and bisbenze~iechromium (b). showing the similarity are participating in analogous interactions in the crystal. thus 
between the two packing a r r angemen t~ . "~~  The H atoms were originating an extended net\vork."".'" The H atoms lvere 
omitted for clarity. ornitted for clarity. 
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a precise supranlolecular packing motif, called inultiple 
phenyl embrace. This packing motif is transferable from 
crystal to crystal and possesses clear directionality 
(topological) features. An example, reported in Dance's 
paper. of a sixfold phenyl ernbrace is shown in Fig. 5. It 
can be seen that three phenyl rings on each of two PPh3 
ligands belonging to adjacent N ~ ( P P H ~ ) ~ ' ~ ~ "  molecules 
form a dimer. which is part of an extended network of 
similar interactions. 

ATOM-ATOM POTENBlAb ENERGY 
CALCULATIONS: A VALUABLE TOOL 
FOR BAGKiMG DECODING 

The examples discussed above show the importance of 
analogic crystal deconstruction. Clearly, this is not the only 
means by which to investigate crystal packings. Compu- 
tational methods can also be used. For example, the atom- 
atom potential energy method, in use for more than 50 
years in the organic solid-state chemistry 
has proven to be a valuable tool with which to estimate 
noncovalent interactions of the van der Waals type 
incrystals. The most cornmonly used expression for the 
empirical estimate of the packing potential energy (WE) 
of a molecrrl ar crystal is the 6-exp-l potential, with 
P$E = xlCjAe B'- l j -~r . .  ~ ~ + q . ~ . , . . .  ,i2'.22] In this ex- 

'.I ' J '1 
pression. index i runs over all atorns of a molecule taken as 
reference in the lattice: index j runs over the atoms of the 
surrounding molecules distributed according to crystallo- 
graphic symmetry; rij is an atom-atom intermolecular 
distance; and q, and qi are the formal atomic charges if a 
coulombic term is included in the calculations. The basic 
assumption ~nderlying the use of most atom-atom po- 
tential calculations is that only central forces operate be- 
tween pairs of atoms. and chat the total interaction energy is 
the sum of the interactions between all atomic pairs. 
Repulsions arising fro111 short contacts between atorns 
belonging to different inolecules are taken illto account by 
the exponential f ~ t ~ ~ c i i o n .  A number of independent tabu- 
lations for the coellicients to be used in each type of 
atom-atom contact for organic substances, including 
hydrogen-bonded ones, are available in the litera- 
ture,[23."~ They are obtained by fitting observed crystal 

properties (heat of sublimation and known crystal struc- 
tures) or via ab initio caiculations of the interlnolecular 
potential energy.'251 

The atom-atom method is extraordinarily flexible and 
transferable and can be applied to a great variety of 
inoiecular crysialiine systems. including metal-containing 
materials."" Rather than use the atom-atom potential 
energy method to obtain (more or less reliable) estimates 
of the enthalpy of the crystal. the method can be used as a 

computational tool to explore the ES. i.e., the su~~oundings  
of a molecule within an observed crystal structure. For the 
pu

r

pose of crystal deconstruction. the lack of suitable 
parameters for the metal atoms does not seriortsly affect 
the calculations; the metal atoms, in fact- are usually 
deeply embedded in a sheath of ligands and screened from 
the surroundings, to the extent that their contribution to 
crystal cohesion is often minor, if not negligible. The 
molecules forming the first-neighbor shell of the one 
chosen for reference can be selected and ranked on a 
relative scale of pairwise van der Waals energy.12732s1 

COMPARISON OF PAGKINGS CAN 
BE USEFUL TO UNDERSTAND 
PHASE TRANSITIONS AND 
CRYSTAL TRANSFORMATIONS 

It was amply demonstrated in studies of organic solids that 
little differences in free energy are sufficient to yield al- 
ternative packing modes, and that, in the absence of highly 
directional forces; there is no unique way to organize the 
complex web of intermolecular interactions responsible 
for the choice of packing arrangement. This is at the basis 
of the phenomenon of crystal polymorphism.16~" One 
way to tacltle this problem is to colnputationally generate 
theoretical crystal structures, which often goes under the 
epithet of crystal structure This is an 
important area of research, but it falls outside the scope of 
this article and will not be discussed. 

A crystal decollstruction application of the atom-atom 
potential energy method to tackle a problem of confor- 
mational polymorphism is provided by ferrocene.'"] for 
which a disordered monoclinic phase is stable at rooin 
temperature and to 163.9 K. below which it forms an 
ordered triclinic phase. An orthorhombic phase can also 
be grown by seeding at low temperature with crystals of 
orthorhombic ruthenocene. At the crystal level, the three 
phases differ in the relative orientation of the molecules 
(see Fig. 6). which. in turn, possess different relative 
conformations of the cyclopentadienyl ligands. In terms 
of van der Waais energy, it was shown that the difference 
between the various phases is sinall (of the order of 1 
kcal . m o l l ) ,  and that the phase transition behavior can 
be understood as a need to alleviate interatomic repulsions 
as the temperature is decreased and the hydrogen atoms at 
the periphery are brought in to closer c~n tac t . "~ ]  Crystal 
deconstruction also allows for the modeling of the tran- 
sition between the orthorhombic and the inonoclinic 
phases as the temperature is increased;13" as it can be 
appreciated on conlparing Figs. 6b and 6c, a relatively 
simple geared motion in the plane of the drawings can 
lead from one phase to the other. 
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Fig. 6 Space-filling replesentatlon of the molecular organiza- 
tlon in the tricllnlc (a). monoclinlc (b). and orthorhombic (c) 
forins of ferrocene '3'''1 The H atoms were om~tted for clanty 

CRYSTAL CONSTRUCTION WITH 
VAN DER WAALS INTERACTIONS 

In van der Waals solids. the attractive forces acting be- 
tween molecules. regarded as ensembles of atoms, are not 
particularly sensitive to ~nolecular shape. rather they de- 
pend on the distance and fall off rapidly (EXS-~) .  Repul- 
sions are effective at very short distances and are dependent 
on the nature of the peripheral atoms. In this way, the bulk 
of the molecule provides attraction, while surface atoms 
determine recognition. optimum relative orientation, and 
interlocking of molecules in the solid state. In general, a 
given supralnolecular arrangement in the solid state can be 
seen as the result of the minimization of short-range 
repulsions rather than the optimization of attractions. 
Therefore. it is important, when considering a van der 
Waals solid. to focus on the relationship between molec- 
ular shape and nature of the peripheral atoms. 

An example is provided by the work of Hosseini and 
collaborators, who designed one-dimensional van der 
Waals networks by joining calix[4]arene derivatives, 
bearing two receptor cavities asranged in a divergent 
fashion. by means of neutral molecules e~nployed as 
linear  connector^."^'"^ The example in Fig. 7 shows the 
result of utilizing symmetrical calix[4]arenes obtained 
from the double fusion of two different calix[4larenes by 
silicon atoms. The lcoilands so formed are joined together 
with hexadyine. which acts as a symmetrical connector."" 
The resulting one-dimensional network, or koilate, is 
obtained by translating the assembling core defined by the 

Fig. 7 Space-filling representation of the koilate (one-dimen- 
sional n~olecular a i~ay)  formed between a symmetrical calix[4]- 
arene derivative and hexadyine as a connector.'"'   he H atoms 
were omitted for clarity. 

inclusion connector into the cavity of the receptor. Rec- 
ognition. self-assembly, and cohesion of the solid-state 
networks are based on van der Waals interactions. 

CRYSTAL DECONSTRUCTlOW IN 
CRYSTALLINE SALTS 

When dealing with molecular ions, the nature of the 
interactions changes considerably. The energies involved 
when ions are present are greater by at least an order of 
magnitude with respect to molecular neutral crystals. The 
dispersion energies are always attractive at long distances. 
while coulombic terms depend on the sign of the inter- 
action. The evaluation of the crystal energetics. even on 
an empirical basis, becomes more difficult when large 
polyatomic anions or cations are involved. The packing 
of molecular ions has to fulfill the same requirements 
for optimization of next-neighbors interlocking and of 
pairwise interactions with the additional, not trivial, 
constraint of minimizing the sum of repulsive interactions 

Fig. 8 Hydrogen crocoriate anions joined in chains (a) and ring 
dimers (b) in crystalline RbllC5O5 and CsHC505. respectively. 
(From Ref. [36].) 
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between like charges and maximizing the attraction be- 
tween ions of opposite signs. 

The crystals of RbHC505 and CsHC505 are good 
examples of the relationship between directional hydro- 
gen-bonding interactions and ionic charges['71 (see Fig. 8). 
The structure of the rubidium salt contains chains of hy- 
drogen crocollate anions, while the cesium salt is char- 
acterized by the presence of ring dimers (Fig. 8b). An ab 
initio computational analysis provides the notion that 
the ( '0-H. . . 0 '  ' hydrogen-bonding interactions be- 
tween like ions are not sufficient to bind the ions together, 
as the stability is provided by attractive next-neighbor 
anion. . cation interactions, which largely overcompensate 
for the combined effect of next-neighbor anion . .anion 
and cation. . .cation repulsions. These observations lead to 
the recognition that (-)o-H . . . 0'-' interactions are 
not energetically determinant in the cohesion of these 

salts, while they are responsible for the spatial organiza- 
tion of the anions. The '-'O--H. . .O'-' interactions 
contribute to cohesion by reducing interanion repulsions. 

Another example is afforded by potassium croconate 
K2C505, which was isolated and characterized as 
K2C5Qi . 2H20 by ~ u n i t z [ ~ ' ]  and subsequently by us.'391 
The coordination around the potassium cation is depicted 
in Fig. 9a. The croconate dianions form columns. 
extending parallel to the c-axis. completely surrounded 
by cations and water molecules, with these latter acting 
as "pinchers" on the dianions (see Fig. 9b.c). The short 
interplanar separation (3.30 A) is thus a result of the 
external interactions that "compress" the anions together. 

The deconstruction of the potassium croconate crystal 
allows us to recognize the analogies with another member 
of the family of oxocarbon anions, rubidium rodizhonate 
R ~ ~ c ~ o ~ . [ ~ ~ ~  The crystals possess some remarkable 

Fig. 9 Crystal deconstructio~l in K2CsOj . 2H20: (a) the coordination of two water molecules and four croconate dianions around the 
K+ cation in crystalline; (b) the dianions are stacked in columns surrounded by the cations and the water ~nolecules (b); the latter act as 
"pinchers" along the columns (c). (From Refs. [37.38].) 



Fig. 10 (a) The pseudosixfold symmetry of c ~ o ~ ~  diallions 
and Rb+ cations in a layer of crystalline Rb2C606: and (b) the 
stacking of layers. showing how the dianions are shifted and 
the Rb+  ions are in close contact. forming cationic piles. (From 
Ref. [39].) 

features: I )  there are layers of rhodizonate dianions 
 organized with pseudosixfold symmetry within 
the layer (see Fig. I&), and the  units lie flat on 
each other at an interplanar distance of 3.30 A: and 2) the 
Rb+ ions form cationic rows in between the rhodizonate 
units (see Fig. lob). 

CONCLUSION 

The design of solids starting from molecular and ionic 
building blocks with predefined shapes and functions has 
become the forefront of molecular assembly and recogn- 
tion studies. as well as of materials chemistry research. 
This is witnessed by the rapidly increasing number of 
publications that deal specifically with intermolecular 
interactions in molecular solids. A great contribution to 
these studies came from the development of structural 
databases, in particular, the CSD (Cambridge Structu

r

e 
Database), and, to a smaller extent, the IGSD (Inorganic 
Crystallographic Structural  ata abase),'",^" which per- 
mitted statistical evaluation of the topology of noncovalent 
interactions on a large basis. The "quest for intermolec- 

ular interactions" afforded remarkable insight into ihe 
factors responsible for recognition and cohesion. Some 
cautionary words are. however. in order. It is argued that it 
is dangerous to focus exclusively on pairwise interactions. 
as one may forget that it is the overall balance of 
interactions. some acting at short range only, some acting 
at very long range, that accounts for cohesion in molecular 
crystals. At the same time, very weak interactions. falling 
in the fluctuations of the crystal structure energetics (due, 
for instance: to motion of atoms or atomic groups), may be 
~iseless in design strategies, because they are too feeble to 
control crystal construction. Only strong pairwise interac- 
tions (e.g., an 0-H . .O bond) may stand out of the noise 
and act as true packing directors. Because interactions of 
this type are often already present in solution; nucleation 
and crystal growth occur around preformed long-living 
aggregates. On the other hand. crystallization of structur- 
ally nonrigid molecules often requires complicated 
compromises between iiltra-and interrnolecular interac- 
tions. The dynamic behavior of molecules or ions in the 
solid state (frorn libration, to large amplitude and 
reorientational motions, and fluxionality) will also be 
controlled by intermolec~rlar interactions and by the way 
these will convolute with the internal energy barriers to 
structural rearrangement.'"' Insights into the relationship 
between size. shape, and charge of the component 
molecules and the molecular organization in the crystal 
can be obtained by decoding observed crystal packings by 
means of empirical packing potential energy calculations 
and computer graphics. 
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Molecular crystal engineering is the bottom-up construc- 
tion o f  fi~nctional materials, starting from molecular or 
ionic building blocks assembled by means o f  noncovalent 
interactions. The hydrogen bond (MB) is the interaction o f  
choice, because it colnbines strength and directionality. 
These properties guarantee ~naterials cohesion and stabil- 
ity as well as reproducibility o f  crystal-directed syntheses. 

THE INTERACTION QF CHOICE IN 
MOLECULAR CRYSTAL EMGINEERING- 
THE HYDROGEN BOND 

Molecuiar crystal engineering can be viewed as the area o f  
supramolecular devoted to the controlled 
design o f  crystal!ine materials.i31 As noncovalent interac- 
tions are responsible for the existence and functioning o f  
supermolecules. intermolecular and interionic interactions 
are responsible for crystal cohesion and solid-state prop- 
erties. The FIB is the interaction of  choice in molecular 
crystal engineering, because it combines strength and 
directionality.'1.51 Strength is a synonym o f  cohesion and 
stability. while directionality implies topological control 
and selectivity, which guarantee reproducibility to the 
supramolecular assembly process. These properties are 
quintessential for an interaction to be useful in crystal 
engineering. A i~ondirectional. i.e.. nonselective, intermo- 
lecular interaction wili not possess specific topological 
properties, and its performance within different structural 
environments will not always be predictable. 

Strengtli deserves a more subtle comment, because it 
brings about the definition o f  the hydrogen bond. What is 
a hydrogen bond? The answer to this question is contro- 
versial and depends on the objective o f  the investigator. 
For the purpose o f  crystal engineering, however, Etter's 
elaborationLb1 o f  the Linus Pauling definition o f  a bond"' 
is probably the most appropriate: 

A hydrogen bond is an interaction that directs the as- 
sociation of n covalently bound hydrogen atom with one 

or more other atoms, groups of atoms. or ~nolecules into 
an aggregate structure that is sufficiently stable to make it 
convenient for the chemist to consider it as an independent 
chemical species. 

The focus is o ~ i  the concept o f  "directed" associatioll 
and o f  stability. The existence o f  an inter~llolecular bond 
is co~lceptually associated with the energetic stability o f  
the aggregate. 

For most pusposes. however. the HB can be described 
as a stable interaction o f  essentially electrostatic nature 
between an X - H  donor and an Y acceptor, being X -  and 
U-electronegative atoms or electron-rich groups.'" The 
H B  interaction is ge~lerally stronger than the strongest van 
der Waals i~lteraction. The H. . .U and X. . 4' separations 
are shorter than van der Waals contact distances, and 
X-H. . .U angles that tend to linearity are co~isidered 
diagnostic o f  the presence o f  strong HBS.'" The same 
topological rules are followed by hydrogen-bonding 
interactions between ions, even though the energetic scale 
is differ en^."^)' In the case o f  HB interactions between 
neutral molecules. the lengthlstrength analogy is believed 
to hold. i.e.. the shorter the acceptor-donor distance. the 
stronger the bond. This relationship. however, fails to 
apply satisfactorily in the case o f  weak and very weak HB 
interactions,'"' where the electrostatic colnponent is 
active at a distance larger than van der Waals contacts: 
and in the case o f  HB interactions between ions. where the 
dolninant energetic terms come from coulombic attrac- 
tions and repulsioils.i"l This latter aspect. in particular, is 
often overlooked. 

In terms o f  energy, H B  interactions span a large 
interval. ranging from tiny energies ica. 10 kJ/mol in the 
case o f  C-H.. 0. vide infra) to large values when the 
acceptor is an anion (ca. 120-130 kJ/mol in the case o f  
0-H. . .o"). Negatively charge-assisted.""' positively 
charge-assisted."" as well as resonance-assisted['51 HBs 
were identified. Metal atoms call also be directly involved 
in EIB formation."61 
A discussion o f  the energetics o f  the HB is beyond the 

scope o f  this article. What is relevant for crystal engi- 
neering is the notion that the strongest o f  weak hydrogen 
bonds are comparable to the weakest o f  strong hydrogen 

Eizc?clopediil of S~i~~rai i~olec~t l iz i .  Cizeil~i.uti-y 
DCI: 10.108 I/E-ESMC 120012752 
Copyright e 200-1 bq Marcel Dckker. Inc. All sights ~.eter\.ed 



Crystal Engineering with Hydrogen Bonds 

bonds (- 20 1cJImol) and. in terms of  crystal structure 
directing effects. there seems to be little difference be- 
tween these two categories. As in conventional covalent 
bonding, there is a continuum o f  energy, and the 
distinction between strong and weak HBs is, often, only 
conventional. It is essential. however, to know the exact 
nature o f  the interactions one is trying to control. I f  
discrimination needs to be made. this is between non- 
covalent interactions in ionic and neutral crystalline 
materials because o f  the differences in physical properties 
(solubility, melting point, behavior under mechanicai 
stress. etc.) arising horn the presence o f  ions or neu- 
tral molecules. 

In general. strong donorlacceptor groups such as 
-COOH and -OH systems. as well as primary -CONH2 
and secondary -CBNHR amido groups, forin essentially 
the same type o f  HlB interactions, whether as part o f  
organic molecules or o f  metal coordinated ligands. This is 
not surprising. as HBs forrned by s~lch strong donor and 
acceptor groups are at least one order o f  magnitude 
stronger than most noncovalent interactions and are most 
often already present in solution. For the purposes o f  
crystal construction, the utilizatioil o f  a single very strong 
interaction; as the 0-H. . 0' ' mentioned above, is not 
necessarily the best or only way to provide cohesion. The 
"Culliver effect" can also be exploited: the collective 
strength o f  weaker bonds may be equivalent. in terms o f  
cohesion. to the strength o f  a single bond, although the 
directionality cornpoilent may be lost or greatly dirnin- 
ished with respect to that o f  single strong bonds, e.g.. 
0-H . .O or W-H. . .0. etc. 

HYDROGEN BONDING AND CRYSTAL 
ENGINEERING INVOLVING 
NEUTRALMOLECULES 

Some examples o f  utilization o f  H B  in crystal engineering 
strategies are presented in the following. The reader is 
referred to the entries on crystal engineering and to those 
on the hydrogen bond for more details. The selection o f  
examples is clearly arbitrary and cannot do justice to the 
number o f  scientific groups involved in this booming field 
o f  research."" 

An early entry into the crystal engineering o f  organic 
crystals using strong 0-H.  . .O bonds is provided by the 
work o f  ~ t t e r . " ~ '  The molecuie i-3-cyclohexanedione, 
[C6W802]. capable o f  forming 0-Pf. . .O HB interactions, 
can be crystallized from T H F  in linear chains (Fig. la)  or 
in hexarneric units (Fig. Ib) when the solvent is benzene. 
which acts as a ternplating unit through the self-assembly 
o f  the dione molecules. W e  were later able to mimic such 
behavior by replacing benzene with his-benzene chromi- 
um (vide infra).r'yl 

Fig. 1 Etter's example of crystal engineering with 0-H. . .O 
hydrogen bonds: (a) a space-filling representation of the chain of 
0-H. . .0 bonded 1.3-cyclohexanedione molecules, crystallized 
from THF: and (b) the cyclamer formed by 1.3-cyclohexanedione 
with benzene-note how the benzene molecule is surrounded by 
six neutral molecules linked by 0-H.. .O interactions. 

Hanessian utilized N-Il. . .O interactions between 
tmns-1,2-diaminocyclohexane and 1,2-diols to construct 
supramolecular helicate structures that, depending on the 
chirality o f  the diols. can be left-handed or right- 
handed.r201 An example is given in Fig. 2. which shows 
the left-handed helical structure formed by the self- 
assembly o f  (R,R)-1.2-diaminocyclohexane with (R,R)- 
2,3-butanediol via N-H . .O hydrogen bonds. 

Crystal engineering endeavors based on weak HBs are 
less frequent for the reasons given above. One may 
wonder i f  weak HBs are "good enough" to direct mo- 
lecular recognition and crystal packing. While there is 
consensus on the relevance o f  C-H . .O bonds in crys- 
tals; C-H . .N bonds have not been investigated to the 
same extent. Boese showed that C-H. . .N bonds call be 
used likewise for producing predictable patterns. For 
instance. C-H . .N bonds can be used between . S ~ I ~  CH 
groups and nitrogen atoms in pyrazines and methyl- 
substituted p y r a ~ i n e s ' ~ ~ ~  to form layered structures (see 
Fig. 3): the inethyl groups are involved in sp3 C-H. . .n 
interactions and govern the interlayer packing. 

Combining coordination bonds with hydrogen bonds is 
another attractive crystal engineering perspective. Bram- 
mer and collaborators elaborated the idea o f  incorporating 
transition rnetals into the design o f  hydrogen-bonded 
crystalline solids.["22i1 The metal centers can be used to 
provide a directing influence upon the hydrogen-bonded 
links between neighboring building bloclis (Fig. 4a)r221 or 
are appended as a potentially functional group to the 
parent hydrogen-bonded organic network, as in TC-bonded 
organometallic systems (Fig. 4b).[231 Coordination o f  
halide ligands to transition metals leads to good HB- 
acceptor capability. New supramolecuiar hydrogen-bond- 
ing motifs, such as N-H . .X3M and N-H. . .X2M, that 
have i ~ o  precedents in organic crystal engineering were 
~ ~ s e d  to construct hydrogen-bonded assemblies using 
ammonium salts o f  perhalometallate ions.r241 
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Fig. 2 Space-filling representation of the left-handed helical 
structure formed by self-assembly of (R.R)-1,2-diaminocyclo- 
hexane with (R,R)-2.3-butanediol via N-H.. .O hydrogen 
bonds.['0' For clarity. Hcr3 atoms are not shown. 

Aakeriiy and c ~ l l a b o r a t o r s ' ~ ~ . ~ ~ ~  elaborated a strategy 
based on the assembly of inorganiclorganic architectures 
through a combination of copper@) coordination polymers 
and self-complementary hydrogen bonds. The design 
strategy yields lamellar inorganiclorganic hybrid materi- 
als (see Fig. 5). Infinite copper(1) halide coordination 
polymers provide robust one-dimensional building blocks, 
and these are s~~bsequently linked into two-dimensional 
layers by attaching one pyridine ligand to each metal ion. 
The ligand, which carries a self-complementary hydrogen- 
bond moiety (e.g.. carboxylic acid. carboxamide, oxime). 
provides a noncovalent directional tool for connecting 
neighboring coordination polymers into an extended two- 
dimensional network. 

HYDROGEN-BONDING INTERACTIONS 
BETWEEN IONS 

A practical instrument in devising new solids is afforded 
by the possibility of combining ionic charges and HB 

" ,% 
u 3 

Fig. 3 The use of C-H N hjdrogen bonds allows for 
format~on of a lajered structure in 2.6-dimethylpyraz~ne The 
methyl gloups ale ~n\ol\led In q73 C-H x lnteractlons (not 
shonn) and govern the Interlayer pack~ng 

Fig. 4 Examples of hydrogen bonds combined with coordina- 
tion chemistry: (a) stacking of adjacent layers (anions omitted) 
in crystalline Ag(02CCF3)L (L=pyrazine); and (b) zigzag tapes of 
[ C ~ ( C O ) ~ ( ~ ~ - T M A ) ]  with BuzO hydrogen bonded in channels. 

interactions. Because the HB has a fundamentally electro- 
static nature, the presence of ionic charges on the build- 
ing blocks can be exploited to strengthen the interaction. 
Charge assistance to HB is the enhancement of the polar- 
ity of donor and acceptor systems by utilizing cationic 

Fig. 5 Pyridine ligands carrying a self-complementary hydro- 
gen-bond moiety (carboxylic acid. in this example) provide a 
noncovalent directional tool for connecting infinite copper(1) 
chloride coordination polymers into an extended two-dimen- 
sional network. 
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Fig. 6 An example of guanidiniurn-sulfonate superstructures. 
The fundamental interaction responsible for robustness and flex- 
ibility is the charge-assisted '+'N-H. . .O"' hydrogen bonding 
between the guanidinium cations and the sulfonate anions, which 
can be varied in shape and length. 

donors and anionic acceptors instead of neutral systems, 
i,e,, x-H(+). . .y(-1 rather than X-H . .U. The favor- 

able locatio~l of ionic charges enhances proton acidity and 
acceptor basicity in the solid state. Hydrogen-bonding 
interactions between ions need to occupy a special place 
in the library of noncovalent interactions of interest to 
suprainolecular chemists and crystal engineers. because 
they optimally convolute the strength of the coulombic 
field generated by the ions with the high level of 
directionality afforded by the X-H. . .I' interaction. 

Interionic hydrogen-bonding interactions are easily 
accessed via homogeneous or heterogeneous acid-base 
reactions. By choosing the number of potential donor1 
acceptor groups on the building block and the acid-base 
stoichiometric ratio, one can control the formation of 
homo- or heteroionic interactions. For example. partially 
deprotonated polyprotic acids possess "loaded" and 
"unloaded" hydrogen-bonding donor groups. i.e.. COOH 
and COO'-', that can take part in the formation of 
heteroionic bridges with competing donors. This fairly 
comrnon situation arises when the base participates in 
the HB i~lteractions. This is the case, for instance, of ni- 
trogen-containing bases (ainines. amidines, etc.) that are 
protonated upon reaction with acid molecules. e.g., 
RCOOH+NIP~- ~ ~ 0 0 ' - ' .  . .'+ 'I-INR~, leading to anion- 
cation pairing in the solid state. and hence, to formation of 
'+'N-M. . .0(' charge-assisted  interaction^.'^^' 

With an analogous approach, "soft' ' molecular host 
networks were developed by Ward et al. They combine 
two relatively simple structural units: layers of guanidi- 
iliulli cations spaced by pillars of sulfonate anions (see 
Fig. 6).'2S1 The '+ 'N-H. . .Ow interactions between 

guanidinium cations and sulfonate anions render the su- 
perstructures robust and adaptable to the guest require- 
ments, while the porosity can be tuned by changing the 
length of the pillars. These properties were exploited in 
several applications, such as shape-selective separation of 
molecular isomers. 

A less cornmon situation is observed when the coun- 
terion cannot form HB interactions with the acid moiety. 
as in the case of the reaction with inorganic or organo- 
metallic 

Partially deprotonated polyprotic acids. possessing 
COOH and COO"' HB donor groups. can thus take part 
in the formation of homoionic bridges with themselves. 

This strategy was applied, rather unawarely, when 1,3- 
cyclohexanedione, [C6H802] was reacted with bis-benzene 
~hro rn ium.~ '~ '  The reaction afforded the pseudocyclamer 
formed by two [cs~(c~H~)~][(c~H~o~)~(c~H~o~)] units 
held together by 0-H. . .O and C-H. . .O interactions 
(Fig. 7). The product differs substantially froin Etter's 
compound mentioned above: the reaction between the 
acidic molecule and [ C T ( C ~ H ~ ) ~ ]  leads to the oxidation 
product [ c ~ ' ( ~ ~ - c ~ M ~ ) ~ ] +  and to partial deprotonation of 
the dione. 

A recent example of engineering a supramolecular 
arrangement with target magnetic properties is provided 
by crystalline [ c s ' ( ~ ~ - c ~ H ~ ) ~ ] [ H c ~ o ~ ] ,  obtained by react- 
ing squaric acid (3,4-dihydroxy-3-cyclobutene-1,2-dione, 
H2C404) with [ C S ( ~ ~ ~ - C ~ H ~ ) ~ ] . ' ~ '  The intercalation of the 
hydrogen squarate chains between the sandwich cations 
leads to the formation of one-dimensional D+A-D+AP 
structures comprised of alternating cation donors ( D )  and 
anion acceptors (A). The presence of a charge-transfer 
transition was detected in the reflectance spectrum, while 
magnetic measurements showed that the weak, but appre- 
ciable, antifersomagnetic interaction between the S=1/2 
of the [ C ~ ' ( ~ ~ - C ~ H ~ ) ~ ] +  catio~ls could be attributed to the 
anion-cation n-stacking interaction. 

Orpen and collaborators developed the use of salts of 
perhalo~netallate complexes [MX,,ll"-(X=Cl, Br, etc.: 

Fig. 7 An organornetallic mimic of Etter's cyclamer (see 
Fig. lb): space-filling representation of the pseudocyclamer 
formed by two [c~~(c~H~)~][(c~Hso~)~(c~I~~Q~)I. 
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Fig. 8 Hydrogen-bonding networks in  salts of perhalometallate 
coinplexes [ILIX,I1"-(X=C1. Br. etc.; iM=Pt. Zn. Mn. Pb. etc.) 
with organic cations possessing K-H hydrogen-bond donor 
functionality. 

M=Pt, Zn, Mn, Pb, etc.) with organic cations possess- 
ing N-H HB-donor functionality (Fig. 8).'","' These 
systems are modular and robust and offer the opportunity 
to exploit the shape, charge, and fullctional groups of the 
ions in order to control the crystal structures they form 
and. in particular. the HR networks they contain. 

Fig. 9 Space-filling representation of the L-tartaric acid frame- 
work in crystalline [~o~~'(~~-C~~~)~~[~-h~drogentartrate]. with 
the [ c ~ ' ~ ~ ( ~ ~ ' - c ~ M ~ ) ~ ~ +  cations (represented as large spheres) oc- 
cupying the channels. 

Chiral crystals based on hydrogen L-malate anions 
were assembled via ( ) o - H .  . .O' ) bridges in anionic 
layers."31 Because the two-dimensional network is highly 
reproducible, it can be transferred from crystal to crystal, 
inducing noncentrosymmetry, a target on the route to 
materials for a second-harmonic generation. We used 
analogous strategy to self-assemble chiral frameworks 
aroul~d organometallic cations (Fig. 9).'2y1 

Lehn el al. used interionic hydrogen bridges to direct 
the recognition and self-aggregation of metal complexes 
carrying terpyridine-derived ligands joined by intercation 
'+'N-H. . .w'+' bridges."" The solid-state arrangement 
of the ~ o ( t e r p ~ ) ~ ~ +  complex is highly dependent on the 
choice of counterion: in the [ P F 6 ]  salt, a two-dime~lsional 
infinite network is formed via pairs of N-El.. .N in- 
teractions. while in the [ B F J ]  salt. a broken network is 
observed (Fig. 10). This provides an example of col~1- 
petition between formation of N-H. . .PJ interactions and 
optimization of the coulo~nbic interactions that. in turn. 
depend on the size of the ions. 

The possibility of switching between neutral hydro- 
gen-bonded systems and charged systems is at the basis 
of the reversible gas-trap system obtained on reacting 
the cobalticiniuln zwitterion [c~" ' (~ ' -c~H~cooH)($  
-C5HJCOO)] with acid and base vapors (HCl; CF3CQOH, 
HBFJ. and NH3. NH2Me, N M ~ ~ ) . ' " . ~ ~ '  The salts result- 
ing from the heterogeneous reaction contain the organo- 
metallic moiety in its fully protonated form [ ~ o ~ ~ ~ ( 1 ~ "  
-C5HJCOBH)2]+ (in the reaction with acids) or in its 
f~tlly deprotollated form [ C ~ " ' ( I ~ ~ - C ~ H ~ C O ~ ) ~ ]  (in the 
reaction with bases), as shown in Fig. I I .  The two types 
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Fig. 10 A two-dimensional infinite netuork is formed via pairs 
of '+'K-H. . .N'+' interactions in the [ P F 6 ]  salt of the cobalt 
complex ~ o ( t e r ~ ~ ) ~ ~ +  (a), while a quarter of the potential 
hydrogen-bond interactions are not formed. leading to a broken 
network in the case of the [ B F d ]  salt (b). 
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Fig. BP The zwitterioil [c~'~'(~'-c~H~cooH)(~~-c~H~coo)] 
(a) reacts reversibly with EICl (b) and NH3 (c) hydrated vapors to 
give the corresponding salts. 

of reactions imply the interconversion between neutral 
0-H . .O hydrogen-bonding interactions and '+lo-H- 
. . .  x and "'0. . .H-w(+) interactions. respectively. 

Molecular crystal engineering is supramolecular solid- 
state chemistry. Crystal engineers concentrate their efforts 
on developing synthetic strategies aimed at the prepara- 
tion of periodic supermolecules. Engineering implies 
function-oriented design of the superstructure. selection 
of the building blocks (on the basis of their chemical and 
physical stabilities and of their extramolecular bonding 
capacity), their assembly and characterization. to end with 
evaluation of the properties of the resulting supramolec- 
ular aggregate. In order to be satisfactory, a supramo- 
lecular/crystal engineering synthetic strategy should be 
reproducible. Hence. the utilization of interactions that are 
strong and, at the same time. highly directional, such as 
hydrogen bonding; are favored for the assembly of mo- 
lecular components. These interactions are transferable 
from crystal to crystal and retain the same assembiy- 
directing capacity, even on changing the nature of the 

forces holding the building blocks together in the crystal. 
For these reasons, the hydrogen bond is the interaction of 
choice in the engineering of molecular and ionic crystals 
constructed from neutral molecules or molecular ions. 
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Crystal Growth Mechanisms 
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INTRODUCTION 

Crystal growth in a synthetic or suprarnolecular chemistry 
context is ~~sua l ly  from solution and is undertaken to 
purify a material or is used as a synthesis step in a crystal 
engineering strategy. The process of crystal growth may 
have a great effect on the final form and cornposition of 
the targeted crystalline material. An ob,jective of this 
contribution is to contrast the classical descriptions and 
the molec~~lar recogllition description of how molecules 
self-assemble into crystals from solution in order to 
describe the core mechanism and processes of crystal 
growth. In the classical interpretation. the vehicle for this 
process is the growth unit: for suprarnolecular chemists. 
the comparable vehicle is the synthon. Both perspectives 
rely on a hierarchical description of overall assembly 
directed by the Sunctionality inherent to the crystallizing 
species. This process naturally forms the basis for 
understanding how the growth units assemble (crystal 
graph. for crystal growth or motif, for crystal engineer). 
Such an understanding of the molecular assembly at the 
crystallographic level is widely used to describe the 
f~~nctionality and stereochemistry inherent in the bulk and 
surface of the crystal, and this information can be utilized 
to direct crystal growth. 

GROWTH THEORIES 

Two aspects of crystal growth"." will be co\.ered: One 
aspect pertains to surface processes and the second to 
transport processes at the growing crystal face. However. 
it is first necessary to describe the nature and mechanism 
of a crystal face capturing growth units from solution. 
According to Hartman and ~erdock." '  for a three- 
dimensional crystal face. the capture of growth units can 
be classified according to how many contacts form 
between the adsorbed growth unit and the crystal surface. 
If three orientations of surface contacts are involved, then 
incorporation is at a kinked face: if two orientations of 
surface contacts are involved. then incorporation is at a 
stepped face: and if one surface contact is involved. then 
incorporatiom is at a flat face (Fig. 1). According to 
 emk kin."' (for any of the above incorporation steps). the 
energy change occurril~g when a solvated flat surface is 

roughened by the transfer of a solvated growth block from 
one layer of the surface to form a new layer can be 
expressed as the overall calculated energy of dissolution. 
then adsorption, and is gilen by Eq. 1: 

where is a binding energy of a growth unit, and the 
subscripts indicate the type of binding interaction: ss for 
solid-to-solid binding. jj for fluid-to-fluid binding, and sf 
for solid-to-fluid binding. 

According to ~ a c k s o n . ~ ' ~  which growth mechanism a 
crystallographic unique face obeys depends on the 
magnitude of the surface roughing factor, 8%. which is a 
function of AElkT. Human et al.i61 modified the Jackson 
y.-factor function to include pararnaters that account for 
the supersaturation contribution and the contribution 
arising from the binding energy of the crystallographic 
plane and crystal lattice under consideration. E!:"' and 
E ~ l ? . h t ( i /  ,, . respectively, see Eq. 2: 

where Q=solubility relative to the density of the crystal- 
lizing solute. 

In this scheme (the respective growth processes are 
illustrated in Fig. 2), as supersaturation decreases, a region 
occurs where r<2-3. This range is where the growth 
process is without a layer mechanism and grows without 
any crystallographically defined orientation. If 3 > x > 5 .  
then the system moves to growth dominated by nucleation 
with subsequent layer growth. When x>6. then sequential 
layer growth occurs. and this is when the supersaturation 
reaches the metastable zone on the solubility 

In general. at low supersaturation, the growth is via flat 
faces according to the solubility modified r-factor. In 
addition. the general analysis of y. indicates that if AE is a 
kinked, stepped. or flat face, the energy change decreases 
according to the following inequality: 

and thus indicates that a flat face is the energetically most 
unfavorable. So. growth via a flat face requires an 
energetically cheap mechanism for the growt1-1 process. 

Crystal growth theories aim to describe how an 
energetically unfavorable flat faces grows and how a set 
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Fig. I The classificatio~~ of surface contacts according to 
Hartman and Perdock: I-D-flat. one contact: 2-D-step, two 
contacts: 3-D-kink. three contacts. (View this ar t  in color nf 
~~.tv~~,.dekker.coin.)  

of possible flat faces may grow relative to each other. It 
was Cabrerra, bur tot^, and  rank'^' who first proposed that 
the energetically cheap process that enables a flat surface 
to grow is mediated by the presence of the screw 
dislocation lattice defect. In this model of how a lattice 
surface grows. the growth rate for a flat surface is 
described by a complex product of the flux of growth units 
entering kink sites: the step velocity (v,,,,,): the density of 
kink sites (p,,,,); and the height of the step (h,,,,). The 
theoretical expression for the rate of a crystal surface 
growing (Gldi) is described by an involved set of 
paraineters for a flat surface. using screw dislocation 
lattice defects. but can be simply put according to Eq. 3. 

The complexity of each variable arises as the flux of 
growth units entering a kink site is determined by a 
filnction describiilg the diff~~sion of growth units to the 
kink sites. The density of steps is related to the spiral 
curvature. which is a function of supersaturation: the 
height of the step depends on the initial number of defects 
in the nucleating crystal. The exact form of Eq. 3 can be 
found in the l i te~ature. '~-"~ 

For moderate supersaturation, the mechanism of 
growth is described by a site nucleation process. followed 
by growth from this nucleation In this 
process. the growth rate is deter~nilled by a complex 
product of nucleatioil rate N,. step height H,T, and step 
velocity V, .  Again. the theoretical expression for the rate 
of a crystal surface growth (G,,) is described by an 
involved set of parameters for nucleation and spread 
mechanism but can be simply put according to Eq. 4. 

The nucleation rate N, is determilled by a function that 
relates the surface energetics of the nucleation process and 
the supersaturation. The step height N, describes the 
number of growth sites available from the nucleation 
center. and it is determined by the type of growth site, 
which is also a fitnction of supersaturation. Step velocity 

V,  is determined by a function that describes the rate of 
the diffusion of growth units over the surface from the 
nucleation center. 

At high s~ipersaturation, a surface is deemed to contain 
a large number of kinks and steps. The surface diffusion 
step that describes how a gro~vth unit finds a growth site 
depends on supersaturation only. In this situation. it is 
assumed that all growth units find a growth site. and under 
this mechanism, the growth rate takes on a simple 
form.",21 as shown in Eq. 5. 

To describe the bulk growth of crystals ill solutioil where 
the solvent is in excess, the groivth rate G is described by 
two contributions. These are the mass transport to the 
particle surface and the reaction or integration step, the 
process whereby incoming growth units incorporate into 
the crystal surface. Again. the quantities involved are 
complex, and the details are to be foiund elsewhere.'"' 
Shown in Eq. 6 is the bulk growth rate expression. C,  
derived using first-order kinetics: 

where o is the supersaturation and represents the 
difference between the concentration in solution: k, and 
1cd represent the rates of incoi-poration and diffusion. 
respectively. at the incorporating interface. See Fig. 3 for 
an overall schematic representation of the mass transport 

Fig. 2 The classification of the crystal growth process 
according to Jackson r-factor: (a) rough grow7th: (b)  island 
grou-th (nucleation and spread): and (c) spiral groa th. (I'ie,~ this 
nrt in color at ~i,iviv.dckkexcoiiz.) 
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crystal. In order to do this, two assulnption5 are made, 
which are reviewed in the literatt~re:~".'~~ 

1. Crystals gron by the addition o f  complete layels o f  
thicline\s d,,,,i that ha\e the same crystal structure as 
the bulk, as given by the crystal structure. taking Into 
account systernatlc absences. 

2. The energy ieleased per mole o f  layer-the so-called 
attachment energy. E,,,. 1 5  directly proportional to the 
growth rate o f  the face. 

surface ~nteg~at~on,  C, e" = ( C ,  -C,) IC, The introduction and use o f  these assumptions are often 
attributed to the pioneering work o f  Hartinan and Perdok in 

Fig. 3 The diffusion model of crystal growth. (\/'iew this art in 
color uf ~~~wn..ilekker.coin.) 

the 1950s."~ In making these assumptions, they extended 
the treatment o f  crystal inorphology described by l ibbs  
and W u l f .  In this system o f  analysis o f  expressed faces. the 

process. Over the range o f  supersaturation and differing kI 
and k,/; three regimes o f  growth are usually observed. 
When k1<k,/. then the integration step dominates growth: i f  
h-,,<kI, then the diffusion step doininates the growth; and 
when k,/=kl, then the growth process is a cornbination o f  
both processes. 

In summary. whichever mechanism appropriately 
describes the mechanism o f  crystal growth from solution. 
crystal growth i s  the balance between adsorption and 
desorption processes at the solid-liquid interface. Conse- 
quentiy. temperature, supersaturation. surface process, 
diffusion process. and the energy transfer associated with 
incorporation contriblute to the description o f  the overall 
crystal growth process. 

faces that bound a crystal will be those with the more 
positive E,,,, consistent with the point group synunetry. 
Additional assumptions are made that relate to fluid-fluid 
contributions and fluid-solid contributions. These are 
assumed to be isotropic interactions. in that they are 
nonface specific, and that the anisotropic contribution from 
the solid-solid interaction is the critical quantity describing 
E,,,. For this to be valid, the assumption is made that there 
is no differentiation between bulk and interface interac- 
tions. In conclusion, o f  the factors that affect crystal habit, 
the morphology is dominated by the slowest growing faces, 
with the exact habit described by the relative growth rates 
o f  all flat faces. As we will see. modern theories attempt to 
account for the process a,t a molecular level. 

HABIT MODELING THEORY 
CRYSTAL GROWTH AND CRYSTAL HABIT 

Various approaches exist for predicting crystal habit. The 
It is the overall relative growth rates o f  crystal faces de- basic concepts o f  those co~llmonly used will be described. 
scribed by the internai structure o f  the crystalline inaterial 
under consideration that determine the observed eauilibri- h 
urn morphology o f  crystal. refemed to as habit.'12.'" l ibbs  
and W ~ l f ~ " ~  described the attainment o f  an equilibrium 
form acco

r

ding to surface free-energy sums being m i n -  
mized. later relating the dominance o f  a face to the distance 
a face was from a growth center. according to the relative 
surface-energy col?tribiltion o f  each possible face. An 
irnplicaiion is that the relative growth rate o f  faces defines 
the final shape o f  the crystal. As flat faces are the slowest 
growing faces. then the habit is defined by the relative 
gron-th rate o f  these flat faces (see Fig. 4). In addition. i f  
spiral growth conditions hold. the enerpetics o f  the process - 

can be written in terms o f  a sequential lattice layer concept Fig. The relationship habit and the relati\e growth 
o f  face formation. With  these two criteria, the habit o f  a of faces: the faces 'iefined by illteractiolls 
crystal is defined by a set o f  expressed faces based upon a,ld slowest growth: and the edge defined by the strongest 
relating face growth to the individual surface energy o f  each i~lteractions and the fastest growth. (V i e~ i .  t1zi.s urt in color at 

plane in the set o f  crystallographic planes defining the ~vbr'\~,.tlekkei..coin.) 
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The methods. as described. are not able to accommodate 
modifications to deal with solvent or impurity effects. 
How these effects might be included in the model will 
be discussed later. The following are three commonly 
used approaches: 

1. The Donnay ~ a r k e r " ' ~  approach-The attachment 
energy is assumed to be inversely proportional to the 
interplanar spacing. Thus, the relative growth rates of 
faces in a series can be assessed purely on the basis of 
their structures. 

2. The Hartman and ~erdok'" approach-An examina- 
tion of the crystal structure is undertaken. in order to 
identify molecular chains within the crystal structure 
(referred to as the crystal graph). For each molecular 
chain identified, the intermolecular interactions with- 
in the rnolecular chains are classified. The weakest 
intermolecular contacts within these chains are iden- 
tified and are taken to be the molecular contacts that 
determine the growth rate of that particular chain. 
These points are then used to identify sets in the 
crystallographic plane that describe the crystal (the 
crystal net) and are taken as the flat growth face that 
defines the habit. It is from this work chat the irn- 
portance of attachment energy in describing rate of 
growth of a specific crystal face in low supersatura- 
tion was made. 

3. The attachnlent energy approach-~ennema[ '~~ and 
coworl<ers initially, and more recently Docherty and 
Roberts (HABIT code)'"' and Berkovitch- elli in,'^" 
utilized the attachment energy as derived from 
differences between the lattice energy (the potential 
energy summation derived from a central inolecule to 
all other molecules in the lattice) and the slice energy. 
The slice energy is defined as the potential energy 
summation from the central molecule along the 
direction of a Miller plane that characterizes a set of 
lattice planes that describe a specific face. Parame- 
terized Leonard-Jones-type potentials are commonly 
used, and a pairwise s~~inmaiion of all the nonbond 
interactions and an Ewald summation for either point 
charges or ~nultipole contributions to the electrostatic 
interactions are used in the calculations. As with all 
calculatio~ls of this type. the calculated morphology 
obtained is sensitive to the combination of charge 
treatment and potential set used. 

SOLVENT AND IMPURITY EFFECT 
ON CRYSTAL GROWTH 

As stated earlier. the internal structure controls the 
energetics of a molecuIe or ion attachment to the cryrtal 

surface. For different crystal surfaces, the energetics vary. 
and it is this variation that differentiates between the 
growth rates of respective faces.r211 External factors, such 
as the levels of supersaturation, solvent. and in~purities, 
may contribute additional influeaces on the attachment 
energy for a set of growing faces, with the result that a 
modification to the overall habit is observed as the growth 
conditions are varied. In particular, because crystal growth 
is a surface-specific process, with the distinct feature that 
if a recognition process between a crystal face and im- 
purity or solvent occurs, then a dramatic influence on 
crystal habit is achievable. 

A problematic area is how to ratify the effect of solvent 
or impurities. When analyzing the effect of solvent or 
impurities on crystal habit. two factors are essential to 
understanding the process. 

The first is the process of solvent or impurity inclusion 
at the growth site. Here, attachment energy calculations 
are used to assess the effect. Two parameters are used to 
evaluate the impact of inclusion. One parameter is the 
binding affinity of the solvent or impurity to a specific 
lattice plane. this is used to characterize the affinity of the 
solvent or impurity for a specific face. The second key 
parameter is the inclusion effect on the attachment energy. 
What must be envisaged in this process is that the habit is 
altered as a result of an impurity or solvent molecule 
blocking a growth site. such as a kink, and so reducing the 
growth rate of one face relative to the others. i.e.. 
increasing the attachment energy. As the binding affinity 
increases, the probability of incorporation increases. This 
approach to the mechanism of impmities and solvent is 
effective, because the concentration of active growth sites 
on the surface is low, and an impurity or solvent may be 
specific to one particular face. 

The second factor in quantifying the influence of 
solvents or impurities is the effect of solvent or additive 
on the growth mechanism. particularly when solubility is 
affected. Because solubility defines supersaturation, any 
change in supersaturation can cause the growth mecha- 
nism to move from screw dislocation to surface nucleation 
and eventually to continuous growth. This is the change in 
growth behavior as previously discussed. Predicting the 
transition of the growth process from one of continuous 
growth to one of spiral growth requires detailed calcula- 
tions that include surface diffusion, collision, and ex- 
change processes at the growth interface. The transition of 
the growth process that includes the above phenomena is 
usually modeled using an Psing Net and Monte Carlo 
simulation techniques. 

It is important to note that the comparison of exper- 
imental morphologies to calculations is also problematic. 
due to the effect of solvent. It is usual to compare the 
habit of a crystal grown by sublimation with those gen- 
erated by varying the solvent. For example, when the 
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calculated sublimation and solvent-grown crystal mor- 
phologies of succinic are compared, the role of the solvent 
becomes clear. As morphology and binding modeling 
indicate, the presence of water results in the rhomb mor- 
phology elongating. as the water molecule has a prefer- 
ence for the (100) faces and, with the presence of 2- 
propanol. has a preference for the (010) faces, resulting in 
needle inolphology. 

CRYSTAL GROWTH: ADDITIVES 
AND HABIT MODIFICATION 

If solvents or impurities are added to produce a specific 
effect on morphology, they are referred to as "tailor-made 
additives." In recent years, the principle of selecting a 
molecule to selectively disrupt or block the growth of 
specific faces and, consequently, to modify the habit or 
inhibit growth has been widely applied. Which process 
occurs depends on the additive loading and to what degree 
the additive blocks the subsequent growth layer. This work 
was guided by the habit calculations using attachment 
energies. In many cases, the choice of additive is made 
purely on considerations of surface geometry. 

In all cases. the objective is to identify additives that 
will either cap a growing face and thus act as a blocker to 
growth from the target face or that will maintain the ability 
to support the next face layer but distort the attachment of 
the next layer, thus acting as a disrupter to growth from the 
target face (see Fig. 5). The reason for modifying crystal 
morphology relates to the effect of particle geometry on 
the physical properties, such as particle flow, filtration 
characteristics, or optical properties. 

Some examples of the attachment energy calculation 
approach to additive effects can be found in the Clydes- 
dale, Roberts. and Dochesty article on HABIT 951'3.271 and 
Davey, Polywka, and ~ a g i n . " "  For instance; the effect of 
benzoic acid on the growth of benzamide and the impact of 
biphenyl on the growth of naphthalene were modeled and 
analyzed in these articles. An example in which laboratory 
experiments and calculations were used is the work on the 
disruptive additive benzoic acid on benzamide.["] Pure 
benzamide grows in needle-plate geometry. but in the 
presence of benzoic acid. the morphology changes to a 
rhombohedra1 plate. In this system. the aim was to block 
the formation of the hydrogen-bond ribbon characteristic 
of the structure along the [010] axis."61 This was achieved 
using benzoic acid, as the incosporation of this molecule 
into the hydrogen-bond ribbon disrupts the attachment of 
the next incoming layer, as no -H-0- contact is available 
for benzamide attaching to benzoic acid incorporated in 
the chain. Consequently, the (010) faces dominate the 
habit. and the crystal elongates along the [I001 axis. 

Calculations are not always carried out; often, a 
geometric approach is used. Again. there are many 
examples to be found in the literature: one example is 
the selective inhibition of prochiral faces (viz. when a pair 
of faces are described by lattice planes that are mirror 
images of each other). for glycine['" by chiral additives, 
such as L- or R- serine. Here, the solution was doped with 
either the L- or R- form of the amino acid serine. Both 
forms of the amino acid cause the glycine crystal to grow 
as a pyramid. instead of growing as the usual bipyrainid. 
This occurs as glycine posseses a prochiral axis along 
[010]. This prochiral axis arises as the glycine molecules 
form two antipolar sets (the relative mirror orientation of 
the molecule within prochiral lattices gives rise to 
alternating pairs of lattices within the structure) within 
the structure and lie pelpendicular to the orientation of 
prochiral lattice planes. The habit modification was 
rationalized in terms of the R-serine being specific for 
the 1010) face only and the L-serine being specific for the 
(0-10) face only. The overall habit arises as the antipolar 
set typifies the plane intersecting the bipyramid, and each 
component of the antipolar set characterizes one of the 
respective top faces of the bipyramid. 

A variation of the principles of habit modification is the 
inhibition or retardation of crystal growth. In this strategy, 
the additive is selected to mimic and block the fastest- 
growing face of the crystalline material under study. This 
has led to additives, which control encrustation, fouling 
the surfaces in many industrial situations, i.e. barium 
sulfate precipitation in oil wells.[251 

A common theme for all of these examples is the ap- 
plication of an i~npurity that partially mimics the stereo- 
chemistry of the next incoming growth layer of a specific 
lattice plane, and in doing so, manipulates the significance 
of the targeted faces in the overall morphology. Not only is 
the crystal engineered to express a specific morphology. 
but influences on size are also observed. 

To conclude the discussion of habit modification by 
additives, additive choice is based either on a geometrical 

Fig. 5 Additive strategies for habit modification: (a) capping 
of a growth layer site; (b) disruption of contacts due to an 
additive larger than the site: (c) disruption of contacts due to an 
additive snlaller than the site. (View this trrt in color at 
wvt~~v.deklcer. coin.) 
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match between the additive geometry and the host site or 
on calculatioi~s. Calculations are used to determine the 
affinity of the additive for the rurface, and the influence of 
the additives on the energetics of the growth process. In 
certain cases, the choice is based on a guess using deri- 
vatives o l  the molecule under study. 

CRYSTAL GROWTH AND 
POLYMORPH SELECTION 

A variation on the application of imprrrities, which affect 
the crystal growth process, has been the selection of 
polymorphs"6'271 grown from solutions using solvents and 
additives. In this area, the route to polymorph selection 
and stabilization is to employ additives or solvents 
(impurities) that have the ability to inhibit or to interfere 
with the fastest growth directions of a stable polymorph 
over that of the metastable form exhibited by the system. 
Such studies highlight the subtle role growth conditions 
play in crystallization and have direct ramifications for the 
supra~nolecular chemist engaged in crystal engineering. as 
such work highlights the effects kinetics and growth 
conditions may have on the durability of a synthon to 
generate a particular architecture. This arises. as such 
systems are subject to the issue of the growth of one form 
over another, which is described by Bstwald's rule of 
siages."" which states: 

". . .when a change in phase occurs. the transformation 
proceeds not directly to the most stable phase but to the 
next stable. . .." 

Consequently. for solut~on crysta!hzation. polymorphi\m 
adds a klnetlc d~mens~on  to clystal growth, whereby the 
kinetics requlres that the transtor~natlon of one phase (GI) 
to another (CI1) in solution 1s dependeat on the dissolution 
(k&f the metastable phase (as stated in Eq 7). drlvlng 
the supersaturation of the glowth of the stable phase (kg) 
(as stated In Eq 8) 

Experimentally. this process can be verified using time- 
lapse micrographs of a polymorphic system crystallizing. 
znd this is illustrated for dimorphic system L-glutainic in 
Fig. 6. In this figure. a series of time-sequence micro- 
graphs clearly show the dissolutio~~ of the metastable 
rhomb phase (1) and the growth of the stable needle phase 

20 min 

90 min 

150 min 

220 min 

Fig. 6 Dissolution and growth process of polymorphic 
transformations in solution of L-glutamic acid from Form 1 to 
Form 11. (Vieit, this art in color c ~ t  ~~,n.+t..ilekker.cm.) 

(11). Such a description of the transforination kinetics 
suggests that the stabilization of the metastable form 
using an impurity would require the impurity to affect the 
growth kinetics of the stable phase. In the case of 
glutamic acid, the impurity used was trimesic acid, as this 
impurity is a confor~national rniinic of glutamic acid in 
the stable form. Consequently, an impurity of this type 
will disrupt the growth of the stable form of glutamic acid 
via disruption of the fastest growth direction, and this 
arises as the trimesic acid possesses a larger volume than 
the host site within the fastest growth direction, thus 
disrupting the next incoming layer. 

Selectivity of crystal growth processes based on a firm 
~lnderstandi~~g of the mechanism of crystal growth 
should enable the practitioner to manipulate the habit: 
isomer, or polynlorph of a molecular solid grown from 
solution. Also. the suprainolecular chemist. as a crystal 
engineer. will be able to make better use of the un- 
derlying crystallographic principles that govern crystal 
growth to better understand the appearance of hab i~  or 
polymorph variation. 
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Crystal Structure Prediction 
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Progralns are available for the computational prediction of 
organic crystal structures. usually based on searching for 
the most thermodynamically stable unit cell. Such 
programs will generally predict any dominant supramo- 
lecular motif and are often successf~~l at predicting the 
complete crystal structure for simple organic molecules in 
common space groups. Although there have been success- 
ful predictions, even uilder blind test conditions, no method 
is yet reliable for any type of organic molecule. The 
methods will become more widely usefill as accurate 
quantitative models for the intermolecular and intramolec- 
ular forces are developed and the range of possible crystal 
structures covered in the searches is extended. Neverthe- 
less, there is a fundainental limitation when: as is often 
found. the search generates more energetically feasible 
crystal structures than experimentally known polyinorphs. 
In such cases, the kinetics of nrrcleation and crystal growth 
will determine which of these crystal structures are 
observed. Work on incorporating kinetic factors into 
crystal structure prediction is only just beginning. 

WHAT IS CRYSTAL 
STRUCTURE PREDICTION? 

Crystal structure prediction can simply mean using a 
co~nputer to predict the crystal structure of an organic 
molecule from its chemical diagram. The aim is to predict 
the space group, cell dimensions, and atomic fractional 
coordinates that will be observed should the nlolecule be 
successfully synthesized and crystals obtained that allow 
the structure to be solved by diffraction methods. Such a 
computational method would be practically valuable in 
the development of molecular materials, where the crystal 
structure as well as the molecule affect the property of 
industrial or scientific interest. For example, a molecule 
with a high nonlinear optical coefficient will only produce 
an active material if it crystallizes in a noncentrosym- 
metric space group. Crystal structure predictions could 
also reduce synthetic effort in the development of en- 
ergetic ~naterials and pigments. 

Crystal structure prediction is considerably coinplicat- 
ed by polymorphism. When a inolecule can adopt more 
than one crystal structure. we want to be able to predict all 

the crystal structures that are likely to be found and the 
conditions to control the form produced. This would ben- 
efit the pharmaceutical industry, where the ~rnexpected 
appearance of a new polyinorphic form is a disaster. 
However, until there is an experimental screening method 
that reliably establishes all the polylnorphs that could 
exist for a given molecule. it is impossible to conclude 
with certainty that a crystal structure prediction study was 
completely successful. A predicted polymorph may yet be 
found. A known crystal structure could be thermodynam- 
ically metastable, but there may be no kinetically feasible 
route to forming the more stable form. Hence, the de- 
velopment of crystal structure prediction is intrinsically 
linked with progress in dernystifying polymorphism. 

Thus. crystal structure prediction is a forinidable prob- 
lem and a major test of our quantitative ability to model the 
details of supramolecular recognition. The answer to the 
question as to whether crystal structures are predictable has 
only recently advanced from an emphatic "no" to a 
"maybe".L11 Experience in this field is still relatively 
limited.L21 Although there have been cases where the 
crystal structure of a molecule was genuinely predicted just 
from the chemical diagram, it is certainly not yet possible 
to predict ab initio the crystal structures of any organic 
molecule. Indeed. it is not yet possible to define the mole- 
cules for which current methods are likely to be adequate. 

The distinction that crystal structure prediction should 
completely predict an unknown crystal structure makes it 
intrinsically more precise and difficult than crystal engi- 
neering, which seeks to predict broad structural patterns 
and motifs. For example. crystal structure prediction rnay 
indicate that a molecule has a strong preference for a 
certain hydrogen-bonding motif. for example. forming a 
sheet. If this sheet was observed in all polymorphs. then 
the prediction would be a success for crystal engineering. 
However. it would only be deemed a s~lccessful crystal 
structure prediction if the stacking of the sheets was 
accurately predicted to give the correct space group and 
cell dimensions. 

The emphasis on no prior experimental knowledge is 
important in distinguishing crystal structure prediction 
from methods of solving crystal structures using known 
unit cell parameters. For most fairly rigid organic mol- 
ecules. the problem is much simpler when the unit cell 
parameters are known, as seen by receilt progress in 
solving crystal structures from x-ray ponder diffraction. 
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However. a set of computed feasible crystal structures can 
be ~ ~ s e f ~ ~ ~ l  in solving structures from x-ray powder data 
when the pattern cannot be indexed to give the cell di- 
mensions. This only requires that a set of feasible crystal 
htructures. containing one with a simulated powder pat- 
tern close enough that it can act as a starting point for 
refinement: be generated by the prediction. 

Thus; there will be many practical uses for a reliable 
computational method of predicting the crystal structures 
of orgarlic molecules. It is a fundamental challenge that 
underpins crystal engineering. We cannot claim to un- 
derstand crystallization until we can at least predict the 
crystal structures that will be observed. It is probable 
that a reliable method of crystal structure prediction will 
have to represent in a quantitative way the factors that 
control crystallization. 

THE BASIC ASSUMPflON OF' CRYSTAL 
STRUCTURE PREDICTION 

Most crystal structure prediction methods are based on 
the assumption that the observed crystal structure will 
correspond to the global ininimuin of the Iattice energy. 
This is essentially assuming thermodynamic control of 
crystallization. It also simplifies the calculation of the 
thermodynamics by neglecting all temperature. pressure, 
and quantum effects and by replacing the appropriate free 
energy by the lattice energy. the classical energy at 0 K. 
According to [his zero-order assumption, any local 
minima in the lattice energy that are sufficiently close 
to the global nlini~nuin inay be potential polymorphs. 

Implementing this crude assumption requires a method 
of eiduating the lattice energy and of searching through 
the wide range of possible crystal structures. Quantifying 
inter - and iniralnolecular forces and global optimization 
are all major research fields, and so many alternative 
schemes were developed. Many of the p r o g r a ~ n s ~ ~ - ' ~ ~  
developed for crystal structure prediction based on lattice 
encrgy minimization are listed in Table 1. The main 
features of the search inethods were reviewed'"' and 

Their limitations i n  terms of the techniques 
used in molecular crystal modeling,"" particularly in the 
types of intermolecular and intramolecular potentials that 
can be used. usually reflect the type of organic molecules 
that were the main focus of the develop~nelltal work. 

SEARCH METHOD 

Even for a simple rigid organic m-olecule, the ilumber of 
variables req~rired to define the crystal structure presents 

a major search problem. and the search is limited to the 
most probable space groups. Sorne p r ~ g r a m s [ ~ . " ~  use 
information on most likely packing modes within each 
space group. Most methods are. in practice; confined to 
considering just one molecule in the asymmetric unit 
(Z'= 1) of the most corninon space groups for organic 
molecules. So, consideration of P2i/c. P i .  and P212121 is 
routine, and most programs can consider many others, 
such as PI (as trivial), P2, .  P F I C ~ ? ~ ,  P c o ~ , ,  P ~ C C L ,  C?/C. 
Cc, C?. etc., though the computing time increases with 
the number of moiecules in the unit celi (Z). During a 
search in a given space group. minimization could place 
molecular symmetry elernents so as to generate a higher 
sy~nmetry space group. Similarly; a stationary point 
found by minimizing within a space group symmetry 
could be a transition state between lower-symmetry 
structures. and reducing the symmetry in these cases 
can generate a minimized structure with more than one 
crystallographically independent rnolecule in the unit cell 
(Z'> 1). Searches in P 1  with varying nuinbers of 
independent molecules in the unit cell may become more 
effective in the f ~ ~ t u r e .  However, to date, only in one 
published study. of hydrates of pyranoses and alco- 
hols,"" was the search explicitly for structures with more 
than one independent nioleci~lar unit in the cell. though 
this extension is urgently required for considering salts 
and solvates. 

Crystal structure prediction only really started in the 
1990s, when the increases in computer power made it 
possible to consider even this limited range of possible 
types of crystal structures. Some rnethods sample the 
potential energy landscape systematically. relying on 
efficiently eliminating impossible structures where ihe 
molecules overlap significantly. or use other criteria, such 
as the density of pseudo-hard sphere paclting or the 
interaction energy of symmetry-constrained nuclei, to 
select a more limited number of structures for starting 
points for lattice energy minimization. Other methods use 
Monte Carlo simulated annealing or lnolecular dynamics 
to search for minima. repeating the runs to overcome the 
random elemeili. However, all methods are extremely 
computer intensive. involving some sort of consideration 
of millioils of hypothetical structures to span the potential 
energy surfaces and resulting in at least thousands of 
lattice energy niinimizations. The problem is difficult 
because of the complex shape of the potential energy 
hypersurface: the energy barriers for converting between 
different approximately close-packed structures are high, 
and so only a small range of the surface will minimize to 
the global minimum. A key practical issue is in how to 
cluster similar hypothetical crystal structures, in the pro- 
cess of being relaxed or as minima. The clustering must 
remove structures that wo~ild correspond to the same 
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Table 1 Overvie\i# of programs developed for organic crystal structure prediction by searching for lniniina in the lattice energy. The 
types of molecules for which the prograin was originally developed are given. though all programs with emboldened names were used in 
the blind tests and so have been used for a wider range of systems (Fig. 4). 

Type of moIecnles used 
Pro, oram in development (Ref.) Search type 

C h ~ n  

CWYSTALG 

CRYSCA 
ICE9 

MDCP 

MOLPAK 
(and DMAMQ) 
MPA, extended to Mpg 

Perlsteln 

PMC 
Polymorph Predictor 

PROMET 

SySe and PP 
&'PACK 

Crystal engineering-diketopiperazines['J 

Rigid organics-amides, bases'" 

Pigments. organoinetallics"' 
Rigid hydrocarbonsLh' 

Small rigidL7' 

Energetic materials. rigid's1 
Rigid polar and hydrogen bondedi'' 
Small 

Moderate sized. 
semiflexible organicsiH1 

~~droca rbons [ " '  
Flexible organics, including 

Rigid  hydrocarbon^['"^ 

~ igmen t s" '~  
Sugars and 

Monte Carlo simulated annealing with 
hydrogen-bonding bias 
Self-consistent basin-to-deformed-basin 
nlapping global optimization 
Random search with steepest descent 
Systematic grid search to generate 
close-packed structures 
Constant pressure molecular dynamics to 
find crude structures 
Systematic search for high-density 
structures in common coordination types 
Lattman systematic, or random generation 
of expanded trial unit cell 
Aufbau search for low-energy 
one-dimensional and two-dimensional 
aggregates. primarily 
for monolayer predictions 
Symmetry-adapted grid systematic 
Monte Carlo simulated annealing with 
intemediate clustering 
Selecting cohesive dirner. ribbons and layer 
substructures of partial space-group 
Grid-based systematic 
Systematic grid or random search. 
with intermediate clustering 

observed crystal structure, while ensuring that minima 
that correspond to two closely related polynlorphs are 
not eliminated. 

Thus, a crystal structure prediction search will generate 
many hundreds to thousands of different lattice energy 
minima. The example in Fig. 1 shows the distinct minima 
obtained from about 1500 MOLPAK-generated starting 
points for a rigid nonplanar molecule with a CH-CO-NH- 
CO-CH functional group. The low-energy structures 
include hydrogen-bonded dimers and catemers and cover 
a range of distinct structures with relatively little 
difference in densities. Such crystal structure prediction 
results, where the energy gap separating the global from 
other minima is very small. and there are many distinct 
minima within the energy range of possible polymorphism. 
currently appear to be common. Examples where the 
known structure is found at the global minimum. with a 
sufficielit energy separation from hypothetical structures to 
rule out polyinosphism, are rare. The number of energet- 
ically feasible minima will obviously depend on the search 
method and force field. However. the main determinant is 
the molecule, as there is considerable similarityi'xl 

between the low-energy hypothetical structures found by 
different methods with different force fields. 

TREATMENT OF MOLECULAR FLEXBBBLlTV 

The number of variables that need optimizing severe- 
ly limits the degree of conforinational flexibility in 
the types of molecules that can be studied. Many workers 
restrict their studies to molecules that can be reasonably 
assumed to be rigid. The gas-phase molecuiar structure is 
estimated by ab initio optimization, or sometimes 
molecular mechanics methods, and this molecular 
structure is kept fixed during the lattice energy mini- 
mizations. The molecular model can be taken from x-ray 
diffraction results, with suitable adjustment for the er- 
rors in locating the hydrogen atoms. for developing 
crystal structure prediction methodologies. However, the 
distortions in the molecular structure caused by the 
crystal environment will bias the calculated lattice 
energies toward the crystal structure used. It is clearr"' 
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Fig. 1 A plot of the lattice enesgy minima found in the crystal structure prediction search for the rigid CHNO rnolecule in the 
2001 blind test"*' (Fig. 4). in the search by Price. This diagram illustrates the plurality of distinct minima in different space groups 
found in a relatively sparse search. which did not locate the experimental structure. 

that even minor distortions of the molecular structure, 
arising from crystal packing or experimental uncertain- 
ties, can change the calculated lattice energies signifi- 
cantly, compared with the lattice energy differences 
associated with polymorphism. 

The other alternative is to use an intramolecular force 
field that allows the mo!ecular structure to change torsion 
and bond angles and bond lengths in the course of the 
minimization. This is essential for considering flexible 
molecules like sugars. In this case, the lattice energy 
being optimized has to accurately represent the balance 
between the energetic cost for distorting the molecule and 
the intermolecular energy gain from, for example, 
improving the hydrogen bond geometry. In order to treat 
systems where conformational polymorphism is possible 
(i.e., there are low-energy molecular conformations with 
distinctly different molecular shapes), it is often prudent 
to start a search with each conformer, as the search/ 

mini~nization procedure may not cross the intramolecular 
energy barrier effectively. Thus. crystal structure predic- 
tions for molecules with only one or two degrees of con- 
formational freedom are currently considered challenging, 
but this will change with increasing computer power. 

THE INTERMOLECULAR POTENTIAL 

For all molecules, the reliability of the relative lattice en- 
ergies for different hypothetical crystal structures depends 
on the accuracy of the intermolecular potential, and this is 
the key factor in the generation of the energetically feasi- 
ble crystal structures. The range of molecules with crystal 
structures that can be predicted by lattice energy mini- 
mization is therefore limited to the ones for which a suf- 
ficient:~ reliable potential is available. This is dependent 
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on the functional groups within the molecule. The lattice 
energies of different hypothetical crystal structures may 
be balancing van der Waals forces in different orienta- 
tions with the energy differences between different types 
and orientations of hydrogen bonds and n - n stacking. A 
crystal structure can only be predicted as accurately as the 
lattice energy minimurn closest to the experimental 
structure, which even with the best potentials. is likely 
to be only within a few percent in the cell dimensions 
because of the neglect of thermal effects. Because in most 
crystal structure prediction studies there are many 
structures within the energy range of possible polymor- 
phism (c.f. Fig. I ) ,  the desired accuracy in the relative 
lattice energies is often only a fraction of a kJ/mol. This 
provides a major challenge to the development of 
inter~nolecular  potential^.'"^^^^ Empirically fitted model 
atom-atom potentials are often used, and the confidence 
in their accuracy increases with the number of crystal 
structures used in the fitting and testing. Because the 
accuracy of such empirical potentials is limited by the 
transferability of the parameters between different 
molecules, the parameters should be specific to the func- 
tional groups. For polar and hydrogen-bonding molecules. 
where f ie electrostatic contribution dolninates the lattice 
energy and its orientation dependence, then the most 
accurate representations of the molecular charge distri- 
bution. such as distributed multipolesi"' or modeIs with 
explicit lone pair or n electron point charges. are theo- 
retically Inore reliable. The requirements of crystal struc- 
ture prediction for accurate intermolecular and 
intermolecular potential are driving the development of 
increasingly accurate. elaborate, and computationally 
intensive methods of evaluating the inter-and intramolec- 
ular forces.r221 hnprovements are envisaged even on the 
most elaborate force fields combined with ab initio 
intramolecular energies developed for sugars."" 

WHAT AWE THE RESULTS LIKE? 

A survey121 of ail the published crystal structure prediction 
papers in approximately the first decade of significant 
activity in this area reveals a considerable degree of 
success for lattice energy ininimiration methods over a 
range of types of molecules (Fig. 2). In approximately 250 
searches for a particular polymorphic form, there was 
only a 10% reported failure rate to locate the structure: 
with the experimental structure being located as the global 
minimum in approxi~llately half the cases (Fig. 3). How- 
ever. these published studies were generally aimed at de- 
veloping the methodology for specific types of molecules. 
and so the reported failures were generally within a 

Fig. 2 The types of molecules studied in the first decade of 
crystal structure prediction. as derived from a survey of 
published lattice energy rninirnisation based ~tudies."~ Within 
each category, the lllolecules are generally the smaller and more 
rigid molecules whose published crystal structures are in 
common space groups with Z '= 1. 

sample of chemically similar lnolecules or in locating a 
particular polymorph. This literature will also not reflect 
the use of crystal structure prediction methods in 
industry. where predictions of feasible crystal structures 
for more complex molecules may be required to help 
solve particular problenls in conjunction with experi- 
mental data. Suggested by Fig. 3 is that the "global 
minimurn" assumption is useful but far from reliable, 
but this may reflect the makeup of the sinall sample as 
well as force field inadequacies. The molecules studied 
contained a large proportion of hydrocarbons and sugars, 
with nearly 30 known polymorphic systems, and hence, 
a low proportion of molecules that would be considered 
easy to predict or suitable for use in crystal engineering. 
It may be that more complex molecules, with inegular 
shapes and a well-defined hierarchy of functional group 
interactions may be more readily predicted as having a 
unique thermodynamically favored structure. For exam- 
ple, Pigment Yellow 74 (Hansa-Brillantgelb 5GX), 
which has two phenyl rings and a variety of nitrogen 
and oxygen functional groups producing four intramo- 
lecular hydrogen bonds, had its known experimental 
structure correctly predicted1"' as the global minimum. 
over 12 kJ/mol Inore stable than any hypothetical struc- 
tures. Various syntheses and recrystallizations confirmed 
this prediction that no other polymorphic form is ener- 
getically feasible. 

A Inore meaningful test of whether an arbitrary mole- 
cule can be genuinely predicted from its chemical diagram 
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Fig. 3 The success rate of searches for a given crystal structure by lattice energy minimization. as derived from a survey of published 
studies.i21 The results are distinguished as to whether the known structure %#as found as the global or local minimum or not found. The 
number of searches significantly exceeds the 189 molecules categorized in Fig. 2. because of searches for polymorphic systems (where 
one structure is necessarily a local minimum) and where different groups have published a search for the same molecule. 

is provided by the blind tests in 1999'"' and 2001.~''~ 
organized by the Cambridge Crystallographic Data Centre. 
The participants were sent the chemical diagrams of the 
molecules. as in Fig. 4, which although arbitrarily chosen 
by an independent referee. fell into three categories within 
the capabilities of at least some of the programs. and thus 
illustrate the current limitations. One molecule was to be 
rigid with only 6, H, N. or O atoms. another also rigid but 
allowing a wider range of atomic types as a test of force 
field development, and the third had a limited degree of 
conforinatiollal flexibility. The participants were allowed 
to submit up to three predictions per moIecu!e of the 
crystal structure for comparison with the unpublished 
crystal structures. The success rate shown in Fig. 4 indi- 
cates that genuine crystal structure prediction is possible. 
However; the overall success rate was low. and might have 
seemed discouraging had a metastable poiymorph not 
been characterized in 1999. It must be stressed that most of 
the participants correctly indicated a low level of 
confidence in their predictions, particularly when the 
search gave results such as in Fig. 1, where the energetic 
discriminatioil between different structures was very small 
compared with the expected accuracy of the force field. 

Ht is. of course; possible to analyze the reasons for 
failme of a crystal structure prediction study using the 
experimental structure. T'ne search is inadequate if it does 
not find the minimunl obtained starting from the ex- 
perimental structure, using the same force field. If this 

Stable fol.nl P 2 ! c  0'1 1 
Metastable form Phca 4,'I 1 P2! ,c  2'15 FI 

Fig. 4 The molecules used in the blind tests of crystal structure 
prediction, organized by the Cambridge Crystallographic Data 
Centre in 1999'17' and 2 0 0 1 . " ~ ~  For each molecule. the success 
rate is given as .Y/?., where x is the number of successful 
predictions, and y is the number of groups that submitted 
(usually) three guesses for the crystal stl.ucture. 



Crystal Structure Prediction 

mini~nuln is not a good approximation to the experimental 
structure or is found to be considerably less stable than 
the global minimum, then the force field is inadequate. 
However. when this minimum is found among a plurality 
of minima within a few kcallmol of the global minimum, 
then the observed polymorph could be metastable. In this 
case, it is probably a fundamental problem that there are 
more energetically feasible polymorphs than known 
structures. Improvelne~lts in the calculation of the relative 
thermodynamic stabilities of hypothetical crystal struc- 
tures, and expansions of the search procedures, are def- 
initely required. Some progress has been made in 
estimating entropic and zero-point energy contributions 
to the relative free energies of the crystal, using cal- 
culatiolls of the lattice dynarnical frequencies. Although 
the differences in these entropic terms are small, they 
may re-order structures that are approximately equi- 
energetic on lattice energy."'1 Further advances are 
anticipated in the future. However, the more fundamental 
proble~n is the limitations of the basic assumption that the 
observed crystal structure will correspond to the global 
minimum in the lattice energy. 

BEYOND LATTICE ENERGY 
MIMIMIBIZATION-KINETIC EFFECTS 

The phenomenon of polymorphism demonstrates that 
metastable crystal structures are observed, and it is not 
always obvious that such crystal structures are metastable. 
The energy differences between different polymorphs 
crystallized out of different solvent are small, and those 
between coiicon~itant polymorphs presumably are very 
small. Kinetics nlust play a major role in determining 
which of the approximately equi-energetic hypothetical 
crystal structures are actually observed. How do the 
kinetics of nucleation and growth, and the variations with 
crystallization conditions. affect which thermodynamical- 
ly feasible crystal structures are actually seen? How can 
this be incorporated in the crystal structure prediction 
model to produce a polymorph prediction model? 

One approach is to assume that these kinetic factors are 
in some way represented in experimental crystal struc- 
tures. Thus, analyses using the illformation in the 
Cambridge Structural Database were d e ~ e l o p e d . " ~ . ~ ~ ~  Al- 
though there have yet to be successf~~l independent pre- 
dictions by this method in the blind tests. this approach 
holds promise for discriminatingL"' among the hypothet- 
ical crystal structures within the energy range of potential 
polymorphism and force field uncertainty. 

An alternative approach is to develop methods of 
calculatillg relative nucleation and growth rates, and their 

solvent dependence, for the hypothetical structures that are 
energetically feasible lattice energy minima. Thus, crystal 
structure prediction is pushing for filrther development of 
computational models. Prelimiilary attempts include es- 
timating the mechanical properties of the hypothetical 
structures. Crystal structures that have an unphysically low 
resistance to shear can be eliminated as unlikely to be able 
to grow in competition with more mechanically stable 
crystallites.'" The relative growth rates of the faces of the 
different hypothetical structures, as used to predict the 
morphologies of the crystals when the growing from the 
vapor by a birth and spread crystal growth ~nechanism, can 
be used to eliminate particularly slow-growing structures 
from being plausible p ~ l ~ r m o r ~ h s . ~ "  When there is a 
distinction in predicted growth rate among the low-energy 
structures, as observed for paracetarno~'~~ and pyridine,L2" 
the observed structures are favored. However. calculations 
on the kinetics of the crystal structure can only distinguish 
between the structures that readily nucleate. Thus, a meth- 
od of predictiilg which crystal structures correspond to 
readily formed nuclei in different solvents would be a 
major step forward in polymorph prediction. 

CONCLUSION 

Crystal structure prediction is a technique that is in the 
relatively early stages of development. It is unlikely to 
become a reliabie method of predicting crystal structures, 
and particularly polymorphism, until our fundamental 
understanding of crystallization considerably improves. 
However, the methodology for generating energetically 
feasible hypothetical crystal structures for a molecule is 
well-developed, and foreseeable improvernents in force 
fields and comp~~tational resources will allow such studies 
to be applied to an increasing range of molecules. When 
this extends to more of the molecules of interest in supra- 
molecular chemistry. it niay be found that when the 
molecular recognition is sufficiently strong, there will be 
one well-defined global minimum in the lattice energy. and 
the crystal structure will therefore be readily predictable. 

Crystal structure prediction is already sufficiently 
mature to show the more subtle interplay between the 
nature and disposition of functional groups that deter- 
mines which recognition motifs are feasible. For example, 
it demonstratesL2" that the smaller carboxylic acids have 
low-energy minima corresponding to catemer and dimes 
structures, whereas benzoic acid has a significant energy 
preference for dimes-based structures. 5-Azauracil has a 
marked energy preference for forming a layer structure. 
which produces a more stable crystal"01 than is possible 
for 6-azamacil. where a variety of a three-dimensional 
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hydrogen-bonded networks are almost equi-energetic. 
The ability to generate a set of energetically feasible 
crystal structures will often be useful in understanding a 
given system. Although the ambitious goals of crystal 
structure preciiction are only sometimes achieved. the 
calculations have the potential to be a valuable tool in 
developing supralnolecular chemistry. 

The Cambridge Crystallographic Data Centre is thanked 
for arranging the blind tests. which advanced the area of 
crystal structure prediction and provided an objective test 
of the progress. My postgraduate students. Graeme Day 
and Theresa Beyer. are thanked for providing data for 
this article. 
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Crystalline microporous silicas, the porosils, are a family 
of materials based on [TO4] units with tetrahedral 
densities below 21 T-atoms per 1000 A': which are 
synthesized in the presence of teinplating guest molecules. 
Their silica host frameworks are three-dimensionally four- 
connected, and in their calcined form, they belong to the 
large family of silica polymorphs. Porosils with pore 
openings too small to let the occluded guest molecules out 
are called clathrasils; porosils in which the guests can be 
removed are called zeosils. 

In the course of synthesis, the template molecules act 
as structure-directing agents. Size and shape of the 
ternplate deternii~les the geometry of the pore. During 
crystallization. the amphiphilic nature of the template 
(mainly organic amines) allows for molecular interaction 
between the aqueous silicate solution and the growing 
hydrophobic silica framework. Thermodynamic analyses 
suggest that the kinetics of nucleation are the most 
important factors in the crystallization process. 

Experiments employing model systems show that 
nanoblocks of - 10 organize to macroscopic crystals 
in a second stage. However, there is still no deep under- 
standing of the synthesis of crystalline microporous silicas. 

The impact of computer modeling on development in 
the field is increasing. Databases store all possible 
tetrahedral frameworks. More detailed analyses allow 
for the optimization of the host-guest interaction for the 
synthesis of new materials. Finally, molecular dynamic 
calculations potentially show the molecular details of the 
nucleation and crystallization of micropoi-ous crystals. 
This article lists the most important geometric and 
crystallographic properties, points out possible applica- 
tions of microporous silicas, summarizes the recent 
developments; and presents ideas for future progress in 
the field. 

MIIIGROPQROSITV IN FRAMEWORK SILICAS 

The highly covalent nature of the Si-0 bond in silicas, 
S O z ,  with tetrahedral silicon coordinated by oxygen, 

[Si04], leads to open, three-dimensional bonding net- 
works. Silica polpmosphs with high densities have Si in 
octahedral coordination and are natural or synthetic 
high-pressure phases with oxygen in close-packed 
arrangements. As an example, the crystal structure of 
stishovite. one of the densest naturally occurring silica 
minerals, can be seen as distorted hexagonally close- 
packed array of 0 atoms with Si in octahedral 
interstices. Its density is p=4.28. The naturally occurring 
silica minerals quartz. cristobalite, etc.. are crystalline 
solids with tetrahedrally coordinated Si, and they have 
densities of less than 60% compared to high-pressure 
phases. There are also the microcrystalline silicas, like 
opals, chalcedon. etc., and the amorphous silicas. such as 
lechatelierite, hyalite, and opal AG (gemstone opal), the 
latter t\vo containing water. which possess three-dimen- 
sional bonding networks with densities even below that 
of tridymite. the least dense natural crystalline poly- 
morph of silica (p=2.27). Their density is p-2.1, which 
corresponds to approximately 21 tetrahedral units [SO4] 
per 1000 A3. The composition independent value was 
introduced as framework density. FD. However, none of 
these silicas is porous in the sense of having accessible 
pore space. By definition, porous structures have 
framework densities below 2 1 T-atoms (T= tetrahedral) 
per 1000 A', which leads to open space within the silica 
framework wide enough for the incorporation of guest 
molecules. If the size of the pore opening in these 
materials is less than 20 A, they are microporous; in the 
range between 20 and 1000 A. they are mesoporous; and 
finally. above 1000 A, the macropore regime begins. 
The crystalline porous silicas, the topic of this article, 
typically are microporous and contain guest molecules as 
templates for their pores in the as-made form. which can 
be exchanged or removed by thermal treatment to render 
all-silica porous framework structures, the porosils. A 
compilation of all crystalline and noncrystalline silicas is 
given in Table 1."." 

The crystalline ~nicroporous silicas. [Si02].(template), 
(Tables 2a and 2b) are considered solid solution end mem- 
bers of aluininosilicate zeolites, (cation)"+[Al,Sil xOz]X 
(nonfrainework constitutents). The topology of the host 
framework is the same. however, the composition and, 
with it. the properties, are distinct for every material. A 
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Table 1 List of silica materials arranged according to their density 

Silica material! Density [g/cm3] Structural characteristics CN* of Si 

Baddeleyite-type 4.30 Dense. crystalline 6 
r-Pb02-type 4.30 
CaC1,-type Not detesliiined 
3 x 2 zigzag chain form 1.29 
Stishovite 4.28 
Fe2W-type 4.27 

Coesite 
Quartz 
Keatite 
Cristobalite 
Tridymite 
Silica-W 

2.92 Dense, crystalline 
2.65 
2.50 
2.32 
2.26-2.28 
ca. 1.97 

2.55 Dense, microcrystalline (1-8 wt% lion-essential water)' 4 
2.1-2.2 
1.9-2.1 

Dense. noncrystalline (3-8 a t %  noo-essential water)' 4 

Silica glai\ 2.20 
Porosils 1.5-2.1 
MCM-38 (3D-Channels) ca. 1.0 
MCM-41 (1 D-Channels) ca. 1.0 
SBA-1 (cage-like) ca. 1.0 
SBA-2 (cage-like) ca. 1.0 

Dense, noncrq stdlline 
Microporous, crystalline 
Mesoporous. orcleled pore st1 uctule 
S~lanol group nates (ca 10 w l % )  

':CN=coordination ilumber. 
" ~ o l e c u l a r  water and silanol group aa t e r  located at interstices of the microstructure and as structural defects. 

complete survey o f  all known zeolite host frameworks, 
including the crj~stalline rnicroporous silicas, is given in 
the Atlas o f  Zeolite Framework ~ y p e s ~ ~ '  or on the Internet 
in the zeolite database."' Every framework type has a 
three-letter code (approved by IUPAG) to which it will be 
referred. In this article. only the family o f  crystalline 
rnicroporous silicas is dealt with. 

The Psrosils 

The porosils colnprise all crystalline microporous silicas 
with framework densities o f  less than 21. In all three- 
dimensional silica frameworks, the [SiOJ] tetrahedral 
building units are four-connected. Ieading to electroneu- 
tral three-dimensional host framework structures. The 
calcined crystals are colorless and hydrophobic. The 
hardnesses ctf the microporous silicas are similar to that o f  
quartz. The refractive indices o f  the different crystalline 
phases are directly col~elated with the frainework de~lsity, 
as expected from the general refractivity The 
framework density varies between 20.9 and 15.0 T-atoms1 

1000 A" which is equivalent to density values between 
p = 2.1 and p = 1.5. The family o f  porosils is further 
subdivided in claihrasiis and zeosils, depending on their 
pore openings. The microporous silicas with maximum 
pore openings confined by six tetrahedral [SiO?] units, six 
membered rings (6 M R ) .  corresponding to pore diameters 
o f  less than 2.5 A, are called clathrasiis. They cannot 
exchange the templating guest molecules without the 
guest's decomposiiio~~. Also. sorption is restricted to the 
smallest molecules, such as Hz or Ar. The zeosils, in 
contrast, have pore openings greater than 2.5 A ,  confined 
by 7-14 M R .  Here, the whole. undamaged guest species 
might be removed by exchange or thermal processes, 
making the pore 1-olume available for sorbates for vari- 
ous purposes. 

With the exception o f  the mineral melanophlogite, all 
porosils are synthetic products. All porosils were directly 
synlhesized with structure-directing agents ( S D A )  as 
templates, in general, organic molecuies. There are a 
few inore cases where postsynthesis treatment o f  alu- 
minosilicate zeolites leads to the complete dealumina- 
tion o f  silicate frainework structures, yielding all-silica 
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Table %a Structural properties of clathrasils 

Zeolite PaPax. possible Approx. 
framework Framework Composition per symmetry of volume of 

Clakhrasil type unit cell Type of cage the cage the cage 

MCM-35 

Silica-RUB- I0 

Melanophlogite 

Decadodecasil 3R 

Decadodecasil 3H 

Nonasil 

Sigma-2 

Dodecasil 3C 

RUB-3 

Dodecasil 1 M 

Silica-sodalite 
Silica-RUB- 13 

Octadecasil 

NU-3 

ITQ-3 

Silica-chabazite 

MTF 

RUT 

MEP 

DDR 

NON 

SCT 

MTN 

RTE 

DOH 

SOD 
RTH 

AST 

LEV 

ITE 

CHA 

mm2 
2lm 
21111 
m 
m3 
4rn2 
3m 
m3 
3m 
3 1n 
m3 
62in 
3m 
611nmm 
222 
mm2 
mnlm 
mm2 
31n2 
m3 
m3 
mmm 
2/m 
m3 
6 2 in 
6lmmm 
m31n 
mm2 
mm2 
4/mmm 
4lmmm 
61mn11n 
3 1n 
mm2 
mm2 
hlmmm 
3 m 

."Number of Si atonis pel- ~OOOA' b a d  on idealized cell constants. 
i ~ n = c a g e  like void (polyhedron) confined by n faces. 
.i 2 - h  [? 3 '6'87 is a 16-hedron built by tmo 4-membered rings. eight 5-mernhered rings. two 6-membered rings and four 8-membered rings. 
(From Ref\. 13.41.) 

composition ~naterials that are otherwise not accessible. rnodels are potential candidates for new framework 
For reasons of systematics, those are not included in structure types, provided a suitable SDA can be made. 
this compilation. 

Recently, a mathematical, rigorous enumeration of all Glathrasils 
possible tetrahedral networks (three-dimensional four- 
connected nets) in three-dimensional space was pre- The silica frameworks of the clathrasii family are built 
sented."' This included all existing and hypothetical from cage-like polyhedral structural subunits containing 
porosil framework structure types. Geometrically feasible the guest molecules (Fig. 1). The cages are bound by 
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Table 2b Structural properties of zeosils 

Approx. cross Dimensionaliity 
section of the of the 

Zeolite 
iframeaarork Framework 

Zeosil type density* 
Type of 
channel 

Composition 
per unit cell linniting pore [A] pore system 

MTF 
VET 
- 

MFI 

20.9 
20.5 
Ca. 19.9 
18.5 

MTW 
MTT 
TON 
DDR 
- 

SFF 
FER 

18.1 
18.1 
18.0 
17.8 
Ca. 17.8 
17.8 
17.7 

SFE 
MEL 
IFR 
RTE 
MOR 

UTD- 1 F 
Silica-SSZ-24 
SSZ-23 

DON 
AFI 
STT 

STF 
CFI 
ATS 
RTH 

CON 
MWW 

LEV 
ITE 

BEA 

BEC 

CHA 

*Number of Si atoms per 1000 A' based on idealized cell constants. 
'PxMR=channel like void nith a cross section which i s  defined by an x-membered ring of units. 
(From Refs. [3.4].) 

polygons with 4-, 5-. or 6-tetrahedral [Si0I4 units. i.e.. 4,5. empty. The size and shape of the cage reflect the size and 
or 6 MR. With the exception of silica sodalite (SOD), all shape of the SDA. Because of the electroneutral nature of 
clathrasils known so far are composed of more than one the silica framework, the interaction with the SDA is 
type of cage (Table 2a). In general, the biggest cage weak, at least in the completed structure. Among the 
contains as template the SDA: whereas the smaller cages clathrasil structures, the smallest cage containing a SDA is 
are occupied by help guest species (e.g., WZ3 As) or are the [512] cage, the pentagonal dodecahedron. with 90 A ~ :  



Fig. 1 Compilation of cage-like voids obserled in  clatllrasils. For more information on the cage properties and the symbols used see 
Table 2a. (Vie\i, tllis urf i i l  color clt ~~~v~t ' .dekker .~oni . )  

the biggest found so far is the [5"6'8']: with 560 as 
free cage volume in the framework o f  DD3H. The silica 
fi-a:nework o f  the clathrasils is thermally stable, e.g.. 
dodecasil 3C ( M T N )  was held for more than 3 months at 
950°C. In DTA analyses. the framework breakdown was 
observed above 1000°C for melanophlogite, dodecasil 
3C. dodecasil IH, and decadodecasil 3R when heating 
with a S0/min heating rate. Because o f  the high thermal 
resistance. all clathrasils were calcined successfully and 
obtained as pure porous silicas. This leads to a reduction 
o f  the symnletry caused by distortion o f  the silica 
framework through cooperatively tilting the rigid [ S O 4 ]  
unit for melanophlogite. sodalite, and dodecasil 3C. 
whereas no lowering o f  the space group symmetry was 
observed for the other clathrasils. At higher temper- 
tures, the distorted silica frameworks undergo a dis- 
placive phase transition to the highest possible space 
group symmetry for tile given framework topology. 
Surprisingly. the silica frameworks o f  all clathrasiis in 
their highest symmetry forms contract when raising the 
temperature above the phase-transition temperature. The 

thermal col~traction is in the order o f  .r.- - : I 6  over a 
wide tenlperature range. in the case o f  dodecasil 3C. 
between 100°C and I0OO0C. before an expansion o f  the 
unit cell sets in again.['] 

The study o f  the morphology o f  the clathrasils shows 
that ail materiais synthesized so far crystallize with a 
typical crystal morphology. Because the crystal growth 
faces developed grow slowest; they are indicative for the 
rate-determining step in crystal growth. All ~llorphologies 
studied so far show dominailt faces, ivhere the cage 
containing the S D A  is involved in high concentration. 
This indicates that the trapping o f  the SDA on the 
respective growth face is the rate-limiting step for the 
progress o f  crystal growth.I8' 

The typical structural feature o f  a zeosil is channel-like 
voids in the silica framework that extend in one dirnen- 
sion or intersect to two- or three-diruensional channel 
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Fig. 2 Typical channel-like voids observed in zeosils of 
different framework structure type. The channel-like voids 
possess pore openings limited by n-l~iembered rings (nMR) a) 
7MR of the STT type, b) 8MR of the RTE type, c) 9MR of the 
STT type. d) IOMR of the Silica ZSM-48, e) IZMR of the AFI 
type. f) l4MR of the DON type. (Vielt. this crrt irz color at 
>~.~t.~t..dekker-.cor~l. ) 

systems Fig. 2). The channel opening is confined by 7 MR 
(2.4 *: 3.5 A. SSZ-23) at least. The widest channel has 14 
tetrahedral units. with a free diameter of - 8.2 A for UTD- 
1. The typical SDAs for zeosils are inolecules that extend 
in one or two dimensions. As for the clathrasils, the pore 
geometry reflects the ~nolecular shape of the SDA. After 
calcination at moderate temperatures; the channel pores 
are accessible for suitable sorbate molecules. I11 general, 
the physical and chemical properties of porosils are 
comparable to those of clathrasils-they are transparent. 
colorless, hard, thermally resistant, have negative thermal 
expansion coefficients in a wide temperature regime, and 
show typical crystal morphologies. As an example, zeosils 
with a one-dimensional channel system always crystallize 
in a needle morphology. with the needle axis parallel to the 
channel pore. As already discussed for clathrasils. the 
growth-limiting step is the formation of a new channel by 
trapping the SDA along the needle axis.lX1 

In contrast to zeolites. which are porous aluminosili- 
cates. water does not enter the zeosil pore; however. 
hydrophobic molecules of appropriate size are readily 
taken up. The hydrophobicity index characterizes this 
property. The materials are useful for the separation of 
hydrophobic, nonpolar, or aprotic molecules in the 
presence of water in the liquid and gaseous states. As an 
example. the zeosil DD3R was a candidate for the 
separation of CO? in the presence of moisture for air- 
conditioning in spacecrafts. 

The accessibility of the pore space of zeosils was also 
used for the encapsulation of functional molecules inside 
the silica matrix. Because the channels are anisotropic and 

provide a mold for molecules with polar properties, they 
are ideally suited as supports. Dipolar molecules will line 
up inside the channel: create polar symmetry, and might 
imprint interesting properties on the composite material, 
e.g., nonlinear optical properties. Dye molecules can be 
arranged within the silica matrix in favorable distances. so 
that their dipolar interactions can be used for light 
harvesting, and magnetic nanocrystals might be deposited 
inside zeosil matrix in well-defined sites.'91 

Silica is a material with a low dielectric constant of 
k-4.0. In order to increase the packing density between 
multilevel interconnects, new. ultralow-k inaterials are 
needed. Because k decreases with decreasing density, 
crystalline and noncrystalline porous silicas with DK as 
low as k<2.0 were introduced to replace the cument wire 
iilsulators in n~icroelectronics for ~nultilayer devices. 
Because of their low density, ordered mesoporous mate- 
rials are used for practical p ~ l ~ o s e s . ~ ' ~ ~  

SYNTHESIS OF POWQSlES 

Mechanism of Porosil Synthesis 

Porosils are synthesized using hydrothermal techniques 
in the typical temperature range of 140-200°C in the 
presence of SDA. Here. the SDA act as templates for the 
fornlation of the pores in the silica framework.'"] 
Therefore. the as-synthesized porosil is not porous but is 
a con~posite material that contains ~nolecular or ionic 
species inside a crystalline silica framework. The bonding 
interaction between host and guest is of van der Waals 
type and is weak. Although research on crystalline porous 
materials, including porosils, is more than 50 years old. 
and there are several hundreds of examples of host-guest 
pairs for porosils only, the principles of the early stages of 
formation are poorly understood. From the thermody- 
namic standpoint, the porous silica frameworks are be- 
tween 4-14 kJ/mol SiO? metastable with respect to quartz 
and similar to amorphous silica and silica glasses.L12J 
The thermal energy at 15O0C, a typical synthesis temper- 
ature. is 3.5 kJ/mol. so the formation of crystalline porous 
silicas froin amorphous silica sources is not generally 
hindered. However. in order to understand the details of 
the nucleation process. the interaction of solvent. silica, 
and organic template must be taken into account. The 
analysis shows that the seif-assembly process depends 
upon a delicate interplay between a large number of weak 
interactions. The thermodynamic analysis suggests that 
the kinetic factors are of major importance, and the 
ltiaetics of nucleation are likely to be the critical factors 
in determining the material obtained from a particular 
preparation." 3.1J1 
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It is difficult to experimentally identify the molecular 
structure of the critical species from which crystal 
growth continues to bulk dimensions. One approach is to 
use the crystal structure analysis of the as-made 
material. including the guest species, as a protocol of 
the synthesis process. Using fragments of the structure 
as building blocks from which the porosil framework 
can be made, a ratioilal model can be developed and 
tested against experimental evidence from syntheses 
experience. This concept was used to enumerate so- 
called secondary building units (sBu),'" from which a 
particular structure can be built entirely. However, the 
building blocks are not framework-specific, and one 
SBU-type can be used to construct different porosil struc- 
tures. Recently. a number of studies on the nucleation, 
seed formation. and crystal growth of silicalite were 
presented.1'5-171 Over several orders of magnitude, starting 
from the ~pecies in sol~~tions until the coherently scatter- 
ing crystals, the formation of the silicate framework was 
monitored. Under the conditions of a clear. homogeneous 
starting solution. the formation of llanoblocks of - 10 i\ 
under synthesis conditions was postulated. These nano- 
blocks then assemble to three-dimensional periodic crys- 
t a ~ s . " ~ '  The model as the general mechanism of nucleation 
is discussed controversially. However, for the specific 
synthesis conditions of the model system. nanoblocks 
containing the templatiiig species play a crucial role in the 
developnlent of the extended silicate framework. 

On the other hand. silicate oligomers in aqueous 
solutioll were analyzed for their potentials as structure 
p r e c ~ r s o r s . " ~ ~  The multitude of silicate species in 
solution and the complicated equilibrium between dif- 
ferent oligomers, however, make it impossible to unam- 
biguously identify those species involved in seed 
formation. In an attempt to identify silicate species 
attached to SDA molec~iles in solution. it was shown that 
there is no distinct structural entity as an SDAIsilicate 
co!nplex. but silicate oligomers segregate close to the 
organic guest species. matching the charge, size, and 
shape of the ternp~ate."~' 

Computer modeling also offers the opportunity to 
investigate the ~lucleation process. A new approach was 
described.1201 Instead of starting with structural subunits 
typical for porous silicas. a random arrangelnent of 
silicate monomers and solvent describing the synthesis 
solution was observed over time, however, without the 
template present. For temperature and pressure condi- 
tions typical for silicate synthesis and using Monte 
Carlo techniques. the silicate cluster forination was 
studied. The analysis showed that condensation reaction 
in the computational procedure was sensitive to pH and 
silica concentration. which is in agreement with the 
experiment. Critical clusters were calculated to have 
25-50 Si atoms. In addition. the geonletrical analysis of 

the cluster showed a close relationship to structural 
units of dense silicas. I11 the future, it is hoped that 
the calculations. run in the presence of templates. will 
yield clusters that resemble subunits of zeolite frame- 
work structures. 

Synthesis Rules for Porosil Synthesis 

Based on wide experimental experience, a set of rules 
for porosil synthesis was established that characterizes 
the fundamental relation of host and guest in a 
descriptive and intuitive way. There are general physical 
and chemical properties an SDA must possess. It must 
be stable under the conditions of synthesis. physically 
and chemically. Because the solvent for synthesis is 
water, the SDA should be soluble. however, it must not 
hydrolyze. Most guest ~nolecules are rigid or have a 
limited nuinber of conformer states. The basic organic 
anlines and amlno~lium coinpounds comprise the group 
of molecules most successf~~lly used as SDA. They are 
soluble ill water, stable under the conditions of synthesis. 
and because of their basicity. dissolve silicates. If used 
as ammonium fluorides. the anion. in addition, acts as a 
help species in a multifunctional way. Fluoride is a 
common mineralizer and enhances the solubility of 
silicates. In the presence of fluoride, porosils were 
synthesized even in acidic conditions. In addition, the 
anion has properties of an SDA or help species, because 
it is often incorporated in the small cavities of porosils 
(Fig. 3a). leading to the stabilization of materials 
otherwise not accessible. The characteristic property of 
organic amines as SDA is their a~nphiphilic nature. They 
are hydrophilic at the N-carrying head group and 
hydrophobic at the hydrocarbon tail. This specific 
property. the positive ionic charge in the protonated 
form. and the basicity of the SDA lead to pairwise 
interaction with the anionic silicate species in solution 
responsible for the nucleation process. Once the critical 
size of the nucleus is reached, growth determines the 
progress of crystallization. The amphiphilic property of 
the SDA matches the do~ninant growth faces of the 
porosils. because they consist of hydrophobic parts, e.g., 
half-complete cavities and channels where the internal 
silica surface is already complete, and of hydrophilic 
parts where silanol groups terminate the growing host 
framework. The role of the SDA now is to fill the 
developing pore with the hydrophobic tail and to interact 
with the solvent. the silicate species in solution, and the 
silanol groups of the silicate fi-ameworlc. At the interface 
between framework and solution. the N-carrying head 
group of the amine that can easily be protonated and 
deprotonated, probably acts as a catalyst for the 
condensation of the silicate species in solutio11 and the 



Fig. 3 a) Section of the structure of octadecasil (zeolite 
frame~vosk type: AST) showing the isometric tetramethylam- 
monium cation as the guest species occluded in the [466'2]-cage 
and the f l~~or ide  anion occupying the small 14"-cage. b) The 
channel-like 1-oid of Silica-theta-I (zeolite framework type: 
TON) possessing a LO-membered ring pore opening and being 
occupied by a chain-like amine. (View t h i ~  art in color- ilt 

~v~t'n~.dekkcr.coiiz. ) 

silanol groups of the framework. The continuing conden- 
sation process of the silicate species finally traps the SDA 
inside the pore. In a series of AFM studies of zeolite 
crystal growth, :his picture is convincingly supported. On 
growth surfaces, tei-race steps are observed that are higher 
ihan one atomic layer but are of the same height as the 
characteristic, SDA-containing structural subunits.'"' 

SDA for Ciathrasils 

As explained above. most clathrasils are built from several 
types of cages with different volumes. The SDA occupies 
the cage characteristic for a framework structure type: the 
framework-specific cage. The cage-like voids of the 
clathrasils require isometric SDA of appropriate size and 
shape (Fig. 3a).lUi Size and shape are the dominant 
attributes of tlte SDA. In general, the SDA interacts as a 
ternplate only weakly with the host framework through 
van der Waals forces. Therefore. different SDA function 
as templates for one framework structure type. e.g., there 
are 26 SDA known for the synthesis of dodecasil 3C 
(Fig. 4a). On the other hand. a nuruber of SDA stabilize 
different framework structure types (Fig. 4b) under 
dirfcrent conditions of synthesis; occupying cages of 
different voluines. At lower synthesis temperature and 
higher pressures. the cage volume of the framework- 
specific cage is smaller for the SDA than at a higher 
synthesis temperature and lower pressure, respectively. 
Although there are a large number of hypothetical 
framework structure types. with bonding geometries 
colnparable with the known clathrasil phases, only a 
limited selection was synthesized. Despite all efforts 
with computer modeling, cornbinatorial synthesis. and 
high-throughput experi~nentation. none of the frame- 
work structure types was "tailor made" but was discov- 

ered by systematically varying SDA and synthesis 
conditions. This shows that the process of nucleation is 
not well understood and that energy differences between 
various nuclei are small, which makes predictions from 
modeling difficult. 

Another inlportant factor influencing the product in 
clathrasil synthesis is the active concentration of the SDA. 
For some SDA; high concentrations lead to frameworks 
with higher densities of framework-specific cages. Pyr- 
rolidine, for example, gives silica sodalite (2.9 cages per 
1000 A') at high concentrations of SDA. whereas RUB- 10 
(2.0 per 1000 A') and dodecasil3C (1.1 per 1000 A ~ )  form 
at lower concentrations. 

SDA for Zeosiis 

The characteristic feature of a zeosil is channel-like pores 
wide enough for the exchange of SDA with sorbate 
molecules. The ring size must be larger than six and is 
typically eight and more. Some zeosils have spacious. 
cage-like voids, however. the interconnecting pore win- 
dows are much smaller (Fig. 2a-c). As an example. 
decadodecasil 3R (DDR) contains I-aminoadarnantane 

H2N--+CH3 yH3 p H S  

CH, H,C? Hlc\ 
\ 

FH3 CH, NH2 
NH2 

F F 
\ /' 

F- S-F 

F' 'F 

* 
generate 

zeolite 
frame- 
n ork 
type: 

NITN 

zeol~te framework types: , Q *ST. D m ,  Don, Mnu,  b m v ,  sGT 
N-' generates 

Fig. 4 top) Compilation of structure directing agents (SDA) 
which all lead to the formation of MTN-type materials. bottom) 
Zeolite framemrork types obtained with quinuclidine as SDA 
under different synthesis conditions. 
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as SDA in the as-synthesized form and is a typical 
clathrasil. After calcination and the removal of the 
decomposition fragments, a two-dimensional channels 
system becomes accessible through the 8 MR. 

The typical zeosils have channel-like voids that ex- 
tend in one dimension or are iilterconnected to two- and 
three-dimensional channel systems. respectively. The 
channels are bound by 10, 12. or 14 MR housing the 
SDA (Fig. 2d-f). As for clathrasils. the sizes and shapes 
of the SDA are imprinted on the host framework. Chain- 
like amines. polyazacompounds, and di- and trialkyla- 
mines are typical SDA for zeosils with 10 MR (Fig. 
3b).'"' Here. the di- and trialkylamines create intersect- 
ing channel systems. In order to obtain the larger 12 MR 
pore. bulkier SDA. such as phenyl groups containing 
templates. are needed. For the even larger 14 MR 
zeosils. the diameter of the SDA is further increased. 
However. the SDA for the large-pore zeosils show only 
limited conformationa! freedom. The geometries of 
tricyclic molecules or metal-organic compounds are 
alluost rigid. Because the channel cross section is the 
only characteristic feature of zeosil host framework 
structures that reflect SDA geometry, a number of 
different SDA can be used for the synthesis of every 
zeosi? framework structure type. As already mentioiled 
for the clathrasils. there are many hypothetical frame- 
work structure types derived from existing models and 
through rigorous nlathematical enumerations. However. 
modeling calc~~lations with the aim of identifying 
specific SDA for new host framework structure types 
has not been successful so far. 

Help guest species 

In recent years, the fluoride routei**.*" was successfully 
used for the synthesis of a series of new framework 
structure types. Often. SDA are ion pairs with a 
quarternary ammonium cation and fluoride anions as 
constituents. The structure-directing influence of the 
fluoride anion is such that the framework structure type 
forms only in its presence. The ammonium cation yields 
a different framework structure type. This finding led to 
a new direction in the research of the synthesis of 
porosils. the use of combinations of SDA for different 
structural subunits. Whereas the ammonium cation 
occupies the nlajor void in the host framework. the 
fluoride anion resides in sinall cages that are rigid. 
Typical cages are the cube. [4" cage (Fig. 3a), and the 
[5" cage. Therefore. the fluoride-containing cages are 
the backbones for the otherwise open host frame\vork. 
Careful calcination also removes the fluoride anion and 
leads to porous silicas. The influence of help species on 
the structure-directing effect of guest species was 

also reported for atmospheric gases in combination with 
pyrroiidine as SDA."" 

CONCLUSION 

Developing new directions ill the synthesis of porosils 
includes all of the possibilities outlined above. The design 
of new and the modification of existing SDA was 
successful until now. Attempts to use nonaqueous solvents 
and dry gels were intensively researched for some time. 
however. without a major breakthrough. The use of 
mixtures of SDA, in particular, the combination of small 
and spacious molecules. was promising in the recent past. 
High-throughput experimentation will increase the effi- 
ciency of experiments and help to explore the vast pa- 
rameter space in porosil synthesis. The fact that we know 
all possible porosil framework structure types and that 
computational chemistry has the power to calculate the 
SDA-host framework interaction should provide powerfill 
tools for the synthetic chemist.i251 This combination of 
database knowledge. computer modeling, and experimen- 
tal synthesis has not yet been exploited, or. at least, there 
is no successf~~l example of the beneficial collaboration of 
the different disciplines in a joint effort. However. modern 
and successfi~l synthesis research on porosiis must include 
these disciplines in order to achieve the long-awaited goal 
of tailored synthesis of porous silicas. 
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INTRODUCTION 

Cucurbituril (cucurbit[6]uril; or CB[6]) is a hexameric 
macrocyclic compound self-assembled from an acid- 
catalyzed condensation reaction of glycoluril and f o m -  
aldehyde (Scheme 1). Although its synthesis was first 
reported by Behrend and coworkers in 1 9 0 5 , ~ ' ~  its 
chemical nature and structure were unknown until they 
were revealed by Mock and coworkers in 1981."~ CB[6] 
has a cavity of - 5.5 A diameter, accessible from the 
exterior by two carbonyl-laced portals of - 4 A diameter. 
Although the size of the cavity is similar to that of a- 
cyclodextrin (!-CD), the highly symmetrical structure 
with two identical openings distinguishes CB[6] from r -  
CD. In a similar way to CDs, the hydrophobic interior of 
CB[6] provides a potential site for inclusion of hydrocar- 
bon molecules. Unlike CDs, however, the polar carbonyl 
groups at the portals allow CB[6] to bind ions and 
molecules through charge-dipole and hydrogen-bonding 
interactions. The rigid structure and capability of forming 
complexes with molecules make CB[6] attractive as a 
synthetic and as a building block for the 
construction of supramolecular archi tec t~res . '~~ Recent 
syntheses of cucurbituril homologues (cucurbit[n]uril) 
and derivatives opened up new opportunities in supramo- 
lecular chemistry of cucurbituril. In this entry, we briefly 
survey recent developments of supramolecular chemistry 
based on cucurbituril, its homologues and derivatives. 

Host-Guest Chemistry with 
Organic MoQecules 

Host-guest chemistry using CB[6] as a host has been 
studied mostly in strongly acidic aqueous solution, 
typically a 1: 1 mixture of formic acid and water, because 
CB[6] is sparingly soluble in virtually any solvent except 
strongly acidic aqueous solution. Thus, early studies on 
the host-guest chemistry of CB[6] were mainly focused 
on the complexation with alkyl amines or diamines; which 
exist as ammonium ions in acidic solution.[61 The 
thermodyna~nics and kinetics of the binding were 

investigated.'" The binding affinities of selected amines 
are summarized in Table 1 and a more extensive 
collection of such data is available.[" Charge-dipole 
interaction as well as hydrogen bonding between the 
protonated amine group of the guest and the carbonyl 
groups at the entrance of CB[6] is responsible for the high 
affinity of these substrates. In addition, hydrophobic 
interactions between the alkyl group and the inside wall of 
the cavity contribute to the stability of these host-guest 
complexes. Shape-selectivity associated with the inclu- 
sion phenomenon is demonstrated by the fact that par-a- 
substituted benzene rings are able to access the cavity, 
whereas ortho- and ineta-substituted counterparts are not 
included (Table 1). Complex formation between CB[6] 
and other organic substrates, including alcohols. acids. 
nitriles. nonionic surfactants. and polyethylene glycols 
was recently studied by calorimetric titration in aqueous 
formic acid (50 vol%) s ~ l u t i o n . ' ~ '  

The kinetics of the host-guest complexation between 
cyclohexylmethylamine and CB[6] was recently investi- 
gated in a wide range of p ~ . " ~  Interestingly. the rate of 
inclusion is related not to the thermodynamics of 
complexation but to the degree of protonation of the 
guest. The ingress of the protonated guest is retarded by 
the formation of an association complex. while the 
unprotonated guest can enter the cavity directly with a 
20-fold larger rate. 

Despite the poor solubility of CB[6] in pure, neutral 
water, i t  dissolves appreciably in neutral aqueous solutions 
containing alkali metal ions in high concentration. For 
example, - 6.6 x l o p 2  mol of CB[6] dissolves in 11L of 
0.2 M Na2S04 ~o lu t ion . '~ '  The markedly increased 
solubility has been ascribed to binding of alkali metal 
ions to the carbonyl groups at the portal. The X-ray 
structure of CB[6] crystallized from Na2S04 solution 
reveals that two sodium ions are coordinated to each 
portal, and these ions along with water molecules covei- 
each portal of CB[6] like "a lid on a barrel." Encap- 
sulation of simple organic molecules such as tetrahydro- 
furan (TKF): cyclopentanone, furan. and benzene in the 
cavity of CB[Q] in alkali metal ion solutions was ~tudied. '~ '  
The inclusion of xenon into CB[61 dissolved in aqueous 
Na2S04 solution was also investigated by '"Xe- and 'H- 
NMR Xenon is reversibly trapped into 
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H+/ H,G conc. H,SG, 
precipitate Cucurbituril (CB[6]) 

Scheme I. Synthesis of cucurbit[6]mil and its homologues. 

the cavity to form a I : 1  host-guest complex. The 
exchange between the free and the complexed xenon is 
slow on the '""x~-NMw time scale but fast on the 'H- 
WMR time scale. 

Fluorescence enhancement of 2-anilinonaphthalene-6- 
sulfonate (2,6-ANS) in aqueous Na2S04 solution caused 
by the complexation with CB[6] was rep~rted.~"] In 
addition. a solid precipitate formed from aqueous Na2S04 
solution containing 1 -aniline-8-naphthalenesulfonate 
(I,8-ANS) and CB[61 is highly tluore~cent."~' The X- 
ray crystal structure of the fluorescent solid revealed that 
I,8-ANS molecuies are clathrated in the lattice of CB[6] 
molecules with an o~era l l  I .8-ANS/CB[G] stoichiometry 
of 2: I .L'21 

Sorption sf Organic Dyes 
for Water Treatment 

Potential applications of CB[6] for the treatment of 
waste water containing organic dyes from the textile 
industry were investigated. In general. the solubility of 
CB[6] decreases significantly when dyes are present. 
Buschmann and coworkers measured stability constants 
for the complexation of some organic dyes by GB[6] in 
formic acidlwater ~o lu t ion . '~"  Karcher et al. also 

investigated the sorption of reactive dyes by GB[4] and 
effects of metal salt concentration. pH, and temperature 
on the dye s o ~ p t i o n . " ~ ~  

Quantitative Studies sf Metal ion Binding 

The two carbonyl-fringed portals of CB[6] are potential 
binding sites for inetal ions. Buschmann and coworkers 
investigated the binding of alkali metal ions and other 
cations (4 x l o p 4  M) to CB[6] in aqueous solution 
by UVIVis spectroscopy.L151 Assuming that @B[6] binds 
metal ions in a 1:2 stoichiometry and K ,  and K2 are equal, 
they reported stability constants of N$ and K+ com- 
plexes with log K of 3.69 and 3.96. respectively. Later. 
the metal ion binding was studied by calorimetry in a 50% 
formic acidlwater solutioll where 1: I cornplexes were 
ob~erved.~'"  The complexation of CB[6] with some tran- 
sition metal ions was also reported.['71 

Reactions Inside CB[6] 

Mock et al. reported that 1.3-dipolar cycloaddition of 
alkynes with alkyl azides, both substituted with a terminal 
amine group, yielding triazoles. is catalyzed by CB[6] In 
aqueous acid sol~i t ions .~ '~ '  The reaction proceeds with 

Table B Affinity data for ligand-receptor complexes of cucurbituril." 

Ammonium ion (sellh Ammonium ion Kf (rely' 

37 6 NH2(CHZ)?NH2 2 5 
307 NH~(CHZ)JNH~ 480 
71 NH2(CH2)iNH2 7600 
7.0 NH2(CH2)6NH2 8600 

1130 C6HiNH2 16.6 
1040 C6H jCH2NH2 0 8 

Not bound p-MeC6H4CH2NH2 1 0 
40.000 

"Frorn Ref. [6J. 
h~ormation constant relat i~e to p-Me-C6H4CH2NH2. for which the absolute value of K,  = 320 M-'  in 1:l formic acidlarater solutioll at 
40°C. 
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large rate acceleration by a factor of lo5 and high 
regio\peclficity, yielding only 1,4-disubstltutcd triazoles, 
via [ormation of a ternary host-guest complex with 
CB[6] in solution. 

Mechanic%al!y Interlocked Moleeules and 
Their Supramolecular Assemblies 

CB[6] has been used as a molecular bead to synthesize 
mechanically interlocked molecules such as rotaxanes and 
cat~nanes.~" The first rotaxane containing CB[6] was 
synthesized by Kim and c o ~ o r k e r s . " ~ ]  The highly 
efficient, one-pot synthesis involves the threading of 
CB[6] with sperminc followed by attaching a dinitro- 
phenyl group to each end of the spcrmine unit to prevent 
dethreading. They also developed a novel strategy to 
polyrotaxane using metal-ion-directed self-assembly. It 
involves threading a CB[6] "bead" with a short "string" 
to form a stable pseudorotaxane, followed by joining 
the pseudorotaxanes with transition or lanthanide metal 
ions such as Cu2+,1201 Ag+ (Fig. la),12'] or as 
"linkers" to organize into a polyrotaxane. A wide variety 
of one-dimensional (ID). 2D, and 3D polyrotaxanes were 
synthesized, and their structures wcre characterized by 
single-crystal X-ray ~ r ~ s t a l l o ~ r a ~ h y . ~ ~ ' ~  This strategy was 
extended to the synthesis of molecular necklaces, in 
which a number of small rings arc threaded onto a large 
ring. In the synthesis oS molecular necklaces, however, a 
metal cornplcx with cis "vacant" coordination sites such 
as Pt(en)(NO?), (en = ethylenediamine), instead of 
simple metal salt, is used as a "90 degree angle 
connector." M(ilecular necklaces [4]MN (Fig. Ib) and 
[5]MN having three and four CB[61 beads thrcaded on 
trianglar and squarc frameworks, respectively, wcre 
s y n t h e s i ~ c d . ~ ~ ~ '  lieaction between a prcorganized L- 
shaped pscudorotaxane, in which two rnolccular beads 
arc already in place, and metal ions or metal complexes, 

produced a molecular necklace [5]MN containing four 
molecular beads.i251 

(Pseudo)polyrotaxanes containing CB[6] thrcaded on 
organic: polymers wcrc also reported. Such (pseudo)poly- 
rotaxanes were synthesized by interfacial polymerization 
of CB[6]/polyamine pseudorotaxane with diacid chlor- 
ides such as 1,6-hexanedioyl chloride (adipoyl chlo- 
ride).""' Steinke and coworkers recently reported a novel 
way to produce polyrotaxanes utilizing 1,3-dipolar 
cycloaddition between azide and alkyne inside the cavity 
of C B [ ~ ] . ' ~ ~ '  They also synthesi~ed pseudopolyrotaxanes 
by threading CB [6] onto poly (iminohexamcthylene 
chloride).i2si 

Dendrimcrs with terminal groups that are modified 
with pseudorotaxanes wcrc rcported.12" Kim et al. 
attached diaminobutane units at the terminals of poly- 
propylimine (PPT) dendrimers (G 1 -G5), and then 
threaded CB[6] onto the diaminobutane terminals to 
produce pseudorotaxane-terminated dendrimers. The 
structures and properties of the dendrimers can be 
reversibly changed by threading and dethreading CB[6]. 

Interaction of (pseudo)rotaxanes containing CB[6]/ 
polyamine with DNA was investigated by Nakamura and 
K ~ ~ , L " T  Pscudorotaxancs containing a CB[6] bead 

threaded on polyamines with an acridinc terminal bind 
to DNA strongly. Furthermore, the activities of poly- 
amines, such as spermine and spermidine, which are 
known to accelerate transcription and nuclcasc activities, 
are greatly affcctcd by thcir formation of pseudorotaxanes 
with CB[6].  

Moieeular Switches and Machines 

One of the potential applications of mechanically intcr- 
locked molcculcs is construction of molecular-scale 
devices such as molecular machines and switches. 
[2](Pscudo)rotaxanes containing CB]6] were studied along 

Fig. I X-ray crystal structures of a two-dimensional polyrotaxane (a) and a molecular necklace [4]MN (b). (Vicw [his nrt in color at 
www.clrkk(~r. c.otn.) 
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this line. In 1990. Mock reported a pseudorotaxane-based 
molecular switch consisting of a CB[6] "bead" and a 
triamine "striilg" P~NI-I(CH-H~)~NW(CH~)~NH~.[~" At low 
pH. the  bead^' resides at the protonlated diaminohexane 
site. because CB[61 forms a Inore stable complex with 
diprotonated diaminohexane than with diprotonated di- 
aminobutane. Upon deprotonation of the aniline nitrogen 
(pK,  = 6.7). however; the "bead" migrates to the 
diprotonated diaminobutane site, because binding with 
the monoprotonated diaminohexane is weaker. Recently, 
Kim et al. extended this work to design a fluorescent 
inolecular switch that can signal the change in the "bead" 
position by color and fluorescence changes.["' They also 
reported another bistable [2jrotaxane containing CB[6] 
that behaves as a kinetically controlled switch.i33' 

Other Supramoleeuiar Assemblies 
Formed with 6B[6] end Metal Ions 
or Metal Complexes 

CB[6] and K +  or Rb+ ion form a columnar one- 
dimeilsional coordination polymer in the solid state, in 
which CB[6j molecules stack atop one another through 
coordination of their carbonyl groups to M' or Rb+ ions 
in between. In the case of Rbi. the coordination polymer 
chains are arranged in such a way as to produce a 
honeycomb-like structure with large. linear hexagonal 
channels parallel to the polymer  chain^."^' Supramolec- 
ular assenlblies of CB[6j and transition metal ion clusters 
were iilvestigated. For example, an infinite one-dimen- 
sional chain structure was reported, in which a double 
cube cluster cation ( [ M ~ E ~ ( E I ~ o ) ~ G ~ ~ ~ ~ H ~ } ~  + (M = Mo, 
W; E = S. Se) is sandwiched between two CB[6] units 
via hydrogeii bonds.'351 

Syntheses, Structures, 
and General Properties 

Cucurbituril homologues having glycoluril units fewer or 
greater than six were recently reported by Kim and 
 coworker^.'^^' The cyclization at lower temperatures (75- 
90°C) compared to that (> l lQ°C) employed in the 
conventional synthesis of CB[Gj allows formation of 
significant amounts of other CB homologues besides 
CB[6] (Scheme 1). The homologues (cucurbit[njuril or 
CB[nj. 71 = 5-8) can be isolated by a series of fractional 
crystallizations. The higher homologues (CB[n]. r~ = 9- 
11) were also detected by mass spectrometry, although 
they have not yet been isolated due to the very low level 
of production. Recently. Day and coworl<ers examined a 
wide range of reaction conditions. including acid type. 

acid concentration, reactant concentrations. and temper- 
ature to probe the mechanism as well as to optimize the 
yield of individual CB h~mologues. '~" 

The CB homologues CB[5]. CB[7]. and CB[81 were 
fully characterized by various spectroscopic methods. 
including x-ray crystallography (Fig. 2).136' Compared in 
Table 2 are some structural para~neters of the CB 
homologues. As we go from CB[5] to CB[8]. the mean 
diameter of the internal cavity increases progressively 
from - 4.4 to - 8.8 A. Likewise, the oxygen-bounded 
portal increases its mean diameter from - 2.4 to - 6.9 A. 
In terms of cavity size, CB[6]; CB[7]. and CB[8] are close 
to x, /i, and 7-CDs. respectively. The different cavity size 
of the CB homologues is manifested in their host-guest 
chemistry. Protonated 2.6-bis(4,5-dihydro-IN-imidazol- 
2-y1)naphthalene is too large to be included in CB[6] but 
forms a 1:l host-guest complex with CB[7] and a 1:2 
cornplex with CB [8 j .''61 

Similar to CB[6j9 solubility of CB homologues. except 
CB[7], is extremely low in common solvents. including 
water. However, CB[71 has a moderate solubility in water 
(3 x 10-2 M).'"' which is comparable to that of P-CD. 
All CB homologues (rz = 5-8) have high thermal 
stability in the solid state. No deconnposition is observed 
up to 420°C for CB[rz] (11 = 5, 6, and 8), although CB[7] 
starts decomposing at a somewhat lower temperature 
( ~ ~ O O C ) . ~ ~ ~ . ' ~ '  Prolonged heating of CB[8] in concentrated 
KC1 at 100°C produces the smaller hornologues. while 
smaller CB homologues do not show interconversion or 
detectable dec~in~osit ion.~" '  

Although cucurbit[5]uril (CB[51) became available only 
recently, along with otlter CB homologues. its derivative 
decamethylcucurbit[5]uril (M~-cB[~] ) ' " '~  was linown 
since 1992, and its chemistry was studied (see Gzic~~~.Dit- 
lwil Derivati~'es). Because CB[5] and Me-CB[5] have 
essentially identical cavity structures, their chemisuy is 
also expected to be the same. 

Nau and Marquez examined the photophysicai properties 
of 2.3-diazabicyclo-[2.2,2joct-2-ene (DBO) inside CB[7] 
to characterize the chemical environment of the CB[7j 
cavity.'"' The encapsulation of DBO by CB[7] strongly 
affects the photophysical properties of DBO. Interesting- 
ly, the polarizability inside CB[7j cavity is even lower 
than that in perfluorohexane, and thus, the environment of 
the cavity inside CB[7] is closer to the gas phase than the 
solution phase. 

Kim et al. discovered that CB[7] forms a stable 1 :  1 
inclusion complex with methylviologen dication (MV'+: 
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Fig. 2 X-ray crystal structures of cucurbit[rz]uril ( i z  = 5- 8 )  

log K = 5.30).'"' It is in sharp contrast to the fact that slows the electron transfer between the electrode and the 
j-cyclodextrin, which has a similar cavity size, does not redox center. 
bind MV" appreciably. Unusual electrochemical behav- The synthetic utility of CB[8] as a reaction vessel was 
ior of the inclusion complex was also observed. Inclusion also demonstrated. The [2 + 21 photoreaction of trans- 
of o-carborane in CB[7] was recently diarninostilbene dihydrochloride proceeds with large rate 

acceleration and high stereoselectivity via formation of a 
Gucurbit[8]urii stable 1:2 host-guest complex with CB[8] in solution.'461 

The selective inclusion of a hetero-guest pair in CB[8] 
driven by charge-transfer interaction between the 
electron-rich and electron-deficient guests. such as 
methylviologen and 2,6-dihydroxynaphthalene or 1.4- 
dihydroxybenzene was reported (Fig. 3a).l4" The 1:1:1 
ternary co~zlplexes exhibit largely red-shifted charge- 
transfer absorptions with a collcomitant high increase in 
intensity and the strong fluorescence quenching of 2.6- 
dihydroxynaphthalene compared to those of a 1: 1 mixture 
of the guest moPecules in the absence of CB[8]. 

Macrocycles within macrocycles were synthesized; 
where ietraazamacrocycles and their metal complexes are 
encapsulated within CB[~]."" The I : l  i~lclusion com- 
plexes cyclen4HCl-CB [8], cyclam4HCl-CB [8], and 
[C~(cyclen)(H~0)](NO~)~-CB[8] (Fig. 3b) were charac- 
terized by X-ray crystallography. An electrochemical 
study shows that the encapsuiatioli of C~~(cyclen) in CB[8] 
increases the stability of the Cu(I) state but considerably 

Table 2 Structural parameters for cucurbit[n]uril ( i ~  = 5-8)." 

Portal diameter (A) 2.4 3.9 5.4 6.9 
Cavity diameter (A)' 4.4 5.8 7.3 8.8 
Cavity volunle (a" 82 164 279 479 
Outer diameter (A)'' 13.1 14.4 16.0 17.5 
Height (A) 9.1 9.1 9.1 9.1 

The first cucurbituril derivative decamethylcucurbit[5]uril 
(Me-CB[5]) (Chart I) was synthesized from dimethylgly- 
coluril and formaldehyde in 1992. '~ '~  The X-ray structural 
analysis shows a cavity of 4 A in diameter and two 
identical portals of - 2.5 A in diameter. Bradshaw and 
coworkers studied complexation of Me-CB[5] with metal 
ions in 50% formic acidlwater solution by calorimetric 
and potentiometric methods.i471 Me-CB[S] binds most 
metal ions in a 1: 1 stoichiometry in the acidic solution. 
Interestingly, Me-CB[S] shows exceptionally high affinity 
for pb2+ ion (log K > 9). which is mainly due to the size 
match between pb2+ and Me-CB[S] portals. The pK, 
value (9.56) for protonation of Me-CB[S] indicates that 
Me-CB[5] behaves as a base in an aqueous solution. 

The encapsulation of small molecules, such as N2. 02. 
methanol, or acetonitrile in ammonium ion complexed 
Me-CB[5] in the gas phase. was observed using electro- 
spray ionization Fourier transform mass ~pectrometry.~"' 
The guest is released in the gas phase upon removing an 
arnmonium ion "lid" using 18-crow11-6. The rate of guest 
release depends on the size of the guest molecules. 

CyelsRexanscueurbit[n]uriI (n  - 5 and 6) 

"From Ref. [36]. 
h ~ r o m  Ref. [ 2  1. 
'Values rneatured at the equator of the receptors 

Cyclohexanocucurbit[n]uril (n = 5 and 6: CB*[5] and 
CB:%[6]) (Chart 1) were recently synthesized from 
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Fig. 3 X-ray crystal structurcs of inclusio~l complexes of a hetero-guest pair (a) and Cu(cyc1cn) (b) in CRIX1. (View this art in color at 
www.de/zker.conz.) 

cyclohcxanoglycoluril and formaldehyde.14" Their X-ray 
crystal structures reveal 5 and 6 fused cyclohexane rings, 
respective1 y, decorating outside the "equators" of CB [n] 
(n  = 5 and 6). The portal and cavity sizes of CB'k[5] and 
CR*[6] are essentially the same as those of CB[5] and 
CB[6], respectively. 

Remarkably, the new CB derivatives CB*[5] and 
CB*[6] arc soluble in common solvents, such as water, 
methanol, and DMSO, and moderately soluble in ethanol, 
DMF, and acetonitrile. They are both more soluble in 
water ( - 2 x lop '  mol L I )  than in organic solvents 
( N 3 x 10 p2  mol L ' or less) despite the presence of the 
equator-decorating fused cyclohexane units. The solubility 
of CB*[6] in water is comparable to that of x-CD. 

A study of the complex formation of CB*[5] with Kt  

ion in neutral water using titration calorimetry showed 
that CB*[5) binds K+ ion in a 1:2 stoichiometry. The 
utility of water-soluble CB*[6] was also illustrated by 
formation of a stable 1 : l  host-guest complex with 

behave as ISE\ for sensing pb2+ ion and acetylcholine, 
respect~vely, with good \en\itivity and select~vlty. 

Cucurbit[6luril is attractive not only as a synthetic receptor 
but also as a building block for supramolecular assemblies. 
Recent syntheses of its homologues and derivatives further 
broadened the scope of cucurbituril chemistry.'5n1 Many 
challenges remain, including direct functioualization of 
CBLn] and synthesis of CB analogues, particularly chiral 
ones. Considering what has been done with cyclodextrins, 
nevertheless, we believe that the CB homologues and 
derivatives provide new opportunities in many areas of 
supramolecular chemistry, including recognition, cataly- 
sis, separation, transport, and many others. 

acetylcholine in neutral water. The good solubilities of FURTHER INTEREST 
CB':'[5] and CB*[6] in organic solvents make their - 
applications in ion-selective electrodes (ISEs) possible. Catenaries and Other Interlocked Molecules, p. 206 
Membrane electrodes prepared with CB*[5] and CB*[6] Cavitands, p, 219 

Cyclodextrins, p. 398 
Dendrimers, p. 432 
Drug Delivery, p. 484 
Dye Inclusion C~ystals,  p. 497 
Enzyme Mimics, p. 546 
Glycoluvil-Based Hosts, p. 597 
Elqdrogen Bonding, p. 658 
Hydrophobic Eflects, p. 673 
Inclusion Compounds: Selectivity, Thermal Stubility, und 

0 Kinetics, p. 696 u 
Ion Channels and Their Models, p. 742 

Decarnethylcucurbit[5]uril Cyclohexanocucurbit[n]uril 
(Me-CB[5]) (CB*[n]; n = 5 and 6) Ion-Selective  electrode.^, p. 747 

The Lock and Key Principle, p. 809 
Chart 1. n/lolecular Squares, Boxes, and Cubes, p. 909 
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Molec~ilar S~vitches, p. 91 7 
Molecul~zr-level Muclzirzes, p. 931 
Nzicleai- ,Wugnetic Resorzarzce Spectroscopy, p. 981 
Rotaxanes and Psecidorotaxanes, p. 1 194 
Self-As.rer~zl71y: Defirzition and Kinetic and Thermody- 

rznniic Considerations, p. 1248 
Stnbilitj Constants: Defi'rzitiorz arzd Defermination, p. 1360 
The Ternplate Eflect. p. 1493 
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Cyclodextrins (CD) are the most widely used molecules 
that form host-guest-type inclusion complexes. Al- 
though as recently as the 1970s these long-known mole- 
cules were merely scientific curiosities. available only 
as expensive fine chemicals. by the end of the twentieth 
century, they we

r
e produced and used industrially in 

thousand-tons amounts. 
The spectacular development of CD technology relies 

on a series of reasons: 

Q They are seminatural products. produced from a re- 
newab!e natural material (starch) by employing a re- 
la t i~ely  simple enzyrnic conversion. 
Tney are produced in thotisand toniyear amounts by 
environment-friei~dljr technologies. 
Their initially high prices have dropped to levels where 
they become acceptable for most industrial purposes. 
Through their inclusion complex-forming ability. iin- 
portant properties of the complexed substances call be 
modified significantly. This unprecedented "molecu- 
lar encapsulation' ' is \videly utilized in Inany industrial 
products. technologies, and analytical m-ethods. 
Their toxic effects are of secondary character and can 
be eliminated by selecting the appropriate CD type or 
derivatihe or mode of application. 
They can be coilsumed by humans as ingredients of 
drugs. foods, or cos~netics. 

STRUCTURAL FEATURES 
OF GYCbOBEXTRiNS 

Cyclodextrins comprise a falniiy of three well-known 
industrially produced major. and several rare. minor cyclic 
oligosaccharides. The three major cyclodextrills are crys- 
talline, homogeneous. nonhygroscopic substances. which 
are torus-like macro-rings built up froin glucopyranose 
units. Tile x-cyclodextrin (Schardinger.~ r-dextriil, cyclo- 
maitohexaose. cyclohexaglucan. cyclohexaamylose, rCD, 
ACD, 66A) comprises six glucopyranose units, pCD 
(Schardinger's P-dextrin, cyclornaltoheptaose, cyclohep- 
taglucan. cycloheptaamylose. PCD. BCD. C7A) c o n -  
prises seven such ~mi ts ,  and yCD iSchardingerqs y-dextrin. 

cyclomaltooc:aose, cyclooctagl~~can, cyclooctaamylose. 
yCD, GCD, CXA) comprises eight such units (Fig. 1). 
The most important characteristics of the CDs are sum- 
marized in Table 1 .  

The nomenclature of CDs is not exact. Maltose is a 
disaccharide. i.e.. a cyclomaltopentaose could be inter- 
preted as a 10-glucopyranose-containing cyclic oligosac- 
charide. Otherwise. this is the five-membered pre-ICD. 
How n-ould a four-memberecl CD be named? 

Fortunately, the practically important. industrially pro- 
duced CDs are the E-, p-, and yCDs. Their naines are 
unambiguous and need not be changed. A complete and 
unanimous nomeilclature was suggested by Lichtenthaler 
and ~ m m e l . ~ ' ~  e.g., the pre-zCD is named cyclo-%(I + 4)- 
glucopentaoside. This nomeilclature is recommeilded 
for the so-called minor CDs as well as for any other cy- 
clic oligosaccharides. 

As a consequence of the kC1 conformation of the 
glucopyranose rrnits. all seconclary hydroxyl groups are 
situated on one of the two edges of the ring, whereas all 
the primary ones are placed on the other edge. The ring, 
in reality. is a cylinder, or better said. a conical cylinder. 
which is frequently characterized as a doughnut or wreath- 
shaped truncated cone. The cavity is lined by the hydrogen 
atoms and the glycosidic oxygen bridges. respectively. 
The nonbonding electron pairs of the glycosidic-oxygen 
bridges are directed toward the inside of the cavity. pro- 
ducing a high electron density there and lending to it some 
Lewis-base characterisiics. 

The C-2-OH group of one glucopyranoside unit can 
form a hydrogen bond with the C-3-OH group of the 
adjacent glucopjrranose unit. In the BCD molecule, a 
complete secondary belt is formed by these H-bonds. and 
therefore, the pCD is a rigid structure. This intramolecular 
hydrogen-bond formation is probably the explanation for 
the obser\-ation that PCD has the lowest water solubility 
of all CDs. 

The hydrogen-bond belt is incomplete in the rCD 
molecule. because one glucopyranose unit is in a distorted 
position. Consequently. instead of the six possible H-bonds. 
only four can be established simultaneosly. The yCD is a 
noncoplanar, inore flexible structure. and therefore. it is 
the more soluble of the three CDS. '~ -~ '  

Shown in Fig. 2 is a sketch of the characteristic struc- 
tural features of CDs. On the side where the secondary 

E ~ i c ~ c l o ~ ~ e t l i n  of Si~~) i~nrnolec .~~/ t~r-  Chenli~tiy 
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Fig. 1 Structure of PCD and approxilnate geometric dimen- 
sions of x-, 0-. and yCD molecules. (Vieu. this art in color at 
n,u1v.dekker. co~iz.) 

hydroxy! groups are situated, the cavity is wider than on 
the other side, where free rotation o f  the primary hydroxyls 
reduces the effective diameter o f  the cavity. 

For a long time. only the three parent (or major) CDs 
(r-. P-. and ;,CD) were known and well characterized. 

In the 1990s. a series o f  larger CDs was isoIated and 
studied. For example. the nine-membered 6CD was 
isolated from the comnlerciaily available CD-conversion 
mixture by chromatography. The 6CD has greater aqueous 
solubility than the PCD but less than that o f  a- and -fCD. It 
was the least stable among the CDs known at that time; 
their acidic hydrolysis rate increases in the order o f  
rCD < PCD <yCD < GCD. The SCD did not show signif- 
icant solubilization effect on slightly soluble drugs in 
water. except in the cases o f  some large guest molecules, 
like spironolactone and digitoxin. 

The larger CDs are not regular cylinder-shaped 
structures. They are collapsed. and their real cavity is 
even snlaller than that in the yCD. The proposed principal 

driving force o f  the complex formation, the substitution o f  
the high-enthalpy water molecules in the CD-cavity, is 
weaker in the case o f  larger CDs, and therefore. their 
utilization as inclusion-complexing agents will probably 
remain restricted. 

PRODUCT ION OF CDS 

The cyclodextrin gl~~cosyl transferase enzyme (CGT-ase) 
is produced by a large number o f  microorganisms, like 
Bacillus nzacerarzs. Klebsiell~ oxytoca, Baci l l~~s  cil-cztlarzs. 
Alkalo~~hylic hacill~ls No. 38-2. etc. Genetic engineer- 
ing provided more active enzymes, and probably, in 
the future. these enzymes will be used for industrial 
CD production. "' 

The first step in CD production is the liquefaction o f  
starch at an elevated temperature. T o  reduce the viscosity 
o f  the concentrated (around 30% dry weight) starch 
solution, it has to be hydrolyzed to an optimum degree. 
The prehydrolyzed starch must not contain glucose, or 
low-molecular oligosaccharides, because they strongly 
reduce the yield o f  the CDs formed. After cooling to the 
optimum temperature, the CGT-ase enzyme is added to 
the starch solution. In the so-called nonsolvent technol- 
ogy, the r - ,  P-, and yCDs formed have to be separated 
from the complicated partially hydrolyzed mixture. In 
the case o f  solvent technology. an appropriate complex- 
forming agent is added to the coilversion mixture. I f  
toluene is added to this system. the tolue~le-PCD-foril~ed 
complex is separated immediately. and the conversion 
is shifted toward the formation o f  PCD. I f  11-decanol is 
added to the conversion mixture. mainly rCD will be 
produced. while in the case o f  cyclohexadecenol. the main 
product is yCD. Various other complex-forming agents 
can be used. The selection depends on price, toxicity. and 
explosivity, and most importantly, on the efficiency o f  the 
removal o f  the solvents from the crystalline end product. 
The insoluble complexes are separated from the conver- 
sion mixture by filtration. The removal o f  the solvents 
from the filtered and washed complex is generally made 
after suspending it in water by distillation or extraction. 
The aqueous solution obtained after removal o f  the corn- 
plexing solvent is treated with activated carbon and then 
filtered. The cyclodextrins are then separated from this 
solution by crystallization and filtration. The hoinogeneity 
o f  the industrially produced cyclodextrins is generally bet- 
ter than 99%. 

For many reasoils (price. availability. approval status, 
cavity dimensions, etc.). PCD is the most widely used and 



TabIe 1 Characteristics of x-. 0-, and ;,CD 

a B Y 

No. of glucose 
Mol. wt. 
Solubility in vl ater g 100 ml at room temperature 
[rID 25" 
Cavity diameter ,% 
Height of torus A 
Diameter of outer periphery A 
Approximate volume of cavity A~ 
Approximate cavity volume in 1 mol CD (ml) 
Approximate cavity volume in 1 g CD (ml) 
Crystal forms (from water) 
Crystal water wtQ 
Diffusion constants at 40°C 
Hydrolysis by A. or?;zae r-amylase 
pM (by potentio~netry) at 25'C 
Partial molar volumes in solution ml.molp ' 
Adiabatic compressibility in aqueous solutions 
ml.molp' ba r - ' . lo"  

6 
972 
14.5 
150?0.5 
4.7-5.3 
7.9+0.1 
14.6t0.4 
174 
104 
0.10 
Hexagonal plates 
10.2 
3.443 
Kegligible 
12.332 
611.4 

7 
1135 
1.85 
162.5t0.5 
6.0-6.5 
7.9e0.1 
15.4*0.4 
262 
157 
0.14 
Monoclinic parallelograms 
13.2-14.5 
3.224 
Slow 
12.202 
703.8 
0.1 

8 
1297 
23.2 
177.4 ~ 0 . 5  
7.5-8.3 
7 . 9 ~ 0 . 1  
17.5+0.4 
427 
256 
0.20 
Quadratic prisms 
8.13-17.7 
3.000 
Rapid 
12.081 
801.2 
5 . 0  

represents at least 9 5 8  of ali CDs produced and co~lsumed. 
Ht is used for many puiyoses; however. its anon~alous low 
aqueous solubility (and the low solubility of most of its 
complexes) is a serious bai~ier in its wider utilization. 
Fortunately by chemical or enzymatic modifications. the 
solubility of all CDs can be strongly improved, and instead 
of the 18 g/L aqueous PCD solutions 500 g (or more)/l 
aqueous PCD derivative solutions can easily be prepared. 

In the cyclodextrins. every glucopyranose unit has 
three free hydroxyl groups that differ in their functions 
and reactivity. The relative reactivities of C(2) and C(3) 
secondary, and the C(6)  primary hydroxyls, depend on the 
reaction conditions (pH. temperature. reagents). In PCD, 
21 hydroxyl groups can be modified by substituting the 
hydrogen atom or the hydroxyl group with a large variety 

Secondary OH-side 
-. . 

*"., 
*FIydrophylic region ,./.' 

i' 

cross sectlon 

Fig. 2 Scliematic representation of the hydrophiliclhydropho- 
bic regions of a CD molecule. (Well' tlzis art in color at \ t . ~ u ' .  
dekker.conz.) 

of substituting groups (like alkyl-, hydroxyalkyl-. carboxy- 
alkyl-. amino-. thio-. iosyl-. glucosyl-, maltosyl-, etc., 
groups). And. thousands of ethers. esters. anhydro- deoxy-, 
acidic, basic. etc.. derivatives can be prepared by chemical 
or enzynlatic  reaction^."^^ The aim of such derivatizations 
may be as follows: 

To improve the solubility of the CD derivative (and 
its cornplcxcs). 
To improve the fitting. or the association between the 
CD and its guest, with concomitant stabilization of the 
guest, reducing its reactivity and mobility. 
To attach specific (catalytic) groups to the binding site 
(e.g.. in enzyme modeling). 
To form insoluble, immobilized CD-containing struc- 
tures, polymers. e.g.. for chro~natographic purposes. 

From the thousands of CD derivatives described in 
hundreds of scientific papers and patents, only a few can 
be taken into consideration for industrial-scale synthesis 
and utilization. Complicated muitistep reactions, using 
expensive. toxic. environment-polluting reagents, and pu- 
rification of the products by chromatography are feasible 
for preparing derivatives only on laboratory scale. To pro- 
duce tons, at an acceptable price. only about a dozen of 
the known CD derivatives can be taken into consideration. 

Among industrially produced. standardized, and avail- 
able (even in ton amounts) PCD derivatives. the most 
important are the heterogeneous, amorphous. highly wa- 
ter-soluble methylaced PCD and 2-hydroxypropylated 
PCDs. Due to their heterogeneity, these products cannot 
be crystallized, which is an important advantage (e.g.. at 
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producing liquid drug formulations). More important. 
however. is that these derivatives cannot form crystalline 
cholesterol complexes; because the nonmodified BCD has 
a partic~~larly high affinity to cholesterol. If administered 
parenterally, it is not metabolized in the organism but 
forms insoluble cholesterol complex crystals in the kid- 
neys, resulting in nephrotoxicity. 

The first hydroxypropyl-PCD and hydropropyl-yCD to 
contain drug formulations are already approved and mar- 
keted in several countries. 

A methylated PCD is more hydrophobic than the PCD. 
therefore, it forms a more stable (but soluble) complex 
with cholesterol. Its affinity to cholesterol is so strong that 
it extracts cholesterol from the blood cell membranes: 
resulting in hemolysis in around 1 mg/mL concentration. 

A particular inethylated pCD, the heptakis (2,6-di-0- 
methyl-PCD, called DIMEB) is a crystalline product. It is 
extremely soluble in cold water but insoluble in hot water, 
therefore, its purification, and also the isolation, of its 
complexes is technically simple. Up to now, no better 
solubilizer was found among the CDs. It is available in 
better than 95% isomeric purity for injectable drug for- 
mulation. but for widespread industrial application, the 
cheaper randomly methylated PCD (called RAMEB) is 
produced and marketed. 

Reacting PCD with starch in the presence of pullu- 
lanase enzyme results in the attachment of one or two 
maltosyl or glycosyl groups to the primary side of the CD 
ring with r-1:6 glycosidic linkage. The product is the so- 
called "branched" CD (mono- or dinlaltosyl or mono- 
or diglucosyl CD). which is very soluble in water, being 
a heterogeneous, noncrystallizable substance. It is pro- 
duced and used in the food industry, mainly in Japan. for 
example, for production of stable flavor-powders. 

There is also increasing interest in the per-acyl-CDs. 
All acetylated CDs from per-acetyl to per-octanoyl esters 
were studied partly as retard drug carriers (to retard the 
drug release for absorption from its pharmaceutical for- 
mulation). partly as bioadhesive, film-forming substances 
to be used in transdermal drug delivery systems. 

The heptakis-(sulfobuty1)-WD is very soluble in wa- 
ter. noncrystallizable. and even at extremely high doses 
seems to be free from any toxic side effects. It can be used 
as a chiral separating agent in capillary zone electropho- 
resis. But, the aim of intensive research is to develop it as 
a parenteral drug carrier, for preparation of aqueous in- 
jectable solutions of poorly soluble drugs. 

The GD sulfates possesses lnany similar properties as 
heparin. without its anticoagulating effect. Apparently, 
they can reduce the blood supply of tumor tissues through 
inhibiting the formation of new arteries. 

The ~nonochloro-triazinyl PCD is produced on indus- 
trial scale from CDs and cyanuric chloride. It is reactive 

with cellulose fibers in alkaline medium (see the entry 
Cyclodextvias: Applications). 

To elongate the actual CD cavity, substituents are at- 
tached to the primary or secondary side. This elongation 
may be hydrophylic, in which case: hydroxyalkyl groups 
are attached to the ring, or it might be hydrophobic, for 
example, by substituting the primary hydroxyl groups with 
long fatty-acid chains: "medusau-like molecules can be 
prepared. These molecules behave as detergents while re- 
taining their complex-forming ability. In the coming years. 
it will be decided how these derivatives may be utilized. 

The chair conformation of the CD ring can be modified 
by inverting the position of some hydroxyl groups. For 
example, eliminating the tosyl group in alkaline medium 
from a CD-tosyl derivative, 2,3-anhydro derivatives can be 
prepared. When opening the anhydro ring, one hydroxyl 
group will take up an inverted position, and in this way, 
cycloaltrins are formed. By eliminating an appropriate 
leaving group from the primary side, 3,6-anhydro-CDs 
are formed. Because of the twisted conformation of the 
anhydro-glucopyranose unit, the properties of CDs (for 
example, their solubility) are strongly changed. 

It is possible to close one side of the CD cavity, for 
example, by overbridging the primary or secondary side 
with an appropriate bifunctional substituent. It is expected 
that these overbridged CDs will form more stable com- 
plexes with certain guests. 

The essence of photodynamic tumor therapy is that 
particular compounds have to be delivered to the tumor 
tissues. which upon the effects of strong light, become 
toxic through isomerization or splitting, etc. In this case, 
upon strong light irradiation, the photosensitive mole- 
cules will become toxic just for the tumor cells. For such 
targeting of the drug, very stable (lo5-lo7 M 1 )  com- 
plexes are needed. The duplex homo- or heterodimers of 
CDs (constructed only from one or two different CDs) 
form complexes that are more stable by orders of mag- 
nitude than those of the single CDs. By interconnecting 
two CDs with appropriate bridges, such duplex CD 
derivatives were prepared that can form stable com- 
plexes with photosensitive posphyrinoid structures and 
transport them to the target organs. 

In "antennae3'-bearing CDs, receptor-specific oligo- 
saccharide units are attached to the CDs, which will bond 
only to specific receptors in the living organisms. The aim 
of these efforts is to synthesize a receptor-targeting car- 
rier, that is, the drug complexed with an antenna-bearing 
duplex CD would transport the specific drug solely to the 
target organ. 

The most complicated CD derivatives are synthesized 
for enzyme-modeling experiments. By dimerizing amino 
acid CD derivatives. hydrolase enzyme models were pre- 
pared. that approximate the activity of natural enzymes. 
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A dozen CD derivatives of various types are used in 
gas chromatography. liquid chromatography: and capil- 
lary zone electrophoresis. 

For other industrial purposes where toxicological de- 
mands do not play a decisive role, epichlorohydrin cross- 
linked. hydroxyethylated, or sometimes apparently fancy 
(but justified by their usef~~lness) mixed ethers-esters, like 
heptakis (2,6-di-0-methyl)-3-0-trifluoracetyl-PC and 
similar derivatives are produced and utilized. 

It seems to be probable that for drug carrier purposes, 
four or five different CDs will be developed and produced 
in the future, because no one of them alone is able to 
fulfill all of the strict requirements, which are usual in case 
of a parenteral drug carrier. 

For other industrial purposes. the production of 
hundreds of tons of alkylated, hydroxyalkylated, and 
acylated CDs is forecast by the end of the first decade of 
the twentieth century. 

GYCLODEXTRBN COMPLEXES 

III an aqueous solution, the slightly apolar cyclodextrin 
cavity is occupied by water ~nolecules that are energeti- 
cally uilfavored (polar-apolar interaction) and, therefore, 
can be readily substituted by appropriate "guest mole- 
cules" that are less polar than water (Fig. 3). The dissolved 
cyclodextrin is the "host" molecule. and part of the 
"driving force" of the complex formation is the substi- 
tution of the high-enthalpy water molecules by an 
appropriate "guest" molecule. One, two. or three cyclo- 
dextrin molecules contain one or more entrapped "guest" 
molecules. Frequently, the host:guest ratio is 1:l .  This is 
the essence of "molecular encapsulation." 

This is the simplest and most frequent case. How- 
ever 2:1, 1:2, 2:2, or even more complicated as- 
sociations, and higher-order equilibria exist, almost 
always simultaneously. 

The inclusion complexes formed can be isolated as 
stable crystalline substances. Upon dissolving these 
complexes, an equilibrium is established between disso- 
ciated and associated species. and this is expressed by 
the complex stability constant KO. The association of the 
CD and guest (D) molecules, and the dissociation of the 
CDIguest complex formed is governed by a thermo- 
dynamic equilibrium: 

The most important primary consequences of the inter- 
action between a poorly soluble guest and a CD in 
aqueous solution are as follows: 

1. The concentration of the guest in the dissolved phase 
increases significantly, while the concentration of the 
dissolved free CD decreases. In case of ionized guests 
or hydrogen-bond-establishing (e.g.. phenolic) guest 
molecules. the solubility of the CD increases. After 
reaching the solubility limit of the complex, its pre- 
cipitation begins. 

2.  The spectral properties of the guest are modified. For 
example, the chemical shifts of the anisotropically 
shielded atoms are modified in the NMR spectra. 
Also. when achiral guests are inserted into the chi- 
ral CD cavity. they become optically active and show 
strong induced Cotton effects on the circular di- 
chroism spectra. Sometimes the maxima of the UV 
spectra are shifted by several nm, and fluorescence 
is strongly improved, because the fluorescing mole- 
cule is transferred from the aqueous milieu into an 
apolar surrounding. 

3. The reactivity of the included molecule is modified. In 
most cases. the reactivity decreases. i.e.: the guest is 
stabilized. but in many cases, the CD behaves as an 

Fig. 3 CD inclusion complex formation. p-Xylene is the guest molecule. and the small circles represent the water molecules. (Vierv 
this art in color at ~vww.dekker.corn.) 



artificial enzyme. accelerating various reactions and 
modifying the reaction pathway. 

4. The diffusion and volatility (in case of volatile sub- 
stances) of the included guest decrease strongly. 

5. The formerly hydrophobic guest, upon complexation. 
becomes hydrophilic, and therefore. its chromato- 
graphic mobility is modified. 

6. In the solid state. the complexed substance is mo- 
lecularly dispersed in a carbohydrate matrix forming a 
microcrystalline or amorphous powder, even with 
gaseous guest molecules. 

7.  The complexed substance in the solid state is ef- 
fectively protected against any type of reaction, ex- 
cept that with the CD hydroxyls or reactions catalyzed 
by them. 

8. Sublimation and volatility in the solid state are re- 
duced to a low level. 

9. The complex in the solid state is hydrophilic, easily 
wettable, and rapidly soluble. 

When, in an aqueous system, the formation of the CD- 
inclusion coinplex can be detected, e.g., by NMR or cir- 
cular dichroism or through a catalytic effect, this does not 
necessarily mean that a well-defined crystalline inclusion 
complex can be isolated. The two main components of 
the driving force of the inclusion process are the repulsive 
forces between the included water molecules and the 
apolar CD cavity on the one hand, and between the bulk 
water and the apolar guest, on the other hand. This second 
factor does not exist in the crystalline (dry) state. There- 
fore. it is common to find that the complex formation is 
convincingly proven in solution, but the isolated product 
is only a very fine dispersion of the CD and the guest. 

The absolute majority of all practical applications of 
CDs (see Cyclodexti-ins: Applications) is based on their 
inclusion complex-forming capacity. 

THE @D LlTERATURE [REF. 91" 

By the end of 2003, the number of CD-related publica- 
tions will be more than 26,000, representing nlore than 
160,000 printed pages. 

The only way to exploit the enormous potential hidden 
in the vast amount of literature is to summarize it in 
specific, well-limited critical reiriews. More than 450 re- 
views were published on cyclodextrins. Less than 10% 
can be considered "critical evaluations." The majority 
comprise an uncritical compilation of that literature that 

::The inost comprel~en,i\e source of CD literature is the Cyclodesrr-ill- 
Nrn,s. published monthly, since 1986. 

the author was able to find and read (frequently only as an 
abstract), mixing significant, industrially i~nportant obser- 
vations and products with unfounded speculations and 
nonfeasible ideas. While 30 years ago about four to five 
CD papers were published monthly, in 2002 just that 
many are published daily. 

About 16% of all CD-relevant publications are dedi- 
cated to the fundamentals of cyclodextrin chemistry and 
technology, i.e.. the physical and chemical properties of 
cyclodextrins, their enzymology, toxicology, production. 
and derivatives. This section also includes the numerous 
review articles on CDs. 

Nearly 22% of the publications are dedicated to studies 
of the CD-inclusion phenomena. These works are gen- 
erally not directly practice-oriented, dealing with ener- 
getics and kinetics of inclusion, x-ray, FT-TR, liquid- and 
solid-phase NMR, EPR, circular dichroism, Raman spec- 
troscopy, enhancement of luminescence and phos- 
phorescence. thermal analysis, interaction of CDs. with 
specific guest types, enzyme modeling with CDs and CD 
derivatives, preparation, analysis of cyclodextrin com- 
plexes, etc. These methods, as well as the correlation 
between the complexation and various structural and ex- 
ternal parameters. form the basis for all practical applica- 
tions of CDs. 

The largest group of CD papers, nearly 25%, is dedi- 
cated to the pharmaceutical applications of CDs. The 
large number (nearly 5000) of drug/CD-related papers 
and patents is misleading, because many authors publish 
the same results in different journals under different 
titles but with virtually identical content. Rediscoveries 
are published frequently, simply because the authors did 
not read the earlier literature: in essence, they discovered 
something that was published earlier. Because of the 
many repetitions and the nonfeasible ideas. only about 
30% of the published papers disclose new and signif- 
icant results. Actually. only 7% of the CD-related papers 
are dedicated directly to the food, cosmetic, and toiletry 
applications of CDs, but at the same time. about 70% of 
all cyclodextrins produced are used in this field. The 
approval process for CD-containing products in this field 
is much simpler and faster than in the case of the drug1 
CD formulations. The amount of CD used in a cosmetic 
or toiletry product might be larger, by orders of mag- 
nitude, than the amount used in a drug. 

Presently, about 11% of the CD literature is dedicated 
to the application of CDs in the chemical and biotechno- 
logical industries. 

Approximately 25% of the CD literature involves 
the applications of cyclodextrins in analytical chemistry 
and diagnostic preparations. The analytical applications 
of CDs refer mainly to the application of cyclodextrins 
in gas chromatography. in high-performance liquid 
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chromatography. and in capillary zone electrophoresis. 
but some research was dedicated to thin-layer chroma- 
tography. to enhancement of UV-Vis absorption. lumi- 
nescence/phosphorescence by CDs, and to increasing the 
sensitivity of the related analytical methods. Apparently. 
it i j  difficult to find a separation problem on an 
analytical scale that could not be solved by using the 
appropriate CD. 

CONCLUSION 

Cyclodextrins are, by far. the most important organic host 
molecules. The raw material for their production is starch: 
available, cheap. and its conversion to cyclodextiin is a 
relatively simple enzy~natic process. A continuous, steady 
increase in production is expected in the following dec- 
ade. both for CDs and their derivatives. 
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Cyclodextrins: Applications 

j6zsef Szejtli 
CYCLOLAB, Cyclodextrin Research and Development Laboratory Ltd., Budapest, Hungary 

The vast majority of cyclodextrin (CD) applications in- 
volve the formation of inclusion complexes between CDs 
and appropriate guest molecules. The cornplex formed 
(Fig. I )  may be used as follows: 

Might be isolated as a solid inicrocrystalline or 
amorphous powder. 

* Might be ~ltilized in (n~ostly) aqueous solutions to 
modify solubility. spectral properties, reactivity, etc., 
of the guest. 
Complex formation might be utilized only as a 
transient, discriminating operation, as in catalysis or 
in chromatographic separation processes. 

The actual arid potential uses of CDs in products and 
technologies seem to be inexhaustible. 

The amount of relevant literature keeps steadily grow- 
ing. An incoinplete list of relevant papers and patents 
woulcl consist of at least 15 thousand references. which 
grows, at least in the next few years, by at least 1000 new 
entries per year. Therefore, the following few pages can 
give only a superficial impression of the enormous yes- 
satility of CD applications. 

GYCLODEXTRBNS IN DRUGS 

The complexation of a drug molecule with a CD (Fig. 2) 
is generally considered in the following cases: 

The drug is poorly soluble, and therefore, its bioavail- 
ability (upon oral, dermal. pulmonar, m~~cosal :  etc.. 
applications) is incomplete or irregular. 
The time to reach the effective blood level of the orally 
administered drug is too long because of the low 
dissolution rate. even in case of a complete absorption. 
There is no aqueous eye drop or injectable solution or 
other liquid formulation that can be prepared because 
of the low solubility. 
The drug is chemically unstable. Because of its 
autodecomposition. polymerization, or degradation 
by atmospheric oxygen, absorbed humidity. light, 
ecc., ilo marketable formulation with satisfactory 
shelf-life can be produced. 

The drug is physically unstable. Volatilization or 
sublimation results in losses. By migration. the 
originally homogeneous product becomes heteroge- 
neous. or on account of its hygroscopicity, it liquifies 
by atmospheric humidity. 
The acceptability of the drug is bad. because of bad 
smell, bitter, astringent, or imitating taste. 

Q The drug is a liquid, but its preferred pharmaceutical 
form would be a stable tablet. powder, aqueous 
spray, etc. 
The dose of the lipid(-like) poorly homogenizable drug 
is extremely low, and therefore. content uniformity of 
the product is problen~atic. 
The drug is incompatible with other components of the 
formulation. 
The relief of serious side effects (throat, eye, sltin, or 
stomach ill-itation) is required. 

* The extremely high biological activity (in case of 
drugs, requires extremely low doses) makes working 
with such powder dangerous. 

The advantageous results of CD complexation of (CD- 
complexable) drugs are as follows: 

Improved bioavailability fro111 solid or semisolid 
formulations. 
Enhanced stability and prolonged shelf life. 
Reduced side-effects. 
Uniform, easy-to-handle powders. even from liquids. 
Aqueous. injectable solutions from poorly soluble 
drugs can be prepared (Fig. 3). 

Speaking only of the numerous advantages of drug/CD 
complexation can be misleading, because there are just as 
inany limiting factors that restrict the applicability of CDs 
to certain types of drugs. In addition. not all drugs are 
suitable for CD complexation. Many compo~mds cannot 
be complexed. or complexation results in no essential 
advantages. Inorganic compounds generally are not 
suitable for CD complexation. The exceptions include 
nondissociated acids (HC1, HI. H3P01, etc.) halogens. and 
gases (C02. C2H4, Kr, Xe, etc.). Inorganic salts such as 
KCl, Fe-salts. etc., cannot be complexed. 

General preconditions (which are not without excep- 
tions) to form a medicinally useful CD coinplex of a drug 
molecule include characteristics such as a need for more 

Ei~cyclopedici of Sy~i-i~i~zo!ecuini. CIzer7ziatr~ 
D01: 1O.IOXIIE-ESMC 12001 2796 
Copqright P 2004 b] Marcel Deklcer, lnc. All rights reser\ed 
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Fig. 1 Structures of various C D  complexes. Toluene fits well into a PCD cavity. for diphenylamine, two BCDs form a "capsule." A 
long-chain fatty acid can take up three or more zCDs.  A short-chain fatty acid and diethylether form a stable ternary complex. In the 
case of prostaglandin E l  the z C D  acco~nodates only the aliphatic chain of the unsaturated cyclic hydroxy-fatty acid. but it is enough to 
convert i t  illto a water-soluble complex. The OCD can acco~iiodate the cyclopentane moiety. but yCD is too wide for this guest. (Vielv 
t1zi.s art irz color. at ~i,~t.rv.dekker.conz.) 

than five atoms (C, P, S, N) to form the skeleton of the 
drug mo1ecuie:a solubility in water of less than 10 mglml; 
a melting point temperature below 250°C (otherwise 
the cohesive forces between the molecules are too strong); 
a inolecule that consists of less than five condensed 
rings; and a molecular weight between 100 and 400 (with 
slnaller molecules, the drug content of the complex is too 
low, and large molecules do not fit the CD cavity). 

Strongly hydrophilic and moiecules that are too sinall 
or too large, such as peptides, proteins, enzymes, sugars. 
polysaccharides. etc., generally cannot be complexed. 
Nevertheless, when large water-soluble molecules contain 
appropriate complex-forming side chains, e.g., an aro- 
matic amino acid in a polypeptide. they will react with 
CDs in aqueous solutions, resulting in modified solubility 
and stability. (For example, the stability of an aqueous 
solution of insulin, or many other peptides, proteins, hor- 
mones. and enzymes, is significantly improved in the 
presence of an appropriate CD,) 

An unavoidable limiting factor in selecting the drug 
for complexation is the dose of the complex that has to 
be administered. A fundamental requirement is that the 

inass of a tablet should not exceed 500 mg. Because the 
drugs to be complexed have molecular weights between 
100400 ,  and the CDs have large molecular weights (972. 
1132, and 1297 for cc-, P-. and yCDs, respectively), a 100 
mg complex contains only about 5-25 mg of active 
ingredient. If the single dose of a drug is not more than 25 
mg. then even a complex of 5% active substance content 
can carry the necessary dose in a single tablet of 500 mg 
weight, otherwise the possibility of a powder sachet or 
sparkling-tablet formulation has to be taken into consid- 
eration. Thus, in the case of complex-forming drugs. the 
relationship of the required dose and the molecular weight 
determines the feasibility of oral administration in CD- 
complexed form. 

Similarly, the volume of an injection should be less 
than 5 inl, or even better, not more than 2-3 ml, i.e.. 
sufficient to dissolve the necessary amount of drug in 2- 
3 ml of 10% HHPBCD (=2-hydroxypropyl-P-cyclodextrin) 
solution-800-1200 lng HPBCD can be used. In liquid 
formulations: the use of CD derivatives in excess is 
possible. In the case of Prostavasin injection, the molar 
ratio of prostaglandin E l  to TCD is 1:11 (20 pg 
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Fig. 2 Preparation and redissolution of a drug1CD complex. (Left) The poorly soluble drug is dissolved in an aqueous CD solution. 
The formed complex is isolated by cooling or removing the water by freeze-drying. spray-drying, or evaporating to dryness as a 
microcrystalline or amorphous powder. (Right) The druglCD complex (e.g., compressed to tablet) in water. In gastric juice, the complex 
is dissolved within seconds. resulting in an oversaturated solution. Both recrystallization (separation) of the host (CD) and the guest 
(drug) and absorption of the drug begin immediately. Dissolving the complex results in a much higher dissolved level of the drug than in 
case of the plain drug. (Vie~r rlzis art in color at w,+t~r~l.dekkef-.coin.) 

PCE, + 646 pg xCD/dose). In slow infusion. the paren- 
teral administration of several grams of a noncrystallizable 
CD derivative is possible. for example, in a liquid 
itraconazole formulation; the weight ratio of the drug to 
hydroxypropyl PCD is 1 :40. 

A 3000 I.U. D3-vitamin tablet contains only 0.075 mg 
cholecalciferol; a Prostarmon-E tablet contains only 0.5 
mg PGE2; the active ingredient content of a nitroglycerin 
tablet is 0 . 5 4  mg-these and similar drugs are ideal 
for CD complexation, but even the 20 mg piroxicam 
containing BREXIK tablet is a widely marketed success- 
ful product. 

If the K, stability constant of a complex is low (less 
than lo2 m o l l ) .  the existence of the complex can be 
demonstrated in solution. but on removing the water, 
the product obtained is often only a mixture (e.g., a 
coprecipitate) that contains the host and guest in a fine 
dispersion. Also, on removing the water, an important 

component of the driving force for complexation is 
eliminated: the repulsive forces between water and the 
hydrophobic drug. Upon contact with water, the complex 
formation is an instantaneous process, i.e., in solution, the 
guest is included in the CD cavity, and the dissociation- 
association equilibrium is reached within seconds. 

In such cases. the guest is not protected against external 
destructive factors, like oxygen or humidity. but if the 
guest is stable enough. and only its low solubility is 
problematic, such intimate mixtures can be utilized for 
preparation. e.g., solid formulations of improved bioavail- 
ability. If. however. the guest is unstable, then only full 
complexation. even in the anhydrous state, can be of use. 

In cases of extremely high complex stability constants 
(over about 1 0 % ~ ' ) ,  the bioavailability of a drug can 
be reduced. The complex is practically not absorbed 
and actively arises only from the free, molecularly 
dispersed (dissolved) drug molecules. In such cases, the 
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Fig. 3 In aqueous solutions of crystallizable CDs. depending 
on their concentrations. the solubility of poorly soluble 
compounds is increased. When reaching the solubility limit of 
the formed inclusion complex, the concentration dissolved drug 
reaches a plateau or even drops back. In the case of non- 
crystallizable CD derivatives, no such limit is attained, therefore. 
to form practically water-insoluble steroid. 10 or 20 or eyen 
more mg substances can be dissolved in the 1 ml solution of an 
appropriate CD derivative. 

coadministration of a better complex-forming co~npetitor 
molecule (e.g.. phenylalanine) can help. 

Hundreds of published examples illustrate the stabi- 
lizing, solubilizing and bioavailability enhancing, side- 
effect reducing, and advantageous technological effects 
of CD complexation of unstable. poorly soluble, locally 
irritating drugs. Illustrated in Table 1 is a selection of 
CD-containing drugs that are approved and marketed in 
various countries. 

CYCLODEXTRINS IN COSMETICS 
AND TOILETRIES 

Many active principles of interest in cosmetics were 
complexed with cyclodextrins. achieving positive and 
interesting results. For instance, the inclusion of retinol in 
hydroxypropyl-P-cyclodextrin leads to a water-soluble 
product, sufficiently stable, of higher bioavailability and 
lower toxicity compared to free retinol. Similarly, it is 
possible to include almost all vitamins in cyclodextrins. 
with unquestionable advantages with regard to their 

stability and bioavailability (Table 2). The main advan- 
tages of using CD complexes in functional dermocos- 
metics are similar to those in pharmaceutical formulations: 

* Increase in the bioavailability of incosporated active 
components(vitamins, hormones. glycolic acid, depig- 
menting agents, etc.). 

* Protection from oxidation (vitamin A. retinol, hydro- 
quinone, arbutin, DHA, etc.). 

* Reduction of toxicity and aggressivity (glycolic acid, 
hydroquinone. essential oils, fragrances, etc.). 
Formation of hydrosoluble complexes, even if the 
incorporated molecule is liposoluble. 

* Increased stability of emulsion and gel products. 
Easy formulation: the complex is added to the final 
formulation, dispersing it in the aqueous phase at 35- 
40°C. 
No preservatives added. 

Some special advantages were observed for sunscreen 
agent/CD complexes: 

* Increased stability (photostability) of cream formula- 
tions. 

Q Decreared cytotoxicity. 
Increasedlimproved functional activity. 

* Reduced smell. 
Reduced fabric staining. 

Thus, the markedly increased photostability is associ- 
ated with decreased phototoxicity and photosensitization 
risk coming from the production of free radicals primed 
by solar photochemical attack on the filter molecule. 

Cyclodextrins are suitable for skin treatment products 
and for the formulation of makeup cosmetics. which are 
to stay on the face and skin for a number of hours (up to 
one day). 

CD complexation can be used to stabilize emulsion and 
color, perfume, or aroma. For instance, most perfume 
concentrates. such as rose oil, citral, and citronella1 can 
form complexes and can be used in any solid preparation. 
such as powdered detergents: the collateral irritant effect 
caused by a scent in a shampoo can be reduced through 
the use of CD complexes: a solution of iodine-PCD can be 
used as deodorant for the body. for baths, or as a refresher 
for the oral cavity; a CD complex with detergent mole- 
cules can act as antifoam agents: etc. 

CYCLODEXTRBNS IN FOODS 

Flavor substance5 are generally volatile and easily de- 
teriorate. Most (e.g., tespenoids and phenylpropan deriva- 
tiyes) form stable co~nplexes with CDs. and in dry 
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Table 1 Some appro~ed and marketed CD-containing pharmaceutical products 

Drug Trade name Indication Formulation 

Prostarmon E 
Prostava5in 

Induction of labor 
Chronic arterial 
occlusi~e disease 
Controlled hypotension 
d ~ ~ r i n g  surgery 
Buerger's disease 
Antiinfla~iimatory. 
analgesic 
Antiatherosclerotic 

Sublingual tablet 
Intraarterial Ono, Japan: Schwarz. 

Germany 
Ono. Japan Prostadin 500 Infusion 

OP- 12061:,CD 
PiroxicamiPCD 

Opalmon 
Cicladol. Brexin 

Tablet 
Tablet, sachet, and 
suppositorq 
Dragees 

Ono. Japan 
Masterpharma, 
Chiesi, Italy 
Bipharm, Hermes, 
Germany: 
Pharmafontana. HU 
CTD, U.S.A. 
Teikoku, Japan: 
Shionogi, Japan 
Kyushin. Japan 
Fujinaga. Japan 
Nippon Kayaku, 
Japan 
Takeda. Japan 
Meiji Seika, Japan 

Garlic oilIBCD Xund, Tegra, 
Allidex, 
Garlessence 

U l g ~ ~ t .  Lonmiel Capsules 

IodineiPCD 
Dexamethanose.Glytee1'1PCD 
Nirogly cenn/PCD 

Mena-Gargle 
Glymesason 
N~tropen 

Throat disinfectant 
Analgesic, antiinfammatory 
Coronary dilator 

Garling 
Ointment 
Subli~igual tablet 

Cefotiani-hexetil1xCD 
New oral cephalosporin 
(ME I07)IPCD 
Thiaprofenic acid/PCD 

Pansporin T 
Meiact 

Antibiotics 
Antibiotics 

Tablet 
Tablet 

Analgesic Tablet Roussel-Maestrelli, 
Italy 
Stada. Germany Diphenylhydramine.HC1 

chlortheophylline+ PCD 
Chlordiazepoxide- pCD 
PiroxicalniPCD 

Stada-Travel Travel sickness Chewing tablet 

Transillium 
Flogene 

Tranquilizer 
Antiinflammatory. analgesic 
for pediatric use 
Mouth wash against aphta, 
gingivitis, etc. 
Esophageal candidiosis 
Eye drop, antibiotic agent 
Gastrointestinal mobility 
stimulant 
Nonsteroid antiinflammatory 
Antischizophrenic 

Tablet 
Liquid 

Gador. Argentina 
AchC, Brazil 

Dexacort Liquid Icelandic Pharm, Iceland 

Sporanox 
Clorocil 
Coordinax 

Liquid 
Liquid 
Rectal supository 

Janssen, Belglurn 
Oftalder. Portugal 
Janssen. Belgium 

Mesulid Fast 
Zeldox. Ceodon 

Oral sachet 
Infusion 

Boehr~nger, Italy 
Pfizer. USA 

N~cogum 
Nlcolette 
C e t ~ ~ z l n  
VFEND " 
M~toExtra 
Volt'iren ophtha 
Omebeta 

Chewing gum 
Chewing gum 

Pierre Fabre, France 
Pharmacia Upjohn. Sweden 

Antiallergic 
Antirnycotic 
Antiinflam~i~atory 
Nonsteroid antiinflammatory 
Proton pump inhibitor 

Losan Pharma. Germany 
Pfizer. USA Tablet 

Infusion 
Eye drop 
Tablet 

Novartis. Su-itzerland 
Novartis. Switzerlalid 
Betapharm. Germany 

complexed form remain stable for a long time, without 
further protection, at room temperature. Such powder- 
flavors are approved, produced. and used in several 
countries. like France. Japan, and Hungary. For example, 
lemon-peel oil/PCD complex mixed with powdered sugar 
is used in pastries: spice-flavor mixtures are complexed 
with CDs in the preparation of canned meat, and sausages: 
peppermint oil/pCD complex is used in chewing gum. 

etc. In Germany, the garlic-oil/PCD complex is marketed 
as odorless dragCes (to substitute garlic. and a number of 
unstable garlic preparations. consumed to reduce blood 
cholesterol levels). The PCD cannot be considered 
tasteless. and its sweetness cannot be ignored. Its taste 
threshold value is lower than that of sucrose (detection: 
0.039% c.f. 0.27%: recognition: 0.11% c.f. 0.25%). An 
aqueous solution of a 0.5% PCD proved to be as sweet 
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Product name Type Produces 

KLORANE Dr) shampoo Klorane Laboratories 
L EAU D ISSEY Deodorant Issei Miyake 
EXCEPTIONAL Lipst~ck Ehsabeth Arden 
SELF ACTION TANNING CREME Creme EstCe Lauder 
ADVANCED SUN CARE Sun protection Estee Lauder 
AKTIV COMPLEX PLUS Sun plotectlng AOK 
CELLUTEX Creme Regena nex 
LUMINIS Tinted cieam Roan SpA 
VIVACE Powder cologne Sh~seido 
NOVOFLEX Vitamin shdmpoo Revlon 
COLORAMA Slllcond-shdmpoo Revlon 
EUCERIN Q10 ACTIVE QI 0 \  tami in creme Belel sdorf 
EUCERIh VITAL RETINOL Vitamln A creme Beiersdorf 

as a 0.5% aqueous solution of sucrose, and a 2.5% 
solution was proven as sweet as a 1.7 1 % sucrose solution. 
When PCD is used in food processing. its sweetness 
cannot be ignored. Sucrose sweetness and PCD sweet- 
ness are additive. 

E~nulsion stability, water retention, and storability can 
be improved in many cases by adding cyclodextrins to the 
food component or food. A solid composition contain- 
ing sugars and amino acids for food or pharlnaceutical 
purposes is known to undergo browning and caking. This 
can be prevented by incorporating in such a composition 
at least 40% of an oligo- or polysaccharide. such as 
dextrin, starch. or CD, with a water content of not more 
than 3%. For example, adding 20% PCD to a powdered 
juice consisting of anhydrous glucose: sodium L-aspartate. 
~ ~ - a l a n i n e ,  citric acid. and inorganic salts, resulted in a 
product of excellent stability. After 30 days at 40°C, there 
was no apparent discoloration or caking. The control, 
without PCD, began to cake on the second day and to turn 
brown on the fourth day. 

The CD can be utilized for preparing stable water-in- 
oil emulsions, such as mayonnaise and salad dressing. 
Natural food-coloring components in tomato ketchup can 
be stabilized by adding 0.2% PCD. The ketchup thus 
prepared did not discolor on heating at 100°C for 2 h, 
whereas the control did. The addition of CDs to emulsified 
foods or cheese can increase the water retention and the 
shelf life. In processed meat products. CD improves water 
retention and texture. 

In Belgium. low-cholesterol butter is produced. The 
molten butter is mixed with PCD, which does not react 
with triglicerides but forills complexes with cholesterol. 
The PCD complex is easily removable from the butter. 
More than 90% of the choleste

r

ol can be removed in one 
step. The butter does not retain any CD. Other low- 
cholesterol milk products, like cheese, cream. and even 
low-cholesterol eggs. are produced by this technology. 

CYCLODEXTRlNS IN CHEMICAL 
PRODUCTS AND TECHNOLOGlES 

It is impossible to list all products that contain CDs. In the 
following, only a few examples will be given to illustrate 
the possibilities of CD utilization. 

Binding CD to textile fibers chemically or by adsorp- 
tion opens new ways for the preparation of perfumed 
textiles, with slow release of the perfume. The immobi- 
lized (wash-fast) cyclodextrin can be loaded with per- 
f~lmes, or insect repellents, which will be released only 
slowly as a result of th reaction of body heat and released 
humidity (perspiration). Simultaneously. these hosts can 
bind distasteful smelling components of perspiration 
(deodorizing effect). 

By mixing CD or CD-polymer fragrance complexes to 
a melt mixture of synthetic fiber polymers (e.g.. polyester) 
and weaving fabric from such fibers. wash-fast fragrant 
fabrics can be produced. 

The CDs represent a new class of auxiliary substances 
for the textile industry. It is important that their chemical 
oxygen demand (in wastewater) is lower than that of the 
usual textile auxiliary substances. While the chemical 
oxygen demand (in mglg) for the widely used tensides 
NPlO is 2020, Uniperol O is 1930, and Gisapon 1555 is 
2290. for PCD this value is only 1060. 

For coloration of polyester fibers, so-called dispersion 
dyes are used; which are poorly soluble in water (0.1- 
10 mgll). Without using solubility-enhancing agents, such 
as tensides. uniform dyeing is not possible. However; 
CDs can substitute tensides. e.g.. 0.3 g/l conversion mix- 
ture (which contains three cyclic and noncyclic dextrins) 
proved to be about equivalent to 1 g/l Eevegal HTN (a 
nonionic tenside). 

Fragrant paper or paper containing protective sub- 
stances can be prepared using CD complexes of perfumes, 
insecticides, rust inhibitors, mold- and mildew-proofing 
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agents. fungicides. and bactericides. For example. the 
fenitrothion PCD complex sprayed on a wet paper web, 
passed between drying rollers heated to 1 OO°C, and wound 
to give insecticide-containing paper, was shown to be 
effective for more than 6 months. 

Silane resins are made using a 1,5-cyclooctadienepla- 
tinum catalyst. Once the catalyst is added, the reaction 
proceeds. On complexing the catalyst with PCD. it became 
possible to produce a single-component heat-curable 
silicone with a shelf life exceeding 7 months. because 
co~nplexation prevented immediate catalysis and reaction. 
No gelation occurred at ambient temperature. Gelation 
began only when the mixture was heated to 150°C. 

The conservation of wooden products, which are prone 
to attack by microorganisms. like the frames of windows, 
doors. and buildings constructed from wood; was usually 
done by impregnating, the wood with fungicides, which 
are generally water insoluble and therefore had to be 
dissolved in organic solvents. After impregnation, the 
solvents escape into the atmosphere. A new process dis- 
solves the fungicides in aqueous CD solutions, and thus, 
the impregnation and conservation of the wood can be 
c a ~ ~ i e d  out without using organic solvents. 

Emulsion-type coatings (paints) contain einulsion 
polymer biilders to give. after drying, a resistant. con- 
tinuous protecting film on the coated surface. To ensure 
the formation of a good film, the applied layer has to 
contain various coinpatible components, like solvent, 
pigment, thickener, and binder. The rheological properties 
of the paint are determined by the thickener. which is 
usually a hydrophobically modified polymer. like poly- 
urethanes. polyacryla~nides, cellulose ethers, etc. To avoid 
a concomittant excessive viscosity (which makes the 
formation of uniform coating on the surface to be covered 
difficult). viscosity suppressors have to be added to the 
emulsion. On adding CDs to this emulsion. the CD mole- 
cules will associate with the hydrophobic sites of the 
polymer and, being strongly hydrated. inhibit the associ- 
ation of the macromolecules, resulting i11 a strong re- 
duction of the viscosity. 

The CD complexes are compatible with therinoplastic 
resins. Mixing a dry pulverized CD complex of a perfuine, 
for example, a geraniol y.CD complex. with a thermo- 
plastic resin (polyethylene), and molding it, yielded 
plastic products with a long-lasting (at least 6 months) 
fragrance. Rapid loss of the perfume by volatility and 
thermal decomposition can be avoided in this way. 

Mixing CD complexes of thymol. eugeneol, isobutyl- 
quinoline, etc.. to inolten PVC. a natwal leather odor- 
emitting (leather-like) material. was prepared. e.g.. for 
automobile door internal coverings. 

Important properties, such as the relative sensitivity 
and fog of silver halide containing photographic materials 
can be improved by adding CDs to the light-sensitive 
photographic gelatin layers. 

Additives, dyes, stabilizers, and fog inhibitors used in 
the photographic industry should be fixed to a certain 
layer of the film or photo paper. This can be achieved by 
using derivatives with "heavy" side chains. It seems to be 
more convenient to prepare water-soluble polymer com- 
plexes of these substances. 1111 complexed form, their 
mobility is markedly reduced, and they become fixed to 
the layer required. A dinlinished diffusion can be observed 
either on preparing, processing, or storing the film. 
Another advantage of the soluble polymer complex is 
that poorly soluble or even water-insoluble stabilizers can 
be applied to the film in aqueous solutions. The CD- 
gelatin composition as in the photographic layer shows 
lower water absorption and accelerated diffusion of the 
developing agents. 

The biological remediation of carcinogenic polyaro- 
matic hydrocarbon polluted soils is a slow process. be- 
cause the dangerous polluting hydrocarbons are adhered 
strongly to the soil particles, and hence, they are not 
available for the soil microorganisms. Adding CDs (for 
example. randomly methlyated PCD) to such soils results 
in mobilization of the hydrocarbons by the CD, which 
makes them available for the microorganisms. resulting in 
an accelerated remediation of the soil. 

Explosive substances, like nitroglycerine, or isosor- 
bide-dinitrate. when complexed, can be handled without 
any danger. The pe~ai t ro-~/CD complex of the ex- 
tremely explosive nitramine can be used as a controlled 
missile propellant. 

Incorporated into food packaging plastic films, CDs 
effectively reduce the loss of aroma substances. Tncor- 
porating fungicide CD complexes into films, for exam- 
ple, packaging of hard cheeses, significantly elongates 
the shelf life of the product by inhibiting the rapid 
development of mold colonies on the surface of the 
packaged cheese. 

The application of cyclodextrins ii1 biotechnology began 
only in the 1980s. but rapid development is expected in 
this field. 

The majority of biotechnology processes constitute an 
enzyme-catalyzed transformation of a substrate in aque- 
our media. The main difficulties that used to arise include 
the following: 

0 The substrate is hydrophobic and sparingly (or hardly) 
soluble in water. 
The enzyme or the enzyme-producing microbial 
cells are sensitive to the toxic effects of the substrate 
or to inhibitors that can be the product of the 
transformation. 
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The substrate or the product is unstable under the 
conditions of the enzymatic transformation. 
Isolation of the product from the heterogeneous system 
is difficult. 

Cyclodextrins and their derivatives enhance the solu- 
bility of complexed substrates in aqueous media and 
reduce their toxicity. but they do not damage the microbial 
cells or the enzymes. As a result, the enzymatic 
conversion of lipophilic substrates can be intensified 
(accelerated. or performed at higher substrate concentra- 
tions) in industrial processes and in diagnostic reagents, 
the yield of product-inhibited fermentation can be im- 
proved, organic toxic conlpounds can be tolerated and 
metabolized by microbial cells at higher concentrations, 
and cornpounds in small amounts can be isolated simply 
and economically from complicated mixtures. 

Examples illustrate the rapidly-growing and promising 
uses of cyclodextrins in various operations: the intensifi- 
cation of the conversion of hydrocortisone to prednisolone, 
the improvement in the yield of fermentation of lankaci- 
dine and podophyllotoxin. the stereoselective reduction of 
benzaldehyde to L-phenylacetyl carbinol, and the reduction 
in toxicity of \anillin to yeast, or organic toxic substances 
to detoxificating microorganisms. In the presence of an 
appropriate cyclodextrin derivative (e.g., 2,6-dimethyl-P- 
cyclodextrin), lipid-like inhibitor substances are com- 
plexed. The propagation or Borclatella yert~issis and the 
production of pertussis toxin therefore increases up to 
hundred-fold. Cyclodextrins and their fatty acid complexes 
can substilutc for manlmalian serum in tissue cultures. 

Until recent years, the Leprc~e baci l l~~s  (Mycobacte- 
rium leprae) was considered not to be cultivable under 
in vitro conditions. The most important energy source 

for the bacillus is palmitic (or stearic) acid, which, 
however, cannot penetrate the thick. strongly hydropho- 
bic shell of the mycobacteriuin. On solubilizing, the 
fatty acids (or fatty alcohols) with dimethyl-P-cyclodex- 
trin, however, the Mycobacterium can be cultivated in 
vitro, on synthetic media. This discovery will facilitate 
the screening of dr~tgs against similar difficultly-to-cul- 
tivate microorganisms. 

MISCELLANEOUS USES 

The active ingredients of pesticides (insecticides. fungi- 
cides. herbicides, etc.) can be complexed with the same 
technologies and same consequences as drug molecules. 

The selectivity of an insecticide can be improved. For 
example, by complexing. the insecticide that kills the her- 
bivorous insect will not be toxic for the honeybee. The sta- 
bility against sunlight-accelerated decomposition of pyre- 
throids can be improved, ensuring a longer-lasting 
insecticidal effect. Wettability or solubility of poorly-sol- 
uble benzimidazole-type antifungicides can be improved. 
allowing reduction of the dose and reducing the pollution 
of the environment. The possibilities of utilization of CD 
in pesticide formulations were elucidated in numerous 
scientific papers; however, until the last years, the price of 
PCD did not allow for its application in such fields, 
because the pesticide industry is cost sensitive. By end of 
the twentieth century, the price of pCD dropped to such a 
low level that the price was no longer a restricting factor. 

In medicinal diagnostic kits, a frequent problein is the 
limited, uncertain solubility of some essential component 
and the stability and storability of the kit. On complex- 
ing. the typical components with such problems can be 

o i  
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Fig. 4 Enantioseparation of Fluoxetine by capillary zone electrophoresis using pern~ethyl-monodeoxy-~nonocarboxy-PCD or 
permethyl-inonodeoxy-n~ononmino-PCD as chiral selector (10 nl~nol CD derivate pH 3.0 or 3.9). 
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eliminated. Also, frequently, the intensity of color re- 
actions or of fluorescence can be significantly enhanced 
by the presence of CDs, resulting in higher sensitivity of 
the method. 

There are some cases when the human taste and smell 
sensors cannot be substituted, even by the most sophisti- 
cated analytical instruments. In an organoleptic evaluatio~l 
(comparison of identical food products of different origins, 
for example, beers), the dosing of extremely small but 
exactly known amounts of flavor components (for exam- 
ple, ppm amounts of mercaptanes. butyric acid, hydrogen 
sulfide, etc.) is necessary. To store and dose these volatile. 
unstable substances becomes simple when they are 
complexed with CDs, diluted with inert excipient to the 
appropriate grade, and filled in known amounts into hard 
gelatin capsules. By adding the content of one or more 
capsules of different flavors to the sample during sensoric 
"titration," the differences between the products can be 
expressed unambiguousl~l and numesically. 

In chromatographic separations, CDs and mainly 
specific derivatives are used widely. In the years 1990- 
2000, about 25 papers monthly were published on suc- 
cessful application of some CD in gas or liquid chroma- 
tography. In gas chromatography, CDs are used only in 
the stationary phase, while in HPLC, the CD is used either 
dissolved in the mobile phase. or bound to a surface in the 
stationary phase. In capillary zone electrophoresis. the 
most used chiral selectors are CDs. as their anionic: ca- 
tionic. or alkylated derivatives (Fig. 4). 

It is difficult to find an industry in which CDs are not or 
cannot be applied. In steadily illcreasing amounts, in the 
drug. food. cosmetic, textile. plastic, paper. pesticide, 
wood. toiletry; etc., industries, and in analytical chemistry. 
diagnostic. environment protection, packaging material 
production, etc.. CDs and CD derivatives are being used. 
Extrapolating the trends of the applications of CDs 
observed during the last two decades, no leveling-off is 
expected in the upcoming decades. 

ARTICLES OF FURTHER INTEREST 

Artificial Enzymes, p. 76 
Cnlii~nrerzes nrzd Tlzeii. Arzulogues: Cution Conzplexatior~, 
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Cyclophanes: Definition and Scope 

"superphane" 
b N  

[2 2.2 2.2.2](1 .2,3,4,5,6)cyclophanea 

or [&](I ,2,3,4,5,6)cyclophanea 

[3]metacyc~o[2](2,7)naphthalenophanea 9 simplification 1 "superatom" 

1 (2,7)-naphthalena-4(1.3)-benzena- 4 amplif~cation 
cycloheptaphaneb 4 

/ 

5a 5b 

Fig. 1 Selected cyclophane structures and their nomenclatuie according to Vogtle/Ne~~manrz" and to IUPAC" 

fewer bond formations it comprises, the higher the yields, 
in general. On the other hand, the synthesis of iuore elab- 
orate precursors requires a higher number of steps. In 
practice, a colnpromise is made between synthetic effort 
and cyclization yield. The most important approaches to 
promote cyclization versus polymerization make use of 
the dilution principle and the template effect. 

Dilution Principle 

Cyclizations typically start from cornpounds with two or 
more reactive centers. Whereas the ring-closure is an 
i~ltramolecular first-order reaction. internlolecular second- 
order reactions lead to undesired oligo- or polymerization. 
To favor cyclization over polymerization, reactions should 
be run at low concentration, a principle referred to as 
Ruggli's dilution principle."3' However, in multicompo- 
nent syntheses including birnolecular steps prior to cy- 
clization. the total reaction rate becomes too low at 
extreme dilution, and component concentrations between 
5 and 50 inM are generally recommended. These can be 
achieved by slow addition of the starting illaterials to the 
reaction tlask, for example, using syringe pumps. 

Template Effect 

Molecular templates are control elements leading to pre- 
dominant or exclusive formation of a specific product 
from reactant5 that can, in principle, assemble in differ- 
ent wayc ['" They are often used to favor the format~on 
of cycles over oligomers or of cycles of a certain slze 
through specific ~nteractions with the components during 
the assembly process. 

""SMALL" CYGLOPHAMES 

Small and, therefore, often strained cyclophanes encom- 
pass an enormous structural diversity (1-13, Figs. 1 and 2) 
that was reviewed in detail.i1p3' Their preparation initiated 
studies of weak noncovalent interactions between chro- 
lnophores fixed in a rigid. geometrically defined arrange- 
ment. and thus, contributed substantially to paving the 
way for the development of supramolecular chemistry. 

The "bent and arene rings of many cy- 
clophanes with short bridges, e.g., 1 and 2,  or the nnsa 

(lat.: handle) compounds [6]paracyclophane (6) (Jones) 
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Fig. 2 "Small" cyclophanes with interesting structural, optical, and stereochemical properties. 

and [5]metacyclophane (7) ( ~ i c k e l h a u ~ t ) . ~ ' ~  deviate 
strongly from planarity. Together with transannular ef- 
fects, the corresponding n-system distortions significantly 
affect chemical reactivity and spectroscopic properties. 

Small cyclophanes generally exhibit an enhanced 
reactivity compared to the constituent arene~.'~. '" '~ In 
[2,1]cyclophanes, for example, electrophilic aromatic 
substitution is facilitated by transannular interactions with 
the n-basic second deck; furthermore, Lewis-basic sub- 
stituents direct a substitution in the second ring predom- 
inantly to the pseudogeminal position. Strain relief plays 
an important role in reactions like catalytic hydrogenation, 
cycloadditions, and cleavage or rearrangement of bridges. 

Transannular interactions between arenes held in 
defined proximity and orientation within a cyclophane 
are easily detected in their electronic absorption or emis- 
sion spectra, as shown by the groups of Staab, Haenel, and 
~ i s u m i . [ ~ '  In combination with the deviation from pla- 
narity, these interactions result in a loss of fine structure 
and the appearance of a new long-wavelength transition 
centered around 300 nm in the UV/Vis spectrum of 
[2.2]paracyclophane. when compared to an open-chain 
refe~ence.'"~' Likewise, cyclophanes served as models for 
intermolecular excimers and exciplexes: most show a red- 
shifted, poorly structured fluorescence, reflecting the typ- 
ical binding energy of an excimer or exciplex as well as 
the repulsion energy of the corresponding ground state. In 
an elegant study with donor-acceptor cyclophanes such as 
8 and 9, Staab and coworkers investigated the orienta- 
tion and distance dependence of charge-transfer interac- 

tions.'" Typically. the pseudogeminal derivative (8) gave 
a red-shifted and more intense charge-transfer band 
compared to the pseudoortho isomer (9). Such interactions 
are effective even over several stacked chromophores, for 
example, in 10. 

The incorporation of arenes in small cyclophanes hin- 
ders rotation around certain bonds and can afford isolable 
enantiomers with appropriately substituted backbones, 
e.g., planar-chiral 11 (Liittringhaus) or helical-chiral 12 
( ~ o g t l e ) . " " ~ ~  Studies of the dynamic properties of small 
cyclophanes with intraannular substituents X (13) provid- 
ed insight into the space occupancy of atoms or f~lnctional 
groups."J 

GYCLBPHANE RECEPTORS 

During the rapid development of supramolecular chem- 
istry over the last two to three decades, a great variety of 
synthetic hosts was designed, many of them with a 
cyclophane b a ~ k b o n e . ' ~ . ' ~ - ~ ' ~  Aromatic building blocks 
confer a certain rigidity to cyclophanes and, if connected 
appropriately, span a preorganized cavity that can act as a 
binding site for guests. 

The aromatic "walls" or spacers delimiting the cav- 
ity can participate in nondirectional binding through dis- 
perrion (van der Waals) interactions that are inherently 
weak but can add up to considerable values for large 
surfaces. Depending on the nature of the substrate and the 
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functionalization of the receptor, other possible interac- 
tions include aromatic n-.n stacking and edge-to-face 
interactions, cation-.n interactions: ion pairing (Coulomb 
interactions), ion-dipole and dipole-dipole interactions, 
and hydrogen bonding.'"."211 Binding selectivity: on the 
other hand, relies on size and shape of the cavity. and, 
most importantly, on directional interactions such as 
hydrogen bonding between appropriate functional groups 
of host and guest. 

Extracavity functionalization is often required to make 
the inherently apolar cyciophanes soluble in polar sol- 
vents. Water solubility, in particular, may be desirable to 
take advantage of the hydrophobic effect as a strong 
driving force in the complexation of apolar guests.'"."] 

Cy~lophanes for Apolar Binding 

plexation is mostly studied in water or polar organic sol- 
vents, because binding energies. largely determined by 
dispersion interactions and the desolvation of hydrophobic 
surfaces, are highest in these solvents. Polar functional 
groups that may be present are favorably solvated in the 
unbound receptor or substrate. To avoid a strong reduction 
in binding free enthalpy: full solvation must be maintained 
upon cornplexation or replaced by energetically equiva- 
lent host-guest interacti~ns.'".'~] 

In 1980, Koga and coworl<ers reported the inclusion 
cornpIexation of benzene and naphthalene derivatives by 
14 (Fig. 3) in aqueous H C ~ . ~ "  To inspect the driving forces 
for inclusion complexation by completely lipophilic cav- 
ities in detail. Diederich and coworkers investigated a 
series of cyclophanes (15a-c) displaying the following 
 feature^:'^' 

Apolar binding plays a key role in the complexation by * The diphenylmethane moieties open and preorganize a 
cyclophanes and will be discussed in some detail before cavity lined by benzene rings that are nearly or- 
specific classes of receptors are reviewed. Apolar com- thogonal to the mean molecular plane. 

Fig. 3 Cyclophanes for apolar complexation. 
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The length of the chains between the diphenylinethane 
substructures determines the size of the cavity. Careft11 
conformational analysis of flexible units is crucial for 
succesful host design. 
The depth of the cavity is influenced by substituents on 
the benzene rings. 
The quaternary amlnoniuln ions provide water solu- 
bility. Being remote from the binding site, they do not 
influence its polarity or solvation. 
In the absence of guests, the cavity is filled with 
solvent. 

A coinplexation study (CD30D) of 15b with 2,6-disub- 
stituted naphtlialenes carrying donor or acceptor substitu- 
ents revealed that relative binding strength is controlled by 
polar effects that call also be considered donor-acceptor 
 interaction^:".^'^ increasing acceptor strength of the guest 
substituents enhances n-n-stacking interactions wit11 the 
electron-rich benzene rings of the host and C-H,,,,; . .n/,O\t 
edge-to-face  interaction^.^'^ 

The thermodynamics of tight complexation of porn- 
disubstituted benzene derivatives by P5c in water are in 
conflict with the classical hydrophobic effect. i.e.. large 
favorable entropy change. sinall enthalpy change. and 
large negative change in heat capacity. Deeper insight into 
the enthalpic driving force for apolar complexation and 
the role of the solvent was provided by calorilnetric in- 
vestigation of the coinplexation between 16 and pyrene in 
a series of solveilts ranging from H 2 0  to C S ~ . " . ~ "  Tight 
apolar colnplexation is rnostly enthalpy driven and in- 
creases from apolar over dipolar aprotic to protic solvents 
with water at one end of the scale but in accord with 
the entire series. The main enthalpic contributions appear 
to be favorable changes in solvent cohesive interactions 
and gain in dispersion iilteractions (nonciassical hydro- 
phobic effect). 

Cyclophane 14 undergoes strong colnplexation with 
polycylic aromatic hydrocarbons (PAHs) of coinpleinen- 
tary size and shape in Peryiene. with its large 
surface providing significant dispersion interactions and 
releasing many H 2 0  niolecules into the bulk solvent, 
shows the strongest binding that may benefit also from 
aminoniurn ion-~c interactions. For naphthalene deriva- 
tives with ionic substituents; ion-pairing interactions lead 
to extraordinary substrate selectivity. Cyclophane 17 can 
act as a carrier for the passive transport of PAHs between 
two hexane phases across an aqueous interphase. Another 
strong size-and shape-selective receptor for PAHs in 
acidic aqueous medium is hexaamine 18. reported by 
Vogtle and c o ~ o r l < e r s . ' ~ - ' ~ '  

Thanks to their modular design. cyclophanes are 
easily adjusted to bind target substrates. Thus, when the 
cavity of 15c was enlarged by replacing two benzene by 
naphthalene units and deepened by .'stacking9' two 

macrocycles on top of each other. the resulting D2- 
symtnetrical double-decker cyclophane 19 was suitably 
shaped and preorgailized for inclusion of steroids such as 
cho le~ te ro l . ' ~ '~  

Water-soluble cyclophanes are also studied as possi- 
ble catalysts or artificial enzymes: the hydrophobic cav- 
itiy serves as substrate binding site while appended 
functional groups act as cofactors. The pyruvaie oxidase 
mimic 20 performed remarkably in the oxidation of 
asonlatic aldehydes to the cossesponding esters (MeOHI 
H20). and it displayed Michaelis-NIenten kinetics com- 
parable to those of natural enzymes.'"' The encapsula- 
tion of cyclophanes in dendrimers creates binding sites 
within microenvironments. resembling those existing in 
protein superstructures. 

Galixarenes, Resorcinarenes, and Cavltands 

Calixarenes (21) and resorcinarenes (22) (Fig. 4)1221 are 
condensation products of phenol or resorcinol (benzene- 
1.3-diol) and aldehydes. Depending on the reaction 
conditions and the substitution of the starting benzenols. 
size and shape (conforination) o l  the cyclooligomers and, 
therefore. of their basket-shaped cavities can be varied. 
They can be further modified by fi~nctionalization of the 
hydroxy groups or the benzene rings. This rnodular con- 
cept makes then1 versatile receptors with regard to struc- 
ture and f~inction. 

The bridging of vicinal arene units of resorcinarenes 
via their hydroxy functions leads to deeper and more 
rigid cavities in cavitands (23 and 24).L2'1 Quinoxaline- 
2.3-diyl-bridged cavitands (24) can be switched between 
the so-called \use and kite conformers as a function of 
temperature or pH. Whereas the vase, predominant at 
higher temperature or lower pH, possesses a deeper cav- 
ity, the kite displays an extended, relatively flat surface. 

Carcerands and Hemicarcerands 

Carcerands are large, closed molecular containers that are 
assembled by fourfold interconnection of two cavitands 
(25).'"' They irreversibly incarcerate substrates, for 
example, solvent molecules, that are required as neces- 
sary templates for the assembly and cannot escape the 
cage for steric reasons unless it is destroyed. Hemicarcer- 
ands (26), on the other hand. include fewer or longer 
linkers. thus containing portals large enough for guests 
to get in and out at elevated temperatures. This allowed 
highly reactive species, such as cyclobutadiene and ben- 
zyne. to be generated from appropriate entrapped pre- 
cursors and to be characterized in the "inner phase" at 
ambient temperature. 
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Fig. $I Replesmtat~ves of typical cyclophane host falnilles calixarene (21). resorclnarene (22) .  ca~i tands  (23, 24). cdrcerand (25). 
hemlcarcerand (26),  croun e t h e ~  (27). cljptand (28), spherand (29). and hemlspherand (30) 

Ftlllerenes also represent container molecules that are 
able to Incarcerate metals, noble gases, or extremely re- 
active bpecies such as N-atom5 

Compared to chemically similar individual ligands. mac- 
rocyclic cyclophanes with several donor centers may be 
potent complexing agents for metal ions. Next to the che- 
late effect, this is often related to a productive preor- 
ganization of convergent donor f~~nctionality providing 
favorable coordination sites. 

Although illally crown ethers are entirely alicyclic, the 
first representative. obtained by Pedersea in 1967, was a 
cyclophane (27)."" Generally, the fusion of arenes to 
crown ethers and ~ r y ~ t a n d s ' ~ ~ ~  makes the ionophores more 
lipophilic and confers a handle for f~~nctionalization. Also, 

the cyclophane backbone may include heterocycles that 
simultaneously provide the donor atoms for complexation. 
as illustrated by cryptand 28 ( ~ e h n j . ~ ' " ~ ~  

~ ~ h e r a n d s " ~ '  are typically derived froin a hexa-nr- 
phenylene backbone with donor substituents converging 
toward the center of the macrocycle (29). The close 
proximity forces the donor atoins to line a small and 
extremely preorganized cavity appropriate for very strong 
and specific binding of metal ions. As a consequence of 
the exceptional preorganization, decomplexation kinetics 
are exceedingly slow. Hernispherands (30) have a more 
flexible structure that reduces binding strength to some 
extent, but selectivities can still be very high. This has led 
to their incorporation into chromoionophores used for the 
determination of Na' (30) or K' in blood serun~."~] 

Macrobicyclic cyclophanes with three highly pre- 
organized catechol units were prepared by the groups of 
Vogtle and ~ a ~ m o n d . [ ' . ' ~ ~  As an example. 31 (Fig. 5 )  
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Fig. 5 Typical cyclophane receptors for metal ion complexation (siderophore 31. torand 32, crown ether 36). oniuni ion-n interactions 
(33, crpptophane 38). hydrogen bonding interactions (34-37). and chiral 1.ecognition (36-38). Self-assembled cyclophanes 39 and 40. 

displays extre~nely strong complexation of F~( I I I )  upon 
deprotonation. exceeding that of the related natural 
siderophore enterobactin. Other well preorganized cyclo- 
phane-type ionophores include torands (Bell), e.g., 32 and 
a multitude of bridged and unbridged porphyrins.i'l 

Cation-?r interactions 

Wiile studying the coinplexation of ammonium ions by 
cyclophanes, Dougherty and coworkers recognized the in- 
teraction between cations and the electron-rich, polarizable 
n-systems of a r e n e ~ . ~ ' ~ ~  Receptor 33 thus encapsulates 
iV-metl~ylqui~~olini~~m ions (CDC13) but not quinoline. 
Furthermore. complexation-induced changes in 'H-NMW 
chemical shifts of the bound adamantyltriinetl~ylalnmo- 
niuln ion demonstrated that the ionic rather than the hy- 
drocarbon moiety is included in the cavity. Catio11-n 

interactionsi8' play an important role in many natural 
systems such as proteins. 

Hydrogen Bonding and Binding Selectivity 

The directionality of hydrogen bonding makes cyclo- 
phanes with hydrogen-bond donor or acceptor sites very 
selective hosts for guests with a complelnentary hydro- 
gen-bonding pattern. and high association constants are 
~lsually observed in noncompetitive sol\lents. Receptor 34, 
prepared by Hunter and coworke i -~ .~ '~~  strongly binds 
cyclo-diglycine (CDC13): in addition to the H-bonding 
between N-M groups of the cyclophane and the C=O 
groups of the guest, N-H,,,,, . . .nh,,, interactionsi8' be- 
came evident by x-ray crystallography. In the cornplex of 
35 with n-butylthyrnine. hydrogen-bonding interactions 
are complemented by n-n stacking which, as shown by 
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Hamilton and coworkers, is controlled by partial charge 
complementarity between the stacked naphthalene and 
heterocycle m~ieties."~'  

A number of cyclophane5 with acidic NW groups, often 
belonging to pyrroles or amide functions, are suitable for 
anion binding. 

Cyclophane Receptors for Chiral Recognition 

Enantioselective recognition between chiral hosts and 
guests is of great interest. The required difference in sta- 
bility between diastereoisorneric complexes often relies on 
three-point interactions between a well-preorganized re- 
ceptor and the substrate. Hydrogen bonding as a directional 
interaction is of particular importance in this context, often 
in cornbination with steric host-guest complementarity. 

Early reports from the groups of and 
 rel log^'" describe the use of chiral crown ethers derived 
from binaphthalene (36) and spirobifluorene. respectively, 

for the recognition, among others, of ammonium salts of 
D- or L-amino-acid esters. A model was proposed for the 
observed chiral recognition by 36, and it was tested as a 
carrier in a machine for the preparative resolution of guest 
enantiomers by differential passive transport through a 
liquid membrane. However, developing back transport 
limited separations to "initial transport rate" conditions, 
thus hampering large-scale applications. 

Still and coworkers prepared the highly selective, Dl- 
symmetric receptor 37 for amino acids and s1nal1 peptides 
by simple condensation of (R,R)-cyclohexane- l,2-diamine 
and trimesic acid.["' Complexes are held together by four 
intermolecular hydrogen bonds and resemble a peptidic 
three-strand p-sheet. A further, enantiomer-discriminating 
interaction is based on steric complementarity between 
the amino acid side chain and the cleft-type cavity of 
the receptor. 

The aesthetically pleasing cryptophanes reported by 
Collet et al. include two cyclotriveratrylene (CTV) units 

Fig. 6 Cyclophanes obtained by ternplated synthesis or self-assembly. 
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with a chiral substitution pattern, interlinked by three 
aliphatic chains.["'] Depending on the configuration of the 
CTV moieties, either an achiral (nzeso form) or a chiral 
cryptophane. e.g.. 38, results. The latter forms inclusion 
complexes with small apolar methane derivatives and 
onium ions [CHC13, (H3C)JV+, etc.] in CD2C1-CD2C1. 
Nonracemic cryptophanes allowed the first chiral recog- 
nition, defined enantiomeric enrichment and configura- 
tional assignment of CHBrClF. 

TEMPLATED SYNTHESIS AND 
SELF-ASSEMBLY OF CYCLOPHANES 
[REF. 203 

Based on coordinational preferences and the resulting 
spatial arrangeinent of ligands. certain transition-metal ions 
were used. sometimes in combination with covalent bond 
formation: as structural building blocks for rational self- 
asseinbly of molecular components into well-defined 
cyclophanes. The groups of Stang and Fujita thus exploited 
the coordination of ligands containing pyridine units to Pd 
and Pt to obtain some remarkable square cyclophanes. 
cage-type receptors (359, or catenanes (40).["~"'] 

The metal-ion-mediated template effect was widely 
used in crown ether synthesis. Tenlplated syntheses of 
cyclophanes such as 41 (Fig. 6) (Sanders)"" are generally 
impressive by their efficacy and selectivity. Besides, they 
made structures such as rotaxanes, catenanes. and knots 
easily accessible for the first time. Sauvage and co- 
workers. taking advantage of a Cu(1)-mediated preorgani- 
zation of phenanthroline building blocks. reported the first 
efficient rotaxane and catenane (42) syntheses and the 
first preparation of a molecular k n ~ t . ~ ~ ' . ~ "  A strate gY 
developed by Stoddart and coworkers for the synthesis of 
rotaxanes and catenanes, e.g.. 43, uses interactions be- 
tween electron-deficient N-alkylated 4.4'-bipyridine units 
and electron-rich dialkoxyarene-based crown 
The modular architectures were investigated in great 
detail and extended to interlocked multicomponent struc- 
tures and functional systems on the way to molecular 
machines and motors. An efficient synthesis of macro- 
tetralactam-based catenanes such as 44, relying on tem- 
plated self-assembly mediated through hydrogen bonding 
and, to a lesser extent, aromatic n-n-stacking. was 
reported by the groups of Hunter and ~ i ig t l e .~ ' "~"  By 
subtly varying the structure and the combination of 
building blocks. the latter group was able to prepare 
unusual interlocked structures, including topologically 
chiral knots. catenanes, and rotaxanes (45). The cyclo- 
enantiomerism associated with the latter two compound 
families is a consequence of the directionality originating 
from asymmetric atom sequences within the macrocycles 
and the dumbbell component. 

CONCLUSION 

The building block principle applied successfully to the 
synthesis of cyclophane receptors allows for an enormous 
structural diversity with regard to shape and function. In 
combination with template-directed synthesis. self-as- 
cembly, and other recent advances in macrocyclization 
methodology. it is hard to imagine limits as to the po- 
tential of cyclophane hosts in the foreseeable future. 
Similarly and despite the "old age" of small and nonhost- 
type cyclophanes, aesthetically pleasing, stereochemically 
remarkable, and extremely strained new structures are still 
being created. 
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and Endolipophilis Cavities 

Andrew C. Benniston 
University o i  Newcastle, Newcastle upon Tyr~e, United Kingdom 

The name "cyclophane" is specific and literally means 
organic compound containing bridge aromatic ring."' 
However. as time has gone by, the generic term "cyclo- 
phane" has come into play, and scientists now use the 
name to encompass a multitude of molecular assemblies 
that have various cavities capable of binding guests. 
Indeed. some of the intricate and sophisticated molecules 
created today are a far cry from the first cyclophane 
chemistry started in 1899, when Pellegrin succeeded in 
preparing [2.2]-metacyclophane.lzl In this article. we will 
tie down a few specific examples and categorize the 
cavities of the cyclophanes according to the type of 
molecules they bind and the driving force for complex- 
ation. Why this is important will become clear later on, 
but it should not be forgotten that binding studies are 
carried out in solvents, and all entities in solution will be 
solvated to sollie extent. Hence. upon complexation. 
degrees of desolvation of the molecular species must 
occur so that binding is allowed to take place. Even this 
simplified picture does not explain the binding of certain 
cyclophane structures. because, for example, ion-pairing 
effects and solvotophobic effects play an important role 
in molecular association. 

Over the last 10 years or so; numerous books (Dieder- 
ich'" and ~ o g t l e ~ "  are particularly recommended) and 
chapters in books were published, covering many aspects 
of cyclophane chemi~try.~" Readers are pointed to a recent 
review on "Synthetic Receptors" that also embraces many 
aspects of cyclophane chemistry.'" It is the intention of 
this article in the Er~cyclopedia to focus on more recent 
developments toward the end of the last century and the 
turn of the new millennium. The examples chosen are in no 
way exhaustive but rather serve as pertinent examples to 
emphasize the types of cavities the cyclophane receptors 
possess and interactions that drive complexation. Where 
possible, the bioinimetic nature of the receptors will be 
discussed; because the ultimate goal in much of cyclo- 
phane work is to mimic nature's processes. It is hoped that 
the reader will see the cross-fertilization of cyclophane 
chemistry and how examples discussed in other articles 
on. for example, cyclodextrins, cryptophanes. cavitands, 
crown ethers, etc.. are just as relevant to this article. 

Endoacidic cyclophanes contain cavities with functional 
groups thai are acidic; and hence. they have the potential 
to bind cation guests such as metal ions. quaternary 
amrnonium salts, positively charged species, and H- 
bonding solvents. Obvious acidic groups that could be 
part of the cyclophane skeleton structure include carbox- 
ylic acids, phe~lols, etc. In the general definition. we can 
also incl~lde cyclophane structures that are n-acidic 
(electron accepting) and use intimate donor-acceptor 
interactions to drive binding. 

Cryptophanes comprise a class of conlpounds made up 
of two cone-shaped cyclotriveratrylene units attached to 
one another by three bridges. This feature leads to a highly 
preorganized three-dimensional enforced cavity suitable 
for acco~nmodating organic substrates. In general. these 
classes of compounds contain, on the periphery, substi- 
tuted methoxy groups, and examples are rare where 
substitution with ionizable groups was carried out. This 
situation was recently rectified by the group of Weher."' 
who successfully prepared the new cyclophane receptor 11 
featuring three endo-carboxylic acid groups (Fig. 1). 
Complexation studies were performed using 1 in CDCl; 
and a range of alcohols (methanol, ethanol, and isopropa- 
nol). because proto11 donor-acceptor interactions were 
considered to operate. No binding to isopropallol was 
observed to take place, which is attributed to its inability to 
pass through the narrow openings of the cyclophane wall. 
The smaller alcohols were. however, found to navigate the 
passages. and binding constants for 1:1 complexation of 
methanol and ethanol were determined to be 7500 and 
41 dm' ,no1 '. respectively. Interestingly, small dipolar 
solvents with proton acceptor capabilities. such as aceto- 
nitrile, nitromethane, acetaldehyde, and acetone. also 
tested as guests. failed to form detectable complexes. 
Solvent extraction studies of metal ions were fortunately 
Inore rewarding and highlighted the capability of 1 to act 
as an ion carrier. Cyclophane 1 acts as an efficient 
transporter of highly charged. hard metal ions of matching 
size. including divale~it alkaline earth metals (e.g., Ca2+, 
sr2+) and trivalent lanthanide metal ions (e.g.. yb3+). 

it is worth noting that 1 represents the spherical 
analogue of the proposed erzdn-cyclophanes 223 and 2b 
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2 a R = H  
2b R =: CH, 

Fig. 1 Examples of endoacidic cyclophane hosts containing carboxylate binding sites. 

prepared by the same group. which once again contain 
carboxylate moieties capable of convergent binding.[81 
The cyclophane %b was found to be an excellent host for 
numerous solvents, where host:guest ratios vary from 1: 1 
(benzoquinone, benzene, cyclohexane, toluene: and 
DABCO) to 1 :2  (DMSO, propionic acid, and methanol) 
to 1:4 (acetic acid. acetone). For these host-guest 
complexes, the structures of the adducts are not unique 
along the series. The single-crystal x-ray structure of 2b.4 
(acetic acid) 2H10 (Fig. 2A) clearly demonstrates that the 
cavity is filled by methyl groups, thus forcing both the 
carboxylate units to an exo orientation. On the other hand, 
the carboxylate groups do not take an exo or endo 
orientation in the host-guest complex 2b.2 (propionic 
acid), as illustrated in Fig. 2B. 

Without doubt, the most widely known endo x-acidic 
cyclophane is Stoddart's "blue-box" 3 that incorporates 
in the cyclic framework two electron-deficient (electron 
acceptor) N,N'-bipyridinium units.lgl The cavity size is 
consummate for binding a wide range of electron-rich 
(electron donor) aromatics in organic and aqueous 
solvents. The intimate interaction between donor and 
acceptor groups is evident, because a broad charge- 
transfer absorption band is observed in the visible spectral 
region. Because of the rigidity and highly beneficial 
photophysical properties of cyclophane 3: and its host- 
guest complexes9 many applications have emerged, 
including testing electron-transfer theo~y."~ '  mimicking 
photosynthesis,["1 and light-activated devices,"21 to name 
a few. Since this pioneering work. new n-acceptor 
cyclophanes based on. and similar to, 3 emerged. by 
Stoddart and other groups as well.L131 The work of the 
group of ~ a l l o u k " ~ ]  is highlighted here, because they 
took the basic design of 3, incorporated extra recognition 
sites, and exchanged the cation electron-affinic groups 
with neutral electron acceptor units (Fig. 3). It could be 
argued that these cyclophanes cannot be considered as 
endoacidic cyclophanes, which to an extent is true, 

because other functional groups are added. Hopefully. 
the reader will see that there is a great deal of crossover 
when categorizing cyclophane structures; and many could 
be included in other sections. 

The cyclophane 4 incorporating the tripeptide back- 
bone was the first attempt at creating a chiral host for 
shape-selective molecular recognition. This group is 
mainly interested in intercalating host molecules into x- 
zirconium phosphate (z-ZrP) for applications in such 
areas as preparative-scale chiral separation. Although 4 
displayed considerable promise in chiral recognitioll of 
racemic DOPA [3-(3,4-dihydroxyphenp1)-DL-alanine) in a 
water-acetone mixture, the same inolecule embedded in 
(N-ZrP) was not an effective chiral separation agent. It was 
hypothesized that this lack of recognition was caused by 
reduction in the n-acidic nature of the cyclophane, caused 
by close association of the negative a-ZrP with the N.N- 
bipyridiniunl group. Cyclophanes 5-7 represent the next 
stage of development by Mallouk et al. to overcome this 
problem. An association constant ( K )  of 13 1 1  dm' molp 
was determined for 5 and indole in chloroform. Unfortu- 
nately, the low solubility of 6 and 7 in chloroform (the 
curse for all binding studies) meant that similar binding 
constants could not be obtained with indole. Even more 
disappointing was that no obvious binding of 6 and 7 with 
indole could be detected when the solvent was changed to 
DMSO. Why should this be the case, because indole is a 
good electron donor, and the asonlatics used are recog- 
nized to be adequate electron acceptors? The strength of 
the cyciophane-guest interaction depends on several 
factors. The first is the stereoelectronic complementarity 
between host and guest. which leads to favorable donor- 
acceptor, hydrogen bonding, and other interactions. The 
second is the preorganization of the host, i.e.. the 
existence of a rigid binding pocket that does not require 
loss of entropy to accommodate the guest. The third. and 
often neglected, is the donor ability of the solvent. which 
determines how heavily solvated the separated molecular 
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species really are, i.e., association will only take place if it 
is favorable for the host and guest to bind rather than be 
solvaied in solution. In this case. DMSO is a strong donor 
solvent and would solvate strongly the indole and 
cyclophanes. Other steric factors could also play a role. 
especially in cyclophaile 4; where molecular modeling 
shows that nitro groups sterically inhibit n-complexation. 

The internal cavity of a cyclophane is endobasic if func- 
tional groups are present that are basic or electron donating: 
the most obvious groups include the ethers, pyridines, 
amines. and phosphorus-based donors. Cyclophanes in this 
category would be expected to bind metal ions and also 
promote H-bonding interactions within the cavity. Hence, 
in this section, crown ethers and azamacrocycles could 
easily be included. Under this heading, we can also 

Fig. 2 Crystal structures of cyclophane conlplexes 2b.4 (acetic 
acid) 2H20 (A) and 2b.2 (propionic acid) (B). 

Q NO, :_i \ 

.:+,"H 

Fig. 3 The erdo ir-ac~d~c cyclophanes ~ncorporating cat~on~c 
and neutral electron acceptors. 

incorporate electron-rich aromatics, because n-donation to 
an electron acceptor will result in host-guest binding. 

Collected in Fig. 4 are examples of cyclophanes 
containing the correct functional groups for inclusion in 
this section. The three-dimensional Structure 8 prepared 
by Takeinura and coworkers'"' incorporates four pyridine 
donor sites. as well as potential N and 0 donors as part of 
the connecting straps. The x-ray structure of the potassium 
adduct of 8 clearly established the endo binding nature of 
the pyridine. nitrogen. and oxygen atoms. The cyclophane 
cavity is consummate for host-guest complexation of oth- 
er cations. Inclusion properties of the cyclophane were 
also carried out with varying anions (Clp, F

p

, Br

p

, I

p

, 
BFIp) in 10% DD2S04; the protonated form of the cyclo- 
phane enhances binding because of favorable cation-anion 
interactions. A binding constant of 24+2 dm3 molp' 
for C 1  complexation was determined, and thermody- 
namic data obtained by a van't Hoff plot afforded AII" 
(- 2.9 kcal mol

p

') and AS" (-3.9 cal K- '  mol

p

') .  
Larger anions I , and BFJp were not coinpiexed by 
the cyclophane. 

Twistophanes 10 and I1 represent a new class of 
cyclophanes that recently eillerged as the follow-up 
compounds to the endobasic host 9 first prepared by 
~ a x t e r . " ~ ]  The cyclic structures comprise substituted 2,2'- 
bipyridyl groups linked via acetylinic linkers, and they are 
primarily developed as sensors for metal ions. For both 
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x = lone pair (lza), 8 (12b) 

Fig. 4 Examples of multidi~nensional structures containing donor sites for molecular recognition. 

bipyridine subunits of 9 to bind a single metal ion, the 
twisted carbon backbone must slightly unwind, thus 
permitting the bipyridine rings to rotate about the long 
axis and orient the four nitrogen lone pairs in an erzdo 
orientation. In this case, only a minimal change in 
conformation is required. So, a spectroscopic response 
from metal-ion binding originates only from electron 
distribution perturbations communicated through the 
bipyridine nitrogen lone pairs. The new cyclophanes 10 
and 111, however, must undergo larger structural altera- 
tions and, hence, more significant electronic perturbations 
upon metal ion binding. Ultraviolet-Visible spectroscopic 
studies revealed that 10 and 11 bind with dissimilar 
selectivities to the following metal ions: Cu(II), Ag(I), 
Hg(lI), Th(I), and Pd(I1). Fluorescence quenching ob- 
served for 10 and 11 (1: 2 CHC13/MeOH) in the presence 
of C u ( l )  ions also support that these new twistophanes 
could be used as sensors. It is also worth noting that the 
cyclophanes f~~nc t ion  also as chromogenic fluorescence 
sensors for protons. 

Endo-functionalized cyclophanes incorporating triva- 
lent phosphorus are potentially interesting, because the 
soft donor site is perfect for binding soft transition metals 
that have applications in many catalysis reactions. 
Trivalent phosphorus atoms easily undergo oxidation to 
afford pentavalent species such as phosphoryl moieties. 
Thus, the phosphoryl oxygen can act as a hard donor site. 
which once again, can be used for metal ion binding, but 

also molecular recognition of H-bonding substrates such 
as biologically interesting amino acids. Cyclophane 
systems incorporating P-bridgehead atoms are not com- 
mon, and reported assemblies show the expected endolexo 
isomerism. A recent example of the synthesis of endo- 
endo P-based cyclophanes (12al12b) was reported by 
Bauer and ~ a b i c h e r . [ " ~  The x-ray structure of endo-endo 
B2a shows two flat cyclic confonners with P-P distances 
of 4.5 A and 5.3 A, respectively. 

In the previous article, the n-acidic "blue box" of 
Stoddart was introduced as a cyclophane capable of 
binding electron donor groups. Here. we introduce the 
reverse analogue of this cyclophane. 13, in which the 
donor groups form part of the cyclic structure, and hence, 
bind electron-deficient m~lecules ."~ '  Cyclophane 1 3  and 
its analogues now have a central role in the creation of 
more exotic structures such as ro ta~anes [ '~ '  and cate- 
nane~ . "~ '  More recently. a move toward tetrathiafulva- 
lene-based cyclophanes was made because of their unique 
n-electron donor properties. Structures 14 and 15 represent 
two such exanlples prepared by the group of ~ e c h e r . ~ ~ "  
The central cavity of cyclophane 14 is a little too small to 
accommodate electron-deficient guests such as 7,7,8,8- 
tetracycano-n-quinodimethane. Preliminary complexation 
studies with 115 and 1,3,5-trinitrobenzene have been more 
encouraging. The addition of one equivalent of 1,3,5- 
trinitrobenzene to a solution of 15 in chloroform resulted 
in a color change from orange to light green and the 
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appearance of a CT absorption band at 646 nm. The 'H- 
NMR evidence was also consistent with the formation of a 
1:l host-guest complex, presumably with the 1.3,s- 
trinitrobenzene moiety residing in the donor cage. 

The final category in this series is the endolipophilic 
cyclophanes that possess internal cavities that bind organic 
entities through n - n stacking or other dispersive forces. 
This class of cyclophanes is probably the most extensive, 
and examples are numerous. Illustrated in Fig. 5 are just a 
handful of recent diverse examples from the literature. A 
common thread running in these examples is their 
biomimetic nature, in which host-guest chemistry 
involves the binding of biologically relevant molecules. 

Cyclophane 16 represents a lipophilic host specifically 
prepared by Roelens and ~ a r t o l i , [ ~ "  as part of their 
continuing research effort. to ascertain the influence of 
cation-n interaction on the binding of numerous acetyl- 

choline (Ac) derivatives and tetramethylamlnonium 
(TMA) salts.[231 Association constants were measured 
for 17 salts of commonly used anions; binding energies 
( - AGO) ranged from over 8 kJ m o l l  down to the limit of 
detection. Thermodynamic parameters ascertained for the 
associatiorl of 16 with TMA.picrate demonstrate that 
binding is enthalpic in origin, with a substantial enthalpy 
gain (AH"=- 16.7 kJ r n o l  ' )  and an unfavorable entropic 
contribution (AS0 = - 27.9 J molp ' Kp I). Interestingly. 
there is a good correlation between the '"oodness" of 
anions as guest partners and the solubility of their salts. 
When the salts were converted to more charge-dispersed 
species such as dialkyltrichlorostannate salts. cation 
binding substantially improved, which indicates that 
charge dispersion is a main factor determining the 
influence of the anion on the cation-n interaction. 
Detailed high-level computational studies were also 
performed to ascertain the influence of the counterion 
on the binding free energy of TMA with Cyclophane 16. 
It was found that binding energies correlated with the 
electrostatic potential of the ion pair. In other words, the 
guest binding behavior is determined by the cation's 

23 24 OH 2 5 

Fig. 5 A selection of endolipophilic cyclophanes for binding a range of guest molecules 



Cyclophanes: Endoaeidic, Endobasic, and EmdolipophiEic Cavities 429 

charge density exposed to the receptor, which is deter- 
mined by the anion's charge density by way of a 
polarization mechanism. 

The cyclic sugar compounds cyclodextrins have long 
been recognized as water-soluble hosts for aromatics. The 
internal cavity is hydrophobic (or lipophilic), and com- 
plexation of aromatics is driven by solvotophobic re- 
sponse. Glycophanes represent a class of compounds 
incosporatiilg sugar residues associated with cyclodextrins 
and aromatics Inore in fitting with cyclophanes; hence, the 
name glycophane. meaning cyclodextrin+cyclophane. 
The compounds 17 and 18 are two such examples 
reported by the group of ~enadks."" larbohydrate- 
carbohydrate interactions are recognized as important 
interactions that manipulate processes within cells. Hence. 
the two cyclophanes were developed to establish the 
strength of carbohydrate-carbohydrate interactions in 
water. Binding of 17 and 118 in water toward a series of 
4-nitrophenyl glycosides with axial r-D-gluco(r-Glc), 
r-D-galacto (r-Gal). r-D-manno   man). P-L-arabino 
(PLAra), and r-L-fucopyranoside (mLFuc). plus equatorial 
P-D-gluco (PGIc), P-D-galacto (peal), O-D-manno 
(PMail), z-L-arabino (xLAra). and P-L-fucopyranoside 
(PEFuc) configurations at the anomeric center were 
measured by 1 ~ - ~ ~ ~  spectroscopy. The overall findings 
of the work suggest that within glycophanes, carbohy- 
drate-carbohydrate interactions in water contribute to the 
affinity of binding. Thus. the systems seem to reproduce 

the nonpolar interactions between lipophilic surfaces 
found in sugars binding to proteins. 

Enzymes are nature's work horses. specifically de- 
signed for carrying out many essential transformations in 
biological systems. Small molecule mimics of enzymes 
based on cyclophanes are highly sought-after commodi- 
ties in the supramolecular chemistry field. Compounds 19 
and 20 are a class of thiazolio-based cyclophanes 
developed by Diederich et al.'251 for mimicking the action 
of thiamine diphosphate-dependent enzymes. Cyclophane 
19 is a mimic of pyruvate oxidase and was shown to 
catalytically oxidize napthalene-2-carbaldehyde to methyl 
naphthalene-2-carboxylate, as illustrated in the cycle of 
Fig. 6. 111 basic MeOH. solution 19 is in equilibrium with 
the thiazolium ylide that reacts with bound aromatic 
aldehyde to afford an activated aldehyde. In the presence 
of an oxidant, the intermediate is transforined to the 2- 
acylthiazolium ion. The methyi ester is generated in a 
rapid reaction of the intermediate with the solvent. One 
outcome of this work was the understanding of how the 
rnicroenvironrnent at the active site is critical for rate 
enhancement. That is, the large contribution to the 
catalytic behavior is the reduced polarity at the active 
site. Hence. the dendritic cyclophane 20 was designed and 
synthesized so as to alter the microenvironrnent at the 
active site. Unfortunately. 20 exhibited only a weak 
catalytic activity hypothesized to be due to steric hindrance 
of reaction transition states by the dendritic branches. 

Fig. 6 Proposed catalyt~c oxidation cycle for converilon of napthalene-2-carbaldehyde to 1neth~1 naphthalene-2-carboxylate u51ng a 
functionallzed cyclophane 
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To conclude this final section. the cyclophanes 21-25 
are illustrated as recent new additions to the host-guest 
arena. Bartsch and coworkers"61 recently reported the 
synthesis of the n-electron-rich hydrophobic cyclophanes 
21-22 that are termed "corrals" because of the walled 
enclosure. The binding ability of 2% is limited, but the 
crystal structure of the anthracene adduct confirms that the 
cavity is consummate for binding, with edge-to-face 
x-interactions locking the guest in place. The linked 
aromatic motif is a popular approach in cyclophane 
construction. and 23-24 are two examples of Pigge 
et al.L27J constructed via an enaminone-directed benzan- 
nulation macrocyclization reaction. Although no binding 
studies were reported so far. x-ray crystal structures 
confirm that the cyclophanes adopt conformations suited 
for molecular association.  The shape-persistent 
cyclophanes (SPCs) 25 (R1=OC12H25.  RZ=TBS;  
R1 = C 0 0 C I 2 F I l 5 ,  R2=TBS;  R 1  =OCIZH25 ,  R Z = H ;  
R1 =C00C12HZ5. R2=H) cornprise an interesting class of 
compounds recently reported by Tour and  in."^' In a 
sense, the cavities in these compounds are not as important 
as their intermolecular n-stacking ability. The cyclophanes 
were shown to dimerize in solution using n-stacking and 
hydrogen-bonding interactions. Clearly. further oligomer- 
ization is eventually the goal so that well-defined 
suprainolecular assemblies (nanostructures) are generated 
containing internal cavities for aromatic encapsulation. 

Cyclophane chemistry is flourishing and important field in 
the general area of sup]-arnolecular science. The hosts bind 
a multitude of species to varying degrees using a wide 
range of interlnolecular noncovalent forces. In specific 
cases, they call help us understand the role these weak 
forces play in biological receptors. or offer the possibility 
of milnicking the enzyme reactions that nature uses so 
well. In an attempt to keep up with the most up-to-date 
advances in the field of cyclophanes, references to works 
were, where possible, taken from recent papers. However. 
the field is expanding so rapidly that new exampies will be 
in the literature as this article is published. 
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From the time that chemists could characterize and 
manip~~late molecular architecture, ~llethods have been 
sought to enhance and modify molecular properties with 
an eye toward, among other attributes. intra- and in- 
termolecular interactions based on covalent and nonco- 
valent means. Evolution of the study of these properties 
and illteractioils has led to the supramolecular regime, 
whereby noncovalent lnolecular interplay produces ef- 
fects and properties not ordinarily exhibited by the indi- 
vidual components. 

This supramolecular tenant, defined by J.M. Lehn, is 
cIassically exhibited by the action of a micelle, whereby 
surfactant illolecules aggregate into a globular motif that 
is capable of enhancing rnolecuiar guests' solubilities or 
acting as nanoscale reactors and transport vehicles, to 
mention but a few utilities. Tne micelle architecture, as 
well as the lipophilic-hydrophilic character, leads logi- 
cally to the consideration of dendrimers as supramolec- 
ular components; this potential is herein chronicled. 

Dendrimers are first examined with respect to their 
ability to soiubilize illolecular guests in environments 
that, without added dendrirner. would exhibit unfavorable 
solubility properties. such as dissolution of water- 
insoluble molecules. Numerous dendritic architectures 
are highlighted with respect to this phenomenon. 

The potential of dendrimers to encapsulate lnolecular 
species is further exanlined from the perspective of 
catalysis and the ability to irnprove reaction rates and 
yields. As well. their use as components facilitating 
chroinatographic separations is discussed. Finally, the use 
of dendrimers to effect noncovalent molecular ordering 
is examined. 

BAIGELLAW ASPECTS 

Consideration of the generally globular. or pseudo- 
spherical. 3-dimensional architecture of dendritic mole- 
cules"." naturally leads to a comparison with the 
idealized concept of micellar organization and properties 
(Fig. I ) .  From the perspective of classical, charged 

amphiphilic aggregation (I) above the critical micelle 
concentration (cmc). dendrimers (2) are structurally 
similar in that charged, or polar, surfaces connected to 
more lipophilic interior frameworks are readily attainable. 
Of course, reversible micellar characteristics (i.e., lipo- 
philic exteriors and hydrophilic interiors) are also con- 
ceivable and have been demonstrated. Thus, to date, a 
structurally diverse array of nanoscopic-sized dendrirners 
has been shown to possess structural parameters compa- 
rable to that of supramolecular aggregates known as 
mice~les.~" Notably, even though in most cases lnoiloiner 
connectivity is covalent, the iterative nature of dendritic 
co~lstruction imparts an ordering to the building blocks 
that creates molecular characteristics inaccessible by a 
collection of si~zlple unordered monomers. 

However. it is not only from an architectural viewpoint 
that dendrirners can be contrasted to organized assem- 
blies. but ~uicellar stabilization and organization of 
species in uncharacteristic environments are also sug- 
gested. Thus. structural attributes of branched frameworks 
can be employed for such applications as aqueous 
solubilization of inherently water-insoluble species as 
well as ~noiecular ordering based on noncovalent inter- 
actions, such as H-bonding and ionic associations. The 
advent and current status of several dendritic micelles are 
herein chronicled. 

Internal inclusion 

With the of dendrirner chemistry in 1985, 
and the successful construction of branched, multi- 
fu~lctional architectures such as polyols 3 and 4 (Fig. 2), 
the logical application of supramolecular chemistry to this 
field was obvious, as noted by the original in t rod~~c t ion '~~  
of the ierm 'k~inin~olecular micelle." It would, however, 
be several years before the actual proof-of-concept for 
covalently connected surfactant moieties was unequivo- 
cally demon~trated~".'~ in the all-hydrocarbon lnicellane 
series:LX1 Chis was the first exainple of a unimolecular 
~nicelle that incorporated the lipophiliclhydrophilic fea- 
tures of a classical micelle into a single molecule. Pivotal 
to its co~lstrirction was access to monomers possessing 

Ei1~cIoprdin  oj'Supi-nmolc.cillnr CI7emivti~ 
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Fig. 1 Idealized representations of guest (0) encapsulation via 
a classical inicelle aggregate 1 and a dendrlt~c unlmolecular 
rnicelle 2 

tetraalkyl-substituted quaternary carbon branching centers 
via the free radical-promoted replacement o f  a tertiary 
nitro group with an electron-deficient alkene (i.e., 
acrylonitrile or an alkyl acrylate). 

Thus reaction o f  the tetrabromide core 5 with four 
equivalents o f  the requisite terminal alkyne building block 

6 via generation o f  the alkynide anion afforded the first 
generation polyalkyne; concomitant reduction and depro- 
tection yielded the polyol. which was transformed to the 
corresponding polybromide for iteration. Following 

- - 

reduction and conversion o f  the periphery to carboxylic 
acid moieties, aqueous solubility was imparted by 
treatment with M ~ ~ N ~ ~ ~ O H " '  to form the poly(ammo- 
niuin carboxylate) 7'. 

Molecular inclusion was demonstrated by the aqueous 
solubilization and UV and fluorescence analysis o f  the 
guest dyes phenol blue (8), pinacyanol chloride (9).  
chlortetracycline (10). and naphthalene (11). Fluorescence 
lifetime decay experiments using I ,6-diphenylhexatriene 
(12) as the probe further supported the host-guest 
relationship: while electron microscopy ( E M )  col~obo- 
rated the single molecule. non-aggregated state. Calcu- 
lated molecular modeling diameters o f  48 A in a fully 
extended conformation were also substantiated via EM. 

Prior to micellane construction, ca. 1989, Tomalia 
and coworkers[" examined the ["'c-NMR TI (spin- 
lattice) relaxation times o f  2,4-dichlorophenoxyacetic 

Fig. 2 Early tris-terminated, branched architectures (i.e.. 3 and 4) were described as possessing micellar architecture and character: 
and study of the properties of nuinerous encapsulated molecular guests proved the micellar character of the first, all-alkyl hydrocarbon 
dendrimer 7 .  



Fig. 3 '"'c-NMR spin-lattice (TI) relaxation studies of guests, such as acetylsalisylic acid (14), encapsulated in polyamidoamiile 
dendriiners ( 8 5 )  and the enhanced aqueous solubility of guests (i.e., 1'9) reveal the micellar nature of dendrimers. 

acid (13) and acetylsalicylic acid (14) in the presence o f  
PAMAM (polyamidoamine) dendrimers (15: Fig. 3, 
prepared via repetition o f  two steps. exhaustive amine 
alkylation with methyl acrylate followed by amidation o f  
the resulting ester moieties with 1.2-diaminoethane to 
regenerate the ailline surface) and in bulk solution alone. 
Relaxation times were found to be significantly lower 
with added host. suggesting molecular inclusion within 
the dendrimer. or a dendrimer aggregate, as noted by 
the authors. 

Other notable PAMAM-based host-guest studies have 
appeared. T~.is(l~ydroxymethyl)aminornethane-(TRTS) ter- 
minated PAMAMs ('66) have been by reaction 
o f  TRIS with the ester groups on the surface. Inclusion 
complexes with, for example, benzoic acid (19). signif- 
icantly increased guest aqueous solubility 300-fold at 
neutral pH; while the above PAMAM examples denote an 
acid-base interaction, T~rrro and used 
pyrene (18) in photoluminescent experiments to evaluate 
internal hydophobicity and thereby corroborate a pre- 
dicted morphology change for this family [i.e., changing 
to a nlore globular shape with a more closed and 
congested surface'" beyond generation 3.51. 

PAMAMs constructed starting with lipophilic C12 
cores have been exploited as hosts for studies using the 
dye Nile red.[I3l Notably. aqueous fluorescence emission 
was significantly enhanced by the formation o f  a 
dendrimer-surfactai~t assembly upon amphiphile addition. 
Modification o f  PAMAM surfaces by treatlnent with 
epoxyalkanes.l'" such as 1,2-epoxyhexane and 1,2- 
epoxyoctane. produced nanoscopic container molecules 

that facilitated the solubilization o f  CUSOJ in toluene 
when placed in contact with a 0.1 M aqueous solution. 

Meijer and coworl ter~"~~ provided a striking example 
o f  dendrimer-based. host-guest interaction (Fig. 4 )  by 
successfully sterically trapping 3-carboxyproxyl radicals 
(19). 7,7,8,8-tetracyanoquinodimethane (20: TCNQ), and 
the dye Rose Bengal (21) within the interior o f  fifth- 
generation poly(propy1eneimine) (PPYs; accessed by 
repetitive terrninal amine alkylation with acrylonitrile 
and subsequent nitrile reductioll to regenerate a set o f  
new amines for further elaboration) dendrimers de- 
scribed as a dendritic box (22). A filled dendritic box 
was prepared by reacting the arnine surface with an 
activated ester o f  a t-BOC-protected amino acid. such as 
phenylalanine, in the presence of  encapsulated guests; 
notably, complete impermeability o f  the shell by trapped 
molecules was observed. 

The PPI series has also been used to craft inverted 
r n i c e l l e ~ ~ ' ~ ~  via termini modification with long-chain 
(Cs,9-15)  acid chlorides. Ethanol solutions o f  these 
dendrimers and Rose Bengal afforded second- and fifth- 
generation unimolecular micelles entrapping an average 
o f  one and seven (or eight) guests. respectively. Dynamic 
light scattering experiments supported single particle 
behavior. Also. coating the surface with palmitoyl 
chloride and subjecting to low pH gave rise to efficient 
anionic dye  extractor^;"^^ however. higher pH environ- 
ments (i.e., >6): afforded less-effective extractors. 
Similar materials have been employed for oxyanion- 
based extraction o f  pertechnetate, perrhenate, AMP. ADP, 
and ATP.["' As well. host-guest binding constants using 



Fig. 4 A dendritic box has been shown to trap molecular guests (i.e.. 22). while fluorinated constructs (23) show prornise as phase- 
transfer catalysts. 

pyrene as the probe,['91 IPPIs quaternized with glycidyl- 
trimethylammonium chloride as pH-sensitive. controlled 
drug release systems."01 and unimolecular micelles 
crafted by the preparation of oligo(ethy1eneoxy)-termi- 
nated PPIS["' have also been reported. 

Researchers van der Broeke and coworkers['" created 
perfluoro-functionalized poly(propy1eneimine) dendri- 
mers (23; Fig. 4) and demonstrated their potential as 
phase-transfer catalysts in supercritical carbon-dioxide- 
water mixtures and as anionic species extractants. The 
de~ldrirners were accessed via reaction of perfluorinated; 
linear alkyl acid chlorides with the terminal amines. 
Extraction of perinanganate or dichromate from aqueous 
to C 0 2  solutioil was described as rather low, whereas their 
use as phase-transfer catalysts in a halogen exchange 
reaction [benzyl chloride to benzyi bromide (2411 resulted 
in high rates of conversion. 

Dykes et a1."" reported that peptide-coupled L-lysine 
amino-acid-based dendrimers solubilized proflavin hy- 
drochloride and aurin tricarboxylic acid in CH2C12. The 
degree of dye solubilization increased as the degree of 
branching increased (i.e.. at higher generations), with 
generation 4 incorporating up to 97% of suspended 
proflavin BHCI in the best case. Dye incorporation was 
enhanced by focal carboxylic acid or amine coordination 
with a proflavi11-free amine or an aurin acid moiety, 
respectively. Control experiments with unbranched hosts. 
such as acetic acid, showed very little dye uptake, as 
expected, further suggesting that "ddedritic branching 
does indeed play a key role in the dye solubili- 
zation process."L231 

Soon after the introduction of convergeilt dendrimer 
synthesis,["] hemispherical. ar)rl-ester-coated, benzyl 
ether-based dendrons were Attachment to 
a divalent core and conversion to the polycarboxylate 25 
(Fig. 5 )  yielded dendriiners that facilitated a 200-fold 
increase in pyrene (26) solubility in water compared 
with that of pure water without the dendrirner. Notably, 
use of sodium dodecyl sulfate (SDS; above cmc: 
9 x 10'--'' M) for pyrene encapsulation resulted in 
only an 100-fold enhancement. 

Piotti et a1.[261 reported the construction of FrCchet- 
type reverse unimolecular micelles possessing polar 
internal aryl rilethyl esters at each generation and linear 
C I 4  alkyl chains at the periphery. Construction began with 
reaction of 3,5-bis(tetradecylary1 etherlbenzyl bromide 
(27) with the 3,5-dihydroxybenzene (28). Repetition of 
the standard benzyl alcohol to bromide conversioni241 
followed by phenolic substitution of the benzylic halide 
produced fourth-generation wedges that were subse- 
quently attached to a tris(pheno1icj core to afford the 
desired architecture 29. The internal methyl aryl ester 
groups were also converted to alcohols via LiA1H4 
reduction. Micellar potential was demonstrated by use 
of these dendrimers as catalysts in elimination reactions 
of tertiary iodoalkanes. The greatest effect was observed 
for the transformation of 2-iodo-2-methylheptane (30). 
with a recorded 99% conversion to alkene (dendrimer to 
substrate ratio. 1:17.600), while the lowest observed 
conversioil was 83%. 

Acid-terminated, amide-based dendrimers (i.e., 311) 
have been shown to be effective surfactant substitutes in 
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Fig. 5 A variety of architectures have been demonstrated to be useful aqueous solubility enhancements (E),  catalysts for elimination 
reactions (29), and vehicles for chromatographic separations (31). 

the analytical separation technique of micellar electroki- 
netic capillary chromatography (MECC).'~" The dendri- 
mers were prepared by iterative peptide-type coupling 
followed by carboxylic acid deprotection using an 
aminofr-is(rert-butyl ester) building block: divergent 
synthesis began with a tetr-akis(carboxy1ic acid) core. A 
series of alkyl parabens (methyl, ethyl, 12-propyl. and n- 
butyl 4-hydroxybenzoate; 32-35) were separated, 
employing first-, second-. and third-generation polyacids, 
with the higher construct affording the best results. 
Essentially, the greater the ana1yte:micellar (i.e., dendri- 
mer) interaction, the longer the analyte retention time in 
the capillary. Thus, the observed order of elution started 
with the least lipophilic benzoate and progressed 
sucessively to the most lipophilic. Separations were 
shown to be strongly pH dependent, with acidic buffers 
yielding no results due to dendrimer interaction with the 
fused-silica capillary surface effectively stopping mobil- 

ity. MECC has also been examined using PAMAM 
dendrimers as surfactant substitutes.r2s1 

Ordered Positioning 

Whereas the majority of dendrimer-based lipophilic- 
hydrophilic inclusion phenomena discussed thus far 
results in random guest positioning on a branched 
framework. ordered interactions in supramolecular as- 
semblies are also of interest. For example, Gonziilez 
et a1.[291 reported the surface modification of poly(propy1- 
eneimine)~ with cobaltoceni~im groups that are easily 
reduced to Co(0). Reaction of the amine termini with I -  
chlorocarbonylcobaltocenium afforded the metal-termi- 
nated dendrimers. The lipophilic, charge-neutral poly- 
cobaltocenes were rendered H 2 0  soluble via addition of 
j-cyclodextrin (36, j-CD) based on its cylindrical 



Fig. 6 Branched architectures have also demonstrated their utilitarian nature by facilitating supramolecu!ar ordering on modified 
surfaces (i.e., 37 and 40). 

encapsulation of the metallocene ~noieties (37; Fig. 6). 
Reversible electrochemical oxidation to the charged state 
afforded the uncomplexed dendrimer form. Similar 
ferrocenyl-terminated PPls are also 

Kim and coworkersi311 adapted the periphery of PPIs 
for a ~imi lar ,  albeit more ionic, coordination with 
cylindrical cucurbituril (CB; 38) units to give a stable, 
poly(pseudorotaxane) architecture. The required bis(am- 
monium)-coated scaffolding was accessed via treatment 
of the dendriiner amine surface with the perfluorophenyl- 
activated ester of a bis(protected) diamine-modified 
acetate 39 followed by deprotection (HBr) of the diamine 
chains. Dissolution of the polyprotonated framework in 
H20  followed by the addition of CB afforded the self- 
assembled product 40. Preliminary studies aimed at 
decomplexation via treatment with base yielded partial 
separation. TI  (spin-lattice) relaxation experilnents with 
the CB-dendrimer complex showed a sharp increase with 
higher generations, suggesting that the outer shell 
possessed attributes of a solid phase; such behavior has 
also been noted by Jansen et al."" 

Newkome and coworkerst321 employed site-specific, 
H-bonding-based, molecular recognition on the interior of 
a branched framework for guest positioning. Incorpora- 
tion of the binding sites was facilitated by a single-pot, 
three-component reaction, whereby I ,S-glutaryl di- 

chloride was reacted with one equivalent of an amino- 
tris(tert-butyl ester) followed by treatment of an excess of 
2,6-diaminopyridine to form an extended aminotriester 
useful in iteration. NMR titration experiments using 
glutarimide and 3'-azido-3'-deoxythimidine (AZT) 
revealed downfield shifts of the pyridyl diamide protons 
substantiating the dendrimer-guests conlplexes (e.g., 41). 

Baars et al.['" reported the peripheral amine modifica- 
tion of PPI frameworks with adamantane isocyanate to 
afforded terminal urea moieties. Supramolecular surface 
ordering of carboxylic acid-modified urea guests was 
achieved based on ionic-acid-base association at the 
outermost dendritic tertiary amine moieties and urea 
promoted H-bonding. T I  relaxations were found to signifi- 
cantly increase at the complex surface verifying enhanced 
rigidity. Other assemblies of interest include PAMAM- 
fatty acidLz" and PAMAM-surfactant''' mixtures. 

CONCLUSION 

Progress in supramolecular chemistry and nanotechnolo- 
gy is inherently linked to the building blocks that are 
available. Attributes of desirable building blocks include 
the potential to effect noncovalent molecular interactions 
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on their environment. Due to the modular and iterative 
features of branched. macromolecular architecture syn- 
theses that facilitate the fine-tuning of physicochemical 
parameters. and from the perspective of multifunctional 
and multilevel interactions, dendrimers are uniquely and 
logically suited as supramolecular  monomer^.'^^-^^' 
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Deoxycholic, cholic, and apocholic acids were established 
to have abilities for including various organic compounds. 
They exhibit characteristic inclusion behaviors with 
different arrangements and hydrogen-bonding schemes. 
Their structures are equally the same but different in 
hydrogen-bonding groups. This prompts us to verify the 
other derivatives by simple modified the nuinbers of 
hydroxy groups with different locations and directions on 
the skeletons. as well as different side-chain length and 
functional groups on the side chains. This article will 
describe their inclusion compounds froin the viewpoint of 
molecular assemblies and hydrogen-bond motifs. 

Bile acids are ~latural compounds that are produced in 
livers of vertebrate animals for digestion and absoiy- 
tion of fats and fat-soluble vitamins. Shown in Fig. 1 is 
the synthetic process of bile acids through cholesterol 
from isoprene. Cholesterol is converted to primary bile 
acids. such as cholic acid (CA). deoxycholic acid 
(DCA). chenodeoxychoiic acid (CDCA). and lithocho- 
lic acid (LCA). 

FACIALLY AMPHIPHILIC AND ASYMMETRIC 
STRUCTURES OF BlLE ACIDS 

Bile acids are aliphatic compounds with unique structures. 
Shown in Fig. 2a is the molecular structure of CA. as 
compared to the turtle for simplicity. CA consists of large, 
rigid, facial skeletons as well as small, flexible, axial side 
chains. The skeletons accompany three hydroxyl groups 
and two methyl groups, which brings about facial am- 
phiphilicity. The former groups point below the steroidal 
plane to form a hydrophilic face. while the latter groups 
point above the plane to form a lipophilic face. The fa- 
cially asymmetric structure enables us to distinguish three 

axes of the skeletons. First, we call the hydrophilic and 
lipophilic sides "belly' ' and . 'back." respectively. Sec- 
ond, we separate the small side chain as the "tail" and the 
reverse part of the skeleton as "head." Third, we 
discriminate the hydroxyl groups at carbon 7 and 12 po- 
sitions as left and right. respectively. 

HISTORICAL RESEARCH OF INCLUSION 
COMPOUNDS OF BlLE ACIDS 

Deoxycholic acid (DCA) is the first bile acid with inclu- 
sion ability that was established in a crystalline state."' So 
far, Inany research groups reported the inclusion com- 
pounds of DCA with various guest molecules, such as 
aliphatics. aromatics. alcohols, fatty acids, esters, ketones, 
and ethers. In mid-1980.~" l ig l io  overviewed the com- 
pounds and gave significant insight for flexible bilayer 
structures by means of energy calculation. Although DCA 
is a well-known host, there were no detailed reports on 
inclusion abilities of the related compounds. Only a little 
description is seen for apocholic acid (ACA). which has 
the same structure as DCA except for a double bond in the 
skeleton."' In 1986, Miyata and Miki et al. discovered 
lots of inclusion coinpounds of CA with channel struc- 
tures.'" This is the starting point at which to investigate 
inclusion phenomena of the other bile acids and their 
derivatives. Since then. several research groups dealt with 
their crystal structures and inclusion abilities. leading to 
the interpretation of comprehensive molecular recognition 
in size, shape. polarity. and chirality. 

MODiFICAPION OF BILE ACIDS 
AS HOST COMPOUNDS 

The pilmdry bile acids can be modified in many deri\a- 
ttves, as shown in Table 1 As for the slde ch'ans, we can 
change the carboxylic group to arnide, hydroxyl, ester. 
and so on And we can decrease or increace the methylene 
number of the side chains ~Moieover. we can regulate the 
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Fig. I Synthetic process of bile acids from (a) isoprene, through (b) squalene and. (c) cholesterol, to (d) CA. 

direction of hydroxpl groups of the skeletons at axial or 
equatorial positions. 

We usually search their inclusion abilities by using 
more than 100 organic compounds as guest candidates. 
The inclusion phenomena vary from one case to 
another. meaning that we do not always obtain their 
crystalline molecular assemblies. X-ray diffraction 
studies display that the steroidal hosts form various 
molecular assemblies such as monolayers. bilayers, 
helical tubes, and so on. In addition, we see diverse 
relationships among multiple host molecules and guest 
compounds. Such diversities originate from subtle 
differences on the hydrogen-bonding groups with respect 
to their positions and numbers. enabling us to compare 
hydrogen-bonding networks. molecular arrangements, 
inclusion behaviors, and so on, from a viewpoint of 
various donor-acceptor relationships between the hy- 
drogen-bonding groups. 

INCLUSION COMPOUNDS OF BILE ACIDS 
AND THEIR DERiVATIVES 

Bile Acid Hosts 

Deoxycholic acid (DCA) 

DCA, one of the classical hosts, is known to form 
crystalline inclusion compounds with a wide range of 
organic substances. Craven and De ~ i t t a ' "  reported the 
first crystal structure of DCA with acetic acid in 1972. 
Most of the crystals of DCA inclusion compounds belong 
to orchorhombic. and have culnulated bilayer structure5 
with channels (Fig. 3a). The host molecules are arranged 
in a parallel fashion on the hydrophilic faces and in an 
antiparallel fashion on the lipophilic faces. as depicted in 
Fig. 2b. Also refer to the constant helical motif among 
hydrogen-bonding groups (see Fig. 6a). 

Fig. 2 (a) A facial amphiphilic and asymmetric structure of CA compared to turtle: (b) arrangements of the host molecules-parallel 
on the hydrophilic side (HP) and antiparallel on the lipophilic side (LP): and (c) three different arrangements in the bilayers. 
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Table 1 Bile acid derivatives and their abbreviations used in this article 

N-OH 
a-OH 
x-OH 
%-OH 
%-OH 

COOH 
CONE2 
CONHCH; 
CONHCH2CH3 
CH20H 

COOCH3 
COOH 
COOH 
COOH 
COOH 

Deoxycholic acid (DCA) 
Deoxycholamide (DCAM) 
N-Methyldeoxycholamide (MDCAM) 
N-Ethyldeoxycholamide (EDCAM) 
3a. 12a.24-Tr~hydroxy-5b-cholane 
(DCAtriol) 
Methyl deoxycholate (MDC) 
Nordeoxycholic acid (NDCA) 
Hoinodeoxycholic acid (WDCA) 
Bishomodeoxycholic acid (BHDCA) 
3-Epideoxychol~c acid (3EDCA) 

Cholic acid (CA) 
Cholamide (CAM) 
N-Methylcholamide (MCAM) 
N-Ethylcholainide (ECAM) 
3a;7a, 12a.24-Tetrahydroxy-5b-cholane 
(CAtetraol) 
Methyl cholate (MC) 
Norcholic acid (NCA) 
Homocholic acid (HCA) 
Bishomocholic acid (BHCA) 
3-Epicholic acid (SECA) 

COOH 
CONH? 
CONHCH3 
CONHCH2CH3 
CH20H 

COOCH3 
COOH 
COOH 
COOH 
COOH 

Chenodeoxycholic acid (CDCA) 
Chenodeoxycholamide (CDCAM) 
N-Methylchenodeoxycholamide (MCDCAM) 
N-Ethylchenodeoxycholamide (ECDCAM) 
3a,7a,24-Trihydroxy-5b-cholane (CDCAtriol) 

Methyl chenodeoxycholate (MCDC) 
Norchenodeoxycholic acid (NCDCA) 
Homochenodeoxycholic acid (HCDCA) 
Bishomochenodeoxycholic acid (BHCDCA) 
3-Epichenodeoxycholic acid (SECDCA) 

Lithocholic acid (ECA) 
Lithocholamide (ECAM) 
N-Methyllithocholamide (MLCAM) 
N-Ethyllithocholamide (ELCAM) 
3a.24-dihydroxy-5b-cholane 
(LCAdiol) 
Methyl lithocholate (LNIC) 
Norlithocholic acid (NLCA) 
Homolithocholic acid (HECA) 
Bishomolithocholic acid (BHLCA) 
3-Epilithocholic acid (3EQCA) 

Apocholic acid (APA) 

APA'~'  has Ion, a been known to form the inclusion 
compounds similar to DCA. The crystal structures and 
inclusion abilities are nearly the same as shown in Fig. 4. 
They are served as hosts for inclusion polymerization. 
The former has larger channels than the latter. 

Cholic acid (CA) 

Inclusion cornpoullds of CA with some alcohols were first 
reported by Mylius in 1887.'" One hundred years later. 
Johnson and ~ c h a e f e r ' ~ '  determined a crossing type of 
crystal structure for the inclusion compound of CA with 
ethanol. On the other hand, Milti et al. found a bilayer 
structure for the one with ace tophen~ne . '~~  Further studies 
made clear that CA forms various host frameworks to 

include different kinds of organic guest compounds. such 
as carboxylic acids, alcohols, nitriles. esters, aldehydes, 
ketones, and aromatic compounds. It is noteworthy that 
CA includes small alcohols such as methanol, ethanol, 
and propanol, in contrast to DCA. Shown in Fig. 5 are the 
guest-dependent crystal structures of CA. Small alcohols, 
carboxylic acids. as well as nitriles are incorporated in 
the crossing structure. On the other hand, aromatic com- 
pounds are done in the bilayer structure, where the host 
molecules are arranged in an antiparallel fashion on hydro- 
philic and lipophilic sides. CA has a cyclic hydrogen-bond 
network among four hydrogen-bonding groups of four 
different host molecules, which is different from the 
helical one of DCA. The versatile enclathration of CA 
comes from isomerization of the host frameworks on the 
basis of layer sliding on the lipophilic sides and con- 
formational changes of the side chains. 
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Fig. 3 Crystal structures of (a) DCA with acetone: (b) CA with -/-valerolactone; (c) guest-free crystal of CDCA: (d) guest-free crystal 
of LCA: (e) DCAM with I-propanol; (f) CAM with nz-cresol; (g) CDCAM with water; (h) LCAM with 2-hexanol; (i) DCAtriol with 
p-xylene: (j) guest free of CAtetraol; (k) CDCAksiol with ethanol: and (1) LCAdiol with dichloromethane. 

Chenodeoxycholic acid (CDCA) 

There are several on the inclusion com- 
pounds of GDCA, despite many articles on those of DCA 
and CA. It is known that CDCA forms guest-free crystals 
(monoclinic ~ 2 , ) ' ~ '  as well as inclusion crystals with 
helical assemblies (hexagonal P~~) , "O '  as depicted in 
Fig. 3c. The hexagonal type provides a large channel, 
where various guest compounds are included. Recently, 
Sada et al. succeeded in  producing large crystals from the 
gel state, leading to the study on the iiltercalation and 
polymerization in the CDCA channels with retention of 
the crystalline state.'13' 

Lithocholic acid (LCA) 

It seems that LCA will not include any organic guests. as 
can be seen from the fact that only structures of guest-free 

and hydrate crystals are knowni"' (Fig. 3d). In fact, we 
attempted to recrystallize LCA with over 100 organic com- 
pounds but inclusion compound still remains unknown. 

MODIFICATION OF SBDE-CHAIN 
FUNCBlONAL GROUPS 

Bile Amide Hosts 

Replacement of the carboxyl group at the side chain to an 
amide group led to a great change of the inclusion abilities. 
One additional hydrogen-bond donor acts as a "hook" for 
catching a guest inolecule with an hydrogen-bond ac- 
ceptor. As a result, bile amide hosts can include many 
aliphatic alcohols in contrast to the original bile acids. 

DCAM includes various types of organic compounds, 
regardless of their functional groups, and do not give 

Fig. 4 (a) Molecular structure of APA and (b) crystal structure of APA with acetone. 
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Fig. 5 Various host framervorks of CA with (a) methanol: (b) acetophenone: (c) -;-valerolactone: (d) ethylnylbenzene: (e) 2- 
fluoropropiopheno~~e; (f) nz-chloroaniline; (g) water: (h) acetonitrile; (i) 3-niethylcyclol~exanoae; Cj) acetic acid: (k) m-fluoroaniline: and 
il) 1,2,3-trirnethylbenzene. 

guest-free crystals at all. It forms several host frameworks 
that depend on guests. In the case of small alcohols, the 
crystals have bilayer structures, where the host molecules 
are arranged in an antiparallel fashion on the hydrophilic 
and lipophilic sides as depicted in Fig. 3e. This arrange- 
ment is the same as that of CA. The hydroxyl groups of 
the guest molecules are inserted into the cyclic hydrogen- 
bond networks (Fig. 6e). On the other hand, in the case of 
large alcohols or aromatic compounds, DCAM employs 
the bilayer structure similar to DCA, where the host 
molecules are arranged in a parallel fashion on the hydro- 
philic sides and in an antiparallel fashion on the lipophilic 
sides. The guest molecules do not join the helical hydro- 
gen-bond networks like DCA (Fig. 6f). 

C A M  forn~s  the same bilayer structure as CA. 
Although the steric dimensions of the host cavities are 
identical. CAM has hydrogen-bond hooks on the wall of 
the channels for catching guest inolecules with hydrogen- 
bond acceptors. Therefore. CAM prefers to form in- 
clusion compounds with guest molecules involving hy- 
drogen-bonding groups.i1s1 Most of nonpolar guests do 
not give stable inclusion crystals, but CA has the opposite 
preference. For example. CAM forms the stable inclusion 
crystals with a wide range of alcohols, from methanol to 
decanol. The hydroxyl groups of the guest molecules are 
linked between two cyclic hydrogen-bond networks 
among the host molecules, as depicted in Fig. 6%. 

CDCAM do not yield inclusion crystals with organic 
guest molecules but hydrate crystals, as shown in Fig. 3g. 
'in contrast, LCAM constructs a bilayer structure with 
channels for including various organic molecules. ECAM 
tends to include aliphatic alcohols involving over five 
carbon atoms, while it does not include small alcohols, 
such as methanol, ethanol. and p r o p a n o l . i ' 6 . ' 7 1 ~ ~ ~ ~  
forms flexible molecular assemblies due to the sliding 
of the bilayer as well as to the conformational change of 
the side chain. In the case of LCAM. replacement of the 
carboxyl group to alnide leads to a change of the hy- 
drogen-bond network from helical to ladder type,['61 as 
shown in Fig. 6h. 

Bile Alcohol Hosts 

DCAtrisl prefers to form inclusion compounds with 
nonpolar guests. such as arolnatic compounds. but not 
with polar guests, such as alcohols. The helical hydrogen- 
bond network of DCAtriol is similar to that of DCA. 
DCAkriol has a parallel arrangement on the hydrophilic 
side and an antiparallel one on the lipophilic side, as 
shown in Fig. 3i. However. in the benzene clathrate,iJsl 
host molecules are arranged in the parallel fashion on 
hydrophilic and Iipophilic sides. Although DCAtrio1 in- 
cludes various aromatic compounds: CAtetraol does 
not include organic guests and gives only guest-free 
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Fig. 6 Hydrogen-bonding networks of (a) DCA; (b) CA; (c) CDCA: (d) LCA; (e) DCAM with hydrogen-bond guest: (f) DCAM with 
nonhydrogen bond guest; ig) CAhl; and (h) &CAM. Carbon. nitrogen. and oxygen atollls are represented by open, shadowed, and filled 
circles. respectively. 

c ry~ta ls , '~"  as depicted in Fig. 3j. CDCAtriol constructs 
a bllayer structure. bhich is different from a tubular 
structure of CDCA. Small alcohols are included in the 
hydrophllic layers through hydrogen bonds between host 
and guest molecules. LCAdiol forms inclusion crystals 
with only small guests (Fig. 31). 

Bile Ester Hosts 

Esterification of the carboxylic acid decreases the 
number of hydrogen-bond donor group at the steroidal 
side chain, leading to a reduction of their inclusion 

abilities. MDC includes only methanol[201 and do not 
forin the bilayer structure (Fig. 7a). MC includes only 
small polar guests, as shown in Fig. 7b, c. The inclusion 
compounds of MC with small nitriles have the same 
crystal structures as that of CA with a~etonitr i le. '~"~" 
Although there are no channels on the lipophilic sides, 
the guest molecules are held in the cavities between the 
pleated bilayers. No hydrogen bonds between the host 
and guest ~nolecules are found. However. when the al- 
coholic guests are included, the side chains of the host 
molecules are leaned toward to the lipophilic face and do 
not form hydrogen bond.12'] The hydroxyl groups of al- 
coholic guests are inserted into the helical hydrogen-bond 

Fig. 7 Crystal structures of bile ester derivatives: (a) MDCA with methanol: (b) MCA with acetonitrile: and (c) 3ICA with methanol. 
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'73 Shortening the side-chain length brings about a change 
I (a) I 23f in the orlentation of the carboxyl group and deforms the 

s- \- T/;b -' 8 a hydrogen-bonding motlf, as shown in Fig. 8. The cyclic 

d : I (5 I hydrogen-bond network is formed among two hydrox- 
7 42 I I 

3 :1.5 4 yl groups at the 3-position and two carboxyl groups 
I? ' I 

at the side chains from four different host molecules. 

; \ i q f l  0 , In Fig. 9, the crystal structures of four norbile acid, 

- -- , 23"i" i 
with acetone. They are all the same bilayer structures 

7 12 -0. i 
with cage-llke cavities. Compare to the lack of inclu- 

I 
6 sion abilities of LCA and CDCA, NLCA and NCDCA 
3 include a wlde range of organic substances, as shown in 

Table 2. 

Fig. 8 D~ffesent distailces and d~rections of carboxylic a c ~ d  
groups of (a) NGA. (b) CA; and (c) BHCA 

iletworks. On the other hand, MCDC and MLC do not 
seem to include any organic compounds. 

MODIFICATION OF THE 
SIDE-CHAIN LENGTH 

Norbile Acids 

Norbile acids ha\e shorter side-chain lengths by one 
methylene unit than original bile acids. They form in- 

"4 751 clusion cry5tals with various organic substances.[- - 

The elongation of the side chain of CA gives rise to 
the expansion of the host cavity. BHCA. which h a ~ e  
longer side-chain length by two methylene units than 
CA. was reported to form inclusion compouilds with 
various g~ests ' "~  in a 1:l host-to-guest ratio. X-ray 
crystallographic studies reveal that BHCA have two kinds 
of host frameworks: a bilayer structure and crossing 
structure, like CG. Larger aromatic compounds. such as 
1-methylnaphthalene, are included in the former host 
framework with a cyclic hydrogen-bond nlotif among 
host molecules, while smaller aromatic compounds. ni- 
triles. arid alcohols. are irlcluded in the latter, with 
helical hydrogen-bond motif (as shown in Fig. 10a, b). 
In contrast, the other bishomobile acids do not tend 
to include any guest molecules and yield only guest- 
free crystals. 

Fig. 9 Crystal structures of norbile acids with acetone together nith hydrogen-bonding net\vorks of (a) NDCA: (b) KCA: (c) NCDCA: 
and (d) NLCW. 
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Fig. 10 Crystal structures and hydrogen-bonding networks of BNCA: (a) bilayer structure: (b) crossing structure: and epibile acids 
with 2-pentanol (c) 3EDCA: (d) 3ECA. 

CHANGE OF DIRECTIONS OF HYDROXYL PACKING COEFFICIENT OF 
GROUPS OF THE SKELETONS HOST CAVlTY (PCca vity) 

Change of direction of the hydroxyl groups at 3-position of 
the bile acids from Y. to P give 3-epibile acids. 3EDCA 
tends to include hydrophilic guests, such as alcohols and 
lactones, whereas DCA forins inclusion crystals with a 
wide range of organic compounds. except for alcohols. In 
Fig. IOc, the crystal structure of 3EDCA with 2-pentanol 
is shown. The host molecules arrange in an antiparallel 
fashion on hydrophilic and lipophilic sides. The hydroxyl 
groups of the guest molecules join the cyclic hydrogen- 
bond networks. 

3ECA also gives the inclusion crystals with various 
aliphatic alcohols. Shown in Fig. 10d is a crystal structure 
of 3ECA with 2-pentanol, indicating the same bilayer 
structure in the case of CA. 3ECA forms a cyclic hydro- 
gen-bond network, which is the same as that of 3EDCA. 
The extra hydroxyl group at 7-position is branched to the 
carboxylic group. because the direction change forces the 
hydroxy group at carbon 3-position to combine with 
carboxylic groups of the side chains. The alcoholic guest 
is inserted between the 3- and 12-positioned hpdroxy 
groups. as shown in Fig. 10c,d. 

Key and lock mechanism has been established as a 
principle for molecular recognition. Steric and electronic 
complementary between guest molecules and host 
cavities play an important role for formation of the 
host-guest compounds. Only the guest molecules with 
steric size fitness to the host cavities are included as a 
result of size-selective binding. Guests that are too large 
or too small do not form stable inclusion complexes due 
to misfitting between guest and host cavities. Comparison 
of the volumes between the guest molecules and the host 
cavities may explain the size-selective guest recognition. 
In order to understand the steric fitness between guests 
and host cavities, we introduced the term; "packing 
coefficient of the host cavity" or PCcavity in the 
inclusion compounds of CA with monosubstituted 
b e n ~ e n e s . ~ ' ~ ' ? ~ c a v i  is the ratio between molecular 
volume of the guest molecules and free volume of the 
host cavities in a unit cell. This ratio is indicated by the 
equation shown below (see Eq. below): 

The optimal PGcnvity values are in the range of 55- 
70% (Table 3) for the complexes in which the guest 
molecules are included via steric complementation and no 
interaction between host and guest molecules. Complexes 

(Molecular volume of guest) x (Number of guests in the unit cell) 
PCcuvitj(%) = x 100 

Volume of the host cavity 
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Table  3 Molecular \olume of guests, host c a ~ ~ t y .  and 
PCcallh In the lnclus~on compounds of CA with monosub- 
st~tuted benzenes 

Molecul!r V c y i t y  PCcavity 
Guest volume [.A3] [ A ~ I "  (5% 7,)" 

Benzene 83.4 298.1 56.0 
Fluorobenzene 88.4 3 19.2 55.4 
Aniline 95.8 336.0 57.0 
Chlorobenzene 97.5 327.6 58.0 
Toluene 100.8 334.5 60.3 
Bromobenzene 101.8 318.9 63.8 
Benzaldehyde 104.0 331.0 62.8 
Iodobenzene 107.9 351.6 61.4 
Nitrobenzene 109.6 326.4 67.2 
Anisole 110.4 332.0 66.5 
Styrene 111.2 345.7 64.3 
Benzyl chloride 114.5 370.1 61.9 
Ethy lbenrene 117.7 386.1 61.0 
Benzyl bromide 119.1 400.4 59.5 
Acetophenone 120.9 344.9 70.1 
Allylbenzene 127.9 393.9 64.9 
Phenetol 128.1 389.2 65.8 
Phenyl acetate 131.0 399.4 65.6 

"I/cavit) is the holume of the cavity in the unit cell calculated 
with a 0.7 A radius probe. 
h ~ ~ c a v i h  is the packing coefficient of the guest components in 
the host cavity: PCctri,ih = (molecular Lolume of guest mole- 
cule) x 2lVcavity x 100. 

with PCcnvif? out of this range give rise to the isomeriza- 
tion of the host frameworks or change of the host-to-guest 
ratios due to steric misfit. However, the interaction be- 
tween host and guest molecules, such as hydrogen bonds, 
could be expanding the range of the PCcnvih. Calcula- 
tions of the PCcavity should be helpful in estimating the 
boundary in changing the host framework as well as the 
hostguest ratio., and also in designing the included guests. 

CONCLUSION 

Designing the robust host molecules is one of the 
fascinating researches for future chemistry. In this article. 
we demonstrated that the bile acids and their derivatives 
serve as host molecules for various guest compounds. 
Each derivative exhibits individual characteristic that vary 
from one case to another. Finally, bile acids tell us their 
information and expression through their molecular as- 
semblies. that we should listen from them. 
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INTRODUCTION 

Diphenylmethane (DPM) and some of its derivatives are 
often used as subunits in the design of supramolecular 
structures. One of the factors controlling the stability of 
the resulting colnplexes is the conforrnational flexibility 
of the host. Therefore. an entropic cost is paid upon 
complexation with DPM derivatives, because they must 
organize into a binding conformation. An efficient way to 
reduce this entropic cost is by stabilizing the gable 
conformation. This can be done by employing 7,7- 
diphenylnorbornane (DPN) as a building block. 

THE DIBHENYLMETHANE MOIETY 

The DPM moiety is easily recognized as a basic constituent 
of the most inlportant cyclophanes (diphenylmethano- 
phanes)."' The suprarnolecular properties of these com- 
pounds cannot be understood witho~lt knowledge of the 
structure, energy. and molecular dynamics of DPM. 

The complete potential energy surfaces (PES) of DPM 
were calculated with semiempirical, ab initio. and density 
functional theory (DFT) rne thod~ . '~ .~ '  The stationary points 
coi-sespond to the conforinations given in Scheine 1. 
Frequency calculations reveal that conformations 1-3 are 
transition states (one imaginary frequency was found). and 
4 is the only ~ninilnurn energy conformation. 

For comparison, the relative total energy (BE) values 
computed for DPM with the semieinpirical (AM1). ab 
initio. and DFT methods are listed in Table 1, as well as 
geometrical data (torsional angles +,4 and o~ and angle 0, 
Scheme 1 j. 

All cornputed PES show a large flat minimum between 
30" and 95" (o,\ or oB) with a CZ minimum structure 4. 
The geometry of this structure is similar to the experi- 
mental CI conformation of DPM in the solid state (x- 
ray)i41 with ox=63.9", hB=71.10, and 0=  112.5". The 
results of the ab initio and DFT methods agree with the 
semiempirical AM1 method. with the exception of the 
relative energy of the gable conformation 2.L31 There is 
also agreement with the PES computed wiith other semi- 
empirical and molecular mechanics methods."' although 
some of them (e.g.. PM3 and MM2) indicate a gable (2) 

ground state for the isolated molecule, but only 0.1-0.5 
kcallmol lower in energy than the helical conformation 4. 
Therefore, inexpensive semiempirical and molecular 
mechanics methods, especially AM1, seem to be useful 
for all problems related to the phenyl ~ o t a t i o n . ' ~ ~  

The bending angle 0 depends on the dihedral angles o~ 
and o ~ . ' ~ '  Typical examples are the conformers 2 and 3 
(Table 1). where 8 varies froin 113.6' to 116.4'. As 
expected, the angle 0 increases when the dihedral angles 
approach zero. Thus, the T-shaped conformation 3 is 
destabilized due to the repulsive short-range C-H. . .n 
interaction (vide infi-a). On the other hand, angle 8 of DPM 
determined by x-ray analysis (1 12.5") is significantly 
smaller than any other similar angle reported for ring- 
substituted DPM with electron-donor s ~ b s t i t u e n t s . " ~ ~ ~  
Conformation 1 is expected to be unstable due to the 
short H.H distance of the o-hydrogen atoms. The steric 
repulsion between the filled n orbitals at the Cipso atoms of 
conformation 2 causes its relative instability; which shows 
two aryl rings in an apical cofacial disposition (vide 
infra).'" Conformation 4 seeins to correspond to the 
equilibrium point between the T,T and C-H,T repulsions. 

The relative population of each rotamer can be 
expressed quantitatively using the Boltzmann distribution: 

where 1V, represents the population of each conformation 
and AG the free energy difference associated to the 
rotation from A to B conformations. On the other hand. 
AG is given by the following equation: 

where AH is the difference in enthalpy [AE corrected by 
the work term (-RT)]. ASi the differences in entropy 
(R = rotational. V =  vibrational, T =  translational, and 
L =librational), and ACT the difference in the symmetry 
numbers (degeneracy).LGpX1 

The thermocheinical properties (Hand S )  arise froin the 
energetics of vibrational frequencies obtained by frequen- 
cy analysis of the wave functions of each conformation. 
The so-obtained A 6  values must be corrected by the 
entropy term RTlno. 

Ei?cjrlo~~en'in of S~cpi-ilmolecirlai Chenzistn 
DOI: 10.1081E-ESMC 120012881 
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"eC2") 
$A = $ 6  = O0 

planar 

3(C,) 
b A  = Oo $6 = 90' 

perpendicular 

Z(C2") 
$ A = $ B  =90° 

gable 

$A = b ~  
helical (propeller) 

Scheme 1 Torsional angles (41). point symmetry group. and 
name'" of the confor~nations of DPM. 

In supra~nolecular chemistry, separation of librational 
(configurational) entropy from the rest of the entropic 
contributions is often usefill. The contribution of libra- 
tional (torsional angle vibrations) modes to the configu- 
rational entropy can be calculated in a good approxiruation 
using Eq. 3 : L 9 3 . ' 0 1  

where frequency 0, is given by 

where h is Planck's constant. c the speed of light. and 
o, the wave number (in c m  ') of the vibrations (ranging 
from 0-650 c m  I). 

Table B Computed AE \ alues ( ~ n  kcallinol) f o ~  the conformations 
of DPM uslng s e ~ e r a l  methodc 

B3LYPl BSLYPI 
AWIB' HF16-38G" 3-28G 4-3PG:" 

MOLECULAR DYNAMICS 

In order to obtain information on the fluctuations in the 
DPM moiety, we performed molecular dynamics (MD) 
computations on DPM and 1,1 -diphenylcyclohexane (5, 
DPC). often used as spacers in supra~nolecular chemistry, 
as well as on DPN 6 (Scheme 2).11 " The aryl rings of DPN 
are disposed in a gable conformation forced by the steric 
effect of the four exo-norbornylic C-H bonds.'"' I11 
contrast to DPN, DPC adopts a helical conformation like 
DPM. '~ ]  

The MD studies of DPM, DPC. and DPN were carried 
out with the MM2 force-field method implemented in 
CHEM~D."" Dynamic trajectories were generated for 
20.0 ns at 300 K (target temperature), with 2.0 fs step 
interval, 10 fs frame interval, and a heating (cooling) rate 
of 1.0 kcal/atom/ps. The mean values of torsional angles 
($,,,) and the corresponding standard deviations were 
calculated from the 9 values of 60 frames (configurations) 
statistically sampled. During the whole equilibration time. 
the phenyl rings of DPM underweilt five rotations. On the 
contrary, the aryl rings of DPC and DPN did not rotate but 
carried out librations, with amplitudes given in Table 2 as 
standard deviations of the mean torsional angle The 
6, values were similar (or identical) to the equilibrium 
values coinputed with the MM2 method. Noteworthy, the 
librational mobility of the equatorial (e) ring is higher than 
that of the axial ( a )  ring. As expected. the lowest li- 
brational amplitude coi-sesponds to DPN. 

The computed rotational barriers (AE') using the AM1 
method are given in Table 2. The C2, syminetrical 
structure 2 of DPM is the lowest energy transition state 
between the C2 synlmetrical minimum 4 and its mirror 
image.[" Hence. the racemization takes place according to 
the conrotatory two-ring-flip inechanism.i'4.Js' Conrota- 
tory and disrotatory librations are allowed in the ground 
state of DPM[~' and its derivatives DPC and DPN. In 
the case of DPC, the perpendicular conformation is 
slightly more stable (by 0.24 kcallmol) than the gable 

BPC 

~ ( C I )  
helical 

DPN 

G(C2") 
gable 

"'Difference i n  heat of fornlation (AH,) .  Scheme 2 More 5table conformat~ons of DPC and DPN. 
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Table 2 AM1 rotational barriers (AE', in  kcallmol) and 
molecular dynam~cs of DPM.  DPC. and DPN (MM2) 

DPM DPC DPN 

A ET 0 01 0.43 12.5 
0111 Rotor q5, =69 + 20" oA=93+ 15" 

I),= 67 ir 30" 
0 - 0,=69O oA=93" 

0,=65' op, = 83" 

conformation, and the racemization takes place mainly 
according to a disrotatory one-ring-flip ~nechanism'~~~ ' ' ]  
through a C, symmetrical structure similar to 3. The 
amplitude of the librations in DPN is much higher than 
the deviations from the planarity (--3O). Therefore, 
DPN can be considered as a librating C2\. structure. On 
the contrary, according to the MD results, at 300 K, 
DPM and DPC can be described as a free rotator (pro- 
peller) and a high-amplitude librator. respectively. This 
has important consequences on the properties of both 
compounds. In the case of DPN, the gable conformation 
shows both phenyl rings in a disposition favorable for a 
n,n interaction, a kind that we named apical homocon- 
j~ga ted . '~ '  This repulsive interaction between filled or- 
bitals gives place to new binding and antibinding MOs 
and, therefore, to new electronic transitions. Thus, the 
UV spectrum of DPN (in MeOH) shows a strong ab- 
sorption at 228 nm ( E =  12.300) that is not observed in 
the UV spectra of 2,2-diphenylpropane (DPP), that has 
phenyl rings arranged in a helical conformation. Be- 
sides this homoconjugation band (AHK band).15J DPN 
shows the ' L ~  and the fine-structured 'L ,  bands (0 and y. 
bands, respectively). which are common to all DPM and 
a lky~benzenes , [ '~~ due to intraannular transitions. Howev- 
er, methylene-bridged donor-acceptor systems exhibit 
weak intramolecular charge-transfer Intra- 
molecular through-space donor-acceptor interactions are 
feasible even in the case of orthogonality of the donor and 
acceptor chro~nophores.~"~ On the other hand. the orthog- 
onality of donor and acceptor orbitals exclude an intra- 
molecular through-bond ground-state intera~tion."~' 

Moreover, the second-order nonlinear susceptibility 
(0,) of DPN derivatives is higher than the value of related 
DPM derivatives, due to the n-n interaction in the gable 
confor~nation.["~ Both transannular electronic transitions 
and hyperpoiarizability are Franck-Condon processes, 
which are favored in DPN, beca~tse the probability of a 
photon impacting the gable conformation in a free rotor 
is negligible. 

The conformational instability of DPM is partially 
transmitted to derivatives that are important in supramo- 
lecular chemistry, such as c a ~ i t a n d s . [ ' ~ ~ ~ ~ "  Resorcarenes 
are conformationally mobile, with a A& for the rotation 

of one ring of 4.5 kcallmol for p-n-hexyl[4]resorcar- 
ene,["] whereas the AG+ range for calixarenes is higher 
(15-16 kcallmol). The reason for this is the strong cyclic 
lower-rim intramolecular hydrogen bonding of the calix- 
arenes in comparison to the analogous upper-rim interac- 
tion in resorcarenes. As a consequence, the cavities of 
calixarenes are relatively small and too conformationally 
mobile to offer significant solvophobic protection. 

A inacrobicyclic cyclophane host containing three N- 
ethyl-4.4-diarylpiperidine units was the subject of MD 
simulations. At 300 K, no conformations with a collapsed 
or significant distorted cavity were observed.'201 However, 
a relatively high degree of flexibility is maintained in 
complexes of macrocyclic hosts containing two diaryl- 
methane moieties bonded by isophthaloyl and phospho- 
nate subunits, with one adrenaline molecule. despite the 
high binding enthalpies resulting from the combination of 
electrostatic interactions, hydrogen bonds, and van der 
Waals  interaction^.^"' 

FORMATION OF INCLUSION COMPLEXES 

The chemical equation for the reaction of formation of an 
inclusion complex between the gable conformation of 
DPM and a symmetrical guest G, is 

The themochemistry is given by Eq. 2, where AH now 
represents the binding enthalpy and AS, the differences in 
entropy between the complex and the gable conformation 
2 (C?,.). Only the stable conformations in equilibrium with 
the host conformation contribute to the term Ao. Thus, in 
the case of DPM and D P C , [ ~ ~ ]  Ao=2,  and a loss of mixing 
entropy by RTln2=0.41 kcallmol (at 300 K) must be taken 
into account. 

The computational packages usually calculate the AST 
using the Sackur-Tetrode equation. This equation predicts 
the entropy of monoatomic gases successfully. The AST 
values predicted with this equation in the liquid or solu- 
tion phase are. however, significantly lower than the 
experimental ones.[231 These discrepancies can be cor- 
rected; considering the idea of free volume in condensed 
phases.'241 

The uncertainty regarding the value of AS,,, in solution 
is low, because the value of rotational entropy in solution 
is, in nlost cases. the same as that in the gas phase. Thus, 
AS,,, is predicted with reasonable accuracy using an 
existing model based on statistical mechanics.[241 

The changes in high-frequency harmonic vibration ASv 
upon assembly are negligible. By contrast, the contribu- 
tion of low-frequency vibrations associated with torsions 
about single bonds (librations), expressed by ASL, is high. 
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Unlike high-frequency vibrations, low-frequency vibra- 
tions cannot be modeled as accurately as harmonic 
 oscillation^.[^^'^" 

A simple model for the determination of conforma- 
tional entropy (ASL) is based on the assumption that 
accessible conformatiollal space has the same potential 
energy. From the classical (nonquantum mechanical) 
definition of the partition function, the conformational 
entropy is given by the following equation: 

where VConf is the available volume to a rigid molecule of 
volume v ~ ~ , . [ ~ ~ ~  

An interesting approach to the estimation of ASL is 
offered by Eq. 3. The amplitude of the host librations 
decreases upon binding and implies a reduction of 
confor~national entropy, because the frequency Oi in Eq. 4 
increases. Therefore, the complexation takes place with an 
additional entropy cost, which increases with the binding 
enthalpy. It is higher in the case of strongly bonded 
complexes and, for the same host, depending on the nature 
of the guest. Hence, it is to be expected that the loss in 
conformational entropy is accompanied by a compensatory 
enthalpy change. The decrease in librational amplitude 
leads to a better preorganized host structure. The config- 
urational (conformational) entropy term, ASL, can be con- 
sidered as the entropic cost of the assembly of the 
conformations (microstates) that disappear upon binding, 
placed between the stable conformations. 

The tightly bonded inclusion complexes in aqueous 
solution, between aromatic and aliphatic guests (steroids, 
among others) and cyclophane receptors with tetra- 
oxa[i~. I .n. l]paracyclophanes and quaternary ammonium 
cyclophanes is entropically unfavorable and strongly 
enthalpically d r i ~ e n . ' ~ ~ . ~ ~ ]  The thermodynamic character- 
istics of tight inclusion complexes differ from those 
measured for weak apolar association processes, which 
are characterized by small enthalpic changes and favor- 
able entropic terms. This is the usual interpretation of the 
so-called hydrophobic effect.[2s1 

The enthalpic contribution to AG of formation of a 
complex depends on the geometry. Sometimes. the DPM 
moiety in the cyclophane complex adopts a helical 
conformation, as observed in synthetic adrenaline recep- 
t o r ~ , [ ~ "  in which the guest is placed outside the DPM 
cavity and undergoes double x-staking interactions with 
two DPM moieties. But, most of the cyclophane-arene 
cornplexes prefer a gable conformation of the DPM 
moiety,"" because this geometry allows for a deeper 
docking of the arene guest in the cavity than does the 
helical conformation. Hence, DPM hosts are enthalpically 
favored in comparison to 2,2-diphenyl propane (DPP) or 
DPC hosts. because the AE between the gable and the 

helical conformation is lower. When the complex forma- 
tion is enthalpically controlled. DPM hosts should be 
better receptors than DPP hosts. This was observed in the 
case of cyclophanes incorporating Troger's base and 
DPM or DPP moieties.["z11 Thus, substituents at the 
methylene group of DPM influence the complex stability. 
However, the DPM derivatives used as building blocks in 
the design of hosts are often selected in order to increase 
only the solubility. 

TOWARD THE REDUCTION OF 
CONFIGURATIONAL ENTROPY 

The high configurational entropy of DPM is a serious 
disadvantage in its use as a building block in the 
construction of macrocyclic  host^,"^^^^.^^' although some 
flexibility is needed for a fast guest c ~ m ~ l e x a t i o n . ' ~ ~ ~  

In order to decrease the configurational entropy, 
several strategies are possible. Thus, the introduction of 
ortlzo substituents causes an increase of the rotational 
barriers. A AG+ value of 16.4 kcallmol (323 K) for the 
conrotatory racemization of the helical conformation of 
bis(2-ethyl-6-methylpheny1)methane was determined by 
dynamic nuclear magnetic resonance ( D N M R ) . [ ~ ~ ~  This 
result is in agreement with that calculated with the MM2 
program (16.4 kcallmol for a zero-ring-flip mecha- 
n i ~ m ) . ' ~ ~ '  However, according to our MD calculations, 
this compound shows the C2 conformation (bB=52? 14') 
as the more stable and, therefore, is not preorganized for 
the formation of inclusion complexes. 

Another improvement of the DPM rigidity and pre- 
organization without alteration of the substitution pattern 
is the back-stabilization of the gable conformation. The 
1.1 -diphenylcyclopropane derivatives invariably show 
preference for the gable conformation. as revealed from 
x-ray data.'351 Also, in diarylmethane-bridged fullerenes, 
the gable disposition was described as the most stable 
confor~nation."~~ However, no experimental rotational 
barriers were reported until now. 

The best approach reported to date to solve this 
problem is ~~~,15.12.18,22, '71 with a gable conformation 

that is the most stable described until now (vide supra). 
From Eq. 2, using the RHFISTO-36 method for the 
computation of AE and AS, and taking into account the 
mixing entropy, the formation of inclusion complexes of 
DPN in the gable conformation should be disfavored by 
2.27 kcallmol in comparison to complexes of DPN and the 
same guest.1221 

Interestingly, hosts containing the DPN moiety form 
complexes with isophthaloyl derivatives, which are only 
slightly more stable (by 0.29 kcal/mol) than analogous 
complexes with DPC hosts.[221 These results clearly show 
that DPC is in the helical conformation, with a small loss 
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of configurational (librational) entropy caused by the 
interaction with the guest. The entropic contribution to the 
energy of complexation with DPC hosts can be as high as 
1 kcallinol. a value that can be important in the 
determination of weak noncovalent  interaction^.'"^^^' 
The entropy loss due to the configurational term becomes 
higher in the case of macrocyclic h o r t ~ . " ~ '  

CONCLUSION 

The DPM moiety is a convenient building block for the 
design of cyclophanes able to form inclusion colnplexes 
with neutral molecules. However, an entropic cost must be 
assumed due to the conformational flexibility of DPM and 
derivatives. The best way to reduce the conformational 
entropy is to stabilize the gable conforination by back 
substitution, just as carried out in the case of DPN. 
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Disorder and Diffuse Scattering 
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The strong sharp Bragg reflections that occur in diffrac- 
tion patterns of all real crystals are used by conventional 
x-ray crystallography to deduce the average repetitive 
arrangements of atoms or n~olecules. Diffilse scattering. 
on the other hand, contains information about the 
deviations from the average (i.e.. different types of 
disorder) and gives structural information on a scale that 
goes beyond that of the average unit cell and extends over 
a range of - 1 A-1000 A. In many important materials, it 
is this extended range of structmal information that is 
crucial in determining the unique or novel properties of 
the material. rather than the average unit cell structure. 

METHODS OF ANALYSIS 

Despite potentially providing a rich source of information 
about local and nanoscale structural detail in materials and 
about hour atoms and molecules interact with each other to 
produce this structure, the development of methods to 
analyze diffuse scattering lagged well behind convention- 
al average structure determination. There are two main 
reasons. First, diffuse scattering intensities are weal< in 
comparison to Bragg peaks, making the experimental 
observation vastly more demanding and time consuming. 
Second, the sheer diversity of different types of disorder 
makes it difficult to forlnulate a solution strategy that will 
work for all problems. 

The recent advent of intense synchrotron sources and 
various kinds of multidetectors has meant that even weak 
diffuse scattering can now be readily obse~ved.".~' but the 
second problem remains. However. the ever-increasing 
power and decreasing cost of computers facilitated the 
development of model-building techniques that are 
beginning to bear fruit in terms of their use as aids in the 
interpretation and analysis of the scatte

r

ing for an increas- 
ingly di\-erse range of materials.["" In these methods. the 
basic aim is to construct a computer model of the dis- 
ordered structure using suitably parameterized basic 
interatomic or intermolec~~lar interactions and a prescrip- 
tion for the particular type of disorder. A diffraction pat- 
tern computed from this model can then be cornpared with 
the observed pattern. Following this compariso~~. the 

mode! parameters can be adjusted and the process re- 
peated until satisfactory agreement is obtained. Although 
agreement between an observed pattern and a calculated 
pattern does not guarantee the correctness of a model, the 
fact that sound chemical and physical principles were 
built into it at the outset lends considerable confidence to 
its validity. A model giving poor agreement can certainly 
be rejected. This methodology can be applied to a wide 
range of disorder problems with equal facility. 

In order to be able to construct such a computer model, 
it is necessary to be able to identify particular types of 
disorder and understand the basic diffraction theory that 
describes how these affect the diffraction pattern. Our aim 
in this article is to give a brief overview of the theory of 
diffraction from disordered crystals and then present a 
number of real example patterns that illustrate some of the 
important principles. These examples were chosen to 
illustrate the diversity of the patterns that can be encoun- 
tered and the types of disorders that cause them. We do 
not attempt to present details of the modeling of these 
examples. which is beyond the scope of the present article. 
For this. the reader is referred to the original literature on 
these systems. 

DISORDER BNVOLV!NG OCCUPANCIES 
AND DISPLACEMENTS 

General 

A deccription of d~ffuse scattering that allows for short- 
lange subst~tutlonal dlsolder and local atomic dirplace- 
ments that accompany the SRO call be obtained by ex- 
pand~ng the exponential 111 the general d~tfiactlon equatlon 
in terms of powels of displacement '"' 

Eilcyclo~~ctlin ( I /  S~~ppl.nmoleci~lav C'hernistil\, 
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In this equation. f,, is the scattering factor of the atom 711 

associated with the lattice site at the locator r,,, and which 
is displaced from its mean position by a small amount u,,. 
Expressed in Eq. 1 is the fact that the scattered intensity 
may be written as the sum of component intensities. The 
zero'th-order term is independent of the displacements. 
The first-order term is dependent on the first moment of 
displacements, the second-order term on the second mo- 
ments, etc. If we carry out a reduction of Eq. 1 by sepa- 
rating terms into those corresponding to the average lattice 
and those corresponding to the deviations from the aver- 
age, this separation into scattering components is pre- 
served. We can then express the total intensity as follows: 

I~otdl = IF31agg + 10 + 11 + + I3 + . . . etc. (21 

jB,,,,, The Bragg Scattering Teem 

The term IBra,, is the intensity due to the average lattice. 
This has a form that includes the Debye-Waller factor. 
exp(- 2M), where M = 8n2(u2)i?/sin20 (see Ref. [8]): 

I:,,,,,, (la) = ( I ? ? &  + i?zBfB)' CXP(-ZM) exp(i& . rv) 

( 3 )  

The Debye-Waller factor takes account of the mean- 
square amplitude of displacements. (u2). The equation 
describes how the Bragg peaks are still sharp, but their 
intensities are depressed at high angles. 

lo, The Short-Range Order Component 

The term I. is known as the SWO component and inay be 
expressed in the following general form: 

x c;,,, cos(2n!hll + h2177 + 11~11)) (11 

The summation over ij is over all atomic species and 
sublattices, and the summation over l.nz,~z represents all 
interatomic vectors. The N is the number of unit cells; c 
and f are the concentration and scattering factors for 
the species, respecti\~ely. The Cl,,,, are short-range order 
(SRO) parameters that inay alternatively be called corre- 
lation coefficients. 

The SWO parameters or correlation coefficients mea- 
sure the degree of mutual dependence of the type of atom 
(or molecule) occupying a particular site in the crystal 
with that occupying another site. For CI,,,=O. there is no 
dependence, and the chance of finding an A-atom, say. in 
one site. is the same whether the second site contains 
either an A-atom or a B-atom. For 0 < Cl,,,, < 1 .  the pair are 
more likely to be (A. . .A or B. .  .B), and this is called 
positive correlation. For 0 > CI,,,, > - I ,  the pair is more 
likely to be (A,. .B or B . .  .A); and this is called negative 
correlation. In a later section. we consider how a particular 
set of CI,,,, might have arisen in a crystal or how in we 
might construct a model to contain such a set of values. 

Note that presented in Eq. 4 is a summation over 
cosine functions so that the form of the diffuse scatter- 
ing due to this component is symmetric about the Bragg 
peak positions. 

j1, The Size-Effect Component 

The I ,  is the Warren size-effect term that takes account of 
the fact that interatomic vectors. r,,. nominally all of equal 
length in the average lattice. have different lengths 
depending on whether the vector joins sites occupied by 
A-A, A-B, B-A, or B-B. This component includes all 
terms that are linear in the displacements on,. In contrast to 
I,,. therefore, the intensity for each term varies in 
reciprocal space relative to the displacement direction. If 
k = lzla + h2b + lzlc and rlv = la + mb + nc, then the 
size-effect intensity can be written 111 the following form: 

The quantities in angle brackets are averages of various 
kinds of displacement. For example. 

X;/liil = LI;!,,~ - 14;. etc. (6) 

Here u$~,,, is the displacement in the x direction of an atom 
with label j situated at the end of the vector rjliZ,, from the 
origin, where an atom with label i is displaced 1 4 ,  also in 
the x direction. Note that Eq. 5 is a summation over sine 
functions so that the form of the diffuse scattering due to 
this component is antisymmetric about the Bragg peak 
positions. That is to say. it has the effect of transferring 
intensity from one side of the Bragg position to the other. 

j2, The Huang Scattering and 
First-Order TDS Component 

The I2 is the Huang scattering and first-order thermal 
diffuse scattering (TDS) component. It can be written in 
the following form: 
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Note that Eq. 7 is a summatioil over cosine f~~nctions so 
that the form of the diffuse scattering due to this compo- 
nent is again symmetric about the Bragg peak positions. 

j3, The Third-Order Sine-Effect Component 

The expression fol- I; is even more complex than that for 
12. Yt in~olves  averages of displacements, such as 

and the different terms are dependent on factors such as 
hI3: h12h2. hlh21t3. etc. This third component, in common 
with all odd components. is again the sum of sines. 
Consequently, scattering due to this component is anti- 
symmetric about the Bragg peak positions. and it has the 
effect of transfessing intensity from one side of the Bragg 
position to the other. The effect of this component is thus 
similar to that of the II term. but it should be noted that it 
is of opposite sign. This and other higher-order component 
terins are usually negligible at low scattering angles but 
become increasingly important at large angles. 

SOME PARTICULAR DsSORDER MODELS 

The theory outlined in the previous section shows how 
diffuse scattering can be described in terins of various 
kinds of lattice averages."' These include sirnple occu- 
pancy correlations, averages involving atomic displace- 
ments; and cross terins where dispiacements are coupled 
with occupancy. In their most general form. the equations 
are not useful. because they contain many unltnow~ls for 
each type of interatomic vector. However, the general 
form of the equations and the fact that the intensity can be 
broken into different components is of prime importance, 
because it allows different diffiaction features to be 
identified. In any particular disorder problem. not all of 
the possible types of lattice average will be important, and 
conect identification of what is causing a particular 
pattern of diffuse scattering is the initial key question. 

The Eqs. 4: 5.  and 7 are general, and detailed 
elaboration of how these apply in particular systems is 
beyond the scope of the present article. In this section, we 
instead illustrate some aspects of the general problem by 
elaborating the form of particular terms in inore detail for 
some important simple models. 

One-Dimensional Occupancy Disorder 

Nearest-iieighbor Markov chain 

The general problem in Eq. 4 is to consider how a 
particular set of C,,,,, might have arisen in a crystal or how 

we might construct a model to contain such a set of values. 
In one dimension (ID), a simple way of constructing a 
disordered crystal is to uce a simple Markov chain. We 
first choose an atom (or molecule) to be A or B at random 
and then add subsequent atoins one at a time using a 
probability that depends only on the previom one. If x, is a 
(0.1) random variable, such that x , = l  corresponds to an 
A-atom and a value x,=O corresponds to a B-atom, then 
a disordered sequence can be generated using the fol- 
lowing simple expression: 

Here. the expression P(.ri= 1 /.xi - I )  means "the probability 
that xi takes the value ! given the value of x, - ]."'  This 
model can be shown to have the property that the fraction 
of atoms that are A, r n ~ ,  and the set of correlations, C,,, are 
simply related to the parameters r  and f l .  

1714 = % / ( I  - /I) and C,, = P" 

(note C1 = /I and Co = 1 ) 

It can then be shown that the diffuse intensity is entirely 
defined by these two parameters: 

As the number of atoms (or molecules), N. tends to 
infinity, the surnmation can be carried out to give 

Here. K replaces the constant terms involving r7zA and fA, 
etc. In Fig. la,  we show plots of this function for different 
values of the nearest-neighbor correlation coefficient 
Cl =/I. Note that nz4 only appears in the constant term 
and therefore affects only the overall intensity of the 
diffuse peaks and not their shapes. The shape is entirely 
dependent on P.  Positive correlations produce a diffuse 
peak centered on the Bragg peak positions (k=O, 2n, 4n, 
etc., if a =  I), while negative correlations produce a peak 
midway between them (k=n,  3n. etc.). The higher the 
absolute value of P,  the sharper the diffuse peak. The 
geo~netrically decaying correlations seen in Eq. 11 and 
the corresponding diffuse peak shapes seen in Fig. 1 a are 
characteristic of ID disorder. 

Second-nearest-neighbor Markov chain 

Eq. 9 can be readily extended to include second-nearest- 
neighbor (or higher) effects: 
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Fig. 1 Diffuse intensity plots for various 1D models discussed in the text. (a) The nearest-neighbor Markov chain. (b) The second- 
nearest-neighbor Markov chain. (c) The perturbed r e g ~ ~ l a r  lattice. (See the text for details.) (Vieli, this art in color at w\t,n%.ilekkei-.corn.) 

This model can again be readily solved, and the diffuse o,=2x,- 1 .  In the simplest ID king model. the random 
intensity is now of the following form: variables interact only with nearest-neighbor variables on 

either side. A given config~lration of the lattice (a 
1 - P :  disordered sequence of As and Bs) is assunled to occur 

1 + fl: - 2/1, cos(k .  a) with a probability given by a Boltzmann partition: 

Here; jl. /j2 and e l .  c2 depend on the parameters x ,  p, :', 
and they may be complex. but I(k)difiuse is real. Example 
plots of this function are shown in Fig. Ib. It is seen that 
diffuse peaks may occur at positions other than k=O or 
k = n .  For the plots that have diff~lse peaks at positions 
close to k=2n/3 and k=4n/3. the atom sequence tends to 
be AABAABAAB. . . or BBABBABBA. . .. while for ones 
with peaks close to k=2n/4 aild k = 6 ~ / 4 ,  the sequences 
tend to be AABBAABB.. .. 

The second-neighbor Markov chain is the simplest 
system that gives rise to diffuse peaks at incommensurate 
positions. Incomn~ensurate peaks occurring in real mate- 
rials invariably arise from a conlpetition between nearest- 
neighbor forces and some more distant force. 

where the summation is over all configurations, c. and the 
interaction energy is given by 

This simple pair-interaction Ising model is equikalent to 
the Markov chain model of Eq. 9 for n ~ , ~ = 0 . 5 .  The 
interaction parameter J is related to the correlation B by 
the following: 

1 D Displacement Disorder 

Perturbed regular lattice 
lsing models in I D  

Although at first sight lhey appear different, 119 Markov 
chain models are fornlally equivalent to Ising models. In 
the Ising formulation, it is more convenient to change 
from the x, (0:1) variables to ai ( 1. + 1) variables, where 

We consider for simplicity the displacement equivalent of 
the simple 1D Markov chain model given in Eq. 9. We 
suppose that xi is now a zero-mean normally distributed 
random variable that represents the longitudinal displace- 
ment of the site i from its regular position on a ID lattice 
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of spacing a. The spacing di between the (i- llth and ith 

points is xi-xi- +a. We construct the distribution by 
choosing the position of the first point and then adding 
subsequent points using a conditional probability relation: 

This produces a distribution that has the property that the 
probability distribution of the variables x, is a simple 
Gaussian function: 

and the joint probability distribution of two neighboring 
points is also Gaussian: 

1 (& + xf - 2raz_ ,x , )  
P(x,.x,-1) = Kexp 

(1 - r2) 

Here r is a correlation coefficient with properties similar 
to the occupancy correlations discussed above. Positive 
values of r correspond to neighboring points tending to be 
displaced in the same direction and negative r to neigh- 
boring points tending to be displaced in opposite direc- 
tions. The diffracted intensity for this model again consists 
of two parts: a Bragg intensity that comes from the average 
lattice and a diffuse component that comes from the 
differences from the average. It can be shown[91 that 

( I  - r2P) 
X (22)  

(1 + r2P - 2rP cos(B6 . a)) 

Some plots of this diffuse intensity function are shown in 
Fig. lc.  All plots use the same value of the correlation 
coefficient r. When the value of o is a small fraction of the 
lattice spacing (n.b. typical values for thermal displace- 
ments may be -0.05), only the P = l  term in the 
summation is appreciable. In this case: the form of the 
diffuse scattering is practically the same as for substitution 
disorder (Eq. 12). However, here the overall intensity is 
zero at the origin and rises with k. As the value of a is 
increased. higher-angle diffuse peaks become broader as a 
result of the increasing contribution of the P=2 ,  P=3 ,  etc., 
terms in the summation. At the same time. the exponential 
before the summation (the Debye-Waller factor) reduces 
the overall intensity at high angles. 

It should be noted that when a reaches about 0.3 (of the 
repeat distance), the intensity of even the first Bragg peak 
is so small that it is virtually undetectable, and all the 
scattering can then be considered to be diffuse scattering. 
In this case, increasing the value of r to values > 0.95 will 
result in a scattering pattern consisting of moderately 
sharp diffuse peaks but no actual Bragg peaks. 

Disorder in 3D 

Although ID  models provide useful insight into the 
various concepts of correlation and disorder. and there are 
real systems for which ID models are appropriate. for 
most purposes, it is necessary to consider the possibility of 
disorder in higher dimensions. Unfortunately, the change 
froin 1D to higher dimensions is decidedly nontrivial. At 
the conclusion of his work on the ID Ising model, king 
considered that the extension to higher dimellsioils would 
be a simple matter. It was not until 1944L'01 that the 2D 
nearest-neighbor Ising model was solved. and there is still 
no analytical solution for the 3D model. The correlation 
coefficients, C,,,,,. are now present on a fully 3D array. and 
the constraints and interdependencies of these are much 
more complex. 

In general terms. it is easy to see why the extra 
complexity occurs. In ID, a given lattice site can be 
influenced by its neighbor only via a direct interaction. In 
2D or 3D systems, there is a multitude of other indirect 
pathways that can transmit the interaction. This has a 
marked effect on the way in which correlations spread 
through a lattice. For the 1D models discussed earlier, it 
was seen that there was a geometric progression of the 
correlations with distance. For the corresponding 2D or 
3D nearest-neighbor Ising model with the same value of 
the nearest-neighbor correlation coefficient /I. the decay is 
much less rapid. The corresponding diffraction peaks have 
a profile that is correspondingly shai-per than those seen 
for the 1D model in Fig, la.  

Despite the difficulty in obtaining analytical solutions 
for higher-dimension lsing models, they are still simple to 
formulate, and realizations of them can readily be 
obtained via Monte Carlo si~nulation (although care must 
be taken. because there may be phase transitions present). 
Such models are routinely used in a wide range of 
different systems (see, e.g., Refs. [3-5.7.12.141). 

EXAMPLES 

Example 1: The Molecular Crystal 13- 
dlbromo-2,s-diethyS=%k76=dirnethyIbenzene 

Shown in Fig. 2a is the (Okl) section of the diffraction 
pattern from the pure molecular crystal 1.3-dibromo-2. 
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Fig. 2 (a) The (Okl)  section of the diffraction pattern of 1.3-dibromo-2,5-diethyl-4.6-cli1nethylbenzene (b) A correspocding projection 
of the average crystal structure. (Vieiv this cri-t iiz color. at w~vit~.ilekker..coni.) 

5-diethyl-4,6-diniethylbenzene recorded at low tempera- 
tures (100 p<).I7' Shown in Fig. 2b is the corresponding 
projection of the average crystal structure. This material is 
disordered because of the similarity in size of the inethyl- 
and brorno-substituents. and in the drawing. the atomic 
sites shaded in gray are revealed by conventional crystal 
structure determination to be occupied by 50% Br and 
50% methyl. 

Although the intensity distribution in Fig. 2a looks 
complex, it can be described purely in terms of substitu- 
tioilal disorder. in which there are two different possible 
molecular orientations A and B in each site and can be 
understood in terms of a small set of C,,,,,, intermolecular 
occupancy correlations. In addition. and most importantly. 
the overall form of the scattering is modulated by the 
difference of the molecular scattering factors, jF,4-~B12. 
Because there are two different molecular sites (cell 
corners and cell centers), with different average orienta- 
tions, some terms arise from pairs of ~nolecules on a single 
sublattice (e.g.. the cell corners). while others arise from 
pairs comprising a molecule on one sublattice (cell cor- 
ner), with a molecule on the other sublattice (cell center). 

Example 2: The Zeolite Material, Mordenlte 

Shown in Fig. 3a is part of the (hk5) section of the 
diffraction pattern of the zeolite mordenite." The origin of 
the reciprocal section is near the center at the top of the 
figure. Two different diffuse scattering features can be 
seen: narrow diffuse streaks emanating from the Bragg 

"Data supplied by kii~d permirsion of Dr. Branton Campbell. Ail\-anced 
Photo11 Source. Argonne. USA. 

reflection positions and broad uniforiil diffuse regions 
each extending over several reciprocal lattice cells. 

A schematic drawing of the structure is shown in 
Fig. 3b. This is made up of corner-connected SiOl tetra- 
hedra that appear as triangles in this figure. The basic 
building blocks for the structure are the clusters of tetra- 
hedra (eight triangles) shown in two different shades of 
gray. These form columns along the c (projection) di- 
rection. The origins of the light and dark columns differ by 
0 . 5 ~ .  The perfect structure consists of alternating light 
alld dark columns, as seen in the lower-right portion of 
the figure. 

Two types of defects can occur. First. a single isolated 
column is able to slip by 0.5~. S L I C ~  a slip of origin 
corresponds to a change of shading from dark to light or 
vice versa. Second, stacking faults can occur where one 
whole region of the structure slips 0 . 5 ~  relative to the 
adjacent region. The dark line running diagonally across 
the figure indicates such a fault line. Note that the shading 
of columns on opposite sides of the fault is in antiphase. 

For this example, the two different diffuse features can 
also be described purely in terms of substitutional disorder 
and understood in terms of sets of correlation parameters. 
For both types of defects, F,4 and FB represent the 
structural factors for the tnlo different types of colu~nns 
(one shifted 0 . 5 ~  relative to the other). The difference 
between these -FB12 gives a function with the broad 
areas of scattering that are seen. For isolated random 
defects, only the origin term Co is present: all other C,,,,,, 
are zero. This produces uniform (unmodulated) scattering 
in the noted broad areas. 

The s h a ~ y  streaks caused by the stacking faults involve 
strong correlations that modulate the scattering in the 
same broad regions. Parallel to the fault line, there is 
strong positi\ie correlation, i.e.. neighboring columns fol- 
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Fig. 3 (a) Part of the (lzk5) section of the diffraction pattern of the zeolite mordenite. together with (b) a schematic plot of the structure 
illustrating the formation of a stacking fault. (See the text for details.) (Vievv this art ilz color at ~vww.dekker.coni.) 

low the perfect structure sequence. This gives the streaks 
their narrow widths. Normal to the fault line, there is also 
positive correlation, as neighboring sheets of structure still 
tend to conform to the perfect structure sequence, but de- 
pending on the faulting probability. the range of order is 
only moderate. This results in the streak being most ill- 
tense at the Bragg position and diminishing away from it. 

Example 3: DibromodecandUrea Inclusion 
Compound (BBD-Urea) 

Shown 111 Fig 4a 1s the (Okl) sectlon of the dltfraction 
pattern flom the DBD-Urea ~nc lus~on  compound In urea 
lncluslon compounds, the urea molecules folm a hydlo- 
gen-bonded network contdlnlng hexagonal channels that 
lun along the c-dlrectron The channels can accommodate 

various kinds of long-chain molecules. of which DBD is 
an interesting The DBD molecules pack 
end-to-end in an individual channel to form a pseudo-ID 
crystal, the repeat distance of which is not commensurate 
with the crystallographic repeat of the urea framework. At 
room temperature, the molecules are able to rotate about 
their loilg axes and are also able to slide along the chan- 
nels. To a first approximation, the inolecules in one chan- 
nel are independent of those in neighboring channels. This 
is shown schematically in Fig. 4b. The average crystal 
structure obtained from the Bragg peaks reveals details of 
the urea framework, but little information is obtainable 
about the guest molecules' positions or orientations. 

The vertical diffuse bands in Fig. 4a arise from the 
chains of molecules that form a pseudo-lD crystal along 
each urea channel. Each band is virtually uniform in 
intensity, because there are no correlations linking one 

Fig. 4 (a) The (Okl) section of the diffraction pattern of the dibromodecanelurea inclusion compound, together with (b) a schematic 
diagram of the structure showing that the dibro~nodecane molecules form a pseudo- ID crystal within each channel of the urea host. 
(Tlie>r, this iirt irz color ut 1t'1~1~'.ilckkei:com.) 
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Fig. 5 (a) The (hk0.5) section of the diffraction pattern of a calcia-stabilized cubic zirconia, together with (b) a schematic drawing of 
part of the structure showing hou- the cations move away from a vacancy in the oxygen lattice. The "+" signs in (a) mark the reciprocal 
points (4 0 0.5) and (0 4 0.5). The arrows are drawn to indicate pairs of diffuse spots refel-red to in the text. (View this art in color at 
~v~v~~..dekke~-.corn.)  

channel with the next. It is seen that the firct diffusc band 
is narrow. but higher-order ones get progressively broader. 
This behavior is in accord with the 1D displacement 
inode1 described by Eq. 22. Note also that the spacing of 
the bands is incommensurate with the Bragg peak spacing. 
[It should be noted that the second band is absent due to 
the particular form of the molecular structure factor 
(omitted from Eq. 22).] 

Exampie 4: Caleia-Stabilized Cubic 
Zlrconla (Ca-CSZ) 

Shown in Fig. 5a is the (hk0.5) section of the diffrac- 
tion pattern of a Ca-CSZ of composition. Cao 115Zro 875 

o ~ . ~ ~ ~ . " "  CSZs have the fcc fluorite average structure, 
with all atoms in special positions. A drawing of part of the 
fluorite structure viewed down c is shown in Fig. 5b. Only 
two layers of anion sites are shown, together with the 
cations they contain. In CSZs, the cation sites are all 
occupied but are disordered; the anion sites have partial 
occupancy. Between two cations, there are two bridging 
oxygen sites, as shown in Fig. 5b, and the black circle near 
the center of the figure is drawn to represent a vacancy in 
one of these sites. The figure illustrates the proposed 
mechanism by which the cations are displaced away from 
a vacancy. This distortion mechanism accounts for the 
dark lines (indicated in Fig. 5a by the direction of the 
arrows) (see Ref. [7]) .  

Fig. 6 (a) The (hk2) section of the diffraction pattern of benzil. CI4Hl0O2. together with (b) a plot of the corresponding projection of 
the structure (H atoms omitted). The structure consists of three symmetry-related molecular planes, two of which are drawn in light 
shading for clarity. The dashed line indicates the important vectors along which the internal motion of one molecule is coupled to its 
neighbors. (View this nrt in color at li,1t.i.t,.dek1cer.com.) 
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The second-neighbor Markov chain, described earlier, 
is the simplest system that gives rise to diffuse peaks at 
incommensirrate positions. Incommensurate peaks occur- 
ring in real materials invariably arise in a similar way 
from a competition between nearest-neighbor forces and 
some more distant force. The CSZ example of Fig. 5 is 
one such systeiu. It was recently shown"" that the diffuse 
peaks in this system can be understood in terms of a 
competition between nearest-neighbor forces and a lon- 
ger-range strain that builds up as the locally prefen-ed 
structure tries to fit into the average lattice. 

The C S Z  diffraction pattern shown in Fig. 5a also 
demonstrates the importance of the higher-order diffuse 
scattering components that involve interaction between 
occupancy and displacements. The diffuse spots men- 
tioned above are due to the presence of occupancy cor- 
relations (i.e., the I. component), but their intensities are 
modified by the various other components. Each pair of 
spots spans a particular dark line, four of which are 
indicated by the directions of the arrows in Fig. 5a. The 
point of each arrow indicates a particular pair of spots. Of 
particular interest is the relative intensity of the two spots 
comprising each pair. At low diffraction angles, the lower- 
angle spot is stronger. but as the diffraction angle in- 
creases, the higher-angle spot progressively becomes 
stronger. The asymmetry of the spot intensity arises from 
the size-effect term; I I .  and the other odd higher-order 
components. such 21s 13. At low angles, II dominates. but at 
higher angles, the I3 term becomes progressively more 
important. Because II and I3 are of opposite signs. the 
asymmetry switches the signs. 

Example 5: The Molecular Crystal, Benzil 

The (hk2) section of the diffraction pattern of benzil is 
shown in Fig. 6a.'" This is an example of a system where 
the scattering is purely TDS and does not involve any 
occupancy disorder. The molecule has internal degrees of 
flexibility, and the diffuse scattering results from motions 
in which the internal degrees of flexibility are coupled 
from molecule to rnoIecule via intermolecular interac- 
tions. The corresponding c-axis projection of the structure 
and the most important interlnolecular vectors are shown 
in Fig. 6b. These vectors run between the 0 atoms in the 
flexible bridge of one molecule to the C-H terminus of a 
neighboring molecule. This hydrogen-bond network 
enables the internal motions of molecules to be coupled 
over relatively large distances. 

Because there is no occupational disorder, the diffuse 
scattering in Fig. 4a is essentially made up of terms from 
the second-order diffuse component I? (Eq. 7). Because 
this is a sum of cosine terms. the intensity is symmetric 
about Bragg peak positions. This is true for the strong 
anisotropic peaks that sul-round some strong Bragg peaks 

and for the narrow diffuse bands that run between them. 
The diffuse peaks that surround the Bragg peaks indicate 
that there are strong positive correlations between the 
displace~nellts of atoms and molecules. The anisotropy of 
the peaks (relatively narrow on a radial vector and broader 
in directions normal to this) is indicative of the fact that 
correlations are stronger in directions parallel to the 
displacement direction and weaker in directions normal to 
the displacement direction. This information is present in 
the re la t i~e  magnitudes of the different displacement 
averages that appear in Eq. 7. 

In this article, we attempted to show, using a selection of 
real diffraction examples, the range and diversity of 
different types of disorder that occur in many materials. 
We also gave a brief survey of some important aspects 
of diffraction theory. an understanding of which enables 
the different disorder effects to be identified. Correct 
identification of the origins of a particular diffuse scat- 
tering pattern is a prerequisite to being able to correctly 
analyze it. This is particularly important, because the 
diffraction experiment can only give information con- 
cerning pair correlations and so there is always the pos- 
sibility of ambiguity. 

Perhaps of most importance to chemists is the last 
example of the molecular crystal ben~ i l . ' ~ '  In this, the 
diffuse scattering arises entirely from thermal disorder and 
so is essentially similar to a whole range of molecular 
crystal systems that are nominally considered to be 
perfect. Whereas conventional crystal structure determi- 
nation will provide such quantities as mean-square atomic 
displacement ellipsoids. the diffuse scattering analysis 
reveals details of how the molecules are interacting and 
moving. The analysis of benzil is indicative of the level of 
detail that can be obtained using current modeling 
techniques. The agreement between model calculations 
and the observed diffuse scattering is approaching the 
level that is routinely obtained for Bragg reflections. At 
this level of quantitative agreement, for example, it was 
possible to measure the torsional force constant for the 
internal degrees of flexibility in the benzil molecule. As 
the modeling methods develop and computers become 
ever more powerful, the future looks bright for this kind of 
detailed information to become routinely available. 

ARTICLES OF FURTHER INTEREST 



Disorder and Diffuse Scattering 

Molecular Modelzng aiztl Related Conzpzitatronnl Tech- 
nzyues, p 901 

Org-garzrc Zealzter. p 996 
Polynzorphr~m. p 1 129 
X-Ra, Cr)stullngr clp/?\, p. 1586 
Zeolztes Structures cuzd I ~ C ~ L I S I O I I  Propertze~, p. 1623 

REFERENCES 

1. Weber, T.: Estermann, M.A.; Biirgi. H.-B. The structural 
complexity of a polar perhydrotriphenylene inclusion 
con~pound brought to light by synchrotron radiation. Acta 
Crystallogr. 2001. B57. 579-590. 

2. Estennann, M.A.; Steurer, W. Diffuse scattering data 
acquisition techniques. Phase Transit. 1998. B67, 165- 195. 

3. Welberry, T.R.; Proffen. Th.; Bown. M. Analysis of single- 
crystal diffuse x-ray scattering via automatic refinement of a 
Monte Carlo model. Acta Crystallogr. 1998. A54.661-674. 

4. Welberry. T.R. Diffuse x-ray scattering and disorder in p-  
methyl-N-(p-ch1orobenzylidene)aniline. CI4Hl2C1N 
(ClMe): Analysis via automatic refinement of a Monte 
Carlo model. Acta Crystallogr. 2000. A5h. 348-358. 

5. Welberry, T.R.; Coossens, D.J.: Edwards. A.J.: David. 
W.I.F. Diffuse x-ray scattering from benzil, C14Hlu02:  

Analysis 17ia automatic refinement of a Monte Carlo model. 
Acta Crystallogr. 2001. A57; 101 - 109. 
Hayakawa. M.: Cohen, J.B. Equations for diffuse scattering 
from materials with multiple sublattices. Acta Crystallogr. 
1975; A31. 6 3 5 6 4 5 .  
Welbeny. T.R.: Butler, B.D. Interpretation of diffuse x-ray 
scattering via models of disorder. J. Appl. Crystallogr. 
1994. 27, 205-231. 
Warren. B.E. X-i-ay Diff'iaction: Dover: New York. 1990: 
35-38. 
Welberry, T.R. Diffuse x-ray scattering and models of 
disorder. Rep. Prog. Phys. 1985. 48. 1481 - 1541. 
Onsager, L. Phys. Rev. 1944. 44. 117- 149. 
George. A.R.; Harris, K.D.M. Properties of the guest 
molecules in the I .  10-dibron~odecanelurea inclusion com- 
pound. J. Mater. Chem. 1994. 4. 1731 - 1735. 
Welberry. T.R.; Mayo, S.C. Diffuse x-ray scattering and 
Monte Carlo study of guest-host interactions in urea 
inclusion compounds. J. Appl. Crystallogr. 1996. 29. 353- 
364. 
Welberry. T.R.: Withers. R.L.; Mayo, S.C. A modulation 
wave approach to understanding the disordered structure of 
cubic stabilized zirconias (CSZs). J. Solid State Chem. 
1995. 115. 43-54. 
Welberry, T.R. Diffuse x-ray scattering and strain effects 
in disordered crystals. Acta Crystallogr. 2001. A57. 244- 
255. 



DNA as a Supramolecular Scaffold 

Alexandra b. Pickering 
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Since the elucidation of the structure of DNA in 1953, a 
revolution has occ~lrred in molecular biology that recently 
culminated in the sequencing of the entire human genome. 
However, the properties that define DNA as a macromol- 
ecule with the most essential role in biology are also of 
tremendous importance in the design and understanding of 
DNA as a stnictural component in nanotechnology. After 
all. it could be argued that DNA is the ultimate supra- 
molecular architecture. In this article, we describe the 
structural features of DNA that allow application as what 
promises to be one of the rnost fundamental supramolec- 
ular scaffolds. In describing this, we discuss the impor- 
tance of molecular recognition and DNA binding in the 
design of synthetic DNA architectures. diagnostic agents, 
and the growth of new DNA-hybrid materials. The un- 
derstanding of how DNA acts as a template, both to allow 
its own replication and to assemble cations; is also vital, as 
is an appreciation of topological concepts in the design of 
new materials. Finally, we describe how these ideas were 
applied to the design of DNA-based architectures for 
nanolithography, DNA machines. molecular wires, and as 
chiral memory devices. 

DNA STRUCTURE 

Considering its integral importance to life, the structural 
components of deoxyribose nucleic acid (DNA) are 
reinarkably simple. Each strand of DNA is a linear 
polymer coinpsising a constant backbone of alternating 
deoxyribose sugars and negatively charged phosphodi- 
esters, and a selection of four heterocyclic bases (Fig. 1). 
The uniqueness of the DNA strand is defined purely in 
terms of the sequence of the bases. 

Two polymeric nucleic acid strands are held together 
by Watson-Crick hydrogen bonds (2.8-3.0 A) between 
two bases to form a double helix. Adenine and thymine 
base pairs hydrogen bond together via two interactions, 
and guanine and cytosine through three. The conforma- 
tion of the base pairing defines the mutual positions of the 
two sugar-phosphate strands in DNA. Hydrophobic and 
van der Waals interactions as well as T stacking between 

sets of base pairs also contribute to the stability of the 
overall structure. 

Although the individual bases are planar heterocycles. 
considerable flexibility is conferred upon the entire struc- 
ture froin a number of contributing factors. Base pairing, 
for example, can deviate from planarity by up to 35" to 
minimize steric interactions without appreciable Ioss of 
hydrogen-bonding energy."1 Furthermore, there are 12 
different torsion angles associated with the sugar-phos- 
phate backbone that can adopt a range of values. and 
hence, can have significant effects on the overall structure 
of the oligonucleotide. Linking the bases to the deoxyri- 
bose sugars is a glycosidic bond. which can have a torsion 
angle (x) dependent on the orie~ltatio~l of the base in 
relation to the sugar. The sugar has a nonplanar "puck- 
ered" conformation dependent on its five internal torsion 
angles (T0-T4). The relative populations of the conforma- 
tions arise from the type of base attached, and in solution, 
it is possible for these to interconvert; which alters the 
orientation of the substituents and, hence, the backbone of 
the entire structure. The final six variable torsion angles 
(r-<) define the conformation of the phosphodiester back- 
bone. Steric restrictions prevent large angular variations 
between 0-360"; however, many possible low-energy 
conformations of the oligonucleotide exist.12' 

As a function of both flexibility and restraint, the 
overall structure of DNA can adopt several polyrnorphs, 
including left- and right-handed helices. Four major sec- 
ondary structures of DNA are known; A-DNA. B-DNA, 
and triple helices are right-handed. and Z-DNA structures 
are left-handedi" ((Fig. 2). The A-conformer is the most 
compact, being wider and having a helical rise of 1 I bases 
(25.6 A). Z-DNA is composed of alternating purine- 
pyrimidine nucleotides, giving the structure a zigzag ap- 
pearance and has a rise of 12 bases (37 A). A triple helix, 
comprising one purine and two pyrimidine strands, results 
from a "base triplet" hydrogen-bonding system. Its di- 
mensions are similar to those of A-DNA. with the second 
pyrimidine strand lying in the groobes formed by a py- 
rimidine and a purine strand. 

B-DNA is the most common polymorph due to its 
chirality and geometry along the sugar-phosphate back- 
bone. The overall width of the helix is approximately 20 A 
and completes one turn every 10 bases (34 A)."' As with 
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Fig. 1 Base-pairing 

each double helix. the asymmetry o f  the base pairs results 
in major and minor grooves along the helical axis. with 
dimensions that are related to the distance and orientation 
o f  the base pairs in relation to the axis. The major groove 
is approximately 13 A wide and 8 A deep. whereas the 
minor groove is 4.5 A and 6 A, respectively. The minor 
groove has hydrophobic hydrogen atoms o f  the sugar 
groups forming its walls. The major groove is richer in 
base substituents, having the 06. N6 atoms o f  the purine 
moieties and the E\16. O4 atoms o f  pyrimidines available. 

The two major ways in which DNA interacts with other 
eniities can be classed as nonspecific covalent bonding via 
either the phosphodiesicr or sugar moieties or electrostatic 
dominated noncovalent bonding. Nonreversible covalent 
interactions are important when considering the cellular 

A-DNA B-DNA Z-DNA Triple 
Helical 

DNA 

Fig. 2 The common polyrnorphs of DNA.  (Vielv this art in 
coloi. at ~t,~i,n,.dekker.conz.) 
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processing o f  many drugs, but it is the ability to form 
noncovalent interactions that defines DNA as the ultimate 
supramolecular building block. 

Noncovalent iriteractions with DNA occur via two 
binding modes: groove binding and intercalation. Much 
research has been carried out to exploit the properties o f  
D N A  in the design o f  targeted intercalating and groove- 
binding drugs in such areas as anticancer. antibacterial. 
and antiviral agents. and in the postgenomic era, the 
need for a deeper understanding o f  how DNA interacts 
with other lnolecules is becoming Inore apparent. 
However. analyses o f  the integral features o f  the 
structure o f  DNA allow a much more comprehensive 
view o f  its noncellular potential. 

Conventionally. the structures o f  the molecules de- 
signed for each binding mode followed certain distinctive 
criteria."' Boundaries are now being extended and 
beconliilg less clear. and an ever-increasing number o f  
physical and chemical techniques are emerging to aid in 
the determination o f  the structures, sequence specificity. 
energies. and binding stoichiometries o f  these noncova- 
lent  interaction^.'^' The specific binding mode o f  interac- 
tion can now be determined by a combination o f  such 
techniques as x-ray crystallography, NMR. gel footprint- 
ing, circular dichroism. and fluorescence. UV. IR, and 
mass spectroscopy. 

In the biological environment, it is important to 
understand the processing o f  the genetic code stored in 
the DNA. The ability to stimulate or prevent this pro- 
cessing is o f  great importance in terms o f  molecular 
biology and drug design. and also in terms o f  supramo- 
lecular chemistry. as the noncovalent interactions ill- 
valved in such "switching" rnechallisms are o f  great 
interest. These mechanisms involve a variety o f  molecular 
tools in order to recognize the genetic code in a sequence- 
specific manner. Biology achieves this through the surface 
motifs o f  proteins. which are too large to fit into the minor 
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groove and instead interact in or around the major 
This acts as a particularly attractive macro- 

receptor site for DNA recognition agents, as the dimen- 
sions of the major groove are dependent to a lar, ue extent 
on the base sequence and so can be seen as a molecular 
"lock" that is activated by a highly specific recognition 
"key." For example, distortion of the DNA backbone 
is activated by transcription regulators that incorporate 
cylindrical binding units such as Y. helices or zinc fingers 
that insert into the major groove. 

It is possible to mimic the biological mechanisms used 
to bind DNA. For example, oligonucleotides of natural 
and synthetic origins are capable of forming triplexes by 
sequence-specific binding to the major groove, and the 
area of metallosupramolecular assembly can provide 
cationic charge arouild the metallocenters, which confer 
a substantial electrostatic contribution by interactions with 
the anionic sugar-phosphate backbone. 

Such large arrays of macromolecular recognition 
contrast sharply with the mode of DNA binding of small 
molecule recognition agents. Typically, cationic at phys- 
iological pH and much smaller than proteins. these agents 
are able to bind preferentially to the minor groove. where 
the electrostatic potential is negative, displacing the 
hydrogen-bonded water molecules. Strong electronic 
interactions along with the formation of significant van 
der Waals contacts make the colnplex stable, with 
dissociation constants in the order of 1 0 ~ " ~ ' .  The 
natural antibiotic distamycin A (Fig. 3) and its derivatives 
are well-established reversible minor-groove binding 
agents. It incorporates an oligopeptidic pyrrolic frame- 
work with a terminal amidino moiety and is highly 
selective for A.T-rich regions containing more than four 

A . T  base pairs. Typical minor-groove binders include an 
extended ring syctem with unf~lsed rings, although recent 
developments in sequence-dependent DNA binding in- 
cluded ligands with polyaromatic nuclei. These conjugat- 
ed systems foriu strong hydrophobic contacts with the 
sugar-containing walls of the minor groove. Increased 
interactions can be introduced through hydrogen-bonding 
moieties to improve the affinity of the groove binders for 
6.C-rich regions. Derivatives of such groove binders as 
distamycin A can be used for alkylating and nonalkylating 
agents in anticancer tl~erapeutics.[~~ It is believed that the 
ability of small molecule recognition agents to alkylate 
DNA in a sequence-specific manner and modify the func- 
tion of nucleic acids irreversibly will increase the spec- 
ificity for target cells. 

In general, groove binding effects only subtle changes 
in the overall structure by bending or hnking the DNA. 
Intercalation, on the other hand: has a much more dra- 
matic structural effect in terms of helical twist and com- 
pression. Intercalators are typically polycyclic aromatic 
compounds that bind reversibly to the DNA double- 
helical structure by inserting into the central hydrophobic 
region of the helix between the stacked base pairs. These 
chromophores are conventionally two or three six-mem- 
bered rings, for example, doxorubicin (Fig. 3), of approx- 
imately the same size as a base pair. This means that, in 
addition to n-stacking interactions between the interca- 
lator and the adjacent base pairs, strong van der Waals 
contacts further contribute to the stability of the complex. 
There are also a number of intercalating agents containing 
side chains that play vital roles in both the stablization and 
sequence specificity of interactions with DNA by binding 
in the minor groove.r91 

Fig. 3 Minor groove binder distamycin A and intevcalator doxorubicin 
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The process of intercalation demands an alteration of 
the E-[ torsion angles along the sugar-phosphate back- 
bone in order to accommodate the aromatic ring system. 
Rotation around these torsion angles results in a sepa- 
ration of the base pairs and a subsequent extension of the 
helical axis (approximately 3.4 A per bound intercalator) 
and "unwinding" of the two DNA strands. The extent of 
the unwinding is dependent on the individual interca- 
lator. Polyintercalators are well ~ tnown,"~ '  containing 
two or more aromatic ring systems bridged by appropri- 
ate linker chains that facilitate simultaneous intercalation 
along the DNA strands and the potential for increased 
sequence specificity. 

DNA AS A TEMPLATE 

DNA as a helical anion can be viewed as a macromolec- 
ular template. The fact that DNA is comprised of two self- 
complementary strands of base pairs is responsible for its 
ability to replicate upon dissociation of these strands. In 
fact, the replication of DNA via a templating effect to 
form a coinpleinentary strand aided by Watson-Crick 
base pairing is linked to the central dogma of molecular 
biology.[111 By utilizing a self-complementary and "self- 
templating' ' molecule such as DNA, the emergence of life 
and the possibility for evolution was realized. This is 
because the use of a double helix of DNA, containing two 
identical copies of genetic information, allowed the devel- 
opment of an exquisite DNA repair mechanism. Further- 
more, the supramolecular coiling of DNA in the chromo- 
somes of a cell is the key to cellular development via 
protein expression; this is thought to occur through a kind 
of unwrapping process in which DNA is the key molecule. 

The anionic nature of DNA also has importailt im- 
plications in the construction of virus capsids. in which the 
protective capsid is either assembled around the DNA 
from a large number of repeating protein building blocks 
or preformed for DNA insertion. This self-assembly pro- 
cess is partly responsible for the fast spread of viral in- 
fection, as many viruses can spontaneously assemble froin 
a soup of DNA and protein-based building The 
ability to manipulate the structure of the DNA duplex by 
altering the code should therefore affect the ability of 
DNA to coil in chromatin formation as well as gene ther- 
apy vector design and in the manipulation of virus 
structure. It was shown that DNA can also direct the 
assembly of small molecular units that can undergo a 
template-driven polymerization process.['3' The covalent 
casting of noncovalent architectures serves to determine 
large molecular constructs that express well-defined 
modes of aggregation. In the case of one-dimensional hy- 

drogen-bonding motifs, covalent casting yields molecular 
strands that adopt a duplex mode of aggregation. 

It is well known that nucleic acids are capable of 
promoting chemical reactions, and catalytic nucleic acids 
were found in nature or evolved through in vitro selection 
processes. Interestingly, it appears that the DNA acts in a 
similar manner to enzymes and promotes chemical 
reactions through spatial alignment of the reaction 
partners; i.e., via a template effect."41 Recent reports 
reveal new facets of nucleic acid promoted chemistry and 
indicate that DNA strands are able to promote chemical 
reactions by bringing reaction partners into close prox- 
iinity of each other rather than by precisely aligning the 
reactive groups. Therefore. it appears that DNA-templated 
synthesis is a phenomenon that applies to a remarkable 
variety of chemical reactions (Fig. 4). The ease of auto- 
mated DNA synthesis. predictable binding, and estab- 
lished methods for nucleic acid amplification and se- 
quence analysis render DNA a promising template for 
future devel~pinents.["~ 

DNA TOPOLOGY 

Research into the application of noncovalent metal- 
ligand interactions to direct self-assembly resulted in a 
number of interesting topological structures.L161 It is 
well established that DNA topology is a crucial factor 
in many biological processes. such as topoisomerism 
and DNA supercoiling. Highly ordered DNA topology 
is also of considerable interest with respect to the 

Virus Assembly 

Cation Organisation 

Sequence Dependent 

Fig. 4 Examples of DNA chemical reactions. (View this art irz 
color at ~vw~~~.delcker.corn.) 
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design of sequence-specific DNA binding agents, 
allowing targeted recognition and precise regioselec- 
tivity along the polymeric strands. The crystallographic 
motivation for such developments lies in the desire to 
organize DNA in a periodic asray in order to provide 
a scaffold on which other macromolecules, which are 
difficult to crystallize by conventional methods, may 
be arranged. 

The first-known topological polymorph of DNA, 
discovered in 1967,'17' was the DNA catenane consisting 
of two interlocked rings of circular DNA. It was recog- 
nized that these structures had important implications 

in the cellular functioning of DNA. If, during the repli- 
cation of circular DNA. a catenane structure is formed 
upon the interlocking of parent and daughter molecules, 
continuation of the replication process is impeded. Topo- 
isomerases are a class of enzymes capable of changing 
the topology of DNA by an incision and repair mecha- 
nism. Once the DNA strand is broken, another strand 
may pass through the rupture; and then repair mecha- 
nisins reseal the original strand. Type I topoisomerases 
effect topological transformations during the disrup- 
tion of one DNA strand, and Type I1 topoisornerases 
are capable of breaking two strands.'181 The design of 

(-1 Trefoil Knot 

~7 \ 
'I Denature 

. 
Figure-of-eight Knot 

Fig. 5 Seernan's synthesis of DNA knots. (From Du. S.M.: Stollar. B.D.: Seeman, N.C. A synthetic DNA rnolecule in three knotted 
topologies. J. Am. Chelll. Soc. 1995. 117. 1194-1200.) 
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topoisomerase-inspired synthetic agents could provide a 
much desired control of highly ordered topology in the 
area of nanotechnology. 

The replication of DNA is controlled by its topology in 
another vital process known as supercoiling. Topological 
isomers of circular double-stranded DNA can be made by 
incision of the duplex and twisting of the strands through 
360" before repairing the incision. The overall three-di- 
mensional structure of the DNA undergoes a significant 
change in the number of helical twists, and a compres- 
sion along the helical axis in coinparison to the uncom- 
plexed B-DNA is observed. 

In addition to naturally occurring complex helical 
DNA topologies, it is also possible to design topologically 
interesting structures with linear DNA. The differences in 
chirality between right-handed B-DNA and left-handed 
Z-DNA duplex formation as well as engineered effects 
of specific base-pair complimentarity facilitate the for- 
mation of a number of ~nolecular knots from a single- 
stranded DNA oligomer as a function of salt concentra- 
tion (Fig. 5).[' 9.201 

Other remarkable complex structures were assembled 
from both single strands, for example, the DNA "pad- 
l o ~ k , " ~ ' ~ ~  and multiple strands. such as the DNA cubeL2'] 
and a truncated o~tahedron.~"' The formation of a linear 
double-helical structure from two strands of oligodeoxyri- 
bonucleotides is the most energetically favorable, and as 
such, it ~vould appear that other configurations are 
unlikely. However, the principles of genetic recombina- 
tion. a biological process forming new genetic inaterial 
from the interaction of two pieces of DNA. can be applied 
to generate novel, topologically interesting architectures. 
A key structural interinediate in the recombination 
mechanism is the Holliday which joins four 
double helices in a branched molecule. The sequence of 
nucleotides that converge at the junction is generically 
twofold symmetric, which allows isomerization of the 
branch point to the region of symmetry. This is not, 
however. crucial to the forination of DNA branched 
molecules, and so it is possible to develop junction struc- 
tures with fixed branch points. 

DNA, MOLECULAR ARCHiTECTURE, 
ANDNANOTECHNOLOGY 

A significant challenge faced ill the use of nanoscale 
building blocks lies in developing parallel methods for 
interconnecting and patterning assemblies of the individ- 
ual components. Molecular scaffolds based on the struc- 
ture of DNA have the potential of preparing closely 
spaced, specifically arranged nanoscale assemblies. The 

ease in which DNA can be synthesized and manipulated 
means that it is an ideal building block for nanostructured 
materials.[241 Furthermore, the fact that DNA can interact 
with other inolecular assemblies in a sequence-specific 
manner means that DNA is a perfect functional scaffold 
for application in nanotechnology as a molecular device. 

The ability to cause DNA to branch is being used in the 
design of new molecular devices and materials. Such 
DNA branch junctions are often found in biology; they 
occur as ephemeral structures in cellular DNA metabo- 
lism, including the processes of replication and repair. A 
particularly significant structure in such systems is the 
four arin branched Holliday intermediate crucial to the 
process of genetic recombinati~n.~"~ It is fairly simple to 
design sequences of DNA molecules that lead to stable 
synthetic variants of Holliday junctions, branched mole- 
cules with varied numbers of arms. as well as more 
complex motifs; it is also elementary to synthesize their 
constituent strands and engineer subsequent self-assembly 
of target systems. The use of branched intem~ediates 
allows us to make N-connected objects from DNA as weil 
as periodic and aperiodic arrays. Similarly, branched 
DNA motifs were the basis for several nanomechanical 
devices.[251 

Further applications of the DNA scaffold are as 
molecular wires in nanoelectronic circuits, facilitated by 

Fig. 6 DNA as a conducting molecular wire. (View this art iiz 

color nt +t.+i.u.. dekker.cor~z.) 
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the fact that electron-transfer processes appear to be 
mediated by DNA via the K-TC-stacked arrangements of 
the base pairs.'261 This idea, although still the subject of 
controversy, appears to be limited by recent observations 
that such events can only occur over small distances.["' 
However, DNA has now been used as a template to 
provide a surface that can be coated with metal atoms to 
form a conducting or sernico~lducting sheath.['" lhere- 
fore, should the conducting properties of the polymeric 
DNA be proven to be insignificant, it appears possible to 
use the linear framework as a scaffold to assemble or grow 
a conducting sheath (Fig. 6). 

DNA can also be used as a template for the assembly of 
extended. close-packed llanoparticle structures. Electro- 
static binding of ligand-stabilized nanoparticles to the 
DNA backbone results in extended linear polymers of 
ribbon-like structures composed of parallel nanoparticle 
chains and branched structures. Furthermore, the function- 
alization of DNA with gold nanoparticles led to the design 
of a DNA array detection method.[291 As such, DNA 
shows tremendous potential for a variation of biomo- 
lecular nanolithography. and the arrangement of nano- 
scale building bloclis on biomolecular scaffolds is a via- 
ble approach to interconnecting individual devices into 
extended, close-packed 

CONCLUSION 

Perfected by nature, the cellular functioning of DNA is an 
important model for the design of binding agents and 
therapeutics. However. the potential of such a splendid 
example of supramolecular architecture as a prototype for 
the future development of advanced and functional 
supramolecular scaffolds is now being realized. 
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DNA nanotechnology is a new area of research. It has 
many goals, but few of its practical aims have been 
achieved. Nevertheless. the results obtained to date are 
encowaging and suggest that the application targets of 
the endeavor are within reach. Before going into the 
specific aims that the field seems well-poised to ac- 
complish, it might be useful to explain just what DNA 
nanotechnology is, and where its niche is likely to lie. We 
all know that DNA is the genetic material of living 
organisms. DNA nanotechnology utilizes the features 
of DNA that enable it to function in this role, but the 
field is not exclusively a biologically oriented enterprise. 
It seeks to control the a

r

chitecture of matter on the nano- 
meter scale. with the aims of creating well-defined two- 
dimensional (3-D) and three-dimensional (3D) molecu- 
lar arrangements. 

The key to DNA's biological role lies in the specificity 
of the base pairing that holds the two strands of the double 
helix together: adenine (A) pairs with thymine (T). and 
guanine (G) pairs with cytosine (C). The familiar double 
helix that results from these comple~nentary interac- 
tions is a linear molecule. in the topological sense that its 
axis is not branched. However, by designing appropriate 
sequences for synthetic molecules, it is possible to pro- 
duce more complex molecular topologies from synthetic 
 strand^,".^' for example. the branched DNA molecule, 
termed a "junction." shown in Fig. 1. The sequence of 
this lnolecule has been optimized so that the likelihood of 
the four strands associating as shown is very high. In 
addition. twofold symmetry is forbidden about the branch 
point to prevent its relocation via an isomerizaiion known 
as branch migration. 

DNA NANOTECHNOLOGY COMBINES 
BRANCHED DNA WITH iNTERWWOLECULAR 
COHESlON f HAT USES BASE PAlRlNG 

Genetic engineers freq~~ently produce their constructs by 
using DNA molecules that contain short overhangs on one 
end or the other of their double helices. These overhangs, 
known as sticky ends. will bind with their complen~ents in 

solution to produce concatenated species that cohere by 
hydrogen bonding; if desired, DNA ligase can seal the 
nicks in these complexes to convert them to covalent 
 molecule^.['^ Thus, specific intermolecular associations 
between DNA components can be designed by the simple 
method of designing complementary sticky ends. It is 
important to recognize that sticky-ended cohesion is not 
merely a means of generating programmed affinity. 
Sticky ends form the classical B-DNA structure when 
they cohere; thus, the 3D structure near the point of co- 
hesion is known, without need for further characteriza- 
tion.[" In this article, attention will be confined to those 
instances in which tight structural control of this sort is 
inherent to the molecular design. 

DNA nanotechnology combines the two concepts of 
progra~nmable intermolecular assembly using sticky ends 
with DNA topologies based on branched ~nolecules. The 
addition of sticky ends to branched molecules produces 
components that can lead to association and ligation 
products more colnplex than could be obtained from 
linear DNA. These products include stick polyhedra, 
knots and catenaries; and devices and networks. A simple 
example is shown in Fig. 2, where four identical 
branched molecules containing sticky ends are assembled 
into a quadrilateral. The edges are double helical DNA, 
and the vertices coi-sespond to the branch points. The 
quadrilateral has open valences on the outside, so the 
construct could be extended, in principle. to produce an 
infinite array. The arsay could be two-dimensional. as 
suggested by the drawing. or three-dimensional. The 
scale of DNA is important to keep in mind. The B-DNA 
double helix is about 20 .& wide. and its helical repeat 
is 10-10.6 nucleotide pairs for a pitch of 34-36 A. 
Thus. constructions made from DNA will have features 
on the nanoscale. 

DNA NANOTECHNOLOGY SEEKS TQ 
BUILD USEFUL ARCHITECTURES ON 
THE WAMBSGALE 

What is the value of producing DNA objects, devices, and 
arrays'? Several applications have been suggested. The 
original motivation for the program was based on the 

E~zcyclol~eilia of Suij~mriiolec~~lni. Chetni.utr?. 
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Fig. 1 (a) A branched lnolecule with four arms. The four 
strands labeled with Arabic numerals combine to produce four 
arins. labeled with Roman numerals. The branch point of this 
molecule is fixed by lack of twofold sequence symmetry. (b) 
Formation of a two-dimensional lattice from a four-arm junction 
with sticky ends. A is a sticky end, and A' is its complement. The 
same relationship exists between B and B'. Four of the 
monomeric junctions on the left are complexed in parallel 
orientation to yield the structure on the right. DNA ligase could 
close the gaps in the complex, Note that the complex could be 
extended by the addition of more monomers. (Ifiel~' this ar t  in 
color at iv>t.1v.dekke~corlz.) 

notion that spatially periodic networks are crystals.[1J The 
ability to build stick-figure crystalline cages on the 
nanometer scale could be used to orient other molecules 
as guests inside those cages, thereby rendering their 
structures tractable to diffraction analysis. as show11 in 
Fig. 2a. Using the same logic, one could use the ar- 
chitectural properties of branched DNA to position and 
orient components of molecular electronic devices with 
nanometer-scale pre~ision.~" as shown in Fig. 2b. DNA 
nano~nechanical devices

i

b

p

x

1 

will eventually lead to ro- 
botics on the nanometer scale. with applications in mo- 
lecular fabrication and assembly. In addition. the motifs 
produced by DNA nanotechnology appear to be useful for 

DNA-based co~nputation and the algorithmic assembly of 
 material^.^".'^' Finally, DNA objects offer the possibility 
for self-replication, although the only route yet suggested 
to self-replicating branched DNA systems is somewhat 
oblique." l1 

THEREASONSTOUSEDNAASA 
MEDIUM FOR MANOARCHITECTURE 

The key reason for using DNA to make nanoscale 
constructs is that DNA sticky ends provide the most 
predictable. diverse, reliable, and programmable set of 
inter~llolecular interactions available. In contrast to other 
molecules their scale. e.g.. proteins, it is simple to pro- 
gram associations between specific molecules through 

Fig. 2 Future applications of DNA nanotechnology. (a) A 
guest in a si~nple cubic lattice. The DNA lattice is drawn as a 
portion of simple cubic lattice made from 6-arm junctions. The 
guests are represented by the kidney-bean-shaped features in 
every unit cell. (b) DNA as scaffolding. Two branched junctions 
are shown. and a molecular wire is attached to them. When the 
two junctions cohere with each other. so does the molecular 
wire, which forms a synapse. (Vie%\, this art in color at ww+v. 
dekker.cor?z.) 
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complementarity. In addition. convenient automated phos- 
phoramidite c h e r n i ~ t r ~ " ~ ~  permits the assembly of arbi- 
trary sequences containing 100 or more conventional or 
modified nucleotides. Likewise. it is key that DNA mol- 
ecules can be manipulated by cornnlercially available 
modifying enzymes. such as ligases. restriction endo- 
nucleases, exonucleases, or topoisomerases. The long per- 
sistence length of DNA (--500 A, or --I5 turns) ensures 
a stiff segment['" when one uses lengths consisting of 
two to three double helical turns. DNA also contains an 
externally readable code"'] that ultimately may be used to 
position and orient scaffolded molecules within arrays. 
Although most effort today is devoted to conventional 
DNA molecules. there are many variants that may be used 
ultimately in specific applications.['" It is also worth 
noting that DNA has a very high density of functional 
groups: consequently, any given molecula; motif may be 
decorated richly with derivatives. 

MOTIF GENERATION 

The Itey operation in generating motifs used in DNA 
nanotechnology is reciprocal exchange between two 

different strands.'" This operation can be performed be- 
tween strands of the same or different polarities, leading 
to parallel or antiparallel helices. These terms are derived 
from the biological recombination literature. but they re- 
ally refer to the relative phasing between two adjacent 
helices. Illustrated in Fig. 3 is this operation at the top. 
and shown on the bottonl are useful molecules derived 
from this operation. two double crossover (DX) mole- 
cules. a double crossover molecule with an extra junction 
(DX + J), and a triple crossover (TX) molecule. 

SEQUENCE SELECTION 

We noted above the designing stable branch points 
requires avoiding twofold symmetry. In addition, the 
design of junction sequences entails the elimination of 
sequence symmetry among contiguous nucleotide groups. 
Sequences are divided into a series of overlapping 4-6 
nucleotide elements, and repeated elements are forbidden 
during the sequence selection process; likewise. the 
complements to all elements flanking branch points are 
also avoided.".'" This approach aims to eliminate all 
possible alternative structures that the system could 
assume: branched target molecules correspond to an 
excited state, and care must be taken to ensure that the 
excited product obtained is the one that is sought. The 
algorithm is a simplification of a more formal thermo- 
dynamic and. with the motifs investigated so 
far, has proved remarkably successful in the design of 
DNA molecules containing branch points. 

BRANCH FLEXIBlbITY 

Fig. 3 Cornplex DNA Motifs. (a) Reciprocal exchange. Two 
strands are juxtaposed on the left. Arrowheads indicate their 3' 
ends. After reciprocal exchange, each resulting strand consists of 
a mixture of the two initial strands. (b) Rigid DNA motifs. The 
DAE and DAO motifs are generated by double reciprocal 
exchange between two helices. The separation of the crossover 
sites is an even number of half-turns in DAE and an odd number 
of half-turns in DAO. DAE + j contains an extra DNA domain: 
when this domain is oriented perpendicular to the plane of the 
other helix axes. it can be detected by the AFM. The base pairs 
are indicated in the triple crossover motif. (View this ar t  in color 
at w+t,~v.&kker.coin.) 

The assembly of the quadrilateral product shown in Fig. l b  
assumes not only that the sticky ends associate in a 
specific fashion. but also that the junctions maintain fixed 
angles between their double helical arms. Unfortunately, 
this assumption is not correct. Individual junctions have 
flexible angles around their branch poi~~ts,"S~'91 so rigid 
variants on simple branches must be used. The DX, 
DX + J, and TI( molecules shown in Fig. 3 are systems in 
which this problem has been solved. They contain 
multiple branch points, with undistorted or minimally 
distorted helical domains. By contrast. control over the 
Iigatior, products of single junctions is restricted to the 
topological level, and likewise, proof of synthesis is only 
topological and not geometrical. A group of single 
junctions with unique sticky ends can be joined to form 
discrete low-symmetry closed products, but rigid subunits 
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of these (Fig. 4a) is a DNA molecule with heiix axes 
connected lilte the edges of a cube or a rh~mbohedron. '~~']  
Each edge contains two turns of double-helical DNA; as a 
consequence of this design, each face coi~esponds to a 
cyclic single strand. Each of these strands is linked twice 
to each of its neighbors, resulting in a complex hexa- 
catenane. The topology has been demonstrated by de- 
signing a unique restriction site in each edge and then 
digesting the product at those sites to yield predicted 
subcatenanes. Illustrated in Fig. 4b is a more complex 
DNA molecule, a molecule with the connectivity of a 
truncated ~ctahedron '~ ' ]  that was built wing a solid- 
support-based methodology.i221 This figure contains 14 
faces, six squares, and eight hexagons. Each edge contains 
two turns of DNA. so this molecule is a complex 14- 
catenane; its topology has been demonstrated by tech- 
niques similar to those used to prove synthesis of the cube. 

The half-turn of DNA corresponds to the fundamental 
unit of braiding topology. the node or a crossing seen 
when a topological figure is projected in two dimen- 
sions.'"' This feature makes branched DNA a partic- 
ularly useful component with which to build complex 
topological figures. The half-turn of right-handed B-DNA 
produces negative nodes, and a half-turn of left-handed 
Z-DNA"" produces positive nodes. Borromean rings con- 
sist of a set of linked circles that completely unlink upon 
the scission of any one of them. Combining a three-arm 
branched junction built from B-DNA and a three-arm 
branched junction built from Z-DNA produces the three- 
ring Borromea~l rings shown in Fig. 4 ~ . [ ~ "  

The convenience of DNA as a topological synthon has 
been taken advantage of in constructing a variety of DNA 

Fig. 4 Ligated linked products fronl flexible DNA compo- 
nents. (a) A stick cube and (b) a stick tl.uncated octahedron. Each 
edge of the cube and the truncated octahedron contains two turns 
of double-helical DNA. The twisting is confined to the central 
portion of each edge for clarity. but it actually extends from 
vertex to vertex. (c) Bonornean rings. Scission of any of the 
three rings shown results in the unlinking of the other two rings. 
(View this art ii7 coloi. at ~.t~~~'vt~.dekkencorn.) 

are necessary to form high-symmetry targets, such as 
periodic arrays. 

POLVHEDRALCATENAMESANDKNOTS 
BUILT FROM SINGLE-BRANCH JUNCTIONS 

Flexible single-branch junction building blocks have been 
used to construct a variety of topological targets. The first 

Fig. 5 Knots constructed from DNA. The signs of the nodes 
are indicated. A trefoil knot with negative nodes is shown in 
panel (a), a trefoil knot with posi t i~e  nodes is shown on panel 
(b), and a figure-eight knot with two positive and two negative 
nodes is shown in panel (c). (View this ni-t i i ~  color at ~vwbo. 
dekker.com.) 
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knots. A trefoil lmot with negative nodes is shown in 
Fig. 5a, and a trefoil knot with positive nodes is shown 
in Fig. 5b. An amphichiral figure-eight knot, with two 
positive and two negative nodes, has also been con- 
structed: using B-DNA to produce the negative nodes and 
2-DNA to produce the positive nodes (Fig. 5c). All of 
these knots can be produced from the same strand by 
varying  condition^."^^ An RNA knot built similarly has 
been used to demonstrate that E. coli DNA topoisomerase 
TIT has an RNA topoisomerase activity.[271 

PERIODIC ARRAYS FROM DNA MOTIFS 

The key goal of this system is to produce periodic (or 
aperiodic) assays from DNA motifs that can act as tiling 
elements in two or three dimensions. These tiles must 
be rigid components, because flexibility can lead to un- 

desired structures. As noted above. the antiparallel DNA 
DX molecules. DAO and DAE and DAE + J (shown in 
Fig. 3b), have this property, as does the TX molecule 
shown there. Rigidity has been demonstrated experimen- 
tally for the DAF and DAE + 9 molecules["J and inferred 
for the rest because of their successful use as tiling com- 
ponents. The two topological isomers of antiparallel DX 
molecules, DAO and DAE. differ by whether there are an 
odd (DAO) or even (DAE) number of double helical half- 
turns between crossover points. The DAE + J motif. 
consists of one or more bulged junctions positioned be- 
tween the crossovers; the bulge consists of two nucleo- 
tides, with a presence that enables the stacking of the 
helix that is interrupted. The extra helix can act as a 
topographic marker in the atomic force microscope 
(AFM), when positioned so that it protrudes from the 
plane of the two DX helices. 

Illustrated in Fig. 6 is a variety of two-dimensional 
arrays that have been formed from DNA tiles. Illustrated 

Fig. 6 Two-dimensional arrays assembled from DNA components. (a) A two-component array made from a DAE and a DAE + J 
motif. both 4 x 16 nm in this projection. where the extra domain is indicated by a filled black circle. Sticky ends are represented 
geometrically. (b) A four-component array. where the stripes occur every 64 nm. (c) An array made of two TX molecules (A and B), a 
rotated TX molecule (C'). and a double helix (D). (d) A four-arm junction can also be used to produce an array. (d.1) and (d.2) show that 
the four-arm junction assumes a two-domain structure, where the two domains are at an angle 60" to each other. Although flexible in its 
own right. four of them call produce a well-structured parallelogram (d.3) that can self-assemble into a 2D array (d.4).  vie^, fliis art iri 
color at ~vww.dekker.com.) 
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in Figs. 6a and 6b are 2D al-says composed of DX and 
DX + J molecules. represented by A and B*, respectively, 
in Fig. 6a; likewise, A. B, and C are DX molecules in 
Fig. 6b. whereas is a DX + J molecule. The dimen- 
sions of these tiles are about 4 nm x 16 nm, so the 
protruding stripe-like features on the DX + J tiles are 
separated by 32 nm in Fig. 6a and by 64 nm in Fig. 6b. 
Indeed. these features are readily apparent in AFM 
examination of these These patterns may be 
modified by restriction. ligation, and hydrogen-bonded 
an~lealing."~" 

In Fig. 6c. patterns obtained from TX inolecules are 
illustrated. At the top of the panel, one can see four 
molecules. A. B. C ,  and D. A and B are FX molecules 
that are connected 1-3 in the AB ai-say illustrated below 
the individual n~olecules. This type of connection leads to 
gaps in the array. D is a simple double helix that can be fit 
into one of the gaps. C is another TX molecule, but it can 
be shifted by three nucleotide pairs from the phasing of A 
and B. This shift results in rotating it about 102", nearly 
perpendicular to the array. This rotated molecule. called 
C', can be fit into the gaps in the lattice that D does not 
fill. This arrangement provides a robust way of extending 
helices out of the A-B plane.["1 

In Fig. 6d, a different kind of array is illustrated-one 
made of DNA parallelograms. The single branch does not 
assume the conformation shown in Fig. 1 but rather folds, 
as illustrated in Figs. 6d.l and 6d.2, to produce two 
stacking domains with an angle of about 60" between 
them. This angle is flexible, but when four of these 
junctions are assembled into a parallelogram. the angle 
focuses to its inost favored value. These parallelograms 
yield an array containing cavities with sizes that can be 
tuned by design.'"' 

ALGORITHMIC ARRAYS 

The arrays described in the last sectioil are all periodic 
arrays. Willfree suggested'" that DNA molecules can be 
asserubled in arrays based on algorithms more complex 
than simple periodicity. Thus, in principle, the self- 
asseinblg of DNA tiles can be used to generate complex 
arrangements, without using a unique tile for every 
component of the asyininetric unit. A preliminary test of 
this notion has been executed.['01 in which a one- 
dimensional cumulative exclusive OR (XOR) calculation 
was performed over four steps with high accuracy. 

DNA HANOMECHANICAL DEVICES 

DNA is not a static molecule. During its life cycle in the 
cell. it undergoes pairing, unpairing, cleavage. ligation. 

topoisornerization; branch migration, and changes of 
double helical structure. Hence. it seems reasonable to 
try to use DNA as the basis for nanomechanical systems. 
as well as fixed structural systems. The minimal mechan- 
ical device is a inolecule with a structure that switches 
between two alternati\~es in response to an external signal. 
Four such devices have been described to date. In the first, 
sonlewhat unwieldly system, the dimensions of a DNA 
cruciform were altered via branch migration, caused by 
the addition of ethidium to the solution.'"' Fhe first two- 
state device with a well defined structure is predicted on 
the B-Z transition of DNA."" Conventional DNA, known 
as B-DNA, is a right-handed molecule. However. there is 
another structure of DNA that is radically different from 
DNA, known as Z-DNA.["] Z-DNA is a left-handed 
double helix. but it is not the mirror image of B-DNA. 
because it is also composed of sugars in the D-con- 
figuration. Two conditions must be met to obtain the Z- 
DNA structure: first is a sequence (called a proto-Z se- 
quence) that can be converted from B-DNA to Z-DNA: 
the second is a solution environment that will promote 
the B -- Z transition. The best-known of the proto-Z 
sequences contains alternating C and G [(dCdG),]. High 
ionic strength. and effectors such as Co(NH3)&i3, can 
promote the B-Z tran~ition.'~'] The sequence requirement 
can be used to delimit the B-Z transition in space, and the 
environmental requirement can be used to delimit it in 
time. The device consists of two DAO molecules joined 
by a double-helical shaft that contains 20 nucleotide pairs 
capable of undergoing the B-Z transition. The operation of 
the B-Z device is illustrated in Fig. 7a. 

Despite their appeal. the problem with both of the 
devices described above is that they are activated by small 
molecules. To approach nanorobotics succesfully. one 
needs many different devices incorporated into a larger 
matrix, such as the 2D asrays described above. However, 
both the cruciform and the B-Z devices are activated by 
small molecules. so that the action of these effectors could 
not be targeted easily to a specific device within the assay. 
Given the informational nature of DNA, it seems that 
sequence-dependent devices should be developed to ful- 
fill this purpose. Two s~rch devices have been developed, 
both based on the same principle of activation by strand 
addition and strand removal. This approach was pioneered 
by Yurke et who developed molecular tweezers that 
were closed by adding a strand of DNA. The strand con- 
tained an ~rilpaired segment and could be removed from 
the tweezers by the addition of its full complement; 
removal of the strand resulted in the tweezers relaxing to 
their open state. 

A robust rotary device based on this principle has been 
de\.eloped using a new DNA motif, PX DNA, and one of 
its variants. JX2 DNA. PX DNA consists of two parallel 
double helices, wherein crossovers occur at all possible 
sites:"' two crosSovers are absent in the 9X2 molecule. 
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Fig. 7 DNA nanomechanical devices. (a) A device based on the B-Z transition. The device consists of two DNA DX molecules (DAO 
motif) connected by 4.5 turns of DNA between the nearest crossover points. The upper portion of the drawing illustrates the molecule 
constructed entirely from right-handed B-DIVA. Fluorescent dyes are drawn schematically as filled (fluorescein) and unfilled (Cy3) 
circles attached to the free hairpins near the middle of the molecule. When this transition occurs. the two double crossover molecules 
change their relative positions. increasing the separation of the dyes. (b) A sequence-dependent device. This device uses two motifs. PX 
and JX2. The labels A. B, C. and D on both show that there is a 180" difference between their total \vrapping. There are two thick strands 
at the center of the PX motif. and two thin strands at the center of the JX2 motif; in addition to the parts pairing to the larger motifs, each 
has an unpaired segment. These strands can be removed and inserted by the addition of their total cornplements (including the segments 
unpaired in the larger motifs) to the solution: these cornplements are shown in the processes I and 111 as strands with black dots 
(representing biotins) on their ends. Starting with the PX. one can add the cornplements strands (process I). to produce an unstructured 
intermediate. Adding the set strands in process IT leads to the JX2 structure. Removing them (111) and adding the PX set s t r a ~ ~ d s  (IV) 
completes the machine cycle. 
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leading to a 180' rotation. These two motifs and the 
machine cycle are shown in Fig. 7b. The short strands at 
the centers of the PX and JX2 molecules are set strands 
that set the state of the device. Starting from the PX 
device on the left, the addition of the complements to the 
set strands extracts them from the molecule, leading to an 
ill-defined intermediate at the top. The addition of the 
other set of strands puts the device in the JX2 state, and 
return to PX is also available through the intermediate 
shown on the bottom. Many different groups of 
sequences can be used in the set strand regions. leading 
to many devices, all of which can be addressed 
individually ."" 

The experimental results described above augur well for 
the use of DNA self-assembly to produce structural 
targets on the nanometer scale. The resolution of control 
in this system is about an order of magnitude above the 
atomic scale; however, this is the scale on which the cell 
builds its structural components, and it is likely to be 
appropriate for biological goals, Among the challenges 
for DNA llanotechnology are to extend 2D periodic arrays 
to 3D. to extend algorithmic assembly to 2D and 3D 
systems, and to incorporate sequence-dependent DNA 
devices into those arrays. Although difficult. none of 
these goals seems to require chemistry beyond that al- 
ready known for these systems. At some point. DNA must 
incorporate heterologous ~naterials into the arrays, either 
biological ~nacrornolecular structures or nanoelectronic 
components. This incolporation will require further ad- 
vances in the chemistry of these systems. DNA constructs 
appear potentially capable of self-replication, although 
the difficulties of coinbining branched systems with DNA 
polymerase are not likely to be simple.'"' Ultimately, 
DNA nanotechnology must advance from the biokleptic 
to the biomimetic, and from there to the abiological. 
This progression is likely to take some time, but the 
field appears to be gathering momentum, so the prospects 
are promising. 
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Drug Delivery 
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The modes in which chemicals or drugs are administered 
have gained increasing attention in the past two decades. 
Normally, a chemical is administered in a high dose at a 
given tiine only to have to repeat that dose several hours 
or days later. This is not economical and sometimes 
results in damaging side effects. As a consequence, 
increasing attention has been focused on methods o f  
giving drugs continually for prolonged time periods and 
in a controlled manner. The primary method o f  accom- 
plishing this controlled release has been through incor- 
porating the chemicals within polymers. This technology 
now extends across many fields and includes pharmaceu- 
tical, food and agric~iltural applications, pesticides, 
cosmetics, and household products. In the pharmaceutical 
field; in addition to the importance o f  polymers, an 
understanding o f  the physiological barriers in the human 
body is also critical to developing appropriate controlled- 
release systems. The skin. the gastrointestinal tract, the 
lung, the nose, and the eye are o f  particular importance. 
Recent advances in genetic engineering produced numer- 
ous new polypeptide agents. Novel approaches for de- 
livering and stabilizing these therapeutic molecules are 
being developed. 

BACKGROUND 

Drug research has evolved and matured through several 
phases, beginning with the botanical phase o f  early 
human civilization. through to the synthetic chemistry age 
in the middle o f  the 20th century, and finally the 
biotechnology era at the dawn o f  the 21st century. Rapid 
developments in inolecuiar biology, immunology, genet- 
ics. biochemistry, and information technology have 
converged and culminated in the deciphering o f  the 
human genome. Functional genomics and proteomics are 
likely to expand the therapeutic agents to incredible lev- 
els. once the gene-protein and protein-protein relation- 
ships are firmly established for the 5000-10.000 drug 
targets expected from the human genome map. In tan- 
dem. drug delivery has also progressed from conventional 
pills to sustained/controlled release and sophisticated 
progranlmable delivery systems. Meanwhile, driig deliv- 

ery has also become more specific from systemic to organ 
and cellular targeting. 

Dr~rg discovery and development has undergone a 
paradigm shift from serendipity to a more rational ap- 
proach. However, drug discovery remains a costly (US 
$400-650 million), time-consuming (10-15 years). and 
risky process.[11 As a consequence. new drug delivery 
systems have been developed at 20% o f  the cost and in 
half the time, which allows pharmaceutical companies to 
maximize the return on their investment, giving second 
li fe to old drugs, with better efficacy and patient 
compliance.121 

Since the formation o f  the pioneering companies in this 
area, Alza Corporation (U.S.A.) and Elan Corporation 
(Ireland), in the 1960s. more than 350 drug delivery and 
1000 medical device companies have come into exis- 
tence, with worldwide drug delivery sales o f  US $22 
billion.'" At the present rate o f  growth, the drug delivery 
market is expected to colnprise 20% o f  the total 
pharmaceutical market by 2005."' 

Novel drug delivery systems evolved over a period o f  
time to itnprove patient compliance and optimize the 
dosage regimen without cornpromising the therapeutic 
efficacy. The foundations were laid in 1952, with the 
introduction o f  the first sustained-release capsule o f  
Dexedrine.[" Subsequently, several concepts originated. 
including prolonged, timed, and extended release: and 
finally matured to controlled-release systems. 

MODES OF DELlVERY 

Drug delivery covers a wide range o f  techniques used to 
deliver therapeutic agents into the human body. Many 
limitations have been recognized for the most widely used 
drug delivery techniques, those o f  the ingested tablet and 
o f  the intravenous/subcutaneous/intramuscular injections. 
The ingested tablet delivers the drug into the blood only 
through the hepatic system. and hence; the amount in the 
bloodstream may be lnuch lower than the amount 
formulated into the tablet, which results in low bioavail- 
ability; firtherrnore, liver damage is a side effect o f  many 
soluble tableted drugs. The injection mode o f  delivery can 
be used to deliver any size o f  drug molecules and is 
versatile in this regard, but it suffers from the disadvantages 
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of being invasive and painful and the shortness of duration 
of residence for drugs with short half-lives. 

To address some of these limitations. other modes of 
delivery of drugs into the body were investigated in the 
early 1970s. Transderinal (through the intact skin), 
transmucosal (through the intact lnucosa of the mouth, 
intestine, rectum. vagina, or nose), transocular (through 
the eye), transalveolar (inhalation, through lung tissue). 
implantable (subcutaneous and deeper implants, delivery 
into surrounding tissue). and injectable (intramuscular or 
subcutaneous) modes of delivery have been investigated 
extensively over the last 30 years, with varying degrees of 
commercial and therapeutic success. 

Two other modes of injectable drug delivery are re- 
ceiving increased attention. One focuses on the use of 
nanoparticles for delivering DNA or genes to cells for 
transfection. These particles have the unique ability to be 
taken up by targeted cells via various transcellular entry 
mechanisms. Another mode is needleless (and hence, 
painless) injectables. which are being explored. 

The common features underlying these delivery 
inodes are increased therapeutic efficiency and increased 
patient compliance. 

FORMULATlON REQUIREMENTS 

The polymeric component of the delivery device is 
required to perform a set of functions in order to address 
some of the shortcomings of the most widely used forms 
of drug delivery. i.e., oral tablets and intravenous in- 
jections. The most important shortcomings are the dura- 
tion of action and its relationship to the controlled release 
needed to achieve the desired plasma profile for the drug. 
In addition, the alternative delivery system must be 
acceptable to the patient (noninvasive) and must increase 
the level of patient compliance. Thus, the polymeric 
component is required, in these alternative drug delivery 
approaches. to extend and control the release of the drug 
into the bloodstream via various portals of entry (skin, 
oral mucosa, etc.). The primary role of the polymer is 
diffusional control of active agents, and the secondary 
role is disintegration or dissolution control of the dosage 
form employed. 

ORAL DELIVERY 

Among all routes of administration, the oral route has 
been most widely used and successful. This is. in part, 
because of the inherent simplicity of the oral route and 
oral delivery systems. On the other hand. the oral route is 
constrained by short and variable gastrointestinal tract and 
the size of the system. 

Dissolution-Controlled Release 

Dissolution-controlled release can be achieved by slow- 
ing the dissolution rate of a drug in the gastrointestinal 
medium, incorporating the drug in an insoluble polymer, 
and coating drug particles or granules with polymeric 
materials of varying thicknesses. The rate-limiting step 
for dissolution of a drug is the diffusion across an aqueous 
boundary layer. The solubility of the drug provides the 
source of energy for drug release, which is countered by 
the stagnant-fluid diffusional boundary layer. 

Drug delivery using rate of dissolution as a controlled 
release mechanism can be achieved by encapsulation of a 
drug-polymer matrix with a relatively insoluble polymeric 
membrane. The coated beads can be compressed into 
tablets or capsulated, as was done with the S p a n ~ u l e ~  
products.[51 Because the time required for the membrane 
coat to dissolve is a function of membrane thickness, 
granules with varying thicknesses can be employed to 
achieve sustained release of the drug. Examples of drugs 
delivered in this manner include antispasmodic-sedative 
 combination^,'^' phenothiazines,[7,81 and anticholinester- 
ase agents.i91 

One of the most common approaches used to achieve 
sustained release is to incorporate a drug in a hydrophobic 
matrix, such as wax, polyethylene, polypropylene. and 
ethylcellulose. or in a hydrophilic matrix, such as 
hydroxypropylcellulose. hydroxypropylmethylcellulose, 
methylcellulose. and sodium carboxymethylcellulose. 
The rate of drug release is controlled by the rate of 
penetration of the dissolution fluid into the matrix. 

Diffusion-Controlled Release 

Diffusion of a drug molecule through a polymeric mem- 
brane forms the basis of these controlled drug delivery 
systems. Similar to the dissolution-controlled systems, the 
diffusion-controlled devices are manufactured by encap- 
sulating the drug particle in a polymeric menlbrane or by 
dispersing the drug in a polymeric matrix. Unlike the 
dissolution-controlled systems, the drug is made available 
as a result of partitioning through the polymer. 

Another configuration of diffusion-controlled systems 
iilcludes matrix devices, which are cominon because of 
ease of fabrication. Diffusion control involves dispersion 
of drug in either a water-insoluble or a hydrophilic 
polymer.[ '0~13' For instance, bupropion hydrochloride 
(zybanE, GlaxoSmithMline) is for~nulated using carnuba 
wax and hydroxypropylmethylcellulose.['"l 

Osmotically-ControM Release 

Theeuwes et al."" developed an elementary osmotic 
pump to achieve controlled drug delivery. The delivery of 
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the drug from the system is controlled by solvent influx 
across a semipermeable membrane. which in turn carries 
the drug outside through a laser-drilled orifice. The os- 
motic and hydrostatic pressure differences on either side 
of the semiper~neable membrane govern fluid transport 
into the system. 

Oral controlled-release forms generally involve either 
dispersing the drug into a polymeric matrix or encapsu- 
lating the drug containing core or granules with a rate- 
controlling membrane. Several techniques, such as wet 
granulation. spray drying, or spray congealing, are being 
used in the manufacture of oral controlled-release 
p rod~~c t s . "~ '  

Despite great strides in the develop~nent of successful 
commercial oral novel drug delivery systems for small 
molecules, delivery of macron~olecules is still a remote 
goal. Nevertheless, there are a number of emerging ap- 
pro ache^"^' to deliver macromolecules, which include 
stabilizing the macromolecules in the harsh environment 
of the gastrointestinal tract (GIT) and increasing the 
membrane permeability, either by using of sorption 
promoters or exploiting natural carrier systems in the 
GIT.'"~'~' A promising strategy from Emisphere Tech- 
nologies Inc. uses small synthetic molecules, consisting of 
both m and non-m amino acids capable of interacting 
reversibly with macromolecules and facilitating their 
membrane permeability.['91 Various prodrugs of peptides 
and proteins have been explored to improve the 
proteolytic stability as well as membrane permeability.['81 
Efforts are also focused on oral gene delivery for both 
systemic and local action; however, there are several 
critical issues that need to be addressed to improve their 
bi~availabilities. '~] 

NASAL DELIVERY 

Of all the mucosal, nasal mucosa is considered to be the 
most permeable, offering tremendous scope for peptide 
delivery, particularly for vaccines (90% of pathogens 
invade via m u c o ~ a ) . ' ~ '  221 Already, several peptide for- 
mulations are on the market. and further developments 
will depend on clarifying the immunogenicity of bioactive 
agents on the nasal mucosa and the long-term effect of 
enhancers on the nasal mucociliary activity. 

technology,[241 improved aerosol design awaits further 
progress. Unlike the pressurized metered dose inhalers. 
new dry powder inhalers are breath-activated, deriving 
the energy from the patient's in ha la ti or^.'^" However, the 
real commercial feasibility of the pullnonary route for 
macromolecules will only be realized when inhaled in- 
sulin reaches the market. 

TRANSDERMAL DELIVERY 

Because of significant obstacles posed by the oral route. 
focus has shifted to alternative routes of administration, of 
which the transdermal route has generated much interest, 
beginning with the introduction of the scopolamine patch 
in 1983. Since then, only eight drugs have been com- 
mercialized, with a market share of US $2 billion, in- 
dicating that drug delivery through the skin is also far 
from Chemical and physical enhancement tech- 
niques (iontophoresis. electroporation, sonophoresis, and 
high-speed powdered delivery) are under active investi- 
gation to expand the scope of drugs (in terms of size, 
lipophilicity, and charge) that can be delivered through 
the skin.[271 lontophoresis: which uses a small electric 
current, offers promise for delivery of small peptides, but 
there are several developmental and skin-safety consid- 
erations that need to be resolved before reaching a stage 
of c ~ m m e r c i a l i z a t i o n . ~ ~ ~  Newer approaches involving a 
synergistic combination of the above-mentioned enhance- 
ment techniques are evolving to deliver very large pro- 
teins, while at the same time overcoming the skin-toxicity 
issues.[291 

There are two designs in transdermal systems: mem- 
brane-controlled systems and matrix systems.['01 A brief 
discussion of the features of each is given below. 

Membrane-CsntroISed Systems 

This design consists of three major components: the drug 
reservoir. the rate-controlling membrane, and the adhe- 
sive. The drug permeates the membrane and the ad- 
hesive to reach the skin. The drug reservoir contains a 
solution of the drug and liquid excipients. One excipient 
used is an enhancer that permeates the layers to the skin, 
where it exerts its enhancing effects by modulating the 
skin permeability. 

PULMONARY DELlVERV 
Matrix Systems 

The lung also offers an exciting opportunity for systemic 
delivery because of the enorlnous surface area and rich 
blood However, the major limitations are high- 
dose requirements and low efficiency of deposition on 
alveolar surfaces. Although it is possible to design aerosol 
particles of desired characteristics using supercritical fluid 

In this design, the adhesive performs the role of the drug 
reservoir. The drug and excipients are formulated into the 
adhesive, typically into adhesive solution, and the solvent 
is evaporated to yield the matrix film. The matrix- 
adhesive film is then laminated to a backing film. 
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The main factors limiting the progress of transdermal 
technology are the ability to push small molecules 
through the skin faster and the problems associated with 
sensitization from certain drug classes. Advancement will 
occur through the development of new enhancers. Co- 
administration of immune suppressants or modification of 
drug structure to an immunologically inert form may be 
required to address the issue of sensitization. 

IMPLANTABLE DELlVERY SYSTEMS 

Implantable drug delivery systems are defined as long- 
term (>30 days) implantable products that are resorbable 
or removable. The resorbable implants are injectables 
incorporating lyophilized microspheres. The removable 
version is typically a subcutaneous implant, requiring 
minor outpatient procedures for insertion and removal. 
The main commercialized product in this category is 
Norplant" , a contraceptive implant. Medtronic Corpora- 
tion has two products in the implantable area that allow 
drug delivery into the intrathecal space (where the spinal 
fluid circulates). One of these products delivers baclofen 
for spasticity, and the other delivers anaesthetics for pain 
control. Both products utilize Medtronic's SynchroMed " 
infusion pump, which can be electronically programmed 
to deliver any type of preset dose. 

MICROPARTICLE AND NANOPARTlCLE 
DELIVERY SYSTEMS 

Microparticles and nanoparticles incorporate drug in 
matrix or encapsulated form, delivered to the body via 
injection (intramuscular; intravenous. or subcutaneous), 
via the oral cavity or via the nose. For nasal or oral 
delivery. the particles are typically in the 20- 100 ym size 
range, because smaller particles can be inhaled and may 
make their way to the lung for alveolar delivery. For 
injectable delivery, to achieve prolonged duration of 
effect, the particles tend to be in the 50- 100 pm range. 
Nanoparticles are classified as having diameters below 
I pm and tend to be used specifically for targeted 
delivery, usually via the injectable route. 

SYSTEMIC AND LOCAL DELIVERY 

Parenteral administration (injection). which is the imme- 
diate option for orally undeliverable drugs. has advanced 
greatly in recent years for systemic and local drug 
delivery.["'i The novel drug delivery system has meta- 
morphosed from simple polymer and antibody conjugates 
to sterically stabilized colloidal systems. Liposornes and 
nanoparticles can improve pharmacokinetic-pharmacody- 

namic profiles of antibiotics (e.g., aminoglycosides and 
fluoroquinolones) and antifungal agents with enhanced 
intracellular accumulation and activity against dormant 
forms.[32' 

Now, it is possible to deliver antineoplastic agents, 
toxins, proteins and peptides, and antisense oligonucleo- 
tides by conjugating to polymers such as polyethylene 
glycol or hydroxypropyl methacrylate, or by entrapping 
them in colloidal carriers leading to a decrease in the 
clearance of drugs and offering protection against hostile 
plasma constituents. This passive targeting of antineo- 
plastic agents to tumors is based on the leaky vasculature 
hydrodynamics and enhanced permeation and retention 
effect. On the basis of this principle, styrene maleic acid 
neocarzinostatin, a polymer conjugate, has been approved 
for the treatment of primary hepatoma."" Further. to 
augment targeted therapy of tumors, cytotoxic agents and 
radioisotopes can be conjugated to antibodies.1341 

Local delivery for cancer therapy is accomplished 
using biodegradable polymeric systems or infusion 
pumps, where the drug is distributed throughout the 
tumor by passive diffusion, leading to increased drug 
levels at the tumor site and thereby minimizing systemic 
burden.'"' ~ e ~ x  Corporation is developing magnetic- 
targeted systems, which make use of elemental iron 
magnets with drug adsorbed to the surface of carriers. 
These carriers that localize within tumors because of the 
applied magnetic field are being developed for the 
treatment of metastatic liver cancer."61 Delivery of drugs 
for treatment of central nervous system (CNS) disorders 
is challenging because of the significant barriers posed by 
the blood-brain barrier (BBB) and the blood cerebrospi- 
nal fluid barrier.'"' Drug delivery to the brain has been 
attempted by targeting drug-and growth-factor-conju- 
gateslliposomal formulations to specific transporters in 
the BBB. The discovery of cell-penetrating peptides 
(penetratin, transportan) has opened the scope for cellular 
delivery of drugs and macromolecules across the BBB 
and other biological  membrane^.'"^ Chemical approaches 
using retro-metabolic design (soft drug-and chemical- 
delivery systems) offer the promise of targeting drugs to 
the brain.I3" Gene therapy using viral (retrovirus and 
adenoviruses) and nonviral (cationic liposomes and 
DNA-ligand complexes) vectors is gaining momentum 
for the transfer of genetic information to target cells; 
enabling them to synthesize the protein encoded by the 
gene.lJol 

Micelles self-asgembled from amphiphilic block copoly- 
mers have attracted interest because of their ability to 
solubilize hydrophobic molecules in Interest 
is particularly keen in the context of drug solubilization, 
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where many existing drugs and many new ones coming 
out of drug discovery lack water solubility. Efforts 
focused on the synthesis of micelle-forming block 
copolymers that can be safely administered to humans 
and that can adequately solubilize 

Nanocapsules for controlled drug delivery are being 
developed using suprarnolecular structures. These cap- 
sules are made from polyelectrolyte multilayers and are 
produced using a patented process called layer-by-layer 
dep~sition.~''' The building blocks are naturaily occur- 
ring charged polymers. such as pectins. gelatins, poly- 
giutarnic acid. chitosan, and hyaluronic acid. These are 
adsorbed around the drug particle in alternating layers of 
oppositely charged material. The supramolecular struc- 
ture is held together electrostatically through the for- 
 nation of complexes between the polycations and 
polyanions. The resulting capsules have a wall thickness 
of 10-40 nm and range from 20 nm-20 mm in diameter, 
with the exact size controlled via the production process. 
Their physical, chemical, and pharmacokinetic properties 
can be manipulated as required by varying the polymers 
used and incorporating other materials into the layer 
structure, including lipids, nanoparticles. and biological 
molecules. such as ligailds or receptors. Drug particles 
can be carried in the lumen of the capsule or incorporated 
into the wall layers. 

One of the most recent developments is the use of 
microchips as controlled drug delivery devices.['" This 
novel techilology is based on tiny silicon or polymeric 
chips containing hundreds or thousands of microreser- 
voirs, each of which can be filled with any combination of 
bioactive agents. In this way. complex release patterns 
can be achieved with programmed microprocessors. 

Novel delivery strategies have begun to diversify outside 
the realm of mere drug delivery to tissue engineering and 
diagnostics. In tissue engineering, controlled-release 
concepts are being applied for the delivery of growth 
factors to nurture the cells encapsulated in biocompatible 
poly~ners so as to expedite tissue regenerati~n."~' Diag- 
nostic application can be exeinplified by the recent 
premarket approval granted by the U.S. Food and Drug 
Administration (US FDA) for a blood-glucose-monitorillg 
device (GlucowatchT") that can extract glucose through 
skin using reverse iontophoresis coupled to an enzyme- 
based detection system. 
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Computer-aided drug design is playing an increasing role 
in the development o f  pharmaceuticals. Computers can 
now be used in Inany ways to aid the design o f  therapeutic 
drugs. Molecular graphics software running on powerful 
workstations can draw useful qualitative insights from 
the experimental structure o f  a receptor and its complex 
with ligands. Rapid advances in computer technology and 
computational chemistry facilitated the generation o f  
quantitative data to help sort promising drug leads from 
real and virtual chemical libraries and to aid in rational 
drug design. These methods range from rigid structural 
models employing simple but easy-to-compute scoring 
functions to flexible structural models with sophisticated 
descriptions o f  intra- and intermolecular interactions. 
Structural predictions programs were developed to pro- 
vide structural models o f  receptors when experimental 
structure is not yet available. Alternatively, useful insights 
into drug design can be obtained by conducting compar- 
ative analyses o f  a nulnber o f  inhibitors that are known 
to bind to a receptor. This ligand-based approach can be 
used without knowledge o f  the three-dimensional struc- 
ture o f  the receptor. Each approach has its pros and cons. 
and effective computer-aided drug design usually utilizes 
a nulnber o f  methods. Mere, we give a gliinpse o f  some 
o f  these approaches with a short selected list o f  references 
that aids interested readers in fi~rther exploring the subject. 

fit into a suitable pocket o f  the receptor so as to modulate 
its activity and achieve therapeutic effects. The receptor 
can be rendered in a variety o f  ways to aid in drug design. 
For example, molecular surfaces can be displayed to 
provide ideas o f  the shapes and sizes o f  different pockets. 
In addition, the surface can be colored according to the 
electrostatic potential to suggest where positively charged, 
negatively charged, and nonpolar groups o f  an inhibitor 
may fit into the receptor. Fast computers made it feasible 
to quickly obtain the electrostatic potentials surrounding a 
receptor by solving the Poisson-Boltzmann equation, 
taking into account the detailed shape o f  the receptor."'21 
and to display the resulting potentials in high resolution. 
In Fig. 1, an example o f  the electrostatic potential 
calculated on the van der Waal surface o f  protein kinase 
A using the APBS program is given.'" Small molecules 
can be displayed simultaneously and manually doclied 
to different sites o f  a receptor, interactively. Molecular 
graphics also allows one to overlay structures o f  si~nilar 
proteins on a graphics screen to facilitate comparison. 
Such visualization can provide useful insight into design- 
ing inhibitors that are selective toward the intended tar- 
gets. A molecular editor embedded within a graphics 
program can be used to edit the inhibitor in a receptor- 
inhibitor complex to examine what modifications may be 
profitable in order to enhance interactions with the 
receptor. Based on the structural features o f  a binding 
pocket, one can also design three-dimensional pharmaco- 
phore modelsi4' to help mine drug candidates from 
chemical libraries. 

MOLECULAR MODELING 

For a long time, chemists learned and predicted the prop- 
erties o f  molecules based on their structures. This has now 
gone beyond two dilllensions to three and more, as the 
physical and chemical properties o f  a molecule obviously 
depend on how different f~~nctional groups o f  the 
molecule are presented in three-dimensional (3D) space 
at different confuriuations. These properties will; in turn, 
determine whefner a small molecule binds favorably to a 
receptor and whether the molecule possesses drug-like 
characteristics. Molecular graphics help a drug designer 
visualize the three-dimensional structure o f  a receptor so 
that useful insight can be gained into what molecules may 

A 3D pharmacophore model contains features. arranged in 
3D space, with which a ~nolecule can act on a drug 
target.L41 These features include hydrogen-bond donors. 
hydrogen-bond acceptors, hydrophobic groups, and 
charged moieties. Knowing the structure o f  a suitable 
binding pocket o f  a receptor can generate such a 
pharmacophore model by putting suitable features near 
complementary groups on the receptor. One can then 
search a chemical database, which can be a virtual 
database containing cornpounds that have not yet been 
made, to find real or virtual molecules that match the 
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Fig. 1 Electrostatic potentials calculated on thc van der Waals surface of protein kinase A 

pharmacophore model and therefore may be active toward 
the desired receptor. Usually, many conformations of each 
compound in a library need to be generated and examined 
for fit to a pharmacophore model. Modern computing 
power can now permit thousands of compounds to be 
screened wilhin hours. Higher-quality pharmacophore 
models can be constructed when the crystal structure of 
the complex of a receptor with one of its ligands was 
determined, as the coordinates of the ligand can provide 
a precise definition of the features of a pharmacophorc. 
However, the interplay among many factors can soine- 
times complicate the development of pharmacophore 
models relying on visual inspection of crystal structurcs. 
For example, the Inere presence of a functional group in 
the ligand in the vicinity of an apparently complementary 
group does not necessarily imply that these groups interact 
to enhance binding. This is partly because the binding of 
a ligand to a receptor is accompanied by the dcsolvation 
of ligand functional groups and receptor residues. For 
example, it is not obvious whether the formation of an 
intermolecular hydrogen bond upon complcx formation 
can ovcrcome the penalty associated with the dcsolvation 
of the hydrogen-bond donor and acceptor before the 
complex is formed. Quantitative calculations can remove 
these ambiguities. For example, one can calculate the 
binding free energy using a suitable computational model 
(some are discussed below) and knock out parameters oS 
different functional groups of thc ligand to examine 
whether they affect binding.'"" The truly significant 
functional groups can then be selected to construct a 

pharmacophore model. Quantitattve calculations also 
allow one to quant~fy the relative significance of different 
pharmacophoric features and assign them different 
weights In mining chem~cal databases. Methods that dock 
simple molecules to a receptor can also aid the placement 
of d~fferent features of a pharmacophore. For example, 
Monte Carlo dock~ng of methanol molecule\ to HIV 
integrasc revealed possible sites for placlng hydrogen- 
bond donor$.[7i 

Structure and Ligand-Based Models 

When the structure of a receptor has not yet been de- 
termined experirncntally, structural modeling of receptors 
and ligand-based approaches can be used. If a protein has 
a similar amino acid sequence as one previously deter- 
mined, homology modeling can be carried out to construct 
a structural model for the target protein from the known 
structures. Here, one usually starts with a sequence 
alignment of the targct protein with the proteins with 
structures that were determined. This will direct how the 
sequence of the target protein will be threaded into a 
template structure. The backbone coordinates are usually 
built first by simply taking the corresponding coordinates 
from a known structure. When more than one template is 
available, a structural alignrncnt of the known structures 
can first be donc to get an idea of which parts of the 
proteins are structurally conserved. Thcsc parts do not 
vary significantly from one template structure to another 
and the targct protein is likely to have similar structurc in 
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these regions. These portions of the structural model can 
be constructed most reliably. The other parts of the 
backbone, loosely called the loops, can then be built. If the 
sequence of a loop of the target is similar to one or more 
of the templates, one may use the template coordinates to 
build the structure of the loops. If the sequence of the loop 
is different from the ones in the templates, two approaches 
are cornlnonly used. One is a database approach in which 
one searches from a structural database of proteins for 
loops with N and C termini that have similar local 
structures as the anchoring points in the corresponding 
structural conserved regions. Those loops that also have 
high sequence similarity to the loop of the target can then 
be used to build models for the loop if they do not overlap 
with the backbone coordinates that were already built. 
Another approach is to carry out conformational sam- 
plings that give low-energy structures. The energy is 
calculated based on models similar to those described 
below. A side chain can be built by taking coordinates 
from the templates, if they contain similar amino acids. If 
the side chain contains groups that cannot be built from 
the templates. a structure from a rotamer library can be 
tried. Energy refinement can then be carried out to further 
improve the model. Different algorithms may work 
somewhat differently. But the above descriptions sum- 
marize some key features of homology modeling. Swiss- 
~ o d e l " '  is an example of a Web-accessible resource that 
helps researchers build homology models. 

Homology modeling only works when the target 
sequence is more than about 30% honmologous to proteins 
in a structural database. When it is difficult to find 
proteins with significant sequence identity with the target, 
one can use methods such as threading. In a threading 
experiment. one threads the sequence of the target into 
template structures in a structural database, and a scoring 
function is used to help determine which threaded 
structures are more likely. A scoring function can be 
derived from a database approach in which residue-pair 
interaction potentials. for example, are determined by 
their probability of being observed in the database. 
Empirical force fields (described below) commonly used 
in molecular simulations can also be used. Once a 
structural model of the receptor is determined, pharma- 
cophore models can be constructed using methods such as 
those described above. A recent article

rg1 gives an over- 
view of several structural prediction methods. 

Another way to construct phar~nacophore models when 
the structure of a receptor is not known is to use a ligand- 
based approach. Here, one does not try to predict the 
structure of the receptor but focuses on analyzing similar 
and dissimilar features among a number of ligands that are 
known to act on a receptor. A long-used qualitative 
method is to simply draw the structure of a number of 
inhibitors along with their measured activity levels. 

Common features shared among them are likely important 
for their activities. Such a qualitative study of the struc- 
ture-activity relationship (SAR) can be quantified with 
mathematical models. For example, one can express the 
activity of a number of bioactive compounds in terms of a 
set of descriptors: 

where example descriptors include the partition coefficient 
of a compound between a nonpolar solvent and water Po,,,., 
the electron-withdrawing or -donating ability of a func- 
tional group a, and the size of a functional group S.  Many 
such models with different descriptors can be constructed 
and evaluated for their abilities to explain a set of 
experimental data. The mathematical relationship pro- 
vided by the best models can then be used to estimate the 
activity of compounds not yet synthesized. The best 
models also give useful insight into which features may 
be important for biological activity, by examining which 
descriptors remain in the model. Such studies on quanti- 
tative structure-activity relationship (QSAR). pioneered 
by Hanscl~,"~'  went further into 3D QSAR,'"' in which the 
3D conformations of compounds are taken into account. 
Here, one needs to spend extra effort on determining 
optimal structure-property alignment of a number of ac- 
tive compounds, and descriptors such as the 3D electro- 
static field surrounding these compounds can be used. 

Methods based on quantitative modeling of 
molecular interactions 

There are also methods that rely on quantitative descrip- 
tions of the interactions between drug candidates and 
receptors. For example, molecular docking programs at- 
tempt to determine where a compound may bind to a 
receptor using sampling techniques that explore an in- 
teraction potential energy surface. A potential energy sur- 
face is often represented by a simple analytical function, 
such as the following: 
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The term "summing over bonds" describes the energy 
costs in compressing or stretching bonds. A Hook's-law- 
type relationship is commonly used to model these costs, 
in which b is a bond length; b,, is its corresponding 
equilibrium value: and k,, is the force constant. A similar 
term "summing over angles" is used to describe angle 
bending, with H a bond angle, H,, its equilibrium value, and 
kH its force constant. A periodic function is used to 
describe rotational energy profiles about bonds. The sum 
over dihedral angles involves a periodic cosine function 
with rzc/ ,  - 6 its argument. Here. 4 is a dihedral angle, n is 
an integer determining how many maxima and minima 
there are in a span of 360°, and 6 is a phase factor. A 
harmonic improper dihedral term, with the parameters k,,, 
and u~,, is also used to keep aromatic rings approximate- 
ly planer. tetrahedral groups nearly tetrahedral. e t ~ . [ ~ ~ " ]  
Lennard-Jones potentials, with the parameters C6 and CI2, 
depend on the distance between two atoms r and are often 
used to describe the attractive forces between them due to 
electronic dispersion effects and to keep the two atoms 
from crashing into each other. Finally, Coulomb terms, 
which depend on the charges of two interacting atoms, 
g, and qj. are used to describe the electrostatic inter- 
actions between the atoms. When solvent molecules are 
not included explicitly to save coinputational time, their 
effects on electrostatics are modeled by introducing 
additional screening functions to the Corrlomb terms. 
More sophisticated ways of modeling solvation effects 
such as those based on solving the Poisson-Boltzmann 

and on generalizing the Born 
were also developed. 

Once a model for the potential energy function is 
adopted, a conformational search algorithm can be used to 
move a ligand around in the receptor to find its most 
favorable binding site. The potential energy surface has a 
complicated laildscape and requires an efficient algorithm 
to go over energy barriers during a conformational search. 
Simulated annealing Monte Carlo or molecular dynam- 
ics is one method with which to do it. This involves 
heating and cooling a system, while the system is evolving 
according to a Monte Carlo or molecular dynamics 
simulation algorithm. Genetic algorithms were also used. 
In such algorithms, one represents a ligand state-in- 
volving position. orientation, and conformation-with 
 genes,‘^ such as a series of bits that encode a particular 
conformation. One first starts with a random population 
containing a ligand in different states. The population is 
then allowed to evolve by selection, mutation. and gene 
crossing. A fitness function, which can depend on the 
potential energy function described earlier. can be used to 
determine which states fit better and s u r ~ i v e  after rnany 
generations. ~utodock '" . '~ '  is an example of a docking 
program that can utilize a simulated annealing Monte 
Carlo method or a genetic algorithm. 

Quantitative calculations based on rigorous principles 
of quantum mechanics and statistical mechanics were also 
performed to discriminate strong inhibitors from weak 
ones.16' Rigorous theories for calculating binding free 
energy were worked out.i15i A general approach not only 
accounts for ligand but also receptor flexibility. However; 
such approaches are expensive to use and are harder to 
apply to a large number of systems in a short time. 
Nevertheless, they provide more rigorous theoretical 
frameworks for evaluating approximations used in simpler 
models and can be applied in the later stage of a drug 
development process, when only a small number of 
potential drug candidates need to be investigated in 
further detail. 

One approach is the thermodynamic cycle-perturbation 
method that allows one to compare the relative binding 
affinity of a number of similar ~igands."~'  This approach 
recognizes the difficulty in simulating the absolute 
binding affinity AG between a ligand and its receptor: 

In principle. one can calculate the free energy of the re- 
ceptor G,,,. the ligand Gy ,,? & and their complex 
G,,,,,i,, to obtain AG. However, it is usually difficult to 
carry out simulations long enough to obtain sufficiently 
good statistics for the free energies, which have large 
magnitude and statistical errors. and add thern according 
to Eq. 2 to obtain AG with a much smaller magnitude. The 
thermodynamics cycle-perturbation  neth hod avoids this 
problem by focusing on comparing the free energy of 
binding among similar ligands. It makes use of a ther- 
modynamic cycle to facilitate the comparison between 
two inhibitors: 

Because free energy is a state f~~nction: 

which coinpares the binding affinity of two ligands, L and 
L', to a receptor R. it can also be obtained from 

AAG = AGRLARL/ - AGLVL' ( 3  

AGRL - RL and AGL A are usually much easier to 
calculate, because each corresponds to the free energy 
difference between two similar systems. Moreover, 
methods such as Zwanzig's perturbation theory[17] can 
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be used to facilitate the calculations of ACRL + KL and 
AGL A L .  For the Helmholtz free energy, Zwanzig's 
perturbation theory reads 

where AH = HI, - N,.. in which N, and N,. are the classical 
Hamiltonians of the perturbed and reference systems, 
respectively; and (. . .), represents an ensemble average 
over the reference state. By choosing the reference and 
pert~lrbed systems to be those containing two similar 
ligands. the free energy difference between the two 
systems can be calculated directly rather than by first 
calculating the free energy of each and then taking 
their difference. Extensive efforts were also spent by a 
number of research groups to improve the range of ap- 
plications of the thermodynainic cycle-perturbation meth- 
od. These methods facilitate the calculation of a free 
energy difference when the direct application of Zwanzig's 

gives poor statistics, such as when the two 
ligands are not sufficiently similar. Instead of changing a 
ligand into another in one step. the windowing technique 
introduces a number of intermediate steps, calculates the 
free energy difference between two adjacent intermediates, 
and sums the results to obtain the overall M. Kirkwood's 
integration formulai'" utilizes a coupliilg parameter h to 
change the classical Mamiltoniaa N(h) of one system into 
another. when i, goes from 0 to 1 ,  and to obtain a free 
energy difference AG according to 

A recent derivationi'"'"' showed that the free energy 
difference betnee11 two states can also be obtained by 
averaging the irre\7ersible work in taking one state into the 
otl-ier, as follows: 

where W is the work associated with switching one system 
into another in a finite time t ,  p is the inverse of the product 
between the gas constant R and the absolute temperature T, 
and p(W.t)dW is the probability of work found within the 
range W and W + d W .  This formula was also evaluated 
experimentally by the mechanical unfolding of single RNA 
molec~les.~"' 

FASTER APPROXIMATE MODELS 

Although the methods just described have firm theoreti- 
cal bases. they are expensive to use. Faster approximate 

methods were developed to permit quick early evaluation 
of a larger number of potential drug candidates. One trick 
is to expand a binding free energy AA in terms of a 
Taylor's series of the model parameters j.,. such as atomic 
partial charge and size of a lead compound:i5 "I 

The key here is that analytical mathematical formulas can 

be worked out to calculate the derivatives: E. & . . . ., 
and only simulation results involving the lead compound 
are required in calculating them. Once the expensive 
derivatives are calculated, they can be used in the Taylor's 
series expansion to predict the effects of making many 
different combinations of parameter change (Ail,) on the 
binding affinity. Because one usually only includes the 
first few order terms in the expansion, the parameter 
change cannot be made too large. However, thoroughly 
exploring a chemical space near the lead compound can 
point out useful compounds to synthesize. If some of the 
synthesized compouilds are more active, similar calcu- 
lations can be performed by using one or more of the 
new compounds as novel leads to gradually expand the 
chemical space. Sometimes, one can also obtain useful 
insights into inhibitor design simply by analyzing the 
derivatives, because they provide useful information 
about what parameter changes may improve activity. 
This approach was applied to study protein kinases, for 
example.[51 Other approaches that focus on examining a 
small chemical space near a lead compound to save 
computational time include the use of single-step pertur- 
bation methods. the Gaussian perturbation formula, and 
free energy pert~rrbation calculations utilizing soft-core 
potentials.r61 

Another way to speed simulations is to use implicit 
rather than explicit solvent models. Solvent can play an 
important role in influencing binding, as both the ligand 
and the binding site of the receptor need to be desolvated 
before a receptor-ligand complex can be formed. Favor- 
able binding can only occur when the gain in interaction 
energy upon binding call override the loss in solvation 
energy. Computational models need to account for 
solvation effects sufficielltly well to be useful. Including 
a large number of solvent molecules surrounding a solute 
in a simulation provides a detailed molecular description 
of solvation effects. but this is very expensive. Recently. 
implicit solvent models became popular. Two major con- 
tributions of solvation effects are usually taken into 
account: electrostatic and hydrophobic. Different electro- 
static models were introduced. Numerical solutions of the 
Poisson-Boltzmann taking into account the 
detailed shape of the solutes, are now used extensively. 
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Cheaper electrostatic models include various generalized 
Born m~de!s"~ '  and approaches that utilize screened 
Coulolnb po ten t i a~s . '~~]  The hydrophobic effects are most 
commonly modeled by using terms proportional to the 
surface area of a solute, as experimental results for simple 
alkanes suggest such a relationship.r2" 

Another approximation commonly used to speed 
calculations is to assume the ligand and receptor to be 
rigid. This approximation may be crude, but calculations 
can be done on more hypothetical structures to identify 
promising ones for further computational and experimen- 
tal explorations. This approximation can be partially 
relaxed by allowing only the smaller ligalid to be flexible, 
with the receptor held fixed. Many molecular docking 
experiments were done with this approximation. Various 
approxiniate methods accounting for receptor flexibility 
are also being de~e loped .~"~  Soine methods only allow 
side chains near the docking site to move. Others may take 
the receptor portions of crystal structures of different re- 
ceptor-ligand complexes for docking, as these structures 
reflect the plasticity of the receptor when different ligands 
are bound. Snapshots of a receptor obtained frorn a 
molecular dynamics simulation can also be used. A 
traditional molecular dynamics simulation performed at a 
constant temperature may not be able to sample co~ifor- 
~nationai space well enough in a short simulation, methods 
for improving conformational samplings can be put to use 
here. One inethod that became popular is the replica- 
exchange method.[261 In addition to simulating a system at 
the desired temperature, this method also simulates the 
system at higher temperatures and allows snapshots at 
different temperatures to exchange at regular intervals 
according to the Metropolis criteria. The runs at higher 
temperatures facilitate barrier crossing. and larger con- 
formational switching can be realized at the lower desired 
temperature due to the replica exchange. 

CONCLUSION 

Computational chemistry can be used together with 
genornics inforrnatioii to aid in the design of selective 
drugs. Besides pointing out new targets for drug devel- 
opment. genomics information can also help in the design 
of more selective therapeutics. Computational chemists 
are beginning to be able to take many related targets into 
account so as to maximize the impact of a drug candidate 
on its intended target but not on the unintended ones.'" In 
addition. it should eventually be feasible to develop drugs 
that are tailored to the genetic traits of specific patients. 

Computer-aided drug design is becoming more useful 
due to rapid improvement in computer speed, develop- 
ment of new algorithms, and rapid growth of experimental 

data that can be utilized in modeling studies. Here, we are 
able to introduce only some of the approaches being used 
and developed in the field. Other useful tools include 
diversity and similarity analysis methods that help in 
selecting a more manageable set of compounds for 
synthesizing, screening, and testing,  neth hods that help 
to predict ADME (absorption, distributio~i, metabolism, 
and elimination) properties to aid in the design of mole- 
cules with good pharmacokinetic properties. and Web 
servers that provide useful databases and tools for 
modeling studies. Together with new developments in 
various experimental techniques, computer-aided drug 
design is playing its part in speeding the development of 
new pharmaceuticals. The rapid development of comput- 
er-aided drug design is fueled by the diligent work of 
many research groups. Due to limits in the number of 
citations that can be included here, we selected a short list 
of references that hopefully can lead readers to explore the 
works of a larger community. 
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Dye inclusion Crystals 
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INTRODUCTION 

"Supramolecular chemistry" is of recent coinage. There- 
fore, it is no surprise that contemporary chemists rarely 
think of textile dyeing, a human occupation for thousands 
of years, as supramolecular chemistry. However, unlike 
pigments that color by the mechanical trapping of 
particles. genuine dyeing involves the tuning of equilibria 
of dye sorption on fibers in order to achieve a desired 
fastness. Dyeing, one of the oldest and most transforming 
of chernical technologies, is also a quintessential example 
of deliberate self-assembly. Dyeing, indeed, is supramo- 
lecular chemistry. broadly defined. Crystal growth from 
solution is another area of inquiry that is governed by the 
specificity of noncovalent interactions. Long shrouded in 
mystery, recent studies are beginning to specify relevant 
interactions between molecules or ions and growing 
crystal s~irfaces."~ This article broaches the intersection 
of these two areas of supramolecular chemistry: dyeing 
and crystal growth from solution. Mere. we describe the 
process of dyeing crystals, whereby simple crystalline 
substances orient and overgrow chromophores during 
crystal growth from solution. 

Compared with supramolecular chemistry, crystal 
dyeing is a comparatively old subject."' The crystallo- 
graphic literature of the past 150 years contains examples 
of crystals stained by dyes that we call dye inclusion 
crystals (DICs). When dyes express different affinities 
for faces of growing crystals not related by symmetry, 
they produce strikingly ~olored."~ dichroic polyhedra 
that captured the attention of generations of crystal- 
lographers, not only for their appearance but also for 
what they teach about crystal structure and crystal 
growth. How do dye molecules adopt oriented positions 
in otherwise close-packed lattices made from inolecules 
or ions that bear no size. shape, or constitutional 
similarity to the dye molecules'! These mixed crystals 
were troublesome in the past. because they seemed to 
violate Mitscherlich's principle of isomorphism,'" the 
idea that host and guest molecules must "fit." Dyed 
crystals were studied in order to address a variety of 
other questions. including the nature of pleochroism, 
mechanisms of crystal growth, silver halide photosensi- 
tization, ceramics crystallization. colloid stabilization3 

habit modification. epitaxy, explosives preparation, and 
kidney stone inhibit i~n. '~ '  

HISTORY 

In 1854, Henri de SCnarmont (Fig. 1) contemplated 
whether pleochroism might analogously be imparted to an 
otherwise transparent crystal if a colored material present 
in solution should stain the crystal during growth. 
SCnarmont was satisfied by red, pleochroic crystals of 
S T ( N O ~ ) ~ . ~ H ~ O  that he grew from a solution containing a 
natural red quinone called heinatein. 

Retgers, motivated by the apparent violation of the 
principle of isomorphism in SCnarmont's salt, and ap- 
preciating the liiniiations of SCnarmont's singular study. 
attempted to produce a family of DICs by systematically 
adding dyes to solutions of three dozen simple salt 
~rystals .~" From some 1000 crystallizations, he observed 
only four mixed crystals that he thought were worthy of 
continued study. The paucity of successes suggests that 
the probability of staining an ionic crystal during growth 
with a randomly chosen dye is small. 

Like Retgers, Lehmann was motivated to understand 
the limitations of the principle of isomorphism but 
focused his research on organic hosts, especially carbox- 
ylic acid  derivative^.'"'^ Unlike Retgers, he obtained 
many dichroic crystals. illustrating a surprisingly general 
capacity of some crystalline substances to orient and 
overgrow organic dyes. Gaubert repeated many of 
Lehmann's studies. He was the first to describe the 
process of dyeing crystals with respect to specific 
crystallographic directions. For example. he clarified that 
methylene blue recognized the (021 } growth sectors of 
phthalic a ~ i d ' ~ . ~ '  and the { 101 } growth sectors of poppy 
acid."01 

Neuhaus['"" and ~rance'". '~' were the first to use 
x-rays to study DICs. However. by and large. x-ray 
~cattering"~'  experiments were not informative, as minor 
components in single crystals (typically DICs contain 1 
mole of dye to 10'- 10' moles of host) are rarely manifest 
in the Bragg scattering. France determined that the lattice 
constants for pure and dyed alum crystals were the same 
within experimental error. 
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Fig. I Henri de SCnarmont. 

Most scientists familiar with the process of dyeing 
crystals were first introduced to the subject by Buckley. 
who showed photographs of a number of DICs in his 
popular book. Crjstnl ~r-o~vtlz.'"' In large measure. his 
work constitutes a reinvestigation of the previous studies 
of Gaubert. But, despite an extra generation of sophisti- 
cation. he too was unable to interpret his results given the 
still-limited understanding of crystal structure and the 
conforrnatioils of complex dye molecules in the 1930s. 
Thereafter. contributions to the literature on DICs were 
incidental or highly restricted in scope and most often 
divorced from their antecedents, until recent investiga- 
tions in the 1 9 9 0 s . ~ ~ ~  

Stained alums are suitable illustrations of DICs. They 
are appropriate in this context because of the important 
role that alum has long played in the dye industry. Dyes 
are often chemically fixed to textile fibers following 
adsorption; mordanting with alum is common. What if we 
chose alum crystals as the ground? In other words, can 
alum mordant a dye to itself, that is to an alum crystal? In 
this century, alum crystals were first dyed by France in 
1 9 2 ~ , [ ' ~ . ' ~ ]  I i l l igan in 1929,1201 and Buckley in 1930, '~" 
using a variety of azo and triarylmethyl cation dyes. In 
Fig. 2, an alum crystal grown in the presence of the dye 
diamine sky blue that stained the (100) growth sectors 
only is shown. As small ( 1  11) faces were expressed, 
they eschewed the dye, thereby leaving behind the un- 
stained "darts." 

Potassium alum is structurally similar to NaCl; both 
crystals have two distinct planes, one checkerboard like 
[(I1 l),lL,, and (iOO)NaCl], and one with alternating layers 
of cations and anions [(lOO)as,, and (1 1 l)N,Cs]. France 
believed that charged dye molecules would be more 
strongly attracted to faces co~nprised of like ions.i22.231 
Buckley, nevertheless, found dyes that recognized both 
types of faces in K ~ s o ~ . " ~ ]  Moreover, Frondel found that 
the checkerboard {100} faces of NaF adsorbed a great 
number of ionic dyes.12" Obviously. the process of dyeing 
crystals cannot be reduced to a few simple "rules." In 
fact; the entire range of noncovalent interactions deter- 
mines the segregation of the dyes and their orientations 
and conforinations. 

Fig. 2 France's photograph of a NH4A1S04. 12H,O crystal stained by diamine sky blue in the (100) growth sectors. An idealized 
representation is shown on the right. (Vie~c. tlzis art iiz color at ~.t:ww.dekker.com.) 
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CHEMICAL ZONING 

Additives interacting with growing crystals must discrim- 
inate between faces that are not symmetry related. 
Consequently: mixed crystals exhibiting Inore than one 
form will invariably display chemical zoning-the parti- 
tioning of impurities from one growth sector to another. 
While countless examples of such phenomena exist in 
mineralogy, as well as in the literature on dyeing crystals, 
a molecular-level understanding was first provided in a 

7 5  761 sweeping revision of the structure of solid solutions.'--.- 
We explicitly designate this phenomenon intersectoral 
zoning. For example, many organic dyes. when included 
in saturated solutions of potassium hydrogen phthalate, 
give crystals in which the lurninescence is confined to 
particular growth sectors (Fig. 3).L271 The orientations 
of the dye molecules can be ascertained by measuring 
the absorption spectrum in polarized light, so long as 

the electronic ctructures of the dyes are sufficiently 
well understood. 

Organic i~npurities inhomogeneously deposit not only 
between growth sectors but also within ~ ing le  growth 
sectors depending on the crystal's surface topography. 
Surfaces of crystals grown in the lower supersaturation 
regime often propagate through dislocatioils that produce 
growth spirals or hillocks, shallow-stepped pyramids 
with single or multiple dislocations at the apexes. Poly- 
gonization of hillocks partitions faces into vicinal regions, 
each having slightly different inclinations. Impurity par- 
titioning among vicinal slopes, intrasectoral zoning, re- 
sults from the selective interactions of impurities with 
particular stepped hillock slopes. Tntrasectoral zoning, 
therefore, provides inore detail about recognition mech- 
anisms than intersectoral zoning, because the active 
growth surfaces at the time of incorporation can be more 
highly specified. 

Fig. 3 Idealized representations of potassium hydrogen phthalate crystal habits viewed down [OlQ]  with growth sectors delineated. 
Red luminophores are included in each of principal growth sectors, as shown by the patterns of lurninescence. (View rlzis art irz color at 
~r~ww.dekker.conr.) 
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Fig. 4 Top row: Succcssivc (010) slices (200 11) of dyed potassium hydrogen phthalate crystals reveal the growth histories in thcir 
patterns of luminescence. Soltoln row: The orientation of the fiist- and slow-moving steps of a growth hillock are shown on the (010) 
face in a comparison of ilnagcs ~nadc  by differential interfercncc contrast microscopy and fluoresccnce microscopy. (View this ar t  in 
culor a t  wvvw.drkker.com.) 

For example, the substructure In the lumine\~cnce from 
the crystal in F I ~  4 resultr, not only from tntcrsectoral 
chem~cal ronlng but dlso from ~ntraicctoral z o n ~ n g ~ ~ ~ '  on 
hillocks that arc mdnifest on thc\e surfdce5 The dyc 
recogntres the f'nt-grow~ng stepi In prcferencc to the 
slow-grow~ng stepi Other exdmples of the tntraicctoral 
roning of dyes were given by Zd~tseva et a1 tor 
K H ~ P ~ ~ , ' ~ "  Gurney et a1 foi K ~ S O ~ , ' ~ ~ '  and Kurtmoto 
ct dl for a-lactose monohydrate 1301 

SUPRAMOLECULAR INTERACTIONS 

We dctcrmiiled that the great range of host-guest 
interactions, including ionic forces, cation-.rc interactions, 
charge-transfer interactions, hydrogen bonding, and hy- 
drophobic forccs are manifest in DICs. Of course, these 
categories are f u z ~ y  at best. Cation-.n interactions and 
hydrogen bonding could be considered charge-transfer 
interactions of a sort. Here, wc will not parsc Coulomb's 

Fig. 5 Ionic forccs. (a) Fluorescence from K2S04/pyranine. (b) Idealized representation of K2S04/pyranine. K2S04 (c) and pyranine 
(d) drawn to the same scale. Filled sulfur atoms define substituting sulfate ( S o d 2 )  and sulfonate (-SO3--) groups. (View this ar t  in color 
rrt ~jcvcv.dekkc~r.corn.) 
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Wavelength (nm) 

Fig. 6 Cation-n interactions. Comparison of fluorescence and 
phosphorescellce yields from crystals of K2S04 and Rb2S04 
containing anilir~e-2-sulfonate in the {001} growth sectors. 
(Vieli. this iirj irz color nt ~'~vli,.dekkel:corn.) 

law into separate sublaws and statutes. We will adhere to 
the meanings of the aforementioned terms as they are 
commonly given in the literature. 

sonic Forces 

Potassium sulfate can be straightforward in the mecha- 
nisms by which it incorporates chromophores. Ionic 
forces drive the mixed crystal formation in most cases. 
Buckley long ago suggested that the stereoregular substi- 
tution of sulfate ions in the lattice by sulfonate sub- 
stituents on the dyes were responsible for the formation of 
some ~ 1 ~ s . ' " '  We prepared more than 100 intersectorally 
zoned K2S04 DTCs containing sulfonated synthetic 
dyes.'"' A typical example. shown in Fig. 5. is K2S04 
containing pyranine in the (110) and (010) growth sec- 
tors. The disposition of sulfate ions in the lattice closely 
matches the rigidly disposed sulfonate substituents and 
drives the mixed crystal forination. This mixed crystal 

model can be confirmed by measurements of absorbance 
with polarized light.["' 

Cation-n; Interactions 

Gurney et al. studied the excited state lifetimes and zero- 
field splittings of rooin-temperature phosphorescent or- 
tho-arninosulfonated benzenes and naphthalenes, through 
which they found evidence of cation-7t interactions.["l A 
number of these DICs are highly subject to heavy atom 
effects. The triplet lifetime of ortho-aminobenzenesul- 
fonate was shorter in Rb2S04 as compared with K2S04 
(Fig. 6). Similarly, phosphorescent lifetimes of parer- 
aminobenzoate were considerably shorter in barium 
acetate crystals as compared to sodium acetate trihydrate 
 crystal^.'^" i t  was demonstrated by optical detection of 
magnetic resonance that intersystem crossing rates for 
aromatic compounds are only affected by heavy atoms if 
they are interacting with the face of the ~ - s ~ s t e m . [ " ' , ~ ~ ~  
Thus, there is reason to assume that cation-7t interactions 
are important in determining the properties of aromatic 
guests in ionic salt  crystal^.^"^ 

Charge-Transfer Interactions 

As first demonstrated by Gaubert and Lehmann, phthalic 
acid orieilts a great variety of cationic dyes, especially in 
its (021) growth  sector^.^'^' Red shifts in the absorption 
spectra of the crystals indicated the possibility of 
hydrogen phthalateldye charge-transfer complexes. Such 
associations were confirmed in crystal structures of 
stoichiometric hydrogen phthalatelmalachite green 
cocrystals (Fig. 7). This crystal structure was used in 
the interpretation of the linear dichroism of the cor- 
responding DIC. 

(a> (b) (c> 

Fig. 7 Charge-transfer interactions. (a) Crystal structure of stoichiometric hydrogen phthalatelrnalachite green complex. Photograph 
(b) and ideal representation (c) of phthalic acidlmalachite green mixed crystal. (View this art i r l  color. at u'u,,t,.ilekkei-.corn.) 
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Fig. 8 Hydrophobic effects. (a) Dimerization of sulforhoda- 
mines in K2S04. (b) K2S01 dyed in (110) growth sectors 

(a> (b) 

viewed along [010]. Fig. 10 Diastereoselectivity. Crystal spectra were interpreted 
as resulting from the incorporation of the asymmetric acid 
fuchsin diastereomer (a) in K2S04 isomers. (b) The symmetric 
diastereomer. 

Hydrophobic Effects 

Hydrophobic effects are manifest in the aggregation of solvents, where the -NEt2 groups are turned out of 
dyes in some cr)~stalline hosts. For example, sulforhoda- plane.1371 
mine B absorbs light of 537 nm in the (110) growth 
sectors of M2S04. This absorbance has been blue shifted 
with respect to that in solution and has been attributed to STEREOSELECTIVITY 
dimers, as shown in Fig. s."~' 

Hydrogen Bonding 

It is self-evident that hydrogen bonding plays an important 
role in the dyemg of many crystals, such as W 2 P 0 4 ,  
phthalic acid, and r-lactose monohydrate. However, 
specifying the active hydrogen bonds is difficult. One 
example that lendv itself to interpretation is the dyeing of 
benzamide in the (102) sectors with Nile red (Fig. 9). The 
horizontaI polarization of the excitation is consistent with 
the preorganized hydrogen bonding of Nile red to three 
benzam~de molecules in a crystal chain. The luminescence 
is consistent with H-bonding found in polar protic 

In principle, distinct facets of a single crystal might 
express different affinities for guests that can exist in more 
than one conformation. Such is the case with acid fuchsin 
in the { 110) growth sectors of K~SO~.'"'  The breaking of 
symmetry evident in the shape of the absorption spectrum 
suggested that of the two predominant conformations of 
acid fuchsin, one with all three sulfonates pointing to 
the same side of the mean ~llolecular plane and one with 
two above and one below, only the latter was evident in the 
process of dyeing. Conformational selectivity was also 
observed in K2S04 crystals containing naphthylamines.i281 

The process of crystal dyeing can be enantioselective 
as well as diastereoselective (Fig. 10). Blattner et al. 

Fig. 9 Hydrogen bonding. (a) Benzamide crystal containing 
(a> 4'3) 

Nile red in the (102) growth sectors. [I001 is vertical. View Fig. 11 Enantioselectivity. (a) Idealized habit of KH7P04 
along [010]. (b) Proposed structure of Nile red on the (102) crystal: R and S indicate mirror image faces. (b) Fluorescence 
face of benramide consistent wit11 the linear dichroisln and photograph of KH2P04/adenosine phosphate crystal viewed 
energy of the solvatochromic dye. (Vielv this art in color uf nor~nal to the (100) face. (View this art ir~ color at lt.Jvrt1. 

T V ~ V M . .  dekkei: con?.) dekker.corn.) 
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reported that solutions of hernatein stained the (100) 
growth sectors of K H ~ P O ~ . ' ~ "  Recent reinvestigation of 
their work revealed that hematein stains every other prism 
face.i401 Hematein is chiral: adjacent prism faces of 
KH2P04 are mirror symmetric. The adsorption, therefore, 
must be enantioselective. 

Recently, K~~rimoto et al. observed a visible blue 
lumillescence localized in the pyramidal { 101 } growth 
sectors of KH2P04 grown from a solution containing 
adenosine t ~ i ~ h o s ~ h a t e ) . [ ' ~ ~  This is a common pattern of 
zoning of anionic dyes in KH~PO~.~"."] Colnparisons of 
the lulninescence viewed through the n and b faces 
revealed that the (01 1) sector was considerably brighter 
than the (101) sector (Fig. 1 I). As these sectors are mirror 
images of one another, the chiral nucleotides must also 
have recognized these faces enantioselectively. 

CONCLUSION 

Crystal dyeing is an easy.["] colorful, and often dramatic 
way of obtaining definitive evidence for specific non- 
covalent interactions controlling crystal growth. More- 
over. the applications of DICs are numerous. DICs can be 
used as unique hosts in single-crystal matrix isolation 
experiments with metastable excited statesi"] and biopo- 
lymers,[4424'1 for conforrnational analysis. for separations, 
to interrogate mechanisms in biomineralizationi"' and in 
matrix-assisted optical[471 and inass spectron~etric chem- 
ical analyses,i4x1 to identify growth-active surface struc- 
tures on crystalline faces, and as optical reporters of 
phase transitions.[491 During the past decade, we barely 
scratched the surface of a subject that was barely 
scratched by crystallographers of past generations. It is 
likely that we will learn much more about the process 
of dyeing crystals. as varied methods of contemporary 
analysis-particularly high spatially and temporally re- 
solved electronic spectroscopies-are brought to bear 
upon the subject in the future. 
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INTRODUCTION 

There is considerable interest in electrochemical sensing 
within the field of supramolecular chemistry, and the 
topic has been identified as an important applicable area 
of host-guest chen~is t ry .~ ' -~ '  This review covers devel- 
opments in the area of suprarnolecular voltammetricl 
amperometric sensors. where current is measured as a 
function of applied potential. The area of supramolecular 
potentiometric sensors (e.g., ion-selective electrodes) is 
not covered here. and the reader is refelTed to a general 
review on electrochemical sensors that covers this 
topic."' 

A number of methods for sensing or analyzing charged 
or neutral species in solution using voltammetric tech- 
niques have been identified.'"" So far. it is fair to say that 
many of the inore successful approaches, in terins of 
applications and technological advances, have invol\ed 
methods that fall outside the realm of supra~nolecular 
chemistry. particularly in the detection of electroactive 
(redox-active) species (e.g., the glucose b i o s e n s o ~ ) . ~ ~ . ~ '  
This is not to say, however. that supramolecular receptors 
cannot be ~lsed to detect or respond to redox-active guests 
using electrochemical t e ~ h n i ~ u e s . ' ~ . ~ '  However. it is no 
surprise that the electrochemical detection of non-redox- 
active species is less straightforward and requires an 
indirect method of detection. As far as voltanlmetric 
sensors are concerned. supramolecular chemistry can play 
an important role in this area with the use of redox-active 
receptors that can respond electrochemically to the 
cornplexation of a non-redox-active guest. This process 
is shown schematically in Scheme I .  

The complexation by a redox-active host. H. of a 
charged or ileutral guest, G; iinparts a change in its 

redox-acii~e binding site 

Scheme 1 The coiuplexatio~~ of a guest. 6. by a redox-acti~e 
receptor. H. 

electrode potential that enables the binding process to be 
read out by an electrochemical technique. usually cyclic 
voltammetry. In the design of such a supramolecular 
sensor. the objectives are twofold; namely. guest selec- 
tivity and a significantly large redox response to complex- 
ation. This second aspect can be conveniently illustrated 
by the following square scheme (Scheme 2) and Eq. 1. 
Essentially. the change in the electrode potential (i.e.. the 
redox response) of H upon complexation with G is 
related to the change in the host-guest binding constant 
upon its oxidation or reduction. In Eq. 1, EH and 
are the formal electrode potentials of H and the complex. 
[H-61. respectively (each is usually approximated from 
the average of the anodic and cathodic peak potentials 
from cyclic voltammetry); K' and K are the binding 
constants in the oxidized and reduced form of the 
receptor, respectively: F is the Faraday constant; R is 
the universal gas constant, T is the temperature; and rz is 
the number of electrons transfel~ed (in Scheme 2, n = 1). 

Therefore, a successful sensor will be selective for a 
particular target and bind it considerably inore strongly in 
either its oxidized or its reduced form. The suitability of 
Eq. 1 for estimating the magnitude of the redox-switched 
binding enhancement from potential shifts has been ex- 
amined in detail.r'.81 One finding is that the strength of 
the host-guest binding interaction appears to dictate 
whether cyclic voltan~lllograms exhibit one-wave or two- 
wave behavior when adding aliquots of guest to the 
redox-active host. 

The area of supi-anlolecular electrochemistry and its 
relevance to sensing and redox-switched binding has been 
the subject of a booki" and a number of reviews.[91" In 

Scheme 2 Square scheme for a I-edox-switchable system 

Ei~cyclo~{~ediii of S~qci,riin~olec~/lcir. Cheii~iatrs. 
DOT: 10.1081lE-EShIC 120012784 
Copyright C 2003 by Max-cel Dehkcr. lnc. All rights rcsev\ed 



506 Electroche~nical Sensors 

a review by Gale, Beer, and  hen,'"] the different 
mechanisms by which complexation can impart a redox 
response. for example, via through-bond or through-space 
interactions, were discussed. In general, the proximity of 
the receptor site to the redox center and the charge density 
of the guest are important factors in determining the 
magnitude of the redox response and the effectiveness of 
the electrochemical read out. Here. an overview of the 
range of receptors designed for the binding and sensing of 
charged and neutral guest species will be given and will 
include exarnples of freely diffusing redox-active receptor 
species in solution and those immobilized at a surface. 

RECEPTORS IN SOLUTION 

In this section, freely diffusing receptors in solution will 
be discussed, in which the redox-active center or reporter 
group is, or is an integral part of. an inorganic or an 
organic group. 

inorganic Reporter Groups 

Ferrocene has been by far the most used redox-active 
group in a supramolecular sensor due its stability, its 
ease of functionalization and its well-understood and 
reversible redox chemistry. A host of fel-rocene-contain- 
ing conipounds are now known that bind cations; anions, 
and neutral molecules. It can be argued that the first 
examples of redox-active receptors, for which the com- 
plexation of other species was demonstrated. were 
fessocenyl crown ether compounds, as reported in the 
late 1970s and in 1 9 8 0 . ~ ' ~ - ~ ~ '  However, it was not until 

later that the structural. binding, and redox properties of 
these and related crown ether compounds were investi- 
gated in more Compounds such as l,'lg1 
2.1201 3,'211 4,[22' and 5r231 (Fig. I ) ,  and related receptors 
containing two or inore ferrocene centers, were found to 
bind and electrochemically respond to a range of hard 
(mainly Groups 1 and 2) metal cations in organic solvents, 
as well as. in some cases. ammonium ions1251 and ion 

Almost without exception.1271 complexation 
imparts positive (anodic) shifts in the ferrocene-centered 
redox couples (Fc'IFc). as a result of the close proximity 
of the bound cation making fel~ocene oxidation more 
difficult. Progress in this area has been reviewed ex- 
t e n s i ~ e l y . " ~ ~ ' ~ ~  In addition to cyclic receptors, simple 
acyclic receptors have also been reported'29.301 (e.g., 6) 
that give a significant electrochemical response to 
the presence in solution of relatively charge-dense, 
hard cations. 

Ferrocenyl receptors that bind and sense lantha- 
nides.'"' as well as those that respond to a range of 
transition and soft metal cations, are now known. In the 
case of transition metal and soft metal cations; nitrogen- 
containi,lg,l'0.""91 and to a lesser extent, sulfur-con- 

tainingl'O."'l li gands were used as receptor groups (e.g., 
Compounds 7-12. Fig. 2). A number of the aza-com- 
pounds can also bind anions, for example, Compound 
9.["' As found with the crown ether derivatives, cation 
complexation generally imparts anodic shifts in the Fc+/  
Fc redox couples of each receptor. 

It is important that the factors responsible for 
generating a significant electrochemical response to 
complexation be fully understood if effective sensors are 
to be designed. In this respect, a detailed study by Plenio et 
a ~ . [ ' ~ '  of transition metal complexation by a ferroceny 1 
molecule containing a cyclam ligand. 7:  provided further 

Fig. 1 Fenocene receptors for hard ~netal  cations 
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information on the iinportance of the Fe-metal distance 
and the solvent in governing the redox response to 
complexation. In particular. a linear dependence of the 
shift in the Fc + /Fc couple upon complexation, AE, versus 
the intermetallic distance, l/r, was found for the 
complexes [M(FcCycla1n)](CF~S03)~ ( M  = Co. Ni. Cu, 
and Zn), which was clear evidence for a primarily 
coulornbic. through space interaction. Similar 
results were obtained previously. when the effect of 
protonation on the Fcf/Fc redox couple of a series of 
tertiary arnine derivatives was investigated.'"' Found in 
other studies of the binding of hard metal cations by crown 
ether derivatives 1 and 2 were linear relatio~lships between 
the shift in potential and either the c h a r g e / ( r a d i u ~ ) ~ " ~ ~  or 
the cha rge / rad i~s [~~ '  of the bound cation. respectively. It 
was also shown by Plenio and Martinez-MBnez how the 
solvent can have a dramatic effect on the shift in potential, 
i n  that the complexatiotl of Z I I ( C F ~ S O ~ ) ~  by 7 imparted 
shifts 1-anging from + 280 1nV in THF/CH3CW (30:2 v/v) 
to + 409 mV in CH3CN alone.["' The expected trend 
toward larger shifts for sol~lents wit11 lower dielectric 
constants was only observed for solvent mixtures of 
relatively high polarity. For solvent lnixtures of relatively 
low polarity. the shifts were lower than expected due to 
ion-pairing effects. 

There are now numerous reports of metallocene 
derivatives that bind and sense anions. Early work in 
this area was carried out by Beer, who first reported 
a redox-active anion receptor in 1989 . "~~  Beer pub- 
lished a number of cobaltoceniunl and fen-ocene anion 
receptorSilO. 1 1.43 -481 some of which are shown in Fig. 3 
(Compounds 13-16), In contrast to what is found with 
cations, the Fc+/Fc redox couples undergo appreciable 
negative (cathodic) shifts upon complexation with inor- 
ganic anions in organic solvents. These negative shifts are 
consistent with a stabilization of the oxidized forms of 
each receptor by the negative charge of each guest. Beer 
found that amide receptors of this type (e.g., 13-15) 
bound anions through hydrogen-bonding interactions: 
with the cobaltocenium receptors binding anions more 
strongly due to the additional through-space electrostatic 
attraction between host and guest. Beer also developed 
sensors for organic for example; the co- 
baltocenium receptor 15 containing a calix[4]arene 
group that binds carboxylate ions selectively over halide 
ions. due to two rigidly held amide units on the upper 
rim of the calixarene that create an ideal site for bi- 
dentate coordination. 

Beer aild Martinez-MBnez also reported a number of 
fen-ocene-containing receptors that selectively bind and 

Fig. 2 Ferrocene receptors for transition metal and soft ineta1 catlons. 
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Fig. 3 WIetallocene receptors for anions 

sense oxoanions at a particular pH value. For example, at 
pH 4 in THElwater (70:30 vlv), ligand 16 selectively 
forms a 1:1 complex with sulfate in the presence of 
phosphate. with the Fc+/Ec redox couple undergoing a 
shift of 5 4  mV upon complexation.i'xl Under these 
conditions. all four secondary amines of the receptor are 
protonated. with the anion existing as HSOIp. The 
biological anion ATP can also shift the redox couple of 16 
cathodically by up to - 100 mV. depending on the pH of 
the medium. 

Other groups reported a variety of ferrocene receptors 
for  anion^,["^-'^' representative examples of which are 
shown in Fig. 3 (Compounds 17-19). Some of these are 
simple. for example, commercially available 18, which 
can sense dihydrogen phosphate and ATP anions in or- 
ganic ~nedia.~"] The large negative shifts of the Fc*Fc  
redox couple upon compiexation (e.g.. AE = 4 7 0  mV 
in CH2CI2 upon addition of H2POJp) result from strong 
ion-pairing interactions between the anion and the double 
positive charge of the quaternary a~nmoni~rm group and 
the oxidized ferrocenium ion. Another cominercially 

available compound is ferrocene boronic acid. 19, ' '~~ 
one of a number of redox-active boronic acid and bor- 
oilate that recognizes fluoride selec- 
tively over a range of other halide ions and oxoanions in 
water. Cathodic shifts in the Fcf /Fc redox couple of ca. 
2 0 0  mV were observed upon the addition of excess 
a~nounts of fluoride. which forms an adduct with the 
Lewis acidic boron center. A study with a fenocenyl 
bis(boroi1ate) derivative denlonstrated similar selectivity 
toward fluoride.['" 

In contrast to the recognition of cations or anions. the 
eiectrochemical sensing of ne~rtral lnoIecules by redox- 
active receptors is less common. A number of supramo- 
lecular ferrocene receptors for such species are now 
known.l'""s] but only a few are reported as undergoing 

significant electrochemical responses to complexation. 
As found with the anion receptors. complexatioil brings 
about a negative shift in the Fc'IFc redox couple. which 
is consistent with host-guest binding strength being 
stronger in the ferrocenium form. Beer utilized a neutral 
ferrocene-appended calix[5larene to encapsulate and 
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glutaric acid 

[21:decanoic acid] complex 

Fig. 4 Metallocene receptors for neutral molecules 

sense the binding of polar organic molecules such as EtOH 
and IDMF.'~" Electrocheinical studies revealed that 
inclilsion of these molecules into the calixarene cavity 
induced small changes in the ferrocene-centered redox 
waves. Some other ferrocene co~npounds that electro- 
chemically respond to neutral organic molecules are 
shown in Fig. 4. 

The boronic acid 20 reported by ~hinkai['" is a rare 
exa~nple of an enantiopme chiral redox-active receptor." 
It was found to bind linear and cyclic sugars in aqueous 
solution at neutral pH due to the reversible reaction 
between the boronic acid moiety of the protonated 
ferrocene receptor and the sugar to form a boronate ester. 
Electrochemical studies revealed that complexation 
imparted cathodic (ca. - 50 mV) shifts in the Fc'/Fc 
redox couple. Interestingly, moderate enantioselectivity 
was observed in that (+ ) - 1 bound the linear saccharide 
D-sorbitol more strongly than L-sorbitol (KDIKL = 1.4). 
However. differences in the electrochemical response to 
the binding of these enantiomers by 20 were not apparent. 

Metallocenes 21-23 were found to bind mono- and 
dicarboxylic acids in organic solvents through comple- 
mentary hydrogen bonds with their ainide (N-H.. .O) and 
pyridine (0-H. . .N) groups.ih0.611 Cyclic voltarnmetry 
studies in CHIClz revealed cathodic shifts in the Fc+/Fc 
redox couples, with the redox response to complexation of 
the inonoacid decanoic acid by 21 and 22 (-25 mV and 

"For t w o  recent examples of clectrochernical sensing by homochiral 
reciox-active receptors. see Refs. 168,691. 

- 55 nlV, respectively) being approximately proportional 
to the number of hydrogen bonds in each complex (two 
and four. respectively).[601 Similar cathodic shifts were 
found in the complexation through hydrogen bonds of 
3-arninopyrazole derivatives by ferrocene dipeptide 
receptors.[6'' The binding of the dicarboxylic acid glutaric 
acid by metallocenes 22 and 23 in CDC1;-0.5% DMSO. to 
give complexes of I : ]  stoichiometry. iinparted larger but 
identical cathodic shifts of -90 1nV in the redox couples 
of each receptor. due to the guest being bridged between 
the Cp rings.["'] 

Other inorganic reporter groups 

A number of other metal-based redox-active centers have 
been incorporated into supramolecular receptors. repre- 
sentative examples of which are displayed in Fig. 5 
(Compounds 24-28). Many of these receptors electro- 
chemically respond to but species that 
respond to  anion^'"^^'^ and neutral ~nolecules~"~ are also 
known. A number of the cation binders are organometallic 
crown ether and metallocrown or metallothiacrown 
de~ivatives,["-~" for example. Compound 24.L771 Flow- 
ever, in many cases, the redox processes are not 
particularly reversible, and relatively small anodic shifts 
in the metal-centered redox couples are observed. A series 
of self-assembled [12]metallocrown-3 complexes. two of 
which are 25 and 26, were found by Severin to bind halide 
salts of small Group 1 inetals strongly in or-gatiic solvents. 
with affinities siinilar to those of the crypt and^.'^'^^^' X- 
ray crystal vtructures revealed that the metal cation was 
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bound in the center of the cavity, coordinated by three 
oxygen atoms of the metallocrown and the halide 
counterion. No detectable colnplexatioi~ of KC! was 
observed due to the small size of each cavity. These 
receptors were found to respond electrochemically to 
complexation, with shifts in oxidation peak potential of 
more than + 300 1nV observed upon addition of LiCl and 
NaCl to 25. The &iBF4 complex of 26 was also found to 
electroche~nically sense flrroride anions in organic 
solvents.i721 A cathodic shift of 2 0 3  mV was observed 
upon the addition of excess NBu4F, as a result of the 
fluoride ailion forining an unusual molecular Li-F bond. 

T~ansition metal bipyridine[7q and terpy~-idine'~" com- 
plexes were used as redox reporter groups for anions. 
The bimetallic receptor 27 was found to respond to 
chloride anions in CH;CN. as evidenced by a cathodic 
shift of - I l0mV in the ligand-centered i-eductioii 
couple of the two his-substituted bipyridine groups.'791 

Organic Reporter Groups 

There are numerous examples of organic redox-active 
reporter groups that have been incorporated into supra- 
molecular receptors over the past 20 years. Many of these 
date to the 1980s and early 1990s. when GokeI and 
co~vorkers reported a number of crown ether and cryptand 
derivatives containing redox-active centeres. Much of this 

work has been re~iewed.~ ' . "~  A number of ~nacrocylic 
receptors containing reducible redox-active groups are 
now known,"'-"' representative examples of which are 
shown in Fig. 6 (Compounds 29-33). Crown ethers and 
cryptands containing quinonelanthraq~~inone~iS1~X6' azo- 
ben~ene,'"~"' and nitrobenzene'"'"  ini its sense Groups 1 
and 2 metal cations through anodic shifts in reduction 
potential, as a result of the reduced forms binding these 
positively charged guests more strongly. The zinc@) 
cyclen complex 30 was found to electroche~nically detect 
the DNA base thymidine in aqueous solution at 
physiological pH. This was possible through cathodic 
shifts in the anthraquinone reduction potential, as a result 
of n-n stacking interactions between host and guest 
decreasing upon anthraquinone reduction.[s5i 

A number of other reducible orgailic redox-active 
groups were used in receptors that can bind species 
through the formation of hydrogen bonds. However, most 
of these were used for i-edox-switched binding purposes 
rather than for electrochemical ~ e n s i n g . [ ~ , ~ ~ ~  

Some examples of receptors containing oxidizable 
organic groups that respoild electrochemically to cat- 
ions["- $021 ale . depicted in Fig. 7 (Compounds 34-38). 
The tetrathiafulvalene (TTF) unit. which can undergo two 
reversible oxidations. is one of the most cominon redox- 
active groups to be incorporated into a supramolecular 
sensor over the past few years. The groups of Becher, 
SallC. and Bryce are prominent in this field, publishing 

2779 

Fig. 5 Redox-active receptors with non-metallocene-based inorganic reporter groups. 
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Fig. 6 Redox-active receptors containing reducible organic 
reporter groups. 

receptors with cation binding sites located at the end of 
(e.g., 34), or across (e.g.. 35), the TTF 

TTF receptors are known for binding hard or soft inetal 
cations, depending upon the type of donor atom used in 
the receptor  nit, although hydrogen-bonding TFF 
receptors for neutral mole~ules"~'  are also known. In 
general, cation binding produces a positive shift in the 
first TTF oxidation potential, with the second being 
largely unchanged, which is attributable to the expulsion 
of the bound cation from the positively charged cavity. 
Recent progress involved the preparation of a TTF 
receptor 3tiLB8] containing two pyrrole units that makes 
it devoid of the cisltr-ans isomerization found in 35. This 
compound can electrochemically sense pb2+ and 13a2+ 
ions in organic solvents; with unprecedented large shifts 
observed in the first TTF oxidation potential. 

RECEPTORS IMMOBILIZED AT A SURFACE 

In order to assess the commercial viability of the 
supramolecular approach to voltalnmetric sensing. it is 
important for freely diffusing receptor species to be 
attached to a surface to assess whether changes in redox 
properties observed upon complexation in a ho~nogen- 
ous system can still be observed once the receptor is 
immobilized. Accordingly, examples of thin filins of 
redox-active receptors on surfaces (e.g.. chemically mod- 
ified elecrodes. CMEs) are becoming increasingly com- 
mon, as exemplified by a recent review.L61 The most 
common methods of iinmobilizing a receptor onto a 
surface involve the formation of either a polymer film or 

a self-assembled monolayer (SAM). An overview of both 
approaches, with appropriate examples, is given below. 

Polymer-Based Electrochemical Sensors 

Polymer-based materials are of immense interest to su- 
pramolecular chemists working in a number of fields. The 
area of polymer-based sensing is vast and was reviewed by 
Swager in 2000."~"~ As far as electrochemical sensors are 
concerned, a number of approaches have been identi- 
fied,[61 but they generally fall into two main categories. 
The first involves using a system in which the receptor 
site is simply attached to the electrode-immobilized 
polymer (e.g., polypyrrole or polythiophene) through 
covalent bonds, with the redox-active polymer film acting 
as the redox probe (e.g., Fig. 8, Conlpounds 39-41). 

This approach was fairly popular in the past,L6"031 
especially for the sensing of metal cations using crown 
ethers (e.g., Conlpound 39[1°") or nitrogen-containing 
~igands."~"' More recently, calixarene-based polymers 
were shown to be effective voltammetric sensors for such 
species,1103. 10" lo wever, other charged or neutral species 

can also be sensed if an appropriate receptor group is 
used. For example. Fabre reported that a conjugated 
polymer film formed from the anodic oxidation of 
boronate-substituted pyrrole. 40, can selectively sense 
rnillimolar concentrations of flouride in an H20-CH3CN 
solvent ~nixture.'"'~' Likewise, redox-active thiophene 
polymers covalently linked to hydrogen-bonding units 
were found to recognize complelnentary DNA base 
derivatives (e.g.. Coruplex 4 1 ) . [ ' ~ ~ ~ ~ ~ ' ~  

The second approach involves using a separate redox- 
active group as the reporter group, with the polynler 
inerely providing a convenient means for immobilizing 
the receptor onto an electrode surface (e.g., Compounds 
42-44, Fig. 9). Thus, a more defined and coatro!led redox 
response to co~nplexation can be envisaged, and a direct 
comparison with the performance of freely diffusing 
receptors is possible. 

The group of Moutet and coworkers published a 
number of reports on the sensing of Group 1 and Group 2 
metal ions using ferrocenyl crown ethers in polypyrrole 
films." "I In a recent study, a polypyrrole film was grown 
on a Pt electrode fro111 the corresponding pyrrole-substi- 
tuted monomer 42. A sole redox process corresponding 
to the Fc+/Fc redox couple was observed in CH3CW so- 
lution. The transfer of this filrn to a solution containing 
I3a2+ ions resulted in the immediate appearance of a new 
redox wave. anodically shifted by 0.12 V. The free re- 
ceptor could be regenerated by holding the film at a 
positive potential in ~a '+ - f ree  electrolyte or by soaking in 
an aqueous EDTA solution. Interestingly, the magnitude 
of the redox response and the selectivity pattern toward 
different cations were comparable to that of an analogous 
freely diff~ising receptor. 
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Fig. 7 Redox-active receptors containing oxidizable organic reporter groups. 

Similar approaches were used by others to detect of 
anions and neutral molecules. For example, the cobalto- 
cenium compound 43 was immobilized onto an electrode 
surface by ele~tropol~merization.~~~~~ The presence of 
submillimolar amounts of HzPOjP in CH3CN caused a 
cathodic shift in the cobaltocenium+/cobaltocene redox 
couple as well as the appearance of a new redox wave at 
more negative potentials. The film was selective toward 
this anion over FIS04- and halide ions. as was the 
monomer in homogenous solution. Sinith built on pre- 
viously described studies of hydrogen-bonding interac- 
tions in solution[931 with the synthesis of a phenanthrene- 
quinone (PQ) pyrrole 44, which was electropolymerized 
at a glassy carbon disk electr~de.'"'~ Electrodes deriva- 
tized with this polymer were found to be reasonably stable 
in organic solvents. The electrode was placed in CH3CN 
solutions of various urea compounds. such as l-phenyl-3- 
propylurea. As observed previously in solution phase 

studies, urea complexation through two compleinentary 
hydrogen bonds resulted in anodic shifts in the P Q " ' ~ '  
redox couple, indicating a strong interaction between the 
surface-confined quinone radical anion and the urea. 
Interestingly. the surface-confined receptor was found to 
be more selective than the analogous compound in 
solution. with only aromatic ureas causing a significant 
shift in reduction potential. 

SAM-Based Electrochemical Sensors 

The use of self-assembled monolayers (SAMs) for 
Investigating the binding piopertles of redox-actlve groups 
at a surface has been explored ober the pact few years by a 
number of research groups ['' '" "- ' " ' I9 - l z3 '  Some 
examples of redox-actlve receptors that form  non no layers 
and respond electrochemically to complexat~on are shown 
in Figs 10 and 1 1 (Compounds 45 -49) An early example 

Fig. 8 Pyrrole and thiophene-based redox-active receptors. 
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Fig. 9 Pyrrole and thiophene-based receptors containing separate redox-active reporter groups. 

involved the disulfide 46, which formed a inixed Ferrocene-containing SAMS have been used in a 
monolayer with decanethiol on a gold electrode.["" number of examples of lnolecular recognition processes 
Micromolar concentratiolls of catechol and indole could at a surface. Kaifer and Gokel successfully used such 
be detected by shifts in the reduction potential of the species to probe the binding of D-cyclodextrin derivatives 
viologen groups. More recently. a related viologen-based through shifts in ferrocene-centered oxidation polen- 
receptor["" was found to bind and sense a series of tia!~.""~ Mo re recently, ferrocene-containing SAMS on 
ferrocene derivatives. spherical surfaces (gold colloids)i1161 and planar surfaces 

Fig. 10 A gold colloid containing mixed dodecanethiol and amido(ferroceny1) undecane th~ol  iigands 
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Fig. BP Redox-active receptors that form self-assembled monolayers (SAMs) on electrode 5urfaces 

(gold  electrode^)'^'^' were used to sense anions. Func- 
tional assemblies on gold colloids have been identified by 
Willner as potential nanostructured sensing devices."181 
Astruc synthesized a series o f  mixed monolayer gold 
colloids such as 45 (containing 39 ferrocene branches) 
that responded to anions in C H ~ C ~ ~ . ~ ~ ~ ~ ~  Cyclic voltatn- 
metry studies revealed that the addition o f  HzPQIp to a 
solution o f  45 induced the forination o f  a new ferrocene- 
centered redox wave that was cathodically shifted by 
-220 mV from the original couple that corresponded to 
the oxidation o f  the unbound redox sites. An electro- 
chemical titration revealed that each ferrocene branch 
formed a 1 :  1 complex with the anion. Interestingly, the 
shifts in the redox couple were much less with HSOlp 
(- 3 0  mV) ,  with no significant changes observed with 
nitrate or with the halide anions C1 - or Br-.  

Beer and Dayis reported Cornpound 47. which formed 
a 1:1 complex with H2POJp in organic  solvent^.^"^' The 
addition o f  an excess amount o f  this anion to a monolayer 
o f  47 on a gold electrode in CM2C12-CH3CN brought 
about a large cathodic shift in the Fc'/Fc redox couple o f  
3 0 0  mV.  This shift was significantly larger than the 
response for the same compound as a freely diffusing 
species (-210 mV). which was indicative o f  a surface 
sensing amplification effect. As for other anion sensors, a 
S A M  o f  a dinickel(1I) complex 48 was found to elec- 
trochemically respond to a range o f  anions in aqueous 
solution. including ATP, as evidenced by cathodic shifts in 
the Ni(TII)Ni(II) couple."'91 The results were consistent 
with axial coordination o f  the nickel center by either one 
or two anions, but only in the -1-3 oxidation state. 

Cations can also be sensed by SAMs containing redox- 
active T T F ~ ' " ) . . ' ~ ' ]  or ~al ix[4]quinone[~~" moieties. The 

first example o f  a TTF-containing S A M  that responded to 
cations was reported by Moore and c o w ~ r k e r s . ~ ~ ~ " ~ ~ ~  
Anodic shifts in the TTF-centered redox couple the 
surface-bound receptor were observed ir, the presence o f  
Croup 1 and Group 2 cations and also Ag+. Echegoyen 
reported a related dithia-crown ether, 49, containing two 
disulfide arms, that forms particularly stable monolayers 
and responds to Croup 1 cations in a similar fashion.r1211 

The objective o f  this review has been to show how 
supramolecular chemistry has made, and is continuing to 
make. an important contribution to the area o f  electro- 
chemical sensing. From an applications point o f  view, 
future developments will continue to be directed toward 
recognition and read out at a surface. so that robust 
voltammetric sensors that are viable alternatives to other 
sensors (e.g.. biosensors) can be produced. However, 
fundamental studies are required to further our under- 
standing o f  how to maximize substrate selectivity. while 
maintaining an effective electrochemical response to 
complexation. Switchable "on /o f f "  binding pro- 
CeSSes,19.1 24.1251 where cornplexation strength can be 

closely controlled by redox processes. are likely to 
become increasingly important. Recent developments in 
molecular recognition and sensing using redox-active 
d e n d r i m e r ~ " ~ ~ -  12'] and nanoparticles[l  1 6 . 1  J8.12.3.1301 are 
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likely to widen interest in this area even f~~r ther ,  as will 
the continuing development of novel electrochemical 
methods~"' - 1  341 for the detection of a range of species. 

ARTsCbES OF FURTHER INTEREST 
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INTRODUCTION 

Structures on length scales between 0.3 and 10 nm and 
dynamics on time scales between approximately 10 ps and 
1 ys can be characterized by electron paramagnetic 
resonance (EQR) spectroscopy if a suprainolecular system 
contains native paramagnetic centers. such as free radicals 
or transition metal ions, or if stable free radicals can be 
introduced as spin probes or labels. Probe concentrations 
as low as 10 p111ol.L and sample volumes down to 5 yl 
may be sufficient for recording continuous-wave (CW) 
EPR spectra at conventional frequencies of 9-35 CHz. 
Such experiments provide details on the reorientation 
dynamics of small molecules or paramagnetic side groups 
that are. in turn, related to weak interactions between 
molecules. For high-field EPR at frequencies of 95 CHz, 
sample volumes of 100 nL may suffice. while more 
sophisticated pulse techniques. such as pulse electron 
electron double resonance (ELDOR) and electron nuclear 
double resonance (ENDOR) at 9-35 GHz, require con- 
centrations and sample amounts that may be 5-10 times 
larger than for CW EPR. The latter techniques can yield 
pair correlation functions corresponding to specific sites 
in a supramolecular system and can directly prove contact 
between different molecules or between molecules and 
inorganic surfaces. The highly selective addressing of 
sites of interest by probes or labels combined with the vast 
amount of information accessible by a broad arsenal of 
techniques makes EPR spectroscopy an attractive tool for 
studying complex suprarnolecular systems that lack long- 
range order. 

SCOPE OF EPR SPECTROSCOPY 

Native Paramagnetic Species 

Paramagnetism is related to single occupatioll of molec- 
ular orbitals. Systems with an odd number of electrons 
are, thus, necessarily paramagnetic, while the more abun- 
dant sysiems with an even number of electro~ls have a 
diamagnetic low-spin state and paramagnetic high-spin 
states. For most stable moiecuies. the ground state is 
diamagnetic. and short-lived excited paramagnetic stales 

are accessible only by absorption of UV or visible light. 
In the absence of strong light irradiation, such species 
do not give rise to EPR signals. For this reason, EPR 
spectroscopy is not a generally applicable method for 
structure determination. On the other hand, the rareness 
of paramagnetic centers greatly enhances the resolution 
ill the spectra and simplifies the assignment of the lines 
in applications to complex materials such as supramo- 
lecular assemblies. 

A few stable molecules, notably NO and NO2, have an 
odd number of electrons and are accessible to EPR spec- 
troscopy. The most important class of such molecules 
is comprised of the nitroxide stable free radicals.['.21 In 
the solid state. where diffusion is slow, dilute radicals 
may be metastable for long times, in particular, when the 
unpaired electron is strongly delocalized over a system 
of conjugated bonds. Further molecules and macromo- 
lecules have a high-spin ground state.[31 Some can be 
detected directly by EPR. while others, such as O2 with 
an extremely fast-relaxing ground-state triplet enhance 
relaxation and thus broaden lines of other paramagnetic 
species."' Solid inorganic networks have structural dis- 
continuity at their surface that often gives rise to so-called 
dangling boi~ds. For particle sizes in the nanometer to 
~nicrometei- range, the specific surface and thus the con- 
centration of such dangling bonds may be sufficient for 
detection by EPR spectroscopy. 

Among transition metal and rare earth metal ions, 
there is a sizeable number of stable species with an odd 
number of electrons, prominent examples being ~ i ' + ,  
VO'+, Cr3+, ~ n " .  ~ e " ,  co2+: CLJ'~,  ce3+, PJd3+: ~ y ' + ,  
and Er3+. Most of these species are catalytically active, 
and a number of them were studied in zeolite-type ma- 
terials."' For these ions. a low-spin ground state with 
total electron spin S= is attained due to electron pairing 
in strong ligand fields. Complexes with weak ligand 
fields may have high-spin ground states; for instance, 
S=3/2 for c o 2 +  (3d7), and S=5/2 for ~ e ' +  (3d5). This is 
significant. as high-spin species tend to have more 
complicated spectra and shorter relaxation times and are 
thus more difficult to study. However, transition metal 
ions with an even number of electrons can only be studied 
in their high-spin states. the low-spin states being dia- 
magnetic. These species have integer spin and transitions 
that are observable only at high fields and frequencies;'61 
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unless symmetry is high enough to cause degeneracy of 
two states at zero field (cubic symmetry or at least one 
rotation axis C,, with 12 > 3). 

Stable Free Radicals Suitable as 
Probes or Labels 

The structures and dynamics of supramolecular assem- 
blies are usually complex and cannot be completely 
characterized by a single technique. This is particularly 
true for functional systems, which require a minimum size 
of a few nanometers and a certain balance between flex- 
ibility and rigidity to allow for reproducible changes of 
their states. The difficulties in characterizing such systems 
are readily apparent for a natural class of supramolecular 
systems, namely, membrane proteins that are functional 
when embedded in a lipid bilayer and tend to be extremely 
difficult to crystallize. To understand structure-dynamics- 
function relationships of such systems, many pieces of 
information on length scales between 1 A and several 
nanometers and time scales between picoseconds and 
milliseconds have to be assembled and interpreted. The 
samples are often macroscopically disordered systems, 
and the conformation of the molecules is distributed to 
some extent. Techniques for local characterization of 
structures and dynamics at selected sites are required to 
reduce the complexity of the problem. 

- 
Av = 190 MHz 

Fig. 1 Orientation dependence of nitroxide spin-probe EPR 
spectra and dyllamical effects on line shapes (simulations). 
Maximurn hyperfine splitting A, is observed along the lobes of 
the singly occupied molecular orbital ( s  direction). Within the .XJ 
plane, spectra at X band frequencies differ only slightly due to g 
anisotropy. Dynamic spectra are shown for rotational correlation 
times t, corresponding to the fast limit (10 ps), slow tumbling 
(5, = 1/Av=5.25 ns), and the rigid limit (I ys). (View this ar t  in 
coloi- at it.n.i.v.clekker.coln.) 
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Fig. 2 Frequencies, magnetic fields, energies, length scales. and 
time scales relevant in EPR spectroscopy (logarithmic scale). 

These factors represent the rationale for using probes, 
which mimic certain constituent parts of the system, or 
site-selective labels. In a spin probe (in the following, this 
term includes labels). the electron should be well localized 
to allow for measurements with high spatial resolution. 
Furthermore, a moderate anisotropy of the spin interac- 
tions is favorable, as this introduces information on re- 
orientation dynamics of the probe into the spectra. Finally. 
probes should be as small as possible to avoid undue 
interference with the observed system. Nitroxide-free 
radicals (Fig. 1) nicely fulfill all the requirements and 
are available with a broad range of additional functional 
g r o ~ ~ s . ~ ' . ~ . ~ '  The spin is almost equally distributed 
between two p orbitals on the N and 0 atoms of the ni- 
troxide group, with little spin density on adjacent carbon 
atoms. The anisotropies of the hyperfine coupling to the 
nitrogen nucleus and the g tensor correspond to widths of 
the powder pattern of a few 10 lnT at typical EPR 
frequencies between 9.5 and 95 GHz (see Fig. 2 for de- 
signations of EPR frequency bands). The N-0 group and 
the neighboring groups, which prevent dimerization by 
sterical hindrance, roughly fit into a rotational ellipsoid 
with an extension of 0.7 nm x 0.5 nm. Probes such as 
TEMPO (2,2,6,6-tetramethyl-piperidine- 1 -oxyl) are solu- 
ble with the required concentrations of approximately 
1 inM in a broad range of solvents. including for instance 
toluene and water. as the molecule as a whole is largely 
unpolar, while the slightly polar N-O group can take part 
in hydrogen bonds. 

Transition metal ions are less widely applicable as spin 
probes but may be convenient for addressing ionic clusters 
or ligand moietiesLX' or for substituting diamagnetic ions. 
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For substitution of diamagnetic Mg2+ ions by paramag- 
netic ~ n ' +  ions. the perturbation of the system is almost 
not perceptible, as evidenced by so~ne  metalloproteins that 
f~inction with both of these ions. 

Sensitivity 

In general. sensitivity of spectroscopies increases with 
frequencies of the photons that excite the transitions. EPR 
spectroscopy (- 10'~)-10" Hz) is thus significantly less 
sensitive than optical spectroscopy (- 10'"~) and 
vibrational spectroscopy (- 1013 Hz) and significantly 
more sensiti\.e than NMR spectroscopy (-- 107-10%z). 
Typical concentrations of paramagnetic centers in EPR 
spectroscopy are between 50 pM and 2 mM. In this range, 
the whole arsenal of C W ' ~ . ' ~ '  and modern pulsed EPR 
methods''l1 can be applied. Usually. CW EPR spectra of 
good quality can be acquired for concentrations as low as 
10 p1M. and free radicals can be detected at least down to 
concentrations of 1 pM. Typical sample voluines with 
standard equipment are 150 yl at X-band frequencies, 
which can be decreased to 5 yl using loop-gap resonators. 
A sample amount corresponding to 2.5 nmol paramagnetic 
centers is thus sufficient for a broad range of techniques at 
X band, while CW EPR can be performed down to sanlple 
amounts of approxinlately 0.1 nmol. As spectra of tran- 
sition metal ions are broader, 5-10 times higher concen- 
trations may be needed for those species. 

The required sample volurne in EPR spectroscopy 
roughly scales with the cube of the wavelength. A sanlple 
volume of 100 nL is sufficient for all experiments at W- 

band frequencies. Despite a moderate decrease in con- 
centration sensitivity when going to frequencies higher 
than 35 GHz. high-frequency EPR can thus deal with 
minute amounts of paramagnetic centers. 

RELATION OF SPIN INEERACTIBNS TO 
STRUCTURE AND DYNAMICS 

Spins are magnetic dipoles that interact with magnetic 
fields imposed externally or locally by other spins.1"" 
As the dipole-dipole interaction scales with the inverse 
cube of the distance between the two dipoles (Fig. 3), 
information on the spatial distribution of the spins in 
solids can be inferred. For electron spins, the apparent 
local magnetic field is influenced by the spatial distribu- 
tion of the unpaired electron and modified by spin-orbit 
coupling, so that there is also information on the singly 
occ~~p ied  molecular orbital (SOMO). 

For spin quantum numbers larger than '12. spins have an 
electric quadrupole moment that interacts with electric 
field gradients. For electron spins, this interaction is again 
related to the spatial distribution of the unpaired electron 
and modified by spin-orbit coupling. For spins of nuclei 
involved in covalent bonds, the quadrupole interaction is 
related to the type and specifics of bonding. For nuclear 
spins in ionic materials, it is related to the distribution of 
point charges in the vicinity of the nucleus. 

The separation and analysis of all interactions can thus 
provide a detailed picture of the geometric and electronic 

Fig. 3 Distance rneasurenleiits between paranlagnetic centers by EPR spectroscopy. Below 0.5 nm. distance estimates are unreliable: 
for O.5<r.< 1.5 nm. CW EPR is the method of choice; for 1.5<?<8 nin. pair correlation function? can be obtained from pulse EPR data: 
and spins at larger distances (up to 40 nm) contribute only to background. Well-defined distances in shape-persistent molecules can be 
directly computed from the dipolar oscillation frequency (right). (View this art iil coloi. L I ~  \t,n,it,.dekkei..corl~.) 
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C: Spectrum of dispersion 
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Fig. 4 Dynamical contrast between two surfactallt sites in a colloidal polyrner dispersion [poly(butylmethacrj71ate)]. Surfactant spin 
labels anchored with their tail end in the polymer particle exhibit a rigid limit line shape (A), while surfactants not anchored are more 
mobile (B). The total spectrum C of the dispersion is a superposition. with the fraction of the mobile colilponent decreasing with 
decreasing water content (data taken from S. Cramer. Ph.D. thesis. University of Mainz, 2000). (Vielt, this art in color nt 

wwltl.dekker.corn. ) 

structures of the system under investigation. Such a 
complete analysis can rarely be performed on the basis of 
only the CW EPR spectrum. The ENDOR, ELDOR, and 
electron spin-echo envelope nlodulation (ESEEM) tech- 
niques may be required to separate interacti~ns. '" . '~~ 
Even with such a broad method arsenal, a full analysis is 
not usually undertaken. After the interactions of interest in 
a given context are identified. one tries to separate and 
measure them with the required precision and collects 
supporting information necessary for their unambiguous 
interpretations. The intricacies involved ill this approach 
are discussed below. An overview of the interactions and 
their typical energies is given in Fig. 2. 

The EPR, ENDOR, and ELDOR spectra are sensitive 
to dynamic processes that change electronic or geometric 
structures (chemical reactions, phase transitions. diffu- 
sional encounter of paramagnetic centers among each 
other or with macromolecules or surfaces), lead to a 
change in resonance fi-equency for a given structure 
(reorientation of centers with anisotropic interactions), or 
influence spin relaxation (fluctuation of interactions due 
lo reorientation, vibrational dynamics, Heisenberg spin 
exchange). The most reliable results on dynamics are 
usually obtained for spin probes with electronic and 
geometric structures that are well known. Dynarnical 
contrast. i.e., differences in rotational dynamics, between 
probes located at different sites or in different domains of 
a complex material can be used to infer the distribution of 
the probes between the sites or doinains (Fig. 4). 

Geometric Structure-interactions 
Through Space 

Dipole-dipole interaction between electron 
spins-The nanometer range 

The dipole-dipole interaction between two electron spins 
S= with g=g ,  has a magnitude of 52 MHz or 1.9 tnT at 
a distance r= l nm. It scales with distance as r--' and is 
proportional to the product of the two g factors (Fig. 3). 
Line splitting or broadening due to this interaction is 
significant in CW EPR spectra up to a distance of ap- 
proximately 2 nm. For larger distances, broadening due 
to proton hyperfine couplings usually dominates. For dis- 
tances below 0.5 nm, allisotropic contributions of ex- 
change coupling may become significant, and distance 
estimates based on electron-electron coupling may be- 
come unreliable. Line-shape analysis of CW EPR spectra 
or related techniques can thus provide distance estimates 
in the range between 0.5 and 2 nm.17.131 

Pulse EPR methods can measure dipole-dipole cou- 
plings with precision to 0.5 MHz for most paramagnetic 
centers. which corresponds to a distance range up to 5 
nm,ll.3-'51 If transverse electron spill relaxation caused by 
proton spin diffusion is slow, a precision of 0.1 MHz 
corresponding to a distance of 8 nm can be achieved. 
This is possible for materials that do not contain inethyl 
groups or water or when the bulk of the material is 
perdeuterated. If part of a supramolecular system exhibits 
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a distribution of conformations, distances between sites 
may not be well defined but instead broadly distributed. 
Such situations can be addressed by direct conversion of 
pulse EPR data to a spin-to-spin pair correlation 
function.['41 

Anisotropic hyperfine interaction-The 
Angstrom range 

The dipole-dipole interaction between an electron spin 
s = ' / ~  with g=g, and a proton has a magnitude of 
79 MHz at a distance of 1 A. It scales with distance 
as rp%nd is proportional to the product of the electron 
and nuclear g factors. Only in exceptional cases are 
splittings due to this interaction resolved in EPR spectra. 
Usually. ENDOR or ESEEM techniques are applied that 
measure nuclear transition frequencies with a sensitivity 
roughly comparable to an EPR experiment.'"' The 
resolution of the measurements is determined by the 
static NMR line width, which is typically up to 100 kHz 
for protons in solids and less for other nuclei. This 
indicates that distances up to 8 A between an electron 
spin and a proton can be measured. The precisioll of the 
distance measurement is not usually limited by the 
precision of the frequency measurement but rather by the 
spatial distribution of the unpaired electron. For a 
paramagnetic center with known structure, the latter 
contribution can be estimated by quantum-chemi- 
cal computations of the hyperfine coupling and can thus 
be cosrected. 

The direct relation between the anisotropic part of the 
hyperfine coupling and the electron-nuclear distance is 
spoiled when there is spin density in orbitals other than s 
orbitals on this nucleus. Except for protons, alkali. and 
earth alkali ions, this is usually expected. In this situation. 
a quantum-chemical computation is mandatory before 
any attempt can be made to relate the hyperfine splitting 
to a distance. 

Electronic Structure-Singly 
Occupied Molecular Orbital and 
Interactions Through Bonds 

The g tensor 

Orbital angular inomentuln of the electron spin is usually 
quenched in the ground state, but due to relativistic 
effects. there is an admixture of excited states that mani- 
fests itself as spin-orbit coupling and. in turn. as a 
deviation of the g value from g,. Often the deviation is 
anisotropic and has to be described as a g tensor. This 
tensor reflects point symmetry at the site of the para- 
magnetic center and can be considered a characteristic 

for the global distribution of the unpaired electron. In 
other words. the principal values of the g tensor can often 
be used as the fingerprint of a certain type of paramag- 
netic center. 

For characterizing supramolecular interactions, it is of 
interest that g tensor principal values are sensitive to the 
polarity of the environment and are influenced by 
hydrogen bonding to an atom with significant spin density 
in a p ~ rb i t a l . "~ '  For nitroxide spin probes. it was 
demonstrated that the two effects can be separated by 
correlating g,, to A?:. [ J ~ I  

Exchange interaction 

Two electron spins interact through Heisenberg spin 
exchange when their wave functions overlap. Such an 
exchange can proceeed along a network of bonds (overlap 
of two molecular orbitals of the same molecule) or 
through space or through a matrix. Exchange through 
space or through an isolating matrix is isotropic and is 
negligible compared to the dipole-dipole interaction at 
distances longer than 1.5 nm.'71 Exchange through a 
network of conjugated bonds or in a conducting material 
can be significant at distances up to at least 5 nm. In 
solutions, exchange broadening of spectral lines occurs 
through short-time overlap of the wave functions of 
colliding paramagnetic species. It is thus related to the 
local concentration of these species (Fig. 5). 

Exchange coupling is related to ferromagnetism 
(antibonding overlap) and antiferromagnetism (bonding 
overlap) and to the rate of electron transfer between 
the two centers. The EPR measurements are useful 
in studies of molecular magnets. in order to probe their 
inner structures and to separate intramolecular and 
intermolecular contributions to the exchange interac- 
tion.[I8' 

Isotropic hyperfine interaction 

Spin density in s orbitals of an atom with a magnetic 
nucleus results in an isotropic hyperfine coupling (Fermi 
contact interaction of electron and nuclear spin). Proton 
s orbital spin densities are usually caused by spin 
polarization and are proportional to the spin density 
on the directly bound neighbor at on^.^" Isotropic hyper- 
fine couplings are thus related to the delocalization of 
the SOMO. 

Hyperfine couplings to nuclei of strongly electroneg- 
ative elements are sizeable. even for the extremely low- 
spin densities transferred from a paramagnetic center to 
neighbor molecules. For instance, in the case of 19F, a 
hyperfine splitting of 0.5 MHz corresponds to a spin 
density as low as Detection of such couplings can 
thus prove spatial proximity between different molecules. 
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(FS) in water dS\ /"., polyelectrolyte 

Ye PBABMAC 
0 

0.5 mM FS 0.5 mM FS + 10 mM PBADMAC 

Fig. 5 Exchange broadening and slow down of rotational diffusion by dynamic electrostatic attachment of couilterion spin probes to a 
polyelectrolyte. Left panel: Effect of exchange broadening on the spin probe EPR spectrum. Right panel: The broad wings of the center 
line indicate strong enrichment of counterions close to the polyelectrolyte. Broadening of the low-field and high-field lines cornpared to 
the center line stems from a slow down of the reorientation of the probe and is caused by formation of contact ion pairs with a 
subnanosecond lifetime (data provided by D. Hinderberger). 

Dynamics-Anisotropy and 
Fluctuation of interactions 

Rotational dynamics and small-angle libration 

Due to the anisotropy of g and of the hyperfine interaction, 
resonance frequencies of EPR transitions depend on the 
orientation of the paramagnetic center with respect to the 
magnetic field (Fig. 1). Hence. if rotational diffusion of 
the lnolecule or dynamics of a spin-carrying side group 
change this orientation on the time scale of the EPR 
experiment, spectral changes are observed. Such dynam- 
ics is observable up to rotational correlation times r, that 
are comparable to the transverse relaxation time T2 of the 
electron spins (typical range 100 ns-10 ps). For r,>> T2, 
the rigid limit is attained in which the spectrum of a 
macroscopically disordered sample is the superposition of 
the spectra of all orientations. The lower liinit of -r, for 
dynamics to be observable depends on the total anisotropy 
A\] of the spectrum. Strictly speaking, Av is the largest 
possible frequency change of a single EPR transition 
during reorientation. however, the total width of the EPR 
spectrum in the rigid limit is usually a good approxima- 
tion. For nitroxide spin probes at %-band frequencies, Av 
is well approxiinated by 2 A,% 200 MHz, where A? is the 
14 N hyperfine coupling along the z direction (Fig. 1). For 
T,<< l/Av. the East limit is attained in which the anisot- 
ropy is averaged and the spectru~n is characterized by 
narrow lines with frequencies that are determined by the 
isotropic averages of g and of the hyperfine splittings. 

For nitroxides, this requires rotational correlation times 
shorter than 10 ps. 

For correlation times in between the rigid and fast limits 
(slow tumbling regime). spectral line shapes depend on r, 
and on specifics of the  motion."^'" It is usually possible to 
decide whether rotational diffusion is isotropic (nearly 
spherical molecules) or has to be characterized by a 
rotational diffusion tensor (molecules with prolate or 
oblate shape). Spectral line shapes are also sensitive to 
reorienting potentials as they occur in microscopically 
ordered phases such a liquid crystals or lipid membranes. It 
is thus possible to recognize ~llicroscopic order in EPR 
spectra of macroscopically disordered samples.['" ILIS- 
thermore, restricted side-group motion is manifest in line 
shapes that are different from the line shapes for unhin- 
dered rotational diffusion. Sensitivity of the EPR spectra to 
all these details of reorientation dynamics is optimum at 
- r , ~  1/Av. In many supramolecular systems. this optimum 
can be attained by temperature variation. Restricted 
motion, such as small-angle libration. can be recognized 
by line-shape changes at the edges of the rigid limit that are 
induced by partial averaging of the anisotropy. Such 
motion can be characterized by pulse EPR  experiment^.["^ 

Chemical exchange and 
Heisenberg spin exchange 

The spin Harniltonian changes suddenly when a para- 
magnetic molecule changes its conformation, undergoes 
chemical reaction. or exchanges spin with another para- 
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magnetic tnolecule. All of these processes cause changes 
in transition frequencies and are thus observable in 
EPR spectra. Detailed information can be obtained by 
time-domain experiments at time scales between approx- 
imately 10 ns and 1 ms.'"' Slow processes with 
characteristic times in the range of seconds to hours can 
be conveniently characterized by CW EPR spectroscopy. 

Heisenberg spin exchange occurs upon collision of 
paramagnetic molecules in solution due to temporary 
overlap of the wave functions of the two unpaired 
electro~ls."~'~ This process causes line broadening in the 
spectra. It can be noticed, even for collisions of like 
molecules, if hyperfine splittings are resolved in the EPR 
spectrum, because in that case, the two molecules may 
differ in their nuclear magnetic spin quantum numbers and 
thus in the local fields at the electron spins. Furthermore, 
even if one of the species is unobservable due to electron- 
spin relaxation that is too fast. collisions still cause line 
broadening in the spectrum of the other species. Gener- 
ally, EPR spectra broadened by Heisenberg exchange 
contain information on the rate of collisions and their 
effectiveness in spin exchange. The rate of collisions, in 
turn, depends on the diffusion coefficients of the mole- 
cules and on their local conce~ltrations, while their ef- 
fectiveness can be described by a steric factor. A quan- 
titative analysis of collisions between nitroxide radicals 
and transition inetal ions ligated by crown ethers provides 
a good introduction to this 

SPIN LABELS AND SPIN PROBES-ACCESS 
78 DIAMAGNETIC MATERIALS 

Site-Directed Spin Labeling 

Paramagnetic centers can be directly attached to the site of 
interest via covalent bonds. Such nlethodology is partic- 
ularly well developed for proteins. where the amino acid 
residue of interest can be converted to a cysteine residue 
by site-directed mutagenesis, and a thiol-reactive spin 
label can be attached under mild  condition^.'^^' If a 
peptide or protein is synthesized, the nonnative spin- 
labeled amino acid TOAC can be incorporated directly 
into the chain.'2" 111 other synthetic systems. nitroxides 
can be conveniently attached via ether. ester, or alnide 
bonds,r241 an approach that is also viable for labeling 
ceramic and metal oxide surfaces.i251 The complexity of 
supramolec~~lar systems that can be investigated by this 
approach is exemplified by a study on the interaction 
between spin-labeled starburst dendrimers and D N A . ' ~ ~ '  

Probing Weak Supramolecular interactions 

The high sensitivity of the spectra to subtle changes in 
probereorlentation dynamics combined with a concentra- 

tion sensitivity in the 10 pmol.L-' range and the 
large variety of co~nmercially available nitroxide spin 
p ~ o b e s ' ' . ~ . ~ ~  makes CW EPR a valuable tool for studying 
weak interactions between molecules. Instructive applica- 
tion examples include the adsorption of inorganic['71 and 
organic molecules on zeolites,r2" hydrogen bonding be- 
tween small additive molecules and epoxy polymers,'2y1 
formation of surfactant layers on clay particles in a 
poly(acrylamide)/bentonite composite,i30i detection of 
dynamic electrostatic attachment of coullterions to poly- 
electrolytes in ~olution.'"~ and study of lipid-protein 
 interaction^.'"^ 

As a local method for characterization of dynamics at 
faster time scales and structures at longer distances than 
are accessible by NMR spectroscopy, EPR spectroscopy 
is a valuable technique for studying supramolecular 
systems. The absence of any background signals in most 
cases and the possibility to address sites of interest by a 
variety of relatively small spin probes allows for appli- 
cations to complex materials. Weak interactions between 
molecules, such as electrostatic interaction, physisorption, 
and hydrogen bonding, can be detected in solutions, soft 
matter, and on large internal surfaces by simple, fast, and 
sensitive CW EPR measurements. While the principles 
of applying EPR spectroscopy to suprarnolecular systems 
were proved and impressive results were achieved on 
biological systems, the broad arsenal of existing tech- 
niques still appears to be underutilized in studies on syn- 
thetic materials. 
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INTRODUCTION 

How life emerged has occupied the thoughts of mankind 
for millennia. Life, of course, can be defined in a number 
of but here the NASA definition is the most 
appropriate. stating that: "Life is a self-sustained chem- 
ical system capable of undergoing Darwinian evolu- 
t i ~ n . " [ ~ '  Chemistry. together with biology and other 
disciplines of science. have now come a long way in 
explaining how life could have emerged from the once 
sterile primordial earth (or for that matter, elsewhere in 
the universe) to reach the complexity we now see around 
us. Evolutionary science and biology can trace the roots 
of modern lifefol-ms baclc to the "last common ances- 
tor,= '1.31 while prebiotic chemistry'" gave us insight into 

how the building blocks of life (nucleotides, amino acids, 
etc.) could have been formed under the conditions that 
prevailed before life emerged. It is, however. what 
happened in the gap from the time the building blocks 
of life were fornled until we had the first primitive 
lifeforms (the last common ancestor), that remains a 
challenge for modern science. Supramolecular chemistry 
is likely to play a major role here, as the key questions are 
how simple :nolecules can interact noncovalently in such 
a fashion to give rise to inore complicated superstructures. 
in a hierarchical fashion. that eventually lead to living 
identities. The topics that (supramolecular) chemists have 
so far tried to cover in their quests to answer these 
questions range from self-replication, chiral amplification 
and ternplated synthesis. to temporal thermodynamics, 
self-reproduction. and emeygerzce. 

TIMELINE FOR THE EMERGENCE OF LIFE 

Our solar system and the Earth are thought to be about 4.6 
Ga (4.6 billion or 4.6 x io9 years) old (Fig. I). Meteorite 
bombardment made the surface of our planet a rather 
inhospitable place during the first few hundred years after 
its formation, however. isotopic patterns in sediments 
from Greenland indicate that life already existed as early 
as 3.8 Ga ago.L5i The upper limit for the emergence of life 
is set by the intense bombardment of the Earth between 
3.9-4.1 Ga ago, which without doubt sterilized it; e.g., by 
boiling off the ocearis.[ll destroying the prebiotic matter 

(the prebiotic soup) that is necessary for life to emerge. 
Only when this heavy meteorite bombardinent ceased, 
about 3.8-3.9 Ga ago.'" could life have started to evolve. 
Thus; it appears that life evolved from the prebiotic soup 
within the span of 100-200 million years.i11 A window as 
narsow as 10 million years was suggested for life to 
emerge.r61 There are, broadly speaking, two strategies that 
can be used to try to understarld what happened during this 
period. They are the "top-down" biological strategy and 
the .'bottom-up" biogeochemical strategy."' Prebiotic 
bioorganic chemistry. and in particular, prebiotic supra- 
molecular chemistry. clearly belong to the latter (Fig. I ) .  

As the famous Miller-Urey experiment showed.[71 many 
of the building blocks of life call be obtained under ex- 
perimental conditions that resernble (as far as we know) 
conditions on primordial Earth. There is controversy about 
whether the early atmosphere of Earth was reducing or 
not.''] but assuming it was so (i.e.. a rnixture CH4, NH3. 
H2, and HzO). one can obtain important prebiotic feed- 
stock molecules like HC=W, CH3C--N, HCEC-CN, 
and HCHO. From these initial feedstock molecules, a 
range of amino acids, purines, pyrimidines, and sugars 
were obtained under prebiotic conditions. which upon 
further reaction can afford nucleosides. nucleotides, and 
activated amino acids. eventually leading to oligomers 
of these building bloclts.1".8' The prebiotic synthesis of 
other important building bloclcs such as lipidsi'' and 
riboflavins'" ivas demonstrated. however. under a cloud 
of considerable co~ltrovers~r.~' 

Calculations also showed that about 4 Ga ago, more 
carboil was delivered to Earth in less than a few million 
years by interplanetary dust particles than the current 
amount of organic carbon in the biosphere, or about 
6 x 10" kg.["" Analyses of interstellar dust clouds and 
heavenly bodies found on Earth, such as the Murc'l' I lson 
meteorite, showed the presence of a variety of important 
prebiotic compounds. such as amino acids. ureas. alco- 
hols. aldehydes, purines. polycyclic arornatic hydrocar- 
bons ($AH). and organic acids,'"' highlighting the sig- 
nificance of extraterrestrial carbon delivery to Earth. 

Eiic~clo~~c~tiic~ of S~cpi-iiii~ule~culcii- Clieri~rsfi~ 
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Major events Methodolsgisai 
strategies 

Fig. 1 A hypothetical tirnescale for the emergence of life. 
The dotted lines indicated the window within which life is 
thought to have emerged. On the right. the two main meth- 
odological approaches according to ~ a h a v " '  are shown in 
relation to the timescale. (Ifielv this art iiz color. czt ~ t ~ ~ v l i . .  

dekke~conz. 

Thus, it appears that most of the compounds neces- 
sary to form life were available. even abundant. in the 
"prebiotic soup" sonle 3.8-3.9 Ga ago, whether they 
were formed on Earth or were of extraterrestrial origin. 
How these then assembled to eventually beget life is less 
clear, but before going into the details, it is worthwhile 
to consider the thermodynamic aspects of formin, 0 c o ~ n -  
plex systems such as those that make life possible. 

THERMODYNAMIC CONSlDERATlONS 
FOR THE EMERGENCE OF LIFE 

The first (conservation of energy) and the second (entropy 
of the universe is increasing) laws of thermodynamics are 
universal and, thus, will apply to the processes that led to 
life. Because energy can easily change from one form to 
another (e.g., light to electrical to chemical as in the 
photosynthetic reaction center). it is possible to explain 
how prebiotic (spontaneous) chemistry could have taken 
place without violating the first law. One might find it 
harder to see how life and living identities (and therefore 
the origin of life) can possibly obey the second law, as life 
seems to be characterized by a decrease in entropy. The 
answer is that the second law applies to a closed system 
(e.g., the universe). while life is an open system in which 
exchanges of energy and matter with its surroundings 
cause a net increase in the total entropy of life and its 
environment as a whole. But as every chemist under- 
stands, these two laws are related, and what really matters 
for the st~rdy of chemical processes is Ihe free-energy 

(Gibbs) or more precisely the free-energy change AG 
within a given system, where AG= AH-TAS (AH= 
enthalpy change and AS = entropy change). Thus, pro- 
cesses that are unfavorable for the system in terms of 
entropy can be driven forward by enthalpy (energy input). 

When it comes to considering these factors in a 
possible scenario for the emergence of life. it is useful to 
consider the level of organization at different stages in 
relation to energy On the first level is energy 
(such as electrical discharge and UV light) necessary to 
drive the synthesis of prebiotic molecules, like cyanides, 
nitriles, and formaldehyde. On the next level are concen- 
tration mechanisms necessary to gather dilute solution of 
potential building blocks. Here. the energy might come 
from adsorption to mineral surfaces, simple drying, or 
molecular self-assembly in the forms of films and 
vesicles. On the third level, energy input is required to 
drive polymerization reactions in "nonliving" assem- 
blies. On the fourth level. these assemblies would grow 
using internal energy sources based on photosynthesis or 
metabolism, eventually leading to cellular life.'"] On the 
latter two levels, a variety of possible scenarios were 
postulated: from the energy of simple dehydration and 
heating, to redox properties of minerals, through to geo- 
thermal energy, light energy capture by primitive pig- 
ments, and ion gradients across lipid bilayers. 

When the therrnodyna~nics of self-assembly and the 
emergence of life are discussed, one critical factor is often 
overlooked-namely. time. Life is. after all, dynamic; and 
it is difficult to overlook the importance of energy flux in 
all living processes. Most of our understanding of self- 
assembly comes from examining static systems. Fortu- 
nately, this is now changing, and studies'into dynamic 
self-assembly are gaining increased popularity.['" Within 
thermodynamics there is even a theory of "temporal 
hierarchies?" which, broadly speaking, states that supra- 
molecular structures on one particular hierarchical level 
( , j )  that arise because of self-assembly of lower-hierarchy 
structures ( j -  1). have a lifetime inversely related to the 
level of hierarchy. i.e., zj >> ? i  I (T = lifetime of struc- 
t ~ r e ) . ~ ' "  

TEMPLATED SYNTHESIS 

Templaied synthesis plays a central role in any discussion 
about the emergence of life. This is because it was 
certainly involved in two stages of the evolution of life- 
self-replication and translation (protein synthesis)-and 
possibly in the third, polymerization of monomers or 
shorter oligomers of amino acids and nucleotides into 
peptides and (longer) oligonucleotides. The role of 
ternplated synthesis in supramolecular chemistry is ubiq- 
uitous and well documented.'"' Before going further, it is 
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useful to define it in the words of Busch: "A chemical 
template organizes an assembly of atoms with respect to 
one or more geometric loci; in order to achieve a particular 
linking of atoms.""01 The template is. therefore, distin- 
guished from a reagent by its ability to interfere with the 
macroscopic geometry of the reaction rather than the 
i~~trinsic chemistry."51 In the complicated case of protein 
synthesis. nzessengel--RNA (m-RNA) acts as a template for 
the assembly of amino acids linked to the tvnnsfer-RNA 
(t-RNA); leading to one combination of these amino acids 
only, instead of the many other possible combinations of 
amino acids that could form a peptide in the absence of 
the m-RNA template. Likewise, self-replication is nothing 
but a subclass of templated synthesis restricted to the 
teinplate used being the same as the product. 

Although it was demonstrated that montmorillonite 
clay particles can catalyze the condensation of nucleo- 
tides,r'71 it . is ' unclear if the surface shape of these clays 
can template a specific sequence or shape of the oligomers 
formed. Many other theories of how clays and minerals 
could have played a templating role or been used as com- 
partmentation agents".s1 were proposed, but all remain to 
be confirmed by experiments. 

SELF-REPLICATIOM, CHIRALITY, 
AND MUTATION 

The transition point in the evolution of life was the 
emergence of a molecule that was capable of replica- 
tion.'" It should be noted that the DNA molecule does 
self-replicate. however, at present, only with the aid of 
several enzymes. What researchers are looking for is a 
molecule that can self-replicate without the aid of any (or 
many) complex cofactors, like enzymes. The "chicken- 
egg'' paradoxi

J

1 that comes from DNA being synthesized 
by enzymes while enzymes are synthesized by instruc- 
tions stored in DNA but mediated and cocatalyzed by 
RNA. led many researchers to suggest that RNA or a 
WNA-like moiecule was the first self-replicating mole- 
cule. the so-called "RNA world" theory.ll] This is be- 
cause RNA can function as a catalyst (ribozymes) and as a 
carrier for genetic information (retroviruses), offering a 
possible solution to the "chicken-egg" paradox. Accord- 
ing to the "RNA world" theories, the formation of self- 
replicating RNA (RNA replicase) predates the formation 
of a primitive ribozyme RNA capable of protein synthesis. 

It is not surprising that Inany researchers spent their 
time designing and synthesizing self-replicating sys- 
t e m ~ . " ~ '  These efforts show that self-replication is 
possible, however, it is a complicated issue to study. 
One has to be careful here to define self-replication, as it  is 

Fig. 2 (A) Self-replication versus ( B )  cross-catalysis. according 
to von Kiedrowski et al. (Ref .  [19]). A. A'. B. B' stands for 
oligomeric fragments that can combine to form the templates 
(AA', AB'. BB'). (View tlzi.s art in color at ~.v~vw.clekker,corn.) 

merely a subset of autocatalytic reactions (such as acid- 
catalyzed hydrolysis of esters, which in turn, makes 
more acid). Self-replicating molecules are selfish cata- 
lysts, i.e.. they will only catalyze their own f~ rmat ion . "~]  
This also means that information is transferred during 
the reaction; in other words, molecular recognition be- 
tween the product(s) and reagent(s) plays a major role in 
templating the reaction. 

Self-replication can occur through autocatalysis with a 
self-complementary template (Fig. 2A) or by cross-catal- 
ysis with a co~nplementary template (Fig. 2B). In the latter 
case, two complementary units catalyze each other's 
forn~ation. This is significant: as modern DNA is made 
up of two complementary strands that replicate in a 
cross-catalytic manner. Studies on a simple nonenzyinatic 
DNA system capable of competing auto- and cross- 
catalysis. show that in the absence of an initial template, 
both pathways are equally as likely, but that in the pres- 
ence of a seeding template, the cross-catalytic route is 
more efficient.'19' 

The self-replication of peptides was also demonstrated 
in the laboratory,1201 raising the question of whether 
peptides were the first molecules to self-replicate in the 
evolution of life. Whether this was the case or not. various 
interesting phenomena were demonstrated using self-rep- 
licating peptides. including dynamic error correction1211 
and chiroselective an~plification."~~ Both are significant 
in discussing the emergence of life. The dynamic error 
correction experimeilt is based on introducing two 
mutants to the system. The system as a whole was shown 
to be robust enough to suppress the formation of these 
mutants and capable of using the mutants to produce more 
of the nonmutated template.i21J Thus, small "errors" in 
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Fig. 3 Chiroselective amplification according to Saghatellan 
et al. (Ref. [22]) .  The potential ternplates T are formed by re- 
acting nucleophilic N and electrophilic E peptide fragments 
together. The superscripts (L and D) indicate the different chi- 
ralities of the amino acids that rnake up the peptide fragments. 
(Vielv this urt in color at \vww.dekker.com.) 

the replicating system can be corrected again toward the 
native template. In the case of chiroselective amplification 
(Fig. 3), a similar correction mechanism was observed. 
More importantly, it was also observed that a chiral pep- 
tide template is capable of amplifying homochiral prod- 
ucts from a racemic mixture of shorter fragments.r221 For 
instance. starting from a racemic mixture of the shorter 
peptide fragments, more than 70% diastereomeric (de) 
excess of the homochiral (template) versus heterochiral 
peptide was obtained under the conditions used. The 
origin of homochirality in biopolymers is still one of the 
great mysteries in the quest to understand the origin of 
life,[I1 but these experiments help us understand how chi- 
rality can be amplified once an initial enantiomeric im- 
balance is established and indicate that self-replication of 
biopolyrners might have played an important role. 

TRANSLATION AND PROGRAMMED 
TEMPLATED SYNTHESIS 

At least as important as the self-replication of information 
(DNA) is the ability of a living organism to carry out 
programmed teinplated synthesis of proteins using RNA. 
At the center of this system is the codon-anticodon 
recognition between m-RNA and t-RNA. This is the 
genetic code, as m-RNA is synthesized by complenlentary 
templated synthesis from a DNA (the genetic material) 
single-strand sequence. The I-RNA molecules carry a 
specific amino acid and. according to the anticodon they 

possess, form a compleinentary complex with a codon on 
m-RNA inside the ribosome, where the amino acid is 
added to the growing polypeptide chain. In modern or- 
ganisms, this system is complex, but it is obvious that it 
must have been a lot simpler closer to the origin of life. 
How it evolved is one of the most contested topics in the 
whole discipline; some favor a graduai change from RNA- 
replication to RNA-coded protein synthesis (RNA-world): 
while others suggest a "coevol~~tion" of RNA and 
catalytic peptides and proteins that eventually merged 
into one system.r11 The simulation or mimicking of this 
remarkable programmed templated synthesis system has. 
to date, not been attempted by wholly synthetic analogues, 
which is not surprisiilg considering its complexity. 

It should also be noted that the genetic code is twofold, 
with the second being the recognition between individual 
t-RNA anticodons and the specific ainino acids they stand 
for. This adds some weight to the theory that peptides 
were the first carriers of genetic information. or the 
coevolution theory.[" This kind of template switching, or 
a transition between two different (albeit related) genetic 
systems, has been demonstrated, between RNA and PNA 
(peptide nucleic acid) oligomers."'' 

LIPIDS, MEMBRANES AND 
SELF-REPRODUCTION 

Important but often overlooked players in the origin of life 
scenario are lipids. Lipids, and amphiphiles in general, 
can self-assemble into structures such as micelles, 
vesicles, and importantly. membranes. Their most impor- 
tant role in living organisms today is compartmentaliza- 
tion, but they also play a vital role in metabolism, res- 
piration, and photosynthesis, to name a few examples. 
Normally, it is assumed that they play a passive role in 
these processes. However, the recent "lipid world" 
theory suggests that lipid-like molecules played a much 
more active sole in metabolisrnr'"21.'51 arid in the early 
stages of evolution, and even acted as information car- 
riers.12"2" The latter suggestion conies from the observa- 
tion that cell membranes are always created by growth and 
division and not de novo and, thus. are direct ancestors of 
the first living cells.[231 

Another important observation in this context is that 
micelles are capable of self-reproduction. that is, the 
amphiphiles (fatty acids) within the micelles are capable 
of catalyzing the hydrolysis of fatty acid esters. causing 
the micelle to grow and eventually split into two new 
ones.1261 The term reproduction is used to distingrlish it 
from self-replication as discussed above, as it is not 
limited to discrete (linear) molecular structures but rather 
is confined in geometry. Because each new micelle 
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6, = Micelle formed from G 

Fig. 4 Self-reproduction of a lnicelle according to Bachmann 
et al. (Ref. [26]). The ester EC is hydrolyzecl slowly to C outside 
the micelles (indicated with C,,) but much quicker inside, and as 
the micelles grow. they generate new ones. 

formed is capable of binding and then hydrolyzing about 
five ester molecules, the micellar growth is explosive once 
the first is formed frorn the very slow noncatalytic 
hydrolysis of fatty acid esters (Fig. 4). Although micelles 
are obviously too small and unstable to have played a 
significant role in the evolution of life, they are closely 
related to vesicles. which could more easily have served as 
envelopes for p ro toce~ l s . " "~~~  

HIERARCHY, EMERGENCE? AND 
SYNTHETIC LIFE 

Until now. the discussion was limited to how individual 
components of life might have developed. But living 
organisms, even as simple as the "last common ances- 
tor,: .ll.31 are multilevel complex assemblies. A closer look 
reveals that biological self-assembly of complex struc- 
tures can be explained based on a few simple princi- 
ples."8i One of the most important of these is that self- 
assembly occurs in an hierarchical fashion, i.e.. it is a 
modular process by which stable subassemblies are 
formed before they assemble into a more elaborate 

structure. Hierarchical assembly was put into practice by 
supramolecular chemists: an early example concerns the 
formation of an helical stack from a chiral phthalocyanine 
where. in turn, two of these stacks form a superhe~ix . '~~ '  
This, and other examples of hierarchical assemblies, show 
that inforlnation within one molecule (e.g.. chirality) can 
be transferred through several levels of hierarchy, forming 
very large structures that still contain that piece of 
information (a superhelix is chiral). As pointed out above, 
the lifetime of a particular superstructure seems to be 
linked to the level of hierarchy for that ~tructure.~"] 
Therefore, as the conlplexity of prebiotic assemblies in- 
creased in a hierarchical fashion, the longer their life- 
times became. This could have ensured a smooth tran- 
sition toward cellular life, once all the basic components 
were in place. 

Another tool that could turn out to be helpful in 
comprehending how life reached its complexity is the 
concept of "emer~gence" (it should be stressed that this is 
a much broader term than used in the phrase "emergence 
of life"). E~ner-gencc as a concept can be defined in a 
number of ways, but often the statement "the whole is 
more than the sum of the parts" is used. Another 
definition would be that it describes how novel properties 
arise (emerge) on one particular level of hierarchy ( j ) ,  

Self-replicating 
B 

Fig. 5 A hypothetical pathway to a synthetic cell. according 
to Szostak et al. (Ref. [27]) .  (View this art i l l color at 
IL'IVII,. dekkei-. corn. ) 
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when that was formed from the next hierarchical level 
( j -  1) below it. This concept clearly plays a major role in 
chemistry, despite having gone almost unnoticed until 
recently.'301 In the emergence of life, novel properties 
(self-replication, metabolism, etc.) arose as more complex 
assemblies formed. Emergerzce will undoubtedly help us 
to better understand the origin of life. An illustration 
comes from ambitious plans to make a minimal synthetic 
cell.[271 The plan is based on combining an RNA replicase 
and a self-replicating vesicle, forming a protocell. Incor- 
poration of a lipid-synthesizing ribozyme would complete 
this minimal cell (Fig. 5). It is anticipated that novel 
properties will arise as complexity increases, providing 
major insights into the origin of life. 

CONCLUSION 

The problem of understanding how life emerged is as 
complex as it is fascinating. It is. however, impossible to 
travel back in time to actually observe how it happened. 
Therefore, we can only speculate how it could have 
happened and then test those theories in the laboratory. 
Supramolecular chemistry has already, and will certainly 
continue: to play a major role in this quest. Studies into 
self-replication, templated synthesis, and micellar repli- 
cation, to name a few topics covered here, already gave 
valuable insight into how life might have emerged. 
Hierarchical assembly, erne?-gence, and other more novel 
areas within supramolecular chemistry are also set to do 
the same. Practical applications, such as programmed 
templated synthesis of polymers. could also result from 
these studies. Synthesis of "living" cells was targeted, 
and other ambitious plans are likely to follow. Prebiotic 
supramolecular chemistry is therefore set to be a thriving 
field in the twenty-first century. 
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In recent years; considerable effort has been devoted to 
elucidating the pathway of energy transfer in supramolec- 
ular assemblies. The impetus for this work stems from the 
fact that electron transfer reactions are endemic in 
biosynthesis. Such critical and well-known cellular activi- 
ties as respiratory oxidative phosphorylation['l and pho- 
tosynthesisi" rely on electron transfer processes. Most 
of these are mediated via protein-protein interactions. 
Currently, it remains uncertain whether a specific path- 
way is required for a given biological electron transfer 
event.ll.'-51 The study of synthetic donor-acceptor sys- 

tems held together by noncovalent interactions resem- 
bling those found in proteins, nucleic acids, and other 
biological inacromolecules is thus being pursued with 
the goal of better understanding the full range of natural 
electron transfer processes. The aim of this chapter is to 
summarize recent advances in the area of electron and 
energy transfer model studies. with the focus being spe- 
cifically on synthetic supramolecular model systems that 
are held together via hydrogen bonds. reported after 
1998. This choice of emphasis, designed to be illustra- 
tive of how supramolecular approaches can help shed 
light on current problems of interest, is, of course, arbi- 
trary. Indeed, it is important to appreciate that supramo- 
lecular assemblies based on hydrophobic interactions. salt 
bridges, aromatic n-stacking, van der Waals forces, etc., 
have been produced, and that they also have an important 
role to play in the area of electron and energy transfer 
modeling. The reader is directed to many excellent 
reviews for examples of these kinds of model systems as 
well as of early hydrogen-bond-derived 

THEORY 

Traditional transition state theory does not hold for long- 
distance electron transfer reactions. Due to weak elec- 
tronic coupling between donor and acceptor moieties, 
formation of a transition state does not necessarily lead to 

an electron transfer event. Thus, electron transfer rates 
(kET) must be described by Fermi's golden rule. which has 
its basis in nonadiabatic quantum mechanical perturbation 
theory (Eq. 1). Here. TDA is an electronic coupling factor 
that reflects the electronic structure of the donor. acceptor, 
and bridging groups." The second term is the Franck- 
Condon factor (FC), the weighted density of states that 
can be calculated using classical Marcus theory"01 or. 
more precisely, using its many quantum mechanical 
col~ections.["~"~ Detailed in Eq. 2 is the FC factor in 
the high-temperature regime predicted by Marcus. In this 
equation, i,=reorganization energy, and AC?=standard 
free energy for the reaction. When A G O -  i,. the 
electron transfer rate reaches its maxiinum value and 
is dependent solely on TDA (Eq. 3), where ITDAlo=elec- 
tronic tunneling matrix element when the donor and 
acceptor are at van der Waals contact distance, rO, and 
P =decay constant. 

I 
(FG) = - e x p [ - ( a d  + ?.)'/4ircT] 

d m  (2) 

Marcus theory deals with the first-order electron trans- 
fer rate constant for a donor-acceptor system presunling 
fixed separation. However, there are often systems that do 
not undergo Marcus behavior and have to be treated using 
the Rehm-Weller f o r i n a l i ~ m . ' ~ ~ ~  Here. the second-order 
diffusion-mediated electron transfer rates are calculated 
using Eq. 4, where AG'k=free energy of activation for 

"Some authors use HAB instead of T,,. Strictly speaking. these terms 
differ in that NIB is the electronic coupling matrix cle~nent. and TD4 is 
defined as the electronic tunneling matrix element. However. this subtle 
difference in meaning is unimportant as far as the rnostly qualitative 
conclusions of this review are concerned. Thus, b4 is used throughout. 
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the electron transfer and is defined by Eq. 5. where 
AG:b,,=free energy of activation when there is no standard 
free energy for the reaction (i.e.. AGO=O). The greater 
complexity associated with the study of systems that must 
be treated in accord with Eq. 4 has provided an impetus to 
make and study systems where the distance between the 
donor(s) and acceptor(s) are well defined. To date, this 
has largely been accomplished via the synthesis of co- 
valently linked systems. Often these systems have proved 
hard to prepare. By contrast, a prime attraction of sya- 
thetic hydrogen-bond-mediated assemblies is that they 
allow donor and acceptor complexes to be placed at var- 
ious preselected distances and orientations while provid- 
ing systems that would allow the importance of non- 
covalent interactions to be assessed by experiment. Not 
surprisingly. therefore; such systems have attracted con- 
siderable attention of late. 

MODULES WITH A SINGLE TETHERlNG 
HYDROGENBOND 

Appropriate cornbinations of well-known functional groups 
such as amines. phenols. and carboxylates are known to 
assemble through one-point hydrogen-bonding motifs. 
Such combinations are thus attractive in the context of 
energy and electron transfer model construction. Unfortu- 
nately. supramolecular assemblies preorganized solely via 
a single H-bond have low association constants. While 
increasing the number of hydrogen bonds in a cooperative 
manner dramatically enhances the stability of supramo- 
lecular asselnblies and abets their formation, analyses 
of photoinduced electron transfer events in ensembles 
tethered via a single FI-bond are of considerable interest, 
because interprotein electron transfers are often mediated 
via a single H-bond. With these considerations in mind. 
Williamson and Bowler designed and synthesized a linked 
porphyrinp-benzoquinone donor-acceptor dyad (Ensem- 
ble I), in which the shortest bond electron transfer path- 
way requires electronic coupling through a hydrogen 
bond.[lJ1 The authors chose a depsipeptide bridge that 
forms a p-turn due to an intramolecular hydrogen-bonding 
interaction. Temperature-dependent 'H-NMR, ROESU 
'H-NMR. and FTIR spectroscopic measurements con- 
firmed the presence of the p-turn in the predominant con- 

Ensemble 1 

Ensemble 2 s 

formation. Time-resolved fluorescence studies of Ensem- 
ble 1 showed a biexponential fluorescence decay in di- 
chloromethane [ T ~  =0.85 ns; t2= 8.76 ns]. The shorter 
lifetime was assigned to the conformation containing the 
p-turn, wherein electron transfer is found to be competitive 
with intrinsic fluorescence decay. In contrast, the longer 
lifetime is attributed to various non-p-turn conformations. 
From these lifetime values. the electron transfer rate in the 
hydrogen-bond-containing conformer was determined to 
be kET=(l.l 2 0.1) x lo9 s C 1  in dichloromethane. This 
rate compares well with that of a covalent analog reported 
by Bolton and Archer (Ensemble 2)"" for which 
kE,=(8.0 k 0.4) x 10' sC1. thus illustrating the efficiency 
of electron transfer via the single hydrogen bond present 
in Ensemble 1. As part of their studies, Williamson and 
Bowler found that the coupling decay factor, E , , ~ , ~  was 
0.8 k 0.4, a value that correlates well with the theoretically 
predicted value of 0.36."~' 

hs,,h is a decay factor representing the electronic coupling through a 
hydrogen bond. This factor is soinemhat analogous to P: howe~er .  0 
refers to a decay through a homogeneous electronic coupling medium. 
while shh is defined specifically for through-hydrogen-bond orbital 
itltesactions. 
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MODULES CONTAINING TWO 
HYDROGENBONDS 

Despite the relatively low enthalpy gain associated with 
using two hydrogen bonds to generate a supramolecular 
ensemble. numerous examples of photoinduced electron 
transfer in lnodels linked via two-point hydrogen bonds 
have been reported. Part of the reason for this is that many 
polar groups containing H-bond donor and acceptor sites 
tend to self-associate. For instance, Gopidas and collea- 
gues have taken advantage of the dimerization ability of 
carboxylic acid groups to generate systeins wherein the 
rate of electron transfer between various donor and 
acceptor units could be studied.'l7] In these models, the 
edge-to-edge distance between the donor-acceptor pairs 
was kept constant at 9.40 A (Chart lb, where n=m=l 
and both nz and n are the number of methylene units). The 
dependence of the electron transfer rate on driving force 
was then determined by systematically varying the redox 
potentials of the quenches molecules (Chart la). Fluo- 
rescence quenching experiments yielded kET values be- 
tween [(1.9 + 0.19) x s-' and (144.0 + 14) x lo7 s-']. 
The authors proposed two types of electron transfer 
mechanisms: intraellsemble electron transfer, which 
obeys the Marcus equation; and bimolecular electron 
transfer. where an inverted region is not observed. The 
latter mechanism can be treated by the Rehnl-Weller 
formalisnl (Eqs. 4 and 5 )  and is associated with diffusion 
in a regime where the driving force is moderately large 
(AGO 2 - 1.5 eV). Furthermore. Copidas and coworkers 

realized that dyads PM1 and PM2 (where PA dimerizes 
vlith 1 and 2, respectively) fall into the Marcus normal 
and inverted regions, respectively. Subsequent experi- 
ments involving studies of distance on the electron trans- 
fer rates within dyads PMI and PM2 were made by 
varying the number of connecting methylene units (Chart 
lb,  where 172+12< 6).['81 These studies confirmed the 
expected exponential decrease with increasing distance 
in the normal region. However, in the inverted region, 
the predicted increase in rate at larger distances was 
not seen. Novel experiments incorporating rigid linkers 
may be needed to further elucidate the role that distance 
plays in the inverted region of these two-point H-bond- 
mediated systems. 

Taking advantage of a different kind of hydrogen bond 
interaction, Tanaka and colleagues assembled several co- 
facial p-benzoquinone-posphyrin systeins that are tethered 
via two amide-quinone hydrogen bonds (Ensemble 3).[l9] 
The authors ascribe the stability of the system to these 
interactions. However, x-stacking interactions could also 
be serving to stabilize Ensemble 3. Such interactions also 
serve to complicate interpretations of intraensemble elec- 
tron transfer events, making these elegant systems less 
useful than they otherwise would be. 

Ari~nura and coworkers were able to overcome the 
problem of x-stacking by using a calix[4]arene linker be- 
tween the porphyrin unit and the quinone (Ensemble 4).1201 
In this system, it is proposed that two-point hydrogen 
bonds between the two phenolic hydroxyl groups on the 
calix[4]arene and the oxygen atom on the p-benzoquinone 

Chart l (a) 

PROBES BUENCHERS 

DONORS ACCEPTORS 

P = PROBE 

Q = BCIEMCHER 
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Ensemble 3 

Ensemble 4 

link the system. Further, the directionality of the H-bonds 
and the exo-cyclic nature of the OH groups are thought 
to preclude x-TC porphyrin-quinone interactions. In point 
of fact, neither 'H-NMR nor UV-Vis spectral shifts 
corresponding to n-stacking were observed. Proton-NMR 
binding studies in CDC13 gave a weak association constant 
[(70 a 10) M ~ ' ]  for the interaction between the quinone 
and the rest of the ensemble. Time-resolved fluorescence 
measurements indicated two lifetimes, ~ , = 3 0  ps and 
r2= 1.3 ns that are ascribed to intraenselnble quenching 
and to diffusional quenching, respectively. 

ENSEMBLES BASED ON THREE HYDROGEN 
BONDS: CYTOSINE-GUANINE MOTIFS 

Watson-Crick hydrogen bonds between nucleic bases are 
ubiquitous in living systems. Their directionality and co- 
operativity renders them essential in the transfer of bio- 
logical information. Similar considerations have made the 
cytosine-guanine (CC) base pair attractive for energy and 
electron transfer model studies. It possesses three hydro- 
gen bonds and two attractive and two repulsive secondary 
interactions (referred to as DDAeAAD couples in the 
language of supramolecular chemistry, where D=donor 
and A=acceptor). Sessler and coworkers were the first to 
use CG base pairing to generate a redox-active supramo- 
lecular scaffold. In a first series of studies. a zinc por- 
phyrin and a free-base porphyrin, tethered via flexible 
linkers were linked in a supramolecular sense via CG base 
pairing. Second-generation guanine-cytosine assemblies. 
designed to study electron-, as opposed to ener,y 0 - : trans- 
fer processes, were then synthesized incorporating a por- 
phyrin donor and a quinone acceptor into a GC-linked 
motif (Ensemble 5).[211 Proton NMR binding studies in 
CD2C12 gave an association constant (K) for the formation 
of Ensemble 5 of 3 100 a 470 M ' . Time-resolved fluo- 
rescence experiments involving subunit 3 alone gave a 
single exponential decay, which became biexponential 
upon the addition of 4. The associated lifetimes were 
found to be r1=(1.5 a 0.2) ns and ~ ~ = ( 0 . 9 4  a 0.07) ns, 
respectively. Here, r ,  is the lifetime attributed to the 
uncomplexed porphyrin 3, while T~ (the shorter-lived 
decay) is ascribed to electron-transfer-derived quenching 
of the excited state of 3 by quinone 4. The derived rate 
constant was (4.2 + 0.7) x 10' s p l .  The authors con- 
cluded that electron transfer was taking place as the result 
of the three-point hydrogen bond bridge, because no 
quenching was seen when a small quantity of ethanol 
(2% vlv), sufficient to break up the CG hydrogen bonds, 
was added. 

Ensemble 5 

0 
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Ensemble 6 

TBDMSO OTBDMS 

OTBDMS 
Rib, #I 

Ensemble 5 is tethered via flexible linkers. This means 
that many conformations are possible even after forma- 
tion of the sought-after hydrogen-bonded assembly. This 
leads to problems in defining the exact electron transfer 
pathway. To circumvent this problem, Sessler and co- 
workers synthesized systems containing rigid linkers 
(Ensemble 6).'221 The use of these latter models allowed 
the authors to calculate electron transfer rates and to 
conclude that the most probable electron transfer mech- 
anism occurs through the hydrogen bond network. 
Ensemble 6 also has a larger association constant 
(8990 + 600) M - '  as compared to Ensemble 5. Time- 
resolved fluorescence studies indicated two lifetimes: 
t l=(1 .8  t 0.2) ns and ~ ~ = ( 7 4 0  + 90) ps, where the latter 
lifetime is ascribed. as in the case of Ensemble 5, to 
electron-transfer-mediated fluorescence quenching within 

Ensemble 7 
F=' 

HN-H141i0 Rib 

Rib = W O R  

Ensemble 8 

A 

Rib = POR 

TBDMS = -~iMe;~u 

the Watson-Crick defined complex. The rate of electron 
transfer was calculated to be -8 x 10' sC1 .  

To gain further insight into the electron transfer prop- 
erties of Watson-Crick linked donor-acceptor assem- 
blies, the authors of the present chapter synthesized 
several dimethylaniline-anthracene electron transfer 
dyads (Ensembles 7 and 8).'"' The association constant 
for Ensemble 7 was found to be 38,500 t 1300 IVC1. 
The large binding constant seen for this system is 
attributed to its increased rigidity relative to earlier CG 
ensembles. In this ensemble, the driving force for the 
initial photoinduced charge separation and the subse- 
quent charge recombination processes were estimated as 
ACocs= -0.41 eV and ACoRC= -2.5 eV, respectively. 
Fluorescence quenching experiments revealed substantial 
quenching of the anthracene chromophore 6 upon the 
addition of the dimethylaniline-guanosine donor 5 .  
Further control experiments, using a masked donor: 
wherein the exocyclic amino group on 5 was protected, 
revealed little quenching, thus providing support for the 
idea that three-point hydrogen bonding is necessary for 
the observed photophysical process. Transient absorption 
spectroscopic studies were also carried out. Following 
irradiation with a 150 fs 417 nm laser pulse; two strong 

Ensemble 9 <n 
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Ensemble 10 

R, f? R = t-butyl or 5-nonyl 

Ensemble 12 

absorption bands, at 590 and 480 nm, were seen. The 
higher wavelength band is dominant 15 ps after photo- 
excitation and is ascribed to the S,+ S, transition of the 
anthracene acceptor 6. From an analysis of the absorption 
band at 590 nm, Asgo, as a function of time, a rate 
constant of (2 & 0.5) x 10" sC1  was calculated for this 
forward electron transfer process. In contrast to what is 
seen at 590 nm, the absorption band at 480 nm is seen to 
rise and then decay in a monoexponential fashion after 
photoexcitation. Such a finding is consistent with the 
formation and disappearance of the presumed dimethyl- 
aniline cation. This latter absorption band was thus used 
to determine the charge separation and charge recombi- 
nation rates, with values of kcs=(3.5 2 0.03) x 10'' s C '  

and kc-=(] .42 ? 0.03) x 1 0 % ~ '  being calculated, re- 
spectively. These transient absorptions experiments are 
considered inlportant, because they provided the first 
direct evidence for charge separation in a Watson-Crick- 
type model system under simple solution-phase photo- 
excitation conditions. 

In spite of the apparent structural similarity, photo- 
physical studies on the reverse Ensemble 8 revealed 
behavior that was different from that observed for En- 
semble 7. In fact, fluorescence analyses of Ensemble 8 
revealed the formation of an exciplex in dichloromethane. 
Subsequent experiments in toluene using time-resolved 
emission and transient absorption methods provided no 
evidence of quenching. These results illustrate the sen- 
sitivity of electron transfer processes toward the orienta- 
tion of donor-acceptor moieties in a given intraensem- 
ble system. 

Ward and coworlters extensively studied energy 
transfer between metal polypyridyl complexes preorga- 
nized via complementary Watson-Crick base pairing.r241 
Ensemble 9 has an association constant of 5 x 10' M - '  
in CD2C12, and the kEN for the Ru 4 0 s  energy transfer 
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Ensemble 13 

.Cd% I 

within the resulting dyad was calculated to be kEN = 
29.3 x lo7 s- '  on the basis of time-resolved lumines- 
cence measurements. Ensuing studies by the authors[251 
led them to conclude that the Ru 4 8 s  energy trans- 
fer process within the constrained Ru-G/C-0s-C En- 
semble 10 is of the Forster type, implying that the 
role of the guanine-cytosine couple is merely structural. 
However. replacing the C-0s-C couple with a fen-ocene 
(Fc-C) moiety (Ensemble 1 1) gave experimental results 
consistent with a Dexter mechanism, a finding that im- 
plicates an electronic mediation role for the FI-bonds. 

Interestingly. Ward and his coworkers were unable to 
st~tdy the energy transfer properties of the analogous 
adenine-thymine linked systems. In this case, the less 
favorable two-point hydrogen bond interactions give rise 
to low association constants (i.e.. K - lo2 M-'  in 
CD2C12). Maiya and Sirish also reported an adenine- 
thymine linked system (Ensemble 12). where the donor is 
an anthracene and the acceptor is a p ~ r p h ~ r i n . ' ~ ~ '  Here the 
authors attempted time-resolved fluorescence measure- 
ments but only observed a monoexponential decay. They 
suggest that there exists a short-lived component due to 
fhe foldover conformers. However; the lifetime of this 
component is too short to be measured. Another ex- 
planation for the lack of a biexponential decay may be 
due to the possibility that the lifetimes of the complexed 
(Ensemble 12) and uncomplexed forms (free anthracene- 
thymine unit) are similar. Be this as it may, it is clear 
from these studies that the use of adenine-thymine 
bridges provides electron transfer inodel systems that are 
harder to study than their guanine-cytosine counterparts. 

secondary interactions, while the DDAeAAD models pos- 
sess two attractive and two repulsive interactions), they 
have been widely used for electron transfer model con- 
struction. The naphthalene diisnide interface is one ADA 
system that is especially attractive, due to its distinct 
transient absorption properties when reduced. Further- 
more, it serves as an efficient electron sink for excited 
zinc posphyrins. Hence, Mataga and Osaka recently 
reported a 2,6-diacylaminopyridylporphyrin-napthalene 
diimide complex (Ensemble 1 3 ) . ' ~ ~ '  The presence of the 
complex was confirmed by 'N-NMR spectroscopic 
binding studies in C6D6 (K=2.8 x M - I ) .  The rate 
of forward electron transfer (kcs=4.1 x 10'' s - I )  was 
obtained from an analysis of the time profile of the 
transient absorption spectrum (3,,,=532 nm) at 458 nm, 
where the main absorbing species was the S ,  state of the 
zinc porphyrin 7. Unambiguous evidence for the proposed 
electron transfer across the hydrogen-bonding interface 
within the supramolecular Ensemble 13 came frorn 
transient absorption spectroscopic measurements. The 
transient absorption spectrum of Ensemble 13 recorded 20 
ps after laser excitation at 532 nm revealed absorption 
bands at 474 and 655 nln that correspond to a diimide 
radical anion and zinc porphyrin radical cation, respec- 
tively. The rate of back electron transfer (kcR=3.7 x lo9 
S - I )  was calculated from the lifetime ( ~ = 2 7 0  ps) of the 
transient species. Comparison of Ensemble 13 with a 
related covalent indicated similar forward and 

Ensemble '14 

ABIOTIC MOTIFS LlMKED BY THREE 
HYDROGEMBONDS 

Synthetic systems with three primary hydrogen bonds and 
four repulsive secondary interactions, ADAeDAD motifs 
in the s~ipramolecular \~ernacular. are among the best 
k i l o ~ ~ n  of all noncovalent host-guest systems. Although 
not generally as stable as the previously mentioned 
DDA@AAD system (because they have four repulsive 
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backward electron transfer rates. a finding that under- 
scores the efficiency of hydrogen-bond-mediated electron 
transfer within (at least) ensembles such as this. 

Sessler and Brown also studied a system wherein a 
naphthalene diimide moiety is linked via a three-point 
hydrogen bond to a rigid chlorin (see Ensemble 14).1"51 
The edge-to-edge distance was calculated to be 7 A. 
Proton NMR binding titrations in CDC13 gave an as- 
sociation constant. K=364 + 47 M-'. Subsequent photo- 
irradiation studies, carried out with excitation effected at 
573 nm. allowed for various spectroscopic analyses. For 
instance. from single-photon counting studies, the elec- 
tron transfer rate was determined to be 7.6 x 10' s-'. 
These studies, also revealed a biexponential decay, in- 
dicating two lifetimes (.rl = 13 ns and .r2= 1.25 ns), with 
the latter lifetime being characteristic of intracomplex 
photoinduced eiectron transfer. Unfortunately, in this 
system, no evidence for a diimide-derived radical anion 
was obtained, presumably as a consequence of rapid back 
electron transfer. 

MODULES WITH MULTIPLE H-BONDS 

In recent years. research has focused on the exploration of 
motifs with multiple hydrogen-bonding sites. Like the 
ensembles described earlier in this chapter. these systems 
can serve as models for photoinduced electron transfer. 
However, by virtue of possessing a greater number of 
hydrogen bonds, these newer systems offer the promise of 
increased preorganization and enhanced stability. As one 
example of a system with a high degree of self-com- 
plementarity, hied and coworkers recently reported a new 
barbitmate-bis(2.6-diacylaininopyridine) template-medi- 
ated ':,RU'' or ' i ' ~ s " ~  -- RU'" or 0 s " ' ~  (where 6 and H 
are defined as the guest and host. respectively) electron 
transfer model system (Ensemble 15).['" Here. the bar- 

G = guest 

H = host 

R = t-butyl 

R = methyl 

biturate moiety allows for a six-point H-bonding array 
that contains the diacylaminopyridine unit. As a conse- 
quence, the donor (M"G) and acceptor (HM"') units 
assemble in CD2C12 with high affinity (K = 2-5 x 10" 
M-') as judged by steady-state fluorescence and 'H- 
NMR spectroscopic titrations. Upon laser excitation. in all 
cases, the excited singlet state is observed to decay in a 
biphasic manner. with the shorter lifetime corresponding 
to the intramolecular electron transfer across the 18 t- 1 A 
H-bond-linked donor-acceptor gap. The forward electron 
transfer rates from *MUG to M"'H in dichlorornethane 
were calculated from the difference in fluorescellce 
lifetimes of the complexed and uncomplexed components. 
Furthermore, the rate of thermal back electron transfer 
(charge recombination) was determined by transient 
absorption spectroscopic techniques. The results generated 
from the studies are suinmarized in Table 1. The authors 
were also able to fit the experilnental electron transfer 
rates using classical Marcus theory (Eqs. 1 and 2): thereby 
obtaining both the electronic coupling matrix element TDA 
(1.2 cm-I)" and the reorganization energy h (1.2 eV). 

The use of multiple hydrogen bonding also allows for 
the assembly of higher-order supramolecular structures 
that begin to ~nilnic the complexity of biological arrays. 
In the bacterial photosynthetic system. many antenna 

Table 1 Measured Electron-Transfer Rates and Estimated 
Driving Force Values for Ensemble 15" 

Complex kETI§ -I AGO/eV 

*RU"G.HRU~"- RU"%-G-HRU~' 1.5 x 10' - 1.68 
*R~B"IG-HOS'"'-- RU~~'G-HHOS'~ 2.5 x lo8 - 1.29 
:WS"TG-HOS~"- 0s""-~0s~ '  2.6 x 10' - 1.37 
(R~"~"G-H]WU") - RU~G-HRU'" 3.3 x 10' -0.44 
(os"%-Hos") )I O S ' ~ - H O S " V . O  x I 0 L 0 . 3 9  

"Data from Ref. [29]. 
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Ensemble 16 (a) 

Nr"o 

Ensemble 16 (b) 

(Vie~t. this art in color at ~.t'ww.dekker.coln.) 

pigments are located around the reaction center; these molecular chemist. Kuroda and colleagues made impor- 
pigments serve to absorb and transmit light into the re- tant progress toward this goal. They reported a novel 
action center. Generating noncovalent analogues of these synthetic porphyrin suprarnolecular assembly that illus- 
antennae has stood as an important challenge to the supra- trates the principle of the antenna effect. Their system 
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Ensemble 17 

contains one energy acceptor porphyrin and four pairs of 
antenna porphyrins. Each dimeric antenna porphyrin pair 
is self-assembled via eight hydrogen bonds between 
carboxylic acid moieties (Ensemble 16a).L301 Absorption 
and fluorescence titrations indicate binding between 8 and 
9 in a 1:4 ratio. The four individual binding processes are 
independent. and the association constants are identical 
(K = 4 a 1 x 10' IW-'). The free-base porphyrin 8 in 
the absence of 9 exhibits a weak emission. By contrast, 
Ensemble 16b shows a strong fluorescence emission. 
Using a best-fit analysis for the absorption spectrum, the 
authors calculated the efficiency of energy transfer from 
the zinc porphyrin 9 to the free-base porphyrin 8 at 82% 
for a process that takes place over a range of 16-21 A. 
These results are consistent with the conclusion that the 
fluorescence of 8 is enhanced 18-fold. thereby achieving 
the proposed antenna effect. 

Kobuke and coworkers also built a supramolecular 
system that mimics light harvesting arrays via an antenna 
effect (Ensemble 17).1"1 Were, a polymeric complex is 
assembled through cooperative hydrogen-bonding inter- 
actions involving imidazole subunits and via slipped 
cofacial TC-stacking interactions. In studying their systems, 
the authors used chloranil and tetraphe~lylporphyrinato- 
Mn(Il1) chloride (MnTPPCl) as external energy accep- 
tors. It was found that chloranil and MnTPPCI quenched 
the fluorescence of the complex (Ensemble 17) 2.9 times 
faster than they did that of the monomer (porphyrin lack- 
ing the irnidazole hydrogen-bonding sites). An explanation 
for these findings prrt forward by the authors is that the 
excitation energy is delocalized through the polymeric 
complex and can be quenched by an acceptor from any one 
of the monoineric components. 

CONCLUSION 

Investigations of electron and energy transfer processes 
in supra~noiecular model systems preorga~~ized tltrough 

hydrogen-bonding interactions have advanced our under- 
standing of noncovalent assembly construction and elec- 
tron- and energy-transfer theories. Among the most im- 
portant take-home lessons are that the rate of electron 
transfer in ensembles tethered via hydrogen bonds is often 
comparable to what is seen in comparable covalent ana- 
logs. and the orientation and rigidity of the donor-ac- 
ceptor pairs within a given intramolecular system can 
profoundly affect the nature of the electron transfer 
process. Yet another important finding is that working 
antenna systems can be generated by tethering multiple 
photoacceptors to an appropriate acceptor through 117~1- 
tiple hydrogen-bonding interactions. Still. in these and 
all other cases, the models remain but oversimplified 
reflections of the natural systems they are designed to 
imitate. Thus, there remains a need to prepare yet more 
elaborate model systems that can provide further insights 
into why certain biological electron transfer pathways are 
favored over others. 
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Biomimetic chemistry attempts to improve the perfom- 
ance of chemical reactants and catalysts by imitating 
enzymatic proces~es. ' '~ One may consider as enzyme 
mimics catalysts of a different nature, which use prin- 
ciples of enzyme action, such as an initial binding 
interaction between the substrate and catalyst, polyfunc- 
tional activation of the bound substrate by properly 
positioned organic catalytic groups or metal ions, transi- 
tion-state stabilization and others.r2' Enzyme mimics are 
designed mainly for practical applications as artificial 
enzymes and less for understanding enzyme mechanisms, 
which is one of the goals of enzyme modeling. Although 
in some instances even simple organic or 
metal complexes'" work as enzyme mimics, only more 
sophisticated s~tpramolecular systems discussed in this 
article show an enzyme-like performance. A general fea- 
ture is the presence of a host that recognizes the substrate 
and the reaction transition state, providing increased 
reactivity and selectivity. Several booksr5961 and re- 
views[2.7.x1 may be recommended for general reading on 

this subject. 

SURFACTANT AGGREGATES AND 
SYNTHETIC POLYMERS 

Surfactants aggregate above so-called critical micelle 
concentration, forming spherical or cylindrical micelles, 
bilayers. vesicles, and other aggregates; depending on 
surfactant structure and conditions. Synthetic polymers. 
e.g.. polyethyleneimine or polyvinylpyridine, modified 
(usually by quaternizaiton) by long-chain aliphatic groups 
behave similarly, forming intramolecular micelles already 
at low concentrations. All of these aggregates possess 
a hydrophobic interior or core made from surfactant 
hydrocarbon tails covered by a hydrophilic, usually ionic, 
surface layer made from surfactant head groups, reminis- 
cent of the structural organizations of globular proteins 
and biological membranes. For this reason, reactivity 
in such aggregates was studied for a long time and re- 
presents. perhaps, the oldest suprainolecular imitation of 
enzyme catalysis.r91 

Surfactant aggregates serve as primitive hosts, due to 
their ability to incorporate apolar organic molecules into 
the hydrophobic core and to attract counterions to the 
surface layer. The origin of catalysis in micelles and 
other aggregates is principally the concentration effect: 
the partitioning of reactants between aqueous and 
micellar pseudophases leads to increased concentrations 
of reacting species in the micelles and, consequently. to 
an increased Remarkably, this simple effect 
explains large rate enhancements of up to lo6 
Simple inert surfactants typically catalyze bimolecular 
reactions between a neutral organic molecule bound to 
micelles by hydrophobic interactions and an ionic 
species charged opposite to the micellar surface charge 
and bound electrostatically. For example, cleavage of 4- 
nitrophenyl carboxylates by deprotonated aryl oxilnes is 
accelerated lo3-lo4 times in the presence of micelles of 
cationic surfactants. The acid hydrolysis of acetals is 
accelerated ca. lo2 times by micelles of anionic 
~urfactants.~""' 'I 

More successf~~l enzyme mimics are aggregates with 
functionalized surfactants. In this approach, a functional 
group (a nucleophile, a metal complex, or an enzyme 
cofactor, e.g., nicotinamide or cobalamine) is attached to 
a long-chain molecule that has surfacta~lt properties or 
can be incorporated into aggregates of an inert surfac- 

As an example of such a system, shown in 
Fig. 1 is a mechanism proposed for cleavage of a chiral 
ester of C-phenylglycine by a lipophilic chiral alkoxide 
Cu(I1) complex incorporated into rz-hexadecyltrimethyl- 
ammonium bromide m i c e l l e ~ . ~ ' ~ '  The metal cation facil- 
itates deprotonation of the ligand alcohol group and binds 
the substrate via coordination of the r-amino group. In 
comparison with a nonmicellar complex of similar 
stmcture, but with an N-methyl instead of an N-dodecyl 
group, the micellar catalyst is 140 times more active 
and shows much higher enantioselectivity (the ratio of 
the rate constants for cleavage of S and R enantiomers 
increases from 1.2 to 11.6). The nonmicellar catalyst 
uses coordinated hydroxide anion as a nucleophile, but 
the micellar environ~neat favors formation of a stronger 
alkoxide nucleophile, which in addition, reacts more 
stereospecifically. Positive micellar charge and hydro- 
phobic binding of the ester to micelles also contribute 
to catalysis and enantioselectivity. Incorporation of the 
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Fig. I Cleavage of an sc-amino acid ester by a lipophilic Cu(1I) 
complex incorporated into ~nicelles of a cationic surfactant. A 
sector of a spherical micelle with incorporated ligancl is shown 
schernatically. (From Ref. [12].) 

same lipophilic complex into cationic bilayers leads to 
a further increase in enantioselectivity, probably due to 
the more rigid structure of bilayers as compared to spher- 
ical micelles. 

Functionalized polynlers behave similar to surfactant 
aggregates'91 but have some advantages for practical 
applications. Surfactant aggregates have low stability and 
exist only in solution at sufficiently high concentrations. 
Surfactant polymers have an advantage of being stable at 
any concentration. and they can easily be incol~orated 
into, e.g.. filters or other devices for analytical or bio- 
medical applications. For example; polymeric surfactants. 
which are glutathione transferase mimics. were designed 
for such 

Cyclodextrins (CDs) are useful components for biomi- 
metic systems. They form well-characterized inclusion 
complexes with many organic compounds via hydropho- 
bic interactions and possess a large number of alcohol 
groups that can serve as cataiytic groups or can be used 
to attach other functional groups. A large number of 
biomirnetic catalytic reactions using native 01- modified 
CDs were de~cribed."'~ 

An important area of application of CDs as enzyme 
mimics involves hydrolysis of activated esters and amides 
via nucleophilic attack of a deprotonated secondary 
hydroxyl group of CD on the carboxyl group of the 
bound substrate. The enzyme-like Michaelis-Menten 
kinetics, turnover, and a mechanistic similarity of CD- 
catalyzed reactions to serine hydrolases were demonstrat- 
ed in earlier studies with si~nple acetate and benzoate 
esters as substrates.['" Further investigations guided by 
lnolecular modeling of CD-substrate and CD-transition- 
state complexes revealed the importance of the specially 
designed acyl part of the substrate for the efficiency of CD 
catalysis.['" Thus. the rate enhancement by P-CD in the 
hydrolysis of 4-nitrophenyl acetate is only six times, but 
the hydrolysis of ferroceneacrylate esters is accelerated by 
ca. 6 x lo6 times in the presence of 8-CD. Binding 
constants for both substrates are similar. Therefore. the 
stronger catalysis for ferroceneacrylate esters is due to 
better complementarity of CD cavity to the reaction 
transition state. 

For a long time, the hydrolase activity of CDs was 
restricted to activated substrates. such as aromatic esters, 
because CD hydroxyl groups are not basic enough to force 
out a poor leaving group. such as aliphatic alcohol. from 
the tetrahedral addition intermediate. Recently, successful 
catalytic hydroiysis of an unactivated aliphatic ester was 
achieved by using a his-CD derivative with a Cu(T1) 
bipyridine complex as the active site (Fig. 2).['" The 
rate enhancement for this system is 1000-fold, and the 
attacking nucleophile is the coordinated hydroxide ion 
rather than a CD hydroxyl group. 

Numerous biomirnetic reactions catalyzed by CDs 
carrying catalytic or reactive functional groups, such as 
nucleophiles (imidazole. oxime, and amine). enzyme 
cofactors (pyridoxamine; thiazolium. nicotinamide, cobal- 
ainine, flavin). metal complexes. etc.. were 
Typically, enzyme-like kinetics and improved perform- 
ance of a catalytic group, as compared to a simple analog 
lacking CD. are observed. 

Besides enhanced reactivity, a higher selectivity inay 
be achieved by using CDs. For example. chlorination of 

Fig. 2 Catalytic hydrolysis of an unactivated aliphatic ester by 
a Cu(1I) bipyridine complex with two attached CDs. (Frorn 
Ref. [15].) 
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anisole by hypochiorous acid in the presence of 2-CD 
proceeds faster and exclusively in the pal-a position of the 
substrate."" Also, the regioselectivity of the Diels-Alder 
reaction may be improved by CD~."" 

Supramolecular catalysts that involve two or more CD 
units are especially promising. The presence of several 
CD units strongly increases binding constants for sub- 
strates. which can bind to two CD cavities. Binding 
constants exceeding 10" M-'  were reported for CD 
dimers and guests, like 4-(CH3)3C-C6H4COO(CH2)3- 
00CC6H4-C(CH3)3-4. while binding constants of typical 
organic guests to CDs are in the range of 10'-lo4 M p l  
011ly.~"' High activities and high selectivities were 
reported for catalysts of this type. Illustrated in Fig. 3 is 
the application of a cytochrome P-450 mimic based on a 
Mn(II1)-porphyrin active site with three attached CD 
units for selective hydroxyiation of steroids."61 The 
catalyst contains fluorinated phenyl groups that protect 
the porphyrin from oxidative destruction, three CDs for 
substrate complexation, and a pyridine group required 

for catalytic activity as an axial ligand stabilizing the 
active iMn=O species. In the first step, androstan-3,17- 
diol was modified by esterification with two frag~nents 
carrying bulky hydrophobic groups for binding into CDs 
cavities and sulfonate groups for solubility in water. 
Then, the modified steroid was hydroxylated by iodoso- 
benzene in the presence of the enzyme mimic, and the 
ester groups were removed by hydrolysis. The only 
product was the 6%-hydroxy derivative. and the catalyst 
did the oxidation with 2000 turnovers. In a control 
experiment, a similar substrate, but lacking terminal tert- 
butylphenyl groups. was not oxidized. This remarkable 
selectivity is in line with results of molecular modeling 
that predict that bound to two CDs, the steroid diester 
is positioned above the posphyrin plane. and only the 
r-hydrogen at C-6 can be reached by reactive Mn=O 
species. A similar approach was successfully applied to 
mimic carotene dioxygenases: selective 15,15' double- 
bond scission of P,P-carotene was achieved with a Ru(II) 
porphyrin with two CDs attached to opposite sides of the 

Fig. 3 A cytochrome P-450 mimic for selective hydroxylation of steroids. (From Ref. [16].) 
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porphyrin ring."71 Other examples can be found in the dianion in the presence of a tetraprotonated macrocyle (2; 
l i terat~re.".~ Fig. 4) that imitates enolase enzymes."" In addition, 

amino groups of the macrocycle, which remain unproton- 
ated, may act as nucelophiles toward an anionic substrate 

SYNTHEIlC MACROCYCLES bound to the protonated cationic part of the macrocycle. 
This type of catalysis operates in the ATP hydrolysis by 

Crown Ethers and Macrocyclic Polyamines the same macrocycle (3: Fig. 4).r201 

The ability of crown ethers to bind prirnary ammonium 
groups was used to achieve an enzyme-like cleavage of 
activated amino acid esters by attachment to the macro- 
cycle nucleophilic group. Inclusion of the protonated 
amino group of the substrate into the crown ether 
approximates the ester group and the nucleophile, induc- 
ing significant rate  enhancement^.^" Such systems were 
proposed to accelerate peptide synthesis by using dithiole 
crown ether derivatives like P (Fig. 4).L'S1 Both thiole 
groups of 1 are acylated by activated esters of amino 
acids, and then intramolecular aminolysis leads to 
formation of the dipeptide as the thioester at one thiole 
group and liberation of another thiole group. that again 
may be acylated. 

Partially protonated macrocyclic polyamines possess a 
high positive charge that may attract and activate 
negatively charged substrates. This type of catalysis is 
illustrated by catalysis of H-D exchange in the malonate 

Guest-binding properties of cyclophanes resemble those 
of CDs. Nonfunctionalized cyclophanes with large cavity 
sizes may catalyze bimolecular reactions by bringing 
together two  reactant^.^'] Many cyclophanes cassying 
f~mctional groups (nucleophiles and some enzyme cofac- 
tors) were prepared as enzyme inimic~.'~."" In Fig. 4 
(Structure 4), one of the most successful cyclophane 
enzyme mimics, a flavo-thiazolio-cyclophane imitating 
the action of pyruvate oxidase.'"' is shown. The host 4 
catalyzes oxidation of 2-naphthaldehyde to methyl 2- 
naphthoate in methanol. The reaction kinetics is of the 
Michaelis-iMenten type. A similar, but not macrocyclic, 
compound reacts much slower and does not show any 
saturation upon variation of substrate concentration. The 
results show the importance of the macrocyclic binding 
site. The recycling of the flavin is possible by electro- 

3 4 

Fig. 4 Some synthetic macrocycles used as enzyme mimics 
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chemical reoxidation of the cofactor. and up to 100 cycles 
can be performed on a preparative scale. 

MOLECULARLY IMPRINTED POLYMERS 

Transition-state stabilization by complementary noncova- 
lent binding to the active-site functional groups is the 
central idea in interpretating the remarkable activity and 
selectivity of e n ~ y m e s . ' ~ '  From this point of view, a 
synthetic receptor designed as an enzyme mimic should 
recognize reactants in the transition rather than in the 
ground state. The most successful approach to such 
receptors is the development of catalytic ailtibodies 
(abzymes), discussed in a separate article. The general 
idea of this approach is to use a stable analogue of the 
transition state for a g i ~ e n  reaction as a hapten (a small 
n~olecule that can stimulate antibody formation when 
combined with a protein) to induce production of 
antibodies. which will have combining sites capable of 
specifically interacting with the transition state. In chem- 
ical systems. this idea was realized (with much lower 
efficiency. however) by using molecularly imprinted 
p o ~ ~ m e r s . ~ ~ ~ '  

Schematically shown in  Fig. 5 is the preparation of an 
enzyme mimic for the hydrolysis of ester 6 by molecular 
imprinting."" lhosphonate 5 is an analog of the tran- 
sition state for the alkaline hydrolysis of Ester 4. It was 
used as a template for polymerization with two equiva- 
lents of the binding-site monomer N.N-diethyl-4-vinyl- 
benzamidine. Amidini~im groups were chosen, because 
they can interact electrostaticaily with the side carboxyl- 
ate group as well as with the anionic transition state of the 
alkaline hydrolysis, thus achieving substrate recognition 
and transition-state stabilization. Polyn~erization of the 
preassembled binding-site nlonolner with the template 
(Fig. 5A) followed by template rernoval (Fig. 5B) leaves a 
cavity that acts as transition-state receptor for the ester 
substrate (Fig. 5C). The imprinted polymer accelerates 
the hydrolysis of 6 more than 100-fold compared to the 
reaction at the same pH in buffer solution without the 
polymer. The reaction kinetics is of the Michaelis- 
Menten type. A polymer obtained with amidinium hen- 
zoate as a control, with a statistical distribution of ami- 
dinium groups. is ca. one order of magnitude less active in 
the hydrolysis of 6. 

Another often applied approach to enzyme mimics 
is imprinting a polymer containing catalytically active 
groups with a substrate analogue. For example, a polymer 
containing Co(1I)-imidazole complexes imitating the 
active site of the phosphotriesterase enzyme was designed 

Fig. 5 Preparation of an enzyme mimic for the ester hydrolysis 
by molecular iruprinting. (From Ref. [22] . )  

P + ethylene 
dimethacrylate 

blndlng site monomer transition state analog 

self-assembly, 

polymerization 

template removal 
HOOC 

HOOC 

6 I substarte inclusion 



Enzyme hlimics 551 

for the hydrolysis of paraoxon [(EtO)2P(=O)OC6H4- 
 NO^-^)].[^" Imprinting this polymer with a substrate 
analogue stable toward hydrolysis [(EtO)2P(=O)CH2- 
C6H4-NO2-4)] noticeably improved the catalyst activity. 
Catalytically active imprinted polymers were prepared, 
using both approaches discussed above, for many other 
reactions. such as elimination, carbon-carbon bond for- 
mation, oxidation. and hydrogen transfer.[221 

Bioin~printing is a more recent approach that employs a 
biological polymer for the Thus. a 
glutathione peroxidase mimic was prepared by imprinting 
egg albumin with N,S-bis(2,4-dinitropheny1)glutathione 
and by having subsequent chemical m~dification."'~ The 
protein was denaturated and allowed to interact with the 
glutathione derivative. Then the new protein conformation 
was fixed by cross-linking with glutaraldehyde, the tem- 
plate was removed by dialysis, and protein serine residues 
were converted to selenocisteines. The resulting enzyme 
mimic was only seven times less active than the native 
glutathione peroxidase. 

SOLID-STATE ENZYME MIMICS 

The microporous structure of some solid materials makes 
possible incorporation of active species, e.g.. metal com- 

plexes inside them, and these systerns may show the 
shape-selective catalysis and an enzyme-like kinetics that 
allows one to consider them as enzyme mimics.L251 

The most important class of solid-state enzyme mimics 
is based on zeolites. Zeolites are solid materials composed 
of Si04 or A104 tetrahedra linked at their corners, 
affording a three-dimensional network with small pores 
of molecular dimensions. They possess a unique feature of 
a strictly uniform pore diameter. In particular, zeolites 
with encapsulated metal complexes are used as inimics of 
cytochrome ~ - 4 5 0 . [ ~ ~ ]  An efficient enzyme mimic was 
obtained by encapsulating an iron phthalocyanine com- 
plex into crystals of zeolite Y, which were, in turn, 
embedded into a polydimethylsiloxane membrane act- 
ing as a mimic of the phospholipid membrane.[261 With 
t-butylhydroperoxide as the oxidant, the system hydroxyl- 
ates alkanes at room temperature: with rates comparable 
to those for the enzyme. It shows similar selectivity 
(preference oxidation of tertiary C-H bonds) and a large 
kinetic isotope effect of nine. 

Enzyme-like behavior was observed for electrocatalyt- 
ic oxidation on Nafionllead-ruthenium oxide pyrochlore 
chemically modified electrodes.[271 Nafion is loaded with 
lead(I1) and ruthenium(II1) cations by ion exchange, and 
then their oxides are prepared by in situ precipitation in 
such a way that the catalytically active sites remain 

Phe-X-GlyGly-X-GlyGIy-)(-GlyGly-X 

X = Arg, His, Tyr, Trp, Ser 

Library of 625 polymer-bound ur~decapept~des 

Screening for hydrolase activlt? in the presence of 

Cu(ll), Zn(ll), Fe(ll), Go(ll), Ela(lll), Ce(lV) or Zr(lV) 

i 
Active sequences with Zr(IV) 

H2N-Ser-Gly-Gly-His-Gly-Gly-Arg-Gly-Gly-His-Phe-COOH 

H,N-Ser-Gly-Gly-Ser-Gly-Gly-Ser-Gly-Gly-H~s-Phe-COOH 

H2N-Ser-Gly-Gly-Arg-Gly-Gly-H~s-Gly-Gly-His-Phe-COOH 

Fig. 4 Combinatorial development of phosphatase mimics on the basis of a peptide library. (From Ref. [30].) 
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covered with a hydrophobic core of the polymer. The 
electrooxidation of many biological compounds follows 
the Michaelis-Menten mechanism. Electrodes of this type 
were used as chemical sensors. 

OTHERAPPROACHES 

Using peptides in the design of enzyme mimics received 
increased attention. For example, nuclease mimics were 
prepared by incorporating lanthanide(II1) cations into 
chimeric peptides composed of helices from the DNA- 
binding protein Engrailed and the binding turn from the 
Ca protein ~ a l m o d u l i n . [ ~ ~ ~  These 33- and 34-residue 
peptides were expected to possess metal-binding and 
DNA-recognition properties. They showed high affinity 
for Eu(lT1) [dissociation constant of the Eu(II1)-peptide 
complex is 3 pM] and higher activity than free Eu(II1) 
cation in the hydrolysis of supercoiled plasmid DNA. In 
another instance, attachment of a 14-residue peptide to a 
Mn(I1I) porphyrin complex allowed size-selective oxida- 
tion of a l k e n e ~ . ' ~ ~ ]  

Impressive progress in combinatorial chemistry led to a 
new approach to the development of catalysts by the 
activity selection principle. A discussion of this aspect 
related to combinatorially developed enzyme mimics can 
be found in Ref. [8]. In Fig. 6. this approach is illustrated 
with an example of combinatorial development of 
phosphatase mimics on the basis of a peptide library.i301 
In the first step. a library of 625 polymer-bound un- 
decapeptides with five variable amino acids and three 
constant GlyGly spacer fragments was prepared. Variable 
amino acids were chosen on the basis of their possible 
ability to recognize anionic substrates (Arg). coordinate 
metal ions (His, Tyr). participate in n-n stacking in- 
teractions with aromatic groups of the substrate (Trp), 
and serve as a nucleophile (Ser). Screening for hydrolase 
activity was performed by using a specially designed 
phosphate monoester Substrate 7 ,  which affords, after 
hydrolysis, a deeply colored insoluble Product 9 via the air 
oxidation of the Intermediate 8. In the screening experi- 
ments, I mM solutions of different metal cations were 
added to approxi~nately 2500 polymer beads, and in the 
case of ZrlIV), about 20 of these beads showed a typical 
turquoise color of 9. Peptide sequences shown at the bot- 
tom of Fig. 6 were determined for three intensively col- 
ored beads. Resynthesized peptides with these sequences 
mixed with Zr(IV) show catalytic activity in 4-nitrophenyl 
phosphate (a typical phosphatase substrate) hydrolysis in 
solution. Another original combinatorial approach to the 
development of phosphatase mimics is based on random 
f~~nctionaliration of polyallylamine by potential metal co- 
ordinating and llucleophilic groups.'" 'l 

CONCLUSION 

Introducing the ideas and methodologies of supramolec- 
ular chemistry to the development of enzyme mimics 
allowed new catalysts to be obtained. which usually 
follow enzyme-like kinetics and show relatively high 
efficiency. Artificial enzymes are still inferior to natural 
enzymes in catalytic activity and selectivity.[21 Neverthe- 
less, enzyme mimics already have practical applications, 
e.g., in the development of electrochemical sensors with 
solid enzyme mimicsi271 or in organic synthesis with metal 
complexes of modified cy~lodextrins.~~" Future progress 
in this area may be expected from more efficient designs 
of transition-state receptors,L21 improvement of the cata- 
lytic activity-selection approach based on combinatorial 
m e t h o d ~ l o g y , ~ ~ '  and general progress in development of 
specific receptor molecules. 
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Enzymes: Characteristics and Mechanisms 

Nicholias C. Price 
Adrian j. Lapthorn 
University of Glasgow, Glasgow, United Kingdom 

Enzymes are remarkable catalysts. With a high degree 
of specificity, they can bring about rate enhancements 
greater than 1012-fold for simple reactions, such as the 
hydrolysis of amide bonds or phosphate esters. The vast 
majority of the enzyme-catalyzed reactions in living 
systems do not occur on any reasonable time scale in 
their absence. In addition to the specificity and catalytic 
power, the third remarkable property of enzymes is that 
their activities can be regulated by a variety of mecha- 
nisms. thereby allowing the complex metabolic network 
of chemical reactions in organisms to be controlled. In 
short. enzymes provide the essential underpinning to life 
in organized systems.Li41 Because of these remarkable 
properties, the application of enzymes to industrial 
processes attracted increasing attention, and a number of 
ways in which the obvious disadvantages of enzymes. 
such as high cost and ability to work over a limited range 
of experimental conditions, are being successfully over- 
come.r51 Over the last 20 years or so, it was recognized 
that certain RNA molecules can act as catalysts; these 
molecules were termed r i b ~ z ~ m e s . ' ~ '  

The purpose of this article is to explain the principal 
characteristics of enzyme catalysis and to focus on the 
approaches used by enzymologists to answer current 
questions. Over the last decade. developments in recom- 
binant DNA technology that have led to high levels of 
expression of enzymes and provided the ability to mutate 
amino acid residues, coupled with those in str~~ctural 
characterization and bioinformatics over the same period. 
have led to a renaissance in enzymology. In the next 
decade. we will see the harvesting of the fruits of the 
genome sequencing projects.[7i 

THEGLASSESOF 
ENZYME-CATALYZED REACTIONS 

As of 2002, oter  4000 different chemical reactions were 
characterized as being enzyme-catalyzed. The Enzyme 
Commission, established by the International Unioil of 
Biochemistry (now known as the International Union of 

Biochemistry and Molecular Biology), in consultation 
with the International Union of Pure and Applied 
Chemistry in the 1950s. proposed the basis for enzyme 
classification and nomenclature that is still in use.i81 

Reactions are divided into six classes: 

Clnss Type of reaction Cutegorj qf'eilryme 

1 Redox Oxidoreductase 
7 - Group transfer Transferase 
3 Hydrolysis Hydrolase 
4 Elimination Lyase 

(to for111 a double bond) 
5 Tsornerization Isomerase 
6 Ligation (joinins rnolecules Ligase (uynthetase) 

at the expense of any 
energy source. e.g.. ATP) 

Enzymes are classified on the basis of the reaction 
catalyzed, not on the source from which they were isolated 
or on the precise details of the mechanism of the reaction. 
Each enzyme is then given an Enzyme Commission (EC) 
number consisting of four parts (A.B.C.D): this number 
serves as an identifier for intersogating databases. A is the 
Class number. i.e.. it can take values fi-om 1 to 6: B and C 
denote more precise descriptions of the type of reaction 
and substrate(s) acted on: and D is a serial number within 
the sub-subclass. Each enzyme is given a systelnatic name 
(usually too cumbersome for everyday use) and a common 
name. Foi- example. lactate dehydrogenase is EC 1.1.1.27, 
and chyrnotrypsin is EC 3.4.21.1. Further details can be 
found in Ref. [8]. 

HOW MANY BIST8NCT ENZYMES AWE 
REQUIRED BY AN ORGANISM? 

Although well over 4000 different types of chemical re- 
actions are now known to be catalyzed by eazynles. these 
do not all occur in every organism. In the well-studied 
enteric bacterium Escl~erichia coli K-12, the results of 
genome sequencingi9] indicate that 4288 different pro- 
teins can be coded for. and of these. 2656 (62%) are 

Ei7cyclopediu qf Supi-uii7olecirlur Cheii~i.rri? 
DOI: 10.1081lE-EShfC 120012683 
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characterized. (The others are regarded as hypothetical, 
unclassified, or unknown.) Of the characterized proteins. 
1701 (64%) are enzymes. This is likely to represent a 
reasonable estimate of the number of reactions required to 
sustain a simple free-living organism. In higher eukaryotic 
organisms such as mammals. this figure is likely to be five- 
to 10-fold higher. Of course, not all enzymes are equally 
abundant in the cell, and it is estimated that the 20 or so 
enzymes that catalyze the steps in the lnajor energy- 
yielding pathways of glycolysis and the tricarboxylic acid 
cycle make up nearly 60% of the total number of actual 
enzyme molecules in the E. coli cell.['o' 

WOW CAM ENZYMES BRING 
ABOUT CATALYSIS? 

In order to achieve catalysis of so many different types 
of chemical reactions, enzymes have, at their disposal. 
an enornlous variety of chemical weapons. Enzymes are 
proteins. i.e.. chains of amino acids Iinked by peptide 
(amide) bonds. There are 20 different arnino acids, pro- 
viding side chains with a variety of characteristics: 

Noilpolar (Ala, Val, Leu, Ile, Phe, Cys, and Met). 
Charged (Lys. Arg, Glu. Asp. and His). 
Nucleophiles (Cys, Lys. Tyr, and Ser). 
Proton donor~/acceptors (His, Asp. and Glu). 
Hydrogen-bond donorslacceptors (Asn. Gln. Ser. and 
Thr. in addition to charged residues). 
Metal Ion coord~nation (His, Asp, Glu, and Cys). 

A number of amino acids display composite properties. 
For example. Lys is a charged ainino acid due to a pri- 
inary ainine group in the side chain; however. this group 
is at the end of ail aliphatic chain -(CH&; which can 
allow the residue to be significantly buried in a non- 
polar environment. 

Other side chains play important structural roles, e.g.. 
Pro (an imino acid) disrupts regular secondary structural 
elements. stabilizes the conformation of exposed loops, 
and, although hydrophobic in nature. is often found sur- 
face-exposed at turns. Similarly, Gly is found performing 
a number of functions because of its sinall size, which 
allows it to adopt conformations that are sterically in- 
accessible to other amino acids. Gly is therefore critical 
to the correct folding of many proteins. can forin hinge 
regions between domains (folded units), and can be nec- 
essary for the correct positioning of functional groups. 
which are all crucial roles for catalysis. Cys is the only 
amino acid residue that can form covalent cross-linking of 
the peptide chain by forming a disulfide linkage to another 
suitably positioned Cys under oxidizing conditions. This 

cross-linking provides significant stability to folded 
proteins but is not usually considered necessary for 
acquisition of the correct folded structure. 

In addition to the repertoire of amino acids, a sig- 
nificant proportion (of the order of 30%) of enzymes 
exploits the properties of metal ions to assist catalysis; 
these metals include Zn to act as a Lewis acid and polarize 
bonds, Mg to neutralize charges on anions: and Cu and 
Fe to act as redox centers. The last role is especially 
important, because only one of the naturally occurring 
amino acids (Cys) has any significant redox chemistry: 
although it should be noted that certain redox cofactors 
such as TPQ (2.4,5-trihydroxyphenylalanine quinone) in 
E. coli amine oxidase can be formed by posttranslational 
modification of Tyr side Several other metals 
(Na, K, Ca, V, Mn, Ni. Co, Mo) also assist catalysis in 
specific cases. Biological systems generate a number of 
organic compounds with specific chemical functions, 
which are essential components (cofactors) of many 
enzymes. These cofactors include pyridixal-5'-phosphate 
(involved in elimination and replacement reactions of 
amino acids), biotin (involved in CO2 fixation and 
carboxylation reactions), lipoic acid (involved in acyl 
transfer reactioils). and heme (which is critical in mono- 
oxygenase reactions)."-31 

The range of chemical functionalities available to 
enzyines means that an almost limitless range of en- 
vironments for the correct binding: mutual orientation, 
and activation of reacting molecules can be created. The 
mechanisms by which catalysis can be achieved are dis- 
cussed in a later section. 

For a number of enzyme-catalyzed reactions, it is clear 
that nature evolved a number of distinct answers to the 
same chemical problem. Thus; for example, in the cases of 
3-dehydroquinaseil"' and phosphoglycerate mutase,'"' 
two distinct types of enzyme are known in each case. In 
the case of proteases, there are four main types of 
enzymes, each of which displays a distinct solution to 
the problem of breaking the (relatively stable) amide 
bond.L',21 To illustrate the range of possibilities involved, 
the nucleophile attacking the electrophilic carbon of the 
carbonyl bond can be a Ser or Cys side chain or a water 
molecule activated by an Asp side chain. The polarization 
of the carbony1 bond is enhanced by a Zn ion or by 
hydrogen bonding. and the proton donor to the leaving 
(amino) group call be His or a dyad of carboxyl (Asp) side 
chains. These different types of enzymes presumably 
represent the outcomes of independent, parallel, evolu- 
tionary processes. 

In comparison with proteins, the sl~laller variety of 
chemical functionalities available in nucleic acids (only 
four bases compared with 20 amino acids) restricts the 
range of structures they can adopt. It is therefore not 
surprising that ribozymes appear to catalyze a Inore 
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limited range of reactions (mainly those of phosphodiester 
transfer). While ii is clear that the active site of the 
peptidyl transferase activity in ribosomes contains only 
RNA, some precise details of the catalytic process remain 
to be elu~idated.'"~ 

THE THREE-DIMENSIONAL 
CONTEXT OF ENZYME CATALYSIS 

The three-dimensional structures of enzymes provide the 
context within which the chemical f~lilctionalities are 
depioyed to bring about catalysis. The three-dimensional 
structure not only brings the individual functions into the 
correct spatial relationship. but also allows ~nodulation of 
these functions. Thus. the effect of the microenvironment 
can be to alter the pK,, of a given side chain in an enzyme 
by se~era l  ~lnits rrom its value in model compounds: 
examples include the side chain of Glu 35 in lysozyrne 
(pK, raised to 6.212') and Asp 32 in pepsin (pK, lowered to 
<3'21). In the case of the .'serine" proteases. such as 
chymotrypsin. trypsin. ancl thrombin, a precise geomet- 
rical arrangement of three side chains (Ser.. .His.. .Asp) 
known as the "charge relay systern'~ serves to increase 
the nucleophilicity of the catalytic Ser by several orders 
of ~uagnitude.~'." It is now appropriate to give a short 
overview of enzyme structure. 

The Structures of Enzymes 

Enzymes consist of polypeptide chains froin about 100 to 
over 2000 amino acid residues in length. The three- 
dimensional structures of several thousand enzymes were 
determined, predominantly using the technique of X-ray 
crystallography, while NMR continues to be an important 
technique for deter~nining the structure of smaller. often 
flexible; enzymes (<30 IiDa). Advances such as the rou- 
tine freezing of crystals to 100 K to prolong their life- 
time, brighter synchrotron X-ray sources with tunable 
wavelengths to permit structure sol~rtion from a single 
crystal. and charged co~rple devices (CCD) detectors to 
speed up data collection times by an order of magnitude 
have revolutionized X-ray crystallography. These devel- 
opments alongside those in the overexpression and puri- 
fication of proteins resulted in faster str~lct~lral charac- 
terization. From the large number of enzyme structures 
determined. we have a better understanding of enzymes 
than e\ier before. Databases such as S C O P ~ ' ~ ]  and 
CATH"~' attempt to catalog protein structures into a 
hierarchy of folds, superfarniiies, and families of proteins 
(Fig. 1 ) .  These proteins can be further divided into motifs 
of secondary strrrctural elements; for example, the ferre- 
daxin-like fold is composed of two repeats of the cornmoll 

B-cJ.-P motif. Although both databases highlight the po- 
tential diversity of enzylne folds. it must be stressed that 
many proteins share colninon folding architectures e.g., ( r l  
P)x or TIM barrel, which is estimated to represent 10% of 
all enzyme folds. 

There are 58 classes of small proteins identified so far, 
which are dominated by disulfide bridges. metal ligands. 
or hemes; however, few can be considered enzymes. 
The small proteins consist of enzyme inhibitors, toxins, 
hormones, and discrete folded units or domains of larger 
proteins. The smallest enzymes (approximately 100 amino 
acid residues in length) include the bacterial ribonucleases 
and thioredoxins. At around 400-500 residues. enzylnes 
such as cyiochrome P450s and the aminodeoxyisochor- 
isinate (ADC) syilthase subunit are unusual in forming a 
single large globular protein. It is more common for 
proteins of this size and larger to be composed of a series 
of smaller folded domains joined by short and often 
flexible linker regions. This is clearly advantageous in 
terms of simplifying the folding of the protein as well as 
generating hinges between protein domains that perinit the 
large conformational changes necessary for catalysis. For 
example, lactate dehydrogenase is a 330 amino acid 
polypeptide chain separated into two domains of approx- 
imately 160 amino acid residues in length (see "Lactate 
Dehydrogenase" later in this article). One domain is 
involved in binding XAD+ and has a characteristic 
(Rossmann) fold, the other binds lactate. The two domains 
close together on binding both substrates to form the 
catalytically competent conformation of the enzyme. 
This pattern is found in other ~nembers of the dehydro- 
genase family. 

Flexibility in the protein is often key to the functioning 
of the macromolec~rle as a catalyst. Regions of flexibility 
are often identified from crystallography by high thermal 
parameters and fi-orn information such as NMR relaxation 
times. rates of hydrogen exchange, and fluorescence 
p ~ l a r i z a t i o n . ~ ~ , ~ "  I11 some enzymes. such as adenylate 
kinase, multiple X-ray structures of the enzyme in the 
presence and absence of ligands precisely defined the 
hinge regions of the protein and the extent of conforma- 
tional changes that occur during the catalytic cycle.L'" 

Large enzymes are rarely cornposed of a single 
polypeptide chain but form larger syminetricai arrange- 
ments via self-assernbly processes. This quaternary struc- 
ture of the enzyme is often necessary for the formation of 
active protein, as the catalytic active site is often formed at 
the interface between subunits. Given that proteins are 
chiral molecules. almost all possible sym~netrical arrange- 
inents of subunits were observed. from the simple 222 
symmetry of the tetralner of variovs dehydrogenases such 
as lactate dehydrogenase to the cubic 23 symmetry of 
the Type 11 dehydroquiilase dodecamer. The role of 
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Fig. 1 The number of fold families identified from structural studies of protei~is based on data obtained from SCOP."" Representative 
structures are shown from each of the classes of protein fold, e.g., alpha or beta, that include enzymes. The proteins are represented as 
ribbons. colored from blue at the N-terminus through to red at the C-terminus. Cofactors and inhibitors are colored according to atom 
type and are represented in stick. For example. the alpha fold of Heme oxygenase is fold 143 out of 151 in the classification. a 
multihelical bundle containing two structural repeats of three-helical motif. The enzyme is an oxidoreductase EC 1.14.99.3 and is 
represented by the crystal structure of rat heme oxygenase-1 (HO-1) protein data bank acession code IDVG. (View this art in color at 
~vww.dekker.coM1.) 

oligomerization is not completely understood, but it is 
believed to contribute to increased stability of the 
protein.['" as well as to offer possibilities of regulatlon 
of activity.L201 Oligomerization of multiple enzymes al- 
lows for the coordination of sequential steps in a meta- 
bolic pathway and the containment of potentially toxic 
i n t e ~ m e d i a t e s . ~ ~ ' . ~ ~ '  

DETERMINATION OF ENZYME MECHANISMS 

Understanding the mechanism of an enzyme requires 
the structural characterization of the various enzyme- 
containing complexes involved in the transformation 

of substrates to products. as well as the rates at which 
these complexes are interconverted. It follows that infor- 
mation from a variety of experimental approaches must 
be integrated. 

Kinetic Aspects 

Kinetic data (steady-state and rapid reaction) can be used 
to identify the sequence of enzyme-containing complexes 
as substrates are converted to products, and to identify the 
rates of some or all of the elementary steps in the overall 
reaction. For instance, in a two-substrate reaction such 
as that catalyzed by lactate dehydrogenase (lactate+ 
NAD+ttpyruvate+NADH). it can be shown that the 
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reaction proceeds via a ternary complex (E-NAD+-lactate). 
which is formed in an ordered fashion. with binding of 
NABS' preceding that of lactate. Other two-substrate 
reactions, s~ich  as that catalyzed by creatine kinase 
(creatirie + ATP<+phosphocreatine + ADP). proceed via a 
random ternary complex mechanism in which either 
substrate can bind first. A third group of two-substrate 
enzyme reactions proceed via enzyme substitution (or 
"ping-pong") mechanisms in which the first substrate 
cornbilles with the enzyme to produce the first product and 
a modified enzyme (E'::). In the second step, E':' reacts with 
the second substrate to give the second product and 
regenerate enzyme. An example of an enzyme substitution 
mechanisi~l is provided by nucleoside diphosphate kinase, 
where the first substrate (NTP, N=any nucleoside) 
transfers a phosphate group to an His side chain in tlie 
enzyme. The techniq~~es involved in assigning a given 
enzyme to a particular mechanistic category have been 
described in 

In addition to deterrniniilg the sequence of complexes. 
kinetic seudies provide fundamental parameters of the 
enzyme. For most enzymes, the dependence of rate 
(velocity. v )  on substrate concentration ([S]) follows a 
hyperbolic saturation curve known as the Michaelis- 
Menten equation. i.e., I~=V,,,,,[S]I(K,~,+[S]). Tlie depen- 
dence i i  characterized by the paranleters I/,,,, (the 
maxiniunl or liiniting celocity at infinite substrate con- 
centration) and K,,, (Michaelis constamt, corresponding to 
the concentration of substrate required for the velocity to 
reach half V,,,,,). For reactions involvin, 0 two or more 
substrates. the same general principles apply. although 
the equations are more complex. For some enzymes. 
particularly those with multiple polypeptide chains that 
play key roles in inetabolic regulation. the dependence 
of rate 011 substrate conceiltration does not follow the 
Michaelis-Menten equation. and more complex mathe- 
rnaiicai descriptions are required to account for the lci- 
netics. These involve interactions between the multiple 
actix-e sites in the 

The parameter V,,,, can be converted to a turnover 
number or li,,, by taking account of the molar concentra- 
tion of enzyme present in the assay mixture. The values of 
kc,, of enzymes are generally in the range of 10'-10~ 
,-I  i l l  . This means that the catalytic events on the enzyme 
occur in the time range of milliseconds or less. In order to 
characterize such steps. it is necessary to employ rapid 
reaction techniques such as stopped-flow, which has a 
dead time of approximately 1 ins. Continuous-flow 
mixing techniques can have shorter dead times but make 
much greater demands in terms of quantities of sample 
required. The 1-alue of k,,,lK,, provides not only a 
quantitative measure of the specificity of an enzyme for 
a given substrate.i21 but it can also be used as a measure of 
cataiytic efficiency .['I 

Structural Aspects 

The detailed three-dimensional picture of an enzyme 
obtained by techniques such as X-ray crystallography is 
effectively a time- and space-averaged view of a single 
conformation of a protein stabilized by the crystallizatio~l 
conditions. Protein crystals typically contain 50% (wlw) 
solvent. and. as a result. have large solvent channels 
running through them. In many cases. the enzymes are 
still capable of catalyzing reactions within the crystal. 
albeit at a somewhat reduced rate. The ideal approach 
with which to examine events at the active site would 
appear to exploit X-ray crystallography by diffusing sub- 
strates into enzynie crystals and thereby defining the side 
chains involved in substrate binding and the structural 
changes that occur during catalysis. Freezing techniques 
and co~iiplete data collection in microsecond or shorter 
time scales in the late 1980s seemed to hold great promise 
of time-resolved structural studies on enzymes.[251 
However. technical difficulties associated with loss of 
order in the crystals during catalysis as a result of the 
spatial averaging llecessary for the diffraction experiment, 
among other reasons, made this approach technically 
challenging. Success stories include the use of lasers to 
initiate a light-sensitive reaction, followed in real time 
by the use of Eaue diffraction in photoactive yellow 
protein,126.271 and the use of conventional X-ray methods 

with a single-crystal spectrophotometer to identify sta- 
ble highly populated intermediate states in amine oxi- 
daseL"' and cytochrorne cdl nitrite red~ctase.[ '~] These 
methods. together with traditional X-ray data collection 
using cocrystallizatioll (often in preference to soaking 
of crystals) with poor substrates, transition state ana- 
logues. co~~pet i t ive  inhibitors. catalytically compromised 
enzymes (by site-directed mutagenesis), or individual 
components of multisubstrate reactions, provided struc- 
tural perspectives on many enzyme  mechanism^.^'" In 
addition, conformational changes essential for catalysis 
were also characterized in much greater detail than was 
previously possible. 

WOW CAN WE UNDERSTAND 
THE SPEClFBClTY OF 
ENZYME-CATALYZED REACTIONS? 

The term specificity is widely used in comlection with 
enzymes but has a number of aspects.".21 Most enzymes 
are highly specific in the nature of the substrates they 
utilize and the reaction catalyzed. There are enzymes with 
relatively low specificities (bond specificityj. e.g.. pepti- 
dases and phosphatases; which will act on a wide range of 
substrates provided they coillain the reqidsite chemical 
band (peptide or phosphate ester. respectively). Low 
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specificity is commonly observed with degradative 
enzymes but rarely with biosynthetic enzymes. Hexoki- 
nase is an enzyme showing group specificity: it acts on a 
variety of sugars provided they are aldohexoses. A number 
of enzymes show absolute or near-absolute specificity and 
will work effectively on only one substrate or substrate 
combination; urease is an example of this type of enzyme. 
These classifications of specificity become more difficult 
when macromolecular substrates are considered. For 
example, restriction endonucleases catalyze the breaking 
of DNA chains at a recognition sequence of four to six 
base pairs in DNA. Any DNA molecule containing this 
sequence will be acted on: in this case, the specificity is for 
that portion of the substrate in immediate contact with the 
active site of the enzyme. A further aspect of specificity is 
the stereospecificity exhibited by enzymes: thus, a given 
dehydrogenase using the NAD(P)H/NAD(P)+ redox pair 
will abstract only one of the two hydrogens (A-side or B- 
side) at the C4 of nicotinamide ring of NAD(P)H.~" The 
precise mode of binding of the NAD(P)H substrate to the 
enzyme will dictate which hydrogen is available for 
transfer to the other substrate in the reaction. 

A hi-ther aspect of specificity has become recognized 
in recent years. namely, proofreading.'" The accurate 
replication of DNA during cell division is an event of 
crucial importance to an organism. DNA polymerases 
catalyze this process with an error rate of as little as 1 in 
10". This is achieved by a combination of Watson-Crick 
base pairing (error rate of the order of 1 in 10') in 
combination with a proofreading step in which checks are 
made after the addition of each base to the 3' end of the 
growing DIVA chain that the correct pair was fonned. Any 
incorrectly added bases are removed by a 3'-5' exonucle- 
ase activity that occurs at an active site distinct from the 
polymerase site. 

Specificity can be understood in terms of the comple- 
mentarity of interactions between enzyme and substrate. 
In addition, the binding of the substrate will generally 
bring about a conformational change in the enzyme, so as 
to bring the amino acid side chains necessary for catalysis 
into the correct spatial relationship. The adjustment of 
the structure accompanying complex formation has 
proven to be a conlplicating factor in the application of 
computer programs that '"ock" the enzyine and sub- 
strates or other ligands. 

HOW CAN WE UNDERSTAND THE 
CATALYTIC POWER OF ENZYMES? 

From studies of the rates of organic reactions. several 
factors were identified that could be relevant to under- 
standing the nlechanism of enzyme-catalyzed reactions. 

More complete discussions of the importance of these 
have been 

The factors include the following: 

Pro.xirnit]l and orientation effects 
The binding of substrates at adjacent sites on an en- 
zyme in the correct orientation for reaction leads to a 
reduction in the entropy of activation. It was estimated 
that for a bimolecular reaction, each factor could con- 
tribute approximately 10'-fold to rate enhancement. 
Acid-base cata1j~si.s 
The addition or reinoval of a proton can promote 
electron flow. i.e., bond formation and breakage. 
during the reaction. As far as enzymes are concerned. 
only general acid or base catalysis can occur. because 
enzymes have no means of concentrating H+ or OHp 
ions. A number of amino acid side chains can act as 
proton donors or acceptors, and in many Zn-dependent 
enzymes, such as carboxypeptidase. the metal ion acts 
as an effective Lewis acid to enhance polarization of 
the carbonyl moiety of the amide bond. Among the 
amino acids; His (which has a pK, generally close to 7) 
plays an especially important role in enzyme catalysis. 
because at neutral pH, there is a good balance between 
its protonated and deprotonated forins. In most cases, 
enzymes have suitably positioned pairs of side chains 
to provide push and pull of electrons. 

e Covalent catalx.ris 
Reactions can be accelerated by the formation of 
intermediates, provided that such intermediates are 
rapidly formed and broken down. This then provides a 
new reaction pathway of lower activation energy. 
Many enzyme-catalyzed reactions proceed via cova- 
lent catalysis. in\~olving side chains such as Cys, Ser, 
Eys. or His acting as nucleophiles in the for~nation of 
intermediates such as acyl-enzymes or Schiff bases. 
Changes irz erlvirorzrnerzt 
The rates of many reactions involving polar species 
are low in water because of the energetic cost of de- 
solvating the reactants. Such reactions can be accel- 
erated drainatically by switching to dipolar aprotic 
solvents such as climethylsulfoxide. Enzymes are 
capable of providing nonpolar environments for re- 
actions in which water is essentially removed. In 
addition. charges that develop during the reaction 
can be effectively stabilized in a rnediurn of low di- 
electric constant by appropriately positioned charged 
side chains. 

* Distortion of sz~hstmte/fransitim state stcrbilizatio~i 
In model reactions, it was demonstrated that distortion 
of a reactant so as to make it more closely resemble 
the postulated transition state of the reaction can lead 
to dramatic acceleration. In a number of enzyme- 
catalyzed reactions. there is evidence for such strain or 
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distortion, but the quantitative effect of this on the rate 
of reaction was not always clear. In order to act as a 
catalyst. an enzyme must make more favorable 
interactions with the transition state than with the 
substrates or products. From this. it follows that a 
compound that resembles this state in terms of 
geometry and electronic structure should bind to the 
enzyme. Such tight binding transition state analogues 
were developed for many different types of enzymes. 
Apart from helping to confirm ideas about the nature 
of the proposed catalytic mechanism of a reaction, 
they offer scope as potential selective inhibitors for 
therapeutic intervention. 

It is clear that in a qualitative sense, the factors outlined 
in this section help us to understand the origin of enzyme 
catalytic power. However. it is not clear that for any given 
enzyme we can yet account quantitatively for the mag- 
nitude of its rate enhancement. 

Given recent developments in computer modeling of 
chemical reactions. there is considerable interest in at- 
tempting to develop a mathematical understanding of en- 
zyme catalysis. The sheer complexity of enzymes means 
that at present, it is possible to apply a strict quantum 
mechanical approach to only a limited region, such as 
the active site, and classical molecular mechanics are used 
to describe the remainder of the ~nolecule. This combined 
approach had some success in modeling some aspects of 
enzyme-catalyzed reactions. such as the importance of 
particular side chains in the catalytic process.[311 Howev- 
er, a complete mathematical description of enzyme ca- 
talysis remains a considerable way off. 

Constraints on the Rates of 
Enzyme-Catalyzed Reactions 

For a number of enzymes. such as triosephosphate 
isomerase. fumarase, and catalase. the value of the kc,,/ 
K,,, ratio approaches a value of 10' M-' s- ' . '~]  This is 
close to the diffusion limit. i.e., the enzyme cannot work 
any faster because the rate is limited by the rate at which 
substrate diffuses to the active site. Enzymes of this type 
were described as having achieved catalytic perfection in 
evolutionary However, it should be noted that 
"evolutionary perfection'' may not always imply a high 
value of kc,,. In the case of aldose reductase. for exam- 
ple. the enzyme was considered perfectly evolved for its 
role as a detoxification catalyst with a broad specificity 
by developing high affinities for the redox substrates 
NADPWADP"  in such a \?ray that the equiiibrium is 
shifted in the direction of product formation. These prop- 
erties thus achieve saturation of the enzyme at all times 
under cellular conditions and effective rapid removal of 
toxic aldehydes,'331 

In some enzymes. it appears that the upper limit of kc,, 
is set by the rate of structural changes that accompany the 
catalytic events. For example, in the cases of lactate 
dehydr~genase [~~ '  and triosephosphate isomerase,["" it 
was shown that the catalytic rate matches the movement 
of flexible loops that close over the active site to allow 
catalysis to occur. Because of the scarcity of data con- 
cerning the rates of catalytically relevant structural 
changes in enzyme, it is difficult to know how widespread 
this effect might be; however: the structural data indicate 
that substrate-induced conformational changes occur in 
many enzymes. In kinases (enzymes that catalyze ATP- 
dependent phosphorylation reactions), formation of the 
catalytically active complex requires closure of the two 
domains. preventing access of water to the active site. 
In large assemblies such as the motor systems of ATP 
synthase and the actin-myosin system, the linkages 
between the structural changes and the reaction catalyzed 
underpin their function in coupling H' movement to ATP 
synthesis and ATP hydrolysis to muscle contraction. 
respectively .12] 

EXAMPLES OF ENZYME MECHANISMS 

In this section, the mechanisms of two enzymes will be 
outlined in order to illustrate the way in which the various 
experimental approaches were integrated to provide an 
understanding of enzyme mechanisms. For further exam- 
ples. see Refs. [I-31. 

Lactate Dehydrogenase 

Lactate dehydrogenase (EC 1.1.1.27) catalyzes the re- 
action lactate+NAD+c-tpyru~rate+WADH. which in the 
reverse direction represents the last reaction of anaerobic 
glycolysis. The enzyme consists of four identical poly- 
peptide chains (subunits), each of molecular inass about 
35 kDa. For a summary of this work, see Ref. [ I ] .  

X-ray crystallographic studies of the enzymes from 
dogfish and pig muscle and from Bnci l l~~s  stenrothel-nzo- 
p~2ilUs136.371 show that the enzyme belongs to the x/P class 

of proteins, with about 40% of the amino acids in r helix 
and 23% in P structure (Fig. 2a). In the N-terminal domain. 
there is a six-stranded parallel P-sheet with interconnect- 
ing helices. This motif is found in all NAD(P)'-dependent 
dehydrogenases and is referred to as the Rossmann fold. 
Binding of NAD+ to lactate dehydrogenase involves a 
large number of interactions with different side chains, 
including hydrogen bonds. electrostatic bonds, and hydro- 
phobic interactions. The mode of binding explains why 
WADE'+ is not a substrate and also why lactate dehydro- 
genase is an A-side dehydrogenase. 
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Lactate pcN / 
0 O N3&H 

NH: Arg 106 N H ~ G ~ ~ 2  

Arg 169 NH'L 

Fig. 2 Lactate dehydrogenase: a) a ribbon representation of the tetramer of the B. stearothei717ol1hil~~~~ elizynle with each peptide chain 
depicted in a different color. The cofactor and oxalnate inhibitor are colored according to atom type. as is fructose bisphosphate. which 
is an allosteric regulator of the enzyme. b) On the left is a detailed view of the enzyme active site as seen in the crystal structure. The 
ligand is highlighted in green and key amino acid residues are labeled. This is compared with the traditional two-dimensional 
representation of the enzyme mechanism on the right. Note that the residue nurnbers differ slightly from those of the muscle enzyme 
discussed in the test. (View this nrr ii7 color at ct,\~.~i~.i(ekker.com.) 

The structure of the catalytically active complex was nicotimamide group of PJAD' and the side chain of His 
deduced by the use of competitive inhibitors in abortive 195 (which is close enough to form a hydrogen bond to the 
complexes (e.g., E.NADH.oxainate and E.NADf.oxalate). hydroxyl group of the lactate). The side chains of Arg 109 
On this basis, the lactate is predicted to bind between the and Arg 171 are thought to anchor the carboxylate group 
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of lactate. (Note that these numbers are for the muscle 
enzyme and differ slightly from the corresponding resi- 
dues in the B. stear-otheri7zo1)hilus enzyme shown in 
Fig. 2). 

Of key importance are the structural changes that 
accompany formation of the active, ternary complex. A 
flexible loop, consisting of Residues 98 to 120, which in 
the absence of substrates extends into solution, moves 
down in the ternary complex so as to exclude water from 
the active site. The side chain of Arg 109 moves some 
1.4 nm: a smaller movement (0.15 inn) of the side chain 
of His 195 occurs to bring this into the correct position 
with respect to lactate. 

As stated previously. kinetic st~ldies showed that the 
enzyme-catalyzed reaction follows an ordered ternary 
complex mechanism in which the binding of NAD+ occurs 
prior to that of lactate. and release of pyruvate precedes 
that of NADH. The use of rapid mixing methods allowed 
rates of many of the individual steps in the reaction 
sequence to be elucidated. including the hydride io11- 
transfer step in the catalytically active ternary complex. 

The overall chemistry of the reaction involves the side 
chain of His 195 acting as a general base, abstracting the 
proton from the hydroxyl group of lactate and prornot- 
ing electron flow in the direction of the positive charge 
on the nicotina~nide ring of NADf (Fig. 2b). The crucial 
features of the catalytic process are the correct position- 
ing of the substrates. the conformational changes that 
aligned the appropriate side chains for reaction and 
binding. and the role of the side chain of His 195 as a 
general base. 

Lactate dehydrogenase was subjected to extensive 
enzyme engineering studies using site-directed mutagen- 
esis to explore the roles of a number of side chains in 
catalysis. to examine the nature of the rate-limiting step 
in the catalytic cycle. and to alter the specificity of the 
enzyme,[l.".3'"~ To examine the nature of the rate- 

limiting step, Gly 106 in the flexible loop was replaced 
by Trp. and the other Trp residues (80. 150. and 203) 
were replaced by Tyr. which has a much lower 
fluorescence. The mutant enzyme had similar catalytic 
activity to the wild-type. but essentially, only a single 
fluorescent group located within the flexible loop 
(Residues 98-120). Changes in the fluorescence of Trp 
106 could be used to monitor the rate of structural 
changes associated with formation of the cata!yticaily 
active complex. From this work. it was possible to 
conclude that the rate-limiting step in the catalytic cycle 
corresponded to the rate at which the flexible loop closed 
over the active site. 

The active site of lactate dehydrogenase could be re- 
designed to convert it to a maiate dehydrogenase. (It was 
already known that the tertiary structures of the two 
enzymes were similar.) To take account of the increased 

size and additional negative charge of malate, the volume 
of the active site was increased (Thr 246 replaced by Gly), 
and the basic character of the active site was enhanced 
(Asp 197 replaced by Asn, and Gin 102 replaced by Arg). 
The effect of these mutations was to change the ratio of 
the lactate/malate rates from 50011 to 111000. i t . .  over 
l0"fold change in specificity. In further experiments. the 
active site of lactate dehydrogenase was altered to allow a 
broad range of bulky hydrophobic ketoacids to act as 
substrates, though at the expense of a significant reduction 
in the value of 

Type II 3-Dehydroquinass 

The dehydration of 3-dehydroquinate to 3-dehydroshiki- 
mate catalyzed by 3-dehydroquinase (EC 4.2.1.10) is 
colnmon to two metabolic pathways, the inicrobial 
biosynthetic shikimate pathway and the catabolic quinate 
pathway. This reaction is catalyzed by two completely 
different enzymes: either a Type I enzyme that catalyzes 
a syrz elimination: or a Type I% enzyme that catalyzes an 
anti elimination. 

The Type II 3-dehydroquinase is made up of 12 
identical 16.5 kDa subunits of approximately 150 amino 
acid residues, which are arranged as a tetramer of trimers. 
The protein adopts a flavodoxin-like fold (i.e., belongs to 
the 'CLIP class of proteins), with a parallel five-stranded p- 
sheet flanked on both sides by %-helices (Fig. 3a). The 
active site is located at the carboxyl end of the P-strands as 
in other CLIP proteins, in the crevice produced by the 
specific topology of the  sheet."^" The loops from the P- 
strands 1 and 2 connect to helices in one direction. while 
those of P-strands 3, 4. and 5 connect to helices on the 
opposite face of the P-sheet. Between Strands 1 and 3, a 
crevice is formed, and this is where the active site is located 
(at least partially) in all rlP proteins. It should be noted that 
locating the active site of an enzyme is not as straightfor- 
ward in the other classes of protein folds showll in Fig. 1 .  

Before the structure of the enzyme was determined, 
chemical modification experiments (using proteolysis 
and mass spectrometry to identify the modified residue) 
and site-directed mutagenesis were used to identify Arg 
21, Tyr 28, and a His as catalytically important side 
chains.'"'."] Substrate and solvent %I isotope effects. 
proton inventory studies. and the pH-dependence of the 
kinetic parameters V,,, and KIm were used to identify the 
enzyme mecha~lism'"' as an EICB elimination reaction 
proceeding via an enolate intermediate, M-ith the initial 
proton abstraction as the rate-limiting step. The unusual 
sharp increase in kc , ,  and 4 ,  above pH 9 was interpreted 
as the effect of an active-site Arg side chain on the 
basicity of a  is.["] 

In the first crystal structure obtained for a Type 11 3- 
dehydroquinase,i121 Arg 21 and Tyr 28 were disordered 
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Tyr dehydroquinate 

'-a His 106 

OH 

His 106 

OH 

His 85 
water 

Fig. 3 Type I1 dehydroquinase: a) a ribbon representation of the quaternary structure of the enzyme, with each peptide chain depicted 
in a different color. The inhibitor 2,3-anhydro-quinic acid is shown in space-filling representation. with atoms colored according to atom 
type. b) On the left is a detailed view of the enzyme active site as seen in the crystal structure. with the ligand highlighted in green and 
key amino acid residues labeled. This is compared with the traditional two-dimensional representation of the two steps of the enzyme 
mechanism on the right. (View this art i r ~  color at ~.~')v\i..dekkel:conz.) 
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in a loop region of the structure. Ilowcvcr, based on the 
conserved amino acid residues within the active site, 
His 106 was suggested as the residue involved in 
proton abstraction, with its basicity elevated by thc 
neighboring side chain of Glu 104. Further structural 
characterization was made possible by the synthesis of 
a series of transition-state analogue inhibitors.'"' Four 
crystal structures including the catalytically compro- 
mised mutant enzyme in which Arg 21 was replaced by 
Ala in complex with the product dehydroshikimate and 
the wild-type enzymc with 2,3-anhydro-quinic acid 
bound (Fig. 3b) defined unambiguously the active site 
of the enzyme and the role of key amino acid residues 
and provided snapshots of the catalytic cycle.i45' 
SUI-prisingly, 'Tyr 28 is involved in the initial proton 
abstraction step rather than a His, its pK, being lowered 
by the proximity of Arg 113. The absence of a residue 
to stabilize the negative charge of an enolate and the 
presence of a conserved water molecule strongly 
suggests that the reaction proceeds via an enol 
intermediate. The His 106-Glu 104 pair instead is 
invol\led in the elimination of water, with His 106 
acting as an acid, not a base. Despite having identified 
the various catalytically important amino acid residues 
and the probablc enzyme mechanism, several questions 
still nced to bc addrcsscd. including the following: I )  is 
Tyr 28 present as a phenolate ion and. if so, how is this 
maintained in a flexible loop; and 2) what is the role of 
Glu 104, if any, i n  the enzyme mechanism? Different 
combinations of tcchniclues will undo~ibtedly be needed 
to answcr thcsc and furthcr questions. 

CONCLUSION 

In this article, we showcd how the application of structural 
and kinetic methods allowed cnLymc action to  be un- 
derstood at thc atomic level. Higher-rcsol~~tion definition 
of reaction intcrmcdiates together with computational 
methods will give increasing insights into the processes of 
bond breakage and formation as substrates arc converted 
to products. Using exquisitely sensitive spectroscopic and 
mechanical mcthods, it is now possible to study the action 
of single-eni.ynie m o l c c u l c ~ . ~ ~ " '  It is expected that the 
application o f  these lneihods to cnzymc systems cata- 
lyzing complex biosynthetic reactions will lead to the 
successful exp1oitation of enzymes for the manufacture of 
compouncls of con~~ncrcial and medical importance. The 
rangc of' applications of enzymes is already wideLn7' and 
is being extended by developments such as the generation 
of catalytic antibodiesi4" [and the directed evolution of 
cnzymes.'"' Progress i n  the attempts to redesign cnzymcs 
has bccn rcviewcd.'5"' The coming decade will be a 
rewarding oiic for enzymologists. 
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Fluorescence is one of the most sensitive methods for 
converting molecular events to photophysical phenomena 
that can be easily detected using relatively simple devices 
and techniques. The powerful technique of fluorescence 
spectroscopy has been used for the analysis of many 
chemical and biological samples, especially when the 
quantity of the analyte is limited. Another key advantage 
of fluorescence sensing is that it is nondestructive; the 
analyte does not need to be isolated from its original 
environment as long as there is no background fluores- 
cence blocking the detection of the signal. 

Fluorescence sensors are usually constructed by con- 
jugating a receptor (synthetic or biological) to a fluoro- 
phore.[" The fluorescence properties of a fluorophore, 
such as emission intensity and wavelength. can be affected 
by the binding of an analyte to the receptor recognition 
domain. These changes can be monitored to determine the 
presence or. in a more quantitative way, the concentration 
of a given analyte. Effective connection of an analyte- 
binding domain to a fluorophore is important to produce a 
sensitive sensor with a significant fluorescence change. 
Many fluorophores with a wide range of excitation and 
emission wavelengths are available, and their fluores- 
cence properties, such as excitation/emission mechanisms, 
decay processes; and excited state reactions are well char- 
acterized. Sensors using the chemical and physical prop- 
erties of certain analytes to alter one of these fluorophore 
properties could give highly specific responses. 

In this article. we will describe different approaches to 
the design of fluorescence sensors for anioils that exploit 
distinctive mechanism-based concepts. In most case, 
synthetic receptors are used for anion binding and induce 
specific responses from the appended fluorophores, 
leading to selective and sensitive sensing. 

LANTHAMlDE COMPLEXES 

An obvious approach to anion sensing would be to use 
cationic species as the anion-binding sites. In addition, 
some metal ions have well-characterized luminescent 
properties that can be utilized for sensing purposes. For 

example, the lanthanide f-f transition is forbidden. which 
makes direct excitation of the lanthanide ion difficult but 
also leads to slow radiative decay fronl the excited state.['] 
The long-lived emission lifetime ranges from micro- to 
milliseconds. and by using time-gating detection methods, 
this can be distinguished from background short-lived 
emissions; which are common in biological systems. As 
a result: sensitive luminescence fluorophores can be ob- 
tained using this property. 

Parker and coworkers showed that lanthanide com- 
plexes can be used as selective anion sensors.'" Because 
lanthanide emission is quenched effectively by metal- 
bound water molecules through vibrational energy transfer 
to OH oscillators. displacement of water molecules by an 
anion changes the extent of vibrational quenching and can 
be signaled by increases in the intensity and lifetime of 
emission (Fig. 1). Macrocyclic heptadentate ligands con- 
taining aromatic chromophores were used to make coor- 
dinately unsaturated complexes of Eu and Tb ions. These 
in-built chromophores act as antennas to transfer energy 
from the chromophore excited state to the metal excited 
state. This indirect excitation solves the problem of direct 
excitation, and the excitation wavelength can be changed 
by using different chromophores. In aqueous solution; 
empty coordination sites are filled with one or two water 
n~olecules that can be replaced by certain anions with 
emission changes. When a chiral macrocyclic ligand was 
used, as in 1. anion binding also induced changes in emis- 
sion polari~ation.'~' P I P O ~ ' ,  F ,  and S O 2  displaced one 
water molecule. while bIC03-, citrate, and lactate dis- 
placed two water ~nolecules and formed chelated adducts. 
In particular. H C 0 3  binding was studied in a competitive 
anion background simulating an extracellular environment. 

Another lanthanide-based anion sensor 2 exploits a 
bipyridine phosphine oxide derivative as a pentadentate 
ligand to coordinate Eu cation.'51 As anions bind to this 
complex, emission intensity was increased. presumably 
again due to the displacement of ligated water molecules. 

WU(II) POLYPYRlDlNE COMPLEXES 

Another class of transition metal-based anion fluores- 
cence sensors is based on ruthenium(I1) tris(bipyridy1) 
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an increase in intensity. The anion is postulated to restrict 
the conformational flexibility of the receptor and. conse- 
quently, inhibit nonradiative decay processes. 

When a metal complex like osmium(1I) tris(bipyridy1) 
or a metallocene, as in compound 3, is appended to the 
ligand, the MLCT excited state is quenched by energy 
transfer to the adjacent metal center. The rate of this 
quenching decreases as an anionic substrate binds between 
the two metal complexes. A similar switching mechanism 
is seen in the calix[4]diquinone-appended complex, 4. In 
this case. the fluorescence emission is quenched via an 
intramolecular electron transfer to the quinone. Anion 
binding between the Ru complex and the quinone blocks 
the quenching process, and the emission intensity is 
significantly recovered. 

Fig. 1 Lanthanide complex sensors, 

PHOTOINDUCED ELECTRON TRANSFER 
complexes. The electrochemical and photophysical prop- 
erties of ~ u ( b p y ) ~ ~ +  are well characterizedL6' and are 
applied in the design of many sensors. The lowest excited 
state of the complex derives from a metal-to-ligand charge 
transfer (MLCT), so its nature can be controlled by the 
choice of ligands. The easy synthetic accessibility of the 
heteroleptic complex I I U ( & ~ E ' ) ~ +  is another advantage of 
this sensor system, as it allows ready incorporation of the 
anion recognitio~l domain into one of the ligands. 

Most sensors in this class, reported mainly by Beer and 
coworkers. have 4,4'-dicarboxamide-2,2'-bipyridine de- 
rivative as the anion-binding ligands (Fig. 2).'7,s1 The two 
amides and additional binding groups on side-chain R 
constitute the anion-binding site. Negative charge devel- 
ops on the ligand after photoinduced MLCT. and the 
charge interaction with a bound anion leads to a relative 
destabilization of this excited state. As a result, the emis- 
sion shows a blue shift, which is usually accompanied by 

0 4 

Fig. 2 Ru(I1) polypyridine complex sensors. 

The fluorescence properties of aromatic alkylamines are 
critically dependent on the energy level of the amine 
functionality. After local excitation of the aromatic ring. 
electron transfer can occur from the a~nine nitrogen to the 
aromatic ring, preventing radiative decay of the excited 
state. This photoinduced electron transfer (PET) is sup- 
pressed by analyte binding to the amine functional group 
that lowers the energy of the nonbonding orbital, and as a 

PET H> 

Fig. 3 PET sensors 
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result, enhanced emission intensity is observed (Fig. 3). 
This simple on-off switching mechanisln and the unde- 
manding chemistry of polyaromatic fluorophores led to 
extensive development of PET-based sensors for the de- 
tection of diverse analytes. 

Czarnik and coworlters developed the first fluorescence 
anion sensor based on the PET mechanism using a poly- 
ainine as the anion-binding domain.i91 The polyamine- 
appended anthracene 5 showed enhanced emission upon 
F I P O ~ '  binding in neutral aqueous condition. The anion 
interacts with the benzylic amine group, rendering the 
nitrogen electron pair unavailable for PET, probably by a 
proton transfer. and fluorescence of the anthracene is 
switched on. A closely related system was devised for 
pyrophosphate   en sing.^'"' Cornpound 6 has two poly- 
amine chains attached to the I -  and 8-positions of anthra- 
cene. These two arms effectively discriminate between 
pyrophosphate and phosphate at neutral pH. Thiouronium 
7. synthesized from the conesponding thiourea, also 
showed an increase in the rnaxinlum emission intensity 
after anion binding, with good selectivity for AcOp over 
dialkylphosphate.[' ' I  

There are several exanlples of the reversal of the PET 
~nechanism being used for anion sensing. In these cases, 
anion binding enhances PET, leading to a reduction in the 
maximum emission intensity. Arylboronic acids. widely 
used for carbohydrate recognition, can also act as Lewis 
acids and bind to F to form the tetrahedral boronate. For 
example. F binding to Compound 8 quenches the 
fluorescence of ihe attached naphthalene ring due to 
increased PET from the boronate anion.['21 No fluores- 
cence change was observed on addition of 611 or Br

p

. 
Bis-zinc(l1) Complex 9 selectively coordinates linear N3- 
over other anions, and the emission of the anthracene 
fluorophore is q~ienched through intracompiex electron 
transfer from the bound I V ~ ~ . ' " '  Recently, neutral PET 
anion sensor 18 with a thiourea group linked to anthracene 
was shown to ~indergo significant fluorescence q~lenching 
on addition of Fp, AcOp. a!id The authors 
proposed ihat electron transfer from the anion-thiourea 
complex to the anthracene excited state is increased. be- 
cause the reduction potential o,C the thiourea group is en- 
hanced by anion binding. 

EXCITED STATE COMPLEXES 

Pyrene is an example 01 a ciass of fluorophores that form 
complexes with themselves. A concentratio~l-dependent 
fluorescence behavior occurs due to intermolecular 
interaction between the flat hydrophobic surfaces in the 
dimer. A highly structured emission from the monomer is 
dominant at low concentration. but as the concentration 

increases; a long-wavelength einission from the excited 
state dimer, called an excimer. begins to appear. Shifting 
the monomer-to-excimer eq~rilibriu~n can be exploited to 
develop ratiomeric fluorescence sensors. By measuring 
the intensity ratio of monomer-to-excimer emissions. 
analyte concentrations can be determined independently 
of sensor concentration or other artifacts that rnigiit affect 
emission intensity. 

A guanidinium-f~~nctionalized pyrene was shown to 
assemble into a dimer, directed by pyrophosphate anion 
complexation (11 in Fig. 4)."" Characteristic emission of 
the pyrene excirner was observed from this anion- 
templated, self-assembled complex, and the concentration 
of pyrophosphate was measured by ratiomeric titration. 
The addition of phosphate did not cause any significant 
emission change. A closely related Compound 12 was 
also an effective ratiomeric anion sensor.i161 The emis- 
sion of this thiourea-functionalized pyrene inonorner was 
quenched by anion binding due to the increased PET from 
the thiourea group to the pyrene ring. The long-wave- 
length emission. however, was not significantly affected, 
and the ratio of two emission intensities showed ideal 
behavior as a function of changing anion concentration. 
The authors assigned the long-wavelength emission to an 
illtrarnolecular exciplex formed between the pyrene ring 
and the thiourea group. 

Cornpound 13 bearing four pyrene rings was recently 
reported as a selective phosphate sensor.["] The pyrene 
rings. connected through a~nide bonds, undergo hydropho- 
bic collapse and form an intramolecular pyrene exciplex. 
In the presence of phosphate anion; the intensity of the 
long-wavelength emission was reduced with simulta- 
neous increase of pyrene monomer emission. Presum- 
ably. pyrene exciplex forlnation is inhibited by anion 
binding to the amide groups between fluorophores. The 
selectivity for phosphate was explained by the pseudo- 
tetrahedral arrangement of the hydrogen bond donating 
amide NH groups. 

Fig. 4 Excimerlexc~plex sensors. 
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SENSING ENSEMBLE 

Competitive titration is another powerful method for 
anion fluorescence sensing. In this technique, the fluoro- 
phore and anion recognition domain are not linked 
together. Instead. changes in the fluorescence properties 
of the fluorophore are induced by its displacement from a 
noncovalent association with the recognition domain (the 
sensing ensemble) by the target anion. Sensing selectivity 
comes partially from the structural similarity between the 
fluorophore and the analyte, because these two molecules 
act as competitive guests for the receptor. A calibration 
curve, obtained by monitoring emission changes over a 
range of analyte concentrations. is used for quantification 
of the analyte. Several biologically impostant anions, in- 
cluding citrate, carbonate, and inositol triphosphate. were 
detected in a range of solvent mixtures using this method. 

Many che~nosensor ensembles were reported by Ans- 
lyn and coworkers.ris1 Compound 14, with three gua- 
nidinium groups displayed in the same direction (Fig. 5) .  
binds to the citrate tricarboxylate anion. Anionic fluoro- 
phore 5-carboxy-fluorescein 15 binds with modest affinity 
to this receptor and shows increased fluorescence inten- 
sity due to the decreased pKa of its phenol group. As 
citrate is added, the fluorophore is displaced from the 
receptor, and the emission intensity diminishes. The same 
fluorophore was used in another sensing ensemble for 
inositol-1,4,5-triphosphate (IP3), an important second 
messenger involved in many cell regulatory functions. 
The fluorophore bound to positively charged hexa-gua- 
nidinium receptor 16 is displaced by added IP3, and the 
fluorescence intensity decreases. 

NHBoc 

fluorophore /--H--A- 

'' 0 0 ' n e n a  h a  transfer 3 
excited state 

# proton transfer 

BocHN - 1 -H-A 

4 kern2 

Fig. 6 Other anion chemosensors. 

A coinpetitive method for carbonate sensing is based 
on dicopper complex 17 and coumarin 343 as anion re- 
ceptor and external fluorophore, respectively.[i91 The 
fluorophore 18 coordinates to the copper atoins through 
its carboxylic group. and energy transfer between couina- 
rin ring and copper atoms quenches the fluorescence 
emission. Carbonate showed strong binding to the metal 
complex and coupled the displacenlent of the bound fluo- 
rophore with conconlitant recovery of the coumarin 
emission. This ensemble showed selectike response to 
carbonate over phosphate or carboxylate. 

OTHER CHEMOSEMSORS 

We explored the strategy of linking an anion receptor to a 

H fluorophore that exhibits emission from an internal charge 
transfer (ICT) excited state. This allowed us to obtain a 

64 
high dynainic range of emission response, and in one case, 

16 H the resulting design functions as a dual channel 
N 

-0 R = H N ~  1 In sensor 19 (Fig. 6), an aminocoumarin tluorophore is 

"i ; integrated into the binding domain of a macrocyclic 
receptor such that it is directly involved in hydrogen 
bonding to the anion. Anion binding caused an increase in 
intensity and red shift of the fluorescence emission of the 
coumarin. The red shift is due to stabilization of the TCT 
excited state relative to the ground state by electrostatic 
interaction with the bound anion. The intensity enhance- 

17 18 
ment likely results from conformational restriction of the 
fluorophore that would otherwise lead to nonradiative 
decay through rotatory inotion of the amide group of the 

Fig. 5 Sensing ensembles. fluorophore. The most remarkable change was the 
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appearance of a second emission band at longer wave- 
length upon addition of anions like H2P04-. The increased 
acidity of the fluorophore after excitation facilitated pro- 
toil transfer to the bound anion. and the second tluores- 
cence einission channel m7as opened through intermolec- 
ular excited state proton transfer (ESPT). 

Tri(9-anthry1)fJuorosilane 28 was used for fluores- 
cence sensing of fluoride anion.i2" The organosilane 
derivative binds with F to form a penta-coordinated or- 
ganosilicaie. and this hypercoordination changes the struc- 
ture from tetrahedral to trigonal bipyramidal. Through- 
space interaction between the anthryl groups is reduced, 
and the emission intensity of the ailthracene fluorophore 
increased significantly. 

N-Aikyi-6-n1ethoxyq~1ino1iniu1n and N-alkylacridi- 
ni~rm derivatives like 21 and 2 2 w e r e  used to detect 
chloride anion in biological s a n ~ p l e s . ~ ~ ~ . ~ ' ~  These simple 
derivatives are commercially a\-ailable and, unlike the 
other sensors discussed so far, they detect C I  via col- 
lisional quenching of the fluorophore excited states. 
No lnolecular recognition event is involved in the sens- 
ing mechanism. Other halides. such as B r  and I-. and 
S C N  are also efficient quenchers, but physiological con- 
ce~ltrations of ihese anions do not significantly affect 
the fluorescence. 

Biosensors represent additional useful tools for fluores- 
cence anion sensing. In this approach, an anion-binding 
protein is used as the recognition domain. and a fluo- 
rophorc is covalently linked to the region where confor- 
inatioilal changes are expected after analyte binding. 
Variation of the microenvironli~ent around the fluorophore 
is detected through changes in its spectroscopic properties. 

E. coli phosphate-binding protein (PBP) is a mono- 
meric protein that associates strongly and selectively with 
inorganic phosphate. The anion binds into a cleft between 
ITT~O domains of PBP and induces a large conforrnational 
change in the protein. One alanine residue at the edge of 
the binding cleft was replaced with cysteine. and the 
mutant protein was reacted with a thiol-reactive diethyl- 
aminocoumarin derivati~e."~'  On binding phosphate, the 
fluorophore-labeled protein exhibited a Slue shift and 
intensity increase in its fluorescence emission. The amino- 
cournarin is postulated to be constrained in a highly flu- 
orescent conformation due to the reduced local flexibility 
of the phosphate-bound form of PBP. 

A similar strategy was employed for an %P3 biosen- 
sor.12sl Pleckstrin homology (PH) domain of phospholi- 

pase C (PEG) f i l .  which binds lip3 with a subnlicroinolar 
affinity. was mutated to incorporate a cysteine residue 
next to the anion-binding site. Labeling with thiol-reactive 
fluorescein or aminonaphthalene derivatives ga\e a n i o ~ ~  

sensors that showed large fluorescence changes in re- 
sponse to IP3. with good selectivity over other phosphates. 

Mutants of yellow fluorescent protein (VFP), an en- 
gineered variant of green fluorescent protein (GFP). were 
developed as biosensors for C1-. YFP autocatalytically 
generates its own fluorophore. and its mutant YFP-I11486 
showed decreased fluorescence in response to many an- 
i o n ~ . ' ~ ~ ]  Crystallographic analysis confirmed that the an- 
ion is bound close to the protein fluorophore and increases 
its pKa, inducing fluorescence suppression.1271 To im- 
prove the halide anion selectivity. random mutants of 
YFP-H148Q were generated. and some variants with 
increased affinity and selectivity for C l  and I were 
identified.'281 

CONCLUSION 

Design of a receptor inolecule that can bind to a target 
anion with high affinity and selectivity remains a chal- 
lenging task. The properties of the target anion and the 
nature of its possible interactions with a receptor in 
different environments must be considered in the design. 
The key additional eiement in the design of a fl~lorescence 
sensor is the fluorophore. The interactions of a tluoro- 
phore with a receptor or an analyte before and after their 
binding deternline the fluorescence behavior of the sensor. 
It is not enough to sirnply connect a receptor with a 
fluorophore to achieve sensitive and selective sensing. 
The anion fluorescence sensors described in this article 
provide good examples of how tluorophores can be 
coupled with selective anion-binding receptors to convert 
a molecular recognition event to fluorescence changes. 
Fluorophore properties such as the energy of the excited 
state. the extent of nonradiative decay. and the opening 
and closing of transfer processes can be modulated by 
direct interaction with an anion or by indirect changes in 
the receptor after binding an anion. Designs based on 
fluorescence ~~lechanisms led to many sensors. The grow- 
ing number of synthetic anion receptors suggests that in 
the future. more selective and sensitive anion sensors will 
be developed for diverse applications. 
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INTRODUCTION 

Following a brief introduction and just~fication. the design 
of fluorescent sensors is summarized. Three popular pho- 
tochemical designs are highlighted. Then, with some ex- 
amples, we will show how suitably selective receptors can 
give rise to excellent sensor systems. Cases showing con- 
siderable success in cellular physiology and in medical 
diagnostics are included among these examples. To con- 
clude. a glance at the f~lture will be taken. 

WHY DO WE NEED 
FLUORESCENT SENSORS? 

It is a truism that our environment exerts as much control 
over us as our genes. It is no wonder that most societies 
lay considerable emphasis on monitoring human environ- 
ments. 111 practice, this means that such surveillance must 
extend to many chemical constituents of our external en- 
vironment as well as those that exist within ourselves. The 
ideal spies for such operations must be small enough to 
enter the various spaces of interest and cause minimum 
disruption to the sensitively poised steady states existing 

In addition. such spies must be able to com- 
municate their findings to human observers. Such tough 
criteria for the ideal spy are most satisfactorily met by 
fluorescent molecular  sensor^.[^^^^ 

HOW ARE FLUORESCENT 
SENSORS DESIGNED? 

The bare  essential^^'^)' of a fluorescent sensor molecule are 
as follows: 1) a means of temporarily capturing chemicai 
targets, i.e.. a receptor: 2) a means of long-range com- 
munication with the okserverlcontroller, i.e., a light ab- 
sorberlemitter or a fluorophore; and 3) a means of shorter- 
range communication between the receptor and the 
fluorophore so that capture of a chemical target causes a 
light signal. 

Several elaborations of Point 3 exist. The oldest of 
thesei"' ensures receptor-fluorophore communication by 

simply overlapping the two units so that their x-electron 
systems merge (Fig. I). Such x-systems are particularly 
useful if they show electronic push-pull character. These 
give rise to internal charge transfer (ICT) excited states 
that are significantly perturbed when the receptor captures 
its target species.i21 A color change in excitation or emis- 
sion is the usual experimental outcome that can be of 
considerable value in physiological investigations.['21 

Another approach to implementing Point 3 has become 
particularly popular. In this method. the fluorophore and 
the receptor are forced to cominunicate through a short 
o-bond spacer. Photoinduced electron transfer (PET) is a 
single-electron process that can cross this bridge with ease 
if the therrnody~lamics are Naturally. the PET 
thermodynamics are substantially altered upon target 
capture by the receptor.''1 The experin~ental outcome 
can be a switching on or off of fluorescence (Fig. 2). Such 
a result creates considerable drama when compared to 
most laboratory experiments. and it may account for the 
rapid uptake of this design. However, PET is not the only 
process that call be profitably arranged within fluoro- 
phore-spacer-receptor systems. Electronic energy trans- 
fer (EET)"~] can also be useful in cases where the target 
possesses a rather low-energy excited state. The emis- 
sion frorn the fluorophore is then switched off upon tar- 
get capture. 

A third way to tackle Point 3 is to arrange for the 
fluorophore and the receptor to be associated by means of 
one supramolecular interaction or another.'",'" Such an 
association can mimic the situation discussed in the pre- 
vious paragraph. Or else the proximity of the receptor to 
the fluorophore can d i s t~~rb  the emission properties of the 
latter.'l7] Target capture by the receptor liberates the flu- 
orophore so it can emit norillally again. 

IkLUSTWATlVE EXAMPLES OF 
FLUORESCENT SENSORS 

There are literally hundreds of fluorescent sensorsL'l that 
would merit discussion in a general introductory review of 
this kind. Many of these were already featured in the 
review literat~.re.['-'~' For the present purpose. we allowed 
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Fig. 1 Integrated fluorophore-receptor fonnat, where ICT 
excited states can arise. (View this art in color at ~r.w~r..dekkei.. 
corn.) 

our choice to be dictated by the selectivity of cheinical 
target recognition as well as by the diversity of photo- 
chemical mechanisms. 

A Fluorescent Sensor for Ma' 

Tusa, keiner, and their colleagues at Roche Diagnostics 
Corporation produced a commercially successf~tl diag- 
nostic system for blood electrolytes and gases in critical 
care and point-of-care  situation^.["^ Its design platform is 
PET, with fluorescent sensors for each blood constit:ient 
being equipped with an adequately selective receptor. The 
case for ~a'li['" is highlighted here. The N-(2-methoxy- 
pheny1)rnonoaza-15-crown-5 ether picks out extracellular 
Na+ (normally 1.5 x 10- ' M) from K+ (normally 5 x 1 0  " 
M) and a myriad of other species. Monoaza-15-crown-5 
ether has similar preferences for binding Na+ and M+. 
besides sufficient attraction toward H+, to be heavily 
protonated at the pH value found in the extracellular 
matrix (normally 7).1201 The fusion of the phenyl unit with 
an azacrown nitrogen essentially destroys the attraction 
toward Hf under these conditions. The 2-methoxy 
substituent on the phenyl ring presents a iigating oxygen 
to supplement the NO4 donor set as they confront Na+. 
The three-dimensional pseudocryptand environment now 
shows higher ~elec t iv i ty '~ '~"~ toward the size-comple- 
mentary Na' than the larger M+. All these selectivity 
aspects were considered and tackled previously by 
~ s i e n ~ ' ~ . " '  during his groundbreaking program for imag- 
ing intracellular constituents. We subsequently con- 
structed fluorescent PET sensors with Tsien's Nat re- 
ceptor.['" importantly, receptors like that within 1 display 
clear conformational changes ~ ~ p o n  binding Nai which 
decouple the electron systeins of the 2-methoxyphenyl 
unit and of the nitrogen This has important 
ramifications in a PET sensing context. because the oxi- 
dation potential of the receptor juinps from 0.8 V (versus 
SCE) to > 1.2 V upon Na+ binding. 

Rational discussion of PET thermodynamics now cues 
the entry of the fluorophore. The 4-amino- 1 $8-naphthalim- 
ide was introduced by us into the field of PET sensors 

YH 
Polymer 

some time ago."51 Its particular attractions for the present 
application are its complementarity with visible light- 
emitting diodes as excitation sources and its robust 
therlllal stability. The oxidation potential of this fluo- 
rophore is 1.1 V. A molecular orbital diagram (Fig. 3) 
collects these oxidation potentials and their relationship to 
the sensory behavior of 1. Excitation of the fluorophore 
leaves a hole in the highest occupied molecular orbital 
(HOMO) that can be filled by an electron from HOMO' 
but not by an electron from HOMO". where the Na' exerts 
its influence. So de-excitation of the excited fluorophore 
via fluorescence is only possible when Na' is present 
(Fig. 3b), i.e.. "off-on" signaling of Na'. 

The dimethylene spacer between the fluorophore 
and the receptor is short enough to perinit PET at a 
sufficient rate (when thermodynamically feasible. i.e., 

Fig. 2 Modular fluorophore-spacer-receptor format. where 
PET or EET processes can deactivate the excited state (either 
before or after capture of the target). (Vien, this i i r f  in color at 
~t'vv~r,.dekker.corn.) 
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(I IV) 
Receptor 

Fluorophore' 
(>1.2l') 

Fluorophore* 
Receptor-Nai 

Fig. 3 Molecular orbital potential energy (P.E.) diagram for 1 before ( a )  and after (b) Na+ capture. The redox potentials are given as 
measures of orbital encvgies. 

in the absence o f  sufficient Na+) to overwhelm the 
competing process oT fluorescence. Nevertheless, it is 
long enough to preserve the moduiarity o f  the fluorophore 
and the receptors. Besides these three photochemically 
essential components, 1 also contains an anchor to iink 
with a water-insoluble polymer. to complete the medi- 
cal device. 

Fluorescent Sensors for F's3" and Moo4 

Siderophores are naturally honed to pick up Fe" with 
excellent selectivity. without which many microorganisms 
would fail to achieve their essential iron intake.i261 Some 
o f  these siderophores are also excelleile at recognizing 
M o 0 4  (see Fluorrsce~zt Sensirzg o f ~ n i o n s ) . " ~ '  So it is 
natural that such receptors were incorporated into fluo- 
rophore-spacer-recepcor systelns without compro~nisi~lg 
their coordination properties. It is equally natural to 
design such systems to be intrinsically fluorescent, be- 
cause targets such as g;e3+ and M o 0 4  will be redox- 
active and, therefore. switch o f f  the fluorescence via PET 
upon binding. As mentioned previously, the fluorescence 
quenching can also arise via EET for these colored targets, 
though this pathway appears to be experimentally ruled 
oiit in the cases to be exainined here. 

Shanzer's teal11 uses a t~is-hydroxamate motif within 
2 to target Fe3+, as the latter is transported into 
Pseuclon~or~ns puticla bacteria.12" On the other hand, a 
catecholcarboxamide serves as the receptor for ~ e "  
and MoOIP within 3 designed by Duhme-Klair, Perutz, 
and  coworker^.^^" The ~ e ~ +  recognition by 3 can be 
supprevsed by artificially adjusting the pH to 5.7, even 
though such action disqualifies it from Illany in vivo 
studies. Nevertheless, this leaves us with 3 as a bril- 
liant assay [or MoOIP. Both 2 and 3 employ fluoro- 
phores with solid track records: 4-amino-7-nitrobenzo- 
2-oxa-1,3-diazole (widely used as a biochemical label) 
and trisbipyridylRu(1P) (the most famous metal conlplex 
in photocbemistry/physics). 

The relatively long spacers in 2 and 3 again assist in 
maintaining modularity. Nevertheless, the spacers are short 
enough to permit rapid PET and switch fluorescence o f f  
when required. There is no significant (rate of)  PET in the 
target-free 2 and 3. Poor redox activity o f  the hydroxamic 
acid receptor in 2 is to be expected; but the same cannot be 
said o f  the catecholcarboxarnide receptor in 3 without more 
careful consideration. In fact, this receptor will undergo 
PET to the fluorophore i f  deprotonated. However, the 
redox activity o f  the receptor remains insufficient i f  the pH 
was pegged at acidic enough values (5.7) to prevent 
deprotonation. The arrivai o f  targets ~ e ' +  and MoOIP into 
2 and 3. respectively. causes clear fluorescence quenching. 
Proof o f  the PET nature o f  the quenching is seen in the case 
o f  3: freezing o f  3.MoOlP solutions resurrects fluores- 
cence. This is because PET changes the charge states o f  the 
receptor and the fluorophore. Such charge changes req~lire 
reorientation o f  solvent dipoles, which. o f  course, cannot 
occur in a frozen glass. 

Fluorescent Sensors for eu'' 

A feature common to a number o f  receptors 5howing good 
C L I ~ +  selectivity is the presence o f  one or more primary 
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amide moieties that appear to lose the amide proton during 
the complexation process. Naturally, the complex is bol- 
stered by the availability of other ligating units in che- 
lating configurations. Sensor 4, due to Bhattacharya and 
Thomas, contains a receptor unit that illustrates these 
generalities.['01 It picks up micromolar concentrations of 
c u 2 +  at neutral pH values. The fluorophore employed 
within 4 is 5-dimethylaminonaphthalene-1-sulfonamide 
(dansylamide), the common biochemical label. It seems 
that the fluorophore stands clear of the receptor-cu2+ 
complex, even though the spacer component is flexible. 
The experimental upshot of all this is a clear switching off 
of the fluorescence of 4, though the off state is still 
emissive: upon encountering cu2+ .  Such a limited degree 
of switching off is probably caused by the relatively large 
separation between the fluorophore and the complexed 
c u 2 +  center. cu2+  shares several key properties, like 
redox activity and color, with ~ e ' + ,  so the mechanistic 
arguments considered in the previous section are equally 
relevant here. Nevertheless, several studies, including a 
one by Prodi and coworkers,i311 find that cu2+-induced 
fluorescence quenching is not prevented by freezing. In 
other words, EET rather than PET is the likely channel of 
fluorescence switching. 

As indicated in the design section. supramolecular 
assembly of a fluorophore and a receptor creates a 

pseudointramolecular situation in which effective quench- 
ing via PET or EET becomes possible. Tecilla and To- 
nellato's team apply fluorophore 5 and receptor 6 in this 
way to selectively target ~ u ~ + . [ ' ~ '  Receptor 6 fits the 
generalizations opening the previous paragraph. However. 
6 contains something else-a long hydrocarbon chain. 
This is the clue to the supramolecular assembly process of 
5 and 6. In fact, there is a third species with a similar 
chain-cetyltrimethylammonium bromide (CTAB)-that 
supramolecularly assembles with many copies of itself in 
aqueous solution to form micelles. Receptor 6 naturally 
incorporates into CTAB micelles while locating its 
peptidelacid units in the micellar head-group region. 
Fluorophore 5 also locates in this region, owing to its 
dianionic nature being attracted to the cationic micellar 
surface, beside a modicum of hydrophobic association. 
Addition of CU'+ causes fluorescence switching off, as 
seen with 4, even though the cationic micelle surface 
would somewhat hinder the approach of the target. 

The study with 5: 6,  and CTAB expose two advantages 
of general significance. Assernbling rather than synthe- 
sizing a fluorescent sensor can be a big convenience, 
especially if the components can be obtained "off-the- 
shelf." Furthermore, 5, 6: and CTAB can be replaced by 
other pretenders and evaluated for their degrees of success 
as judged by the efficiency of fluorescence switching off 
in the presence of cu2+.  However, self-assembled fluo- 
rescent sensors of this type have an Achilles' heel: they 
are not robust enough to be used within multi-compart- 
mental environments. because each component may lo- 
calize in a different environillent. 

A Fluorescent Sensor for ea2" 

It is rare to have an opportunity to report on the birth of a 
revolution, but this is one such time. Tsien's 9,'"' though 
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not the first.'"' supplied the molecular s p y  to enlighten 
physiologists about the Ca" traffic within living cells.'"' 
Prior to this, spying for ions within living cells was 
regarded as a hazardous occupation. "How does the spy 
observe its target amidst a jungle o f  chemical species?" 
was the frequently asked question. In the case o f  ~ a ' + ;  the 
spy must look for lop7  M co~lcentrations o f  its target, 
whiie Ht lurks at lop7 M .  h4g2+ at l op3  M, Na+ at lop3  
M .  K+ at 1 0 '  M, and a myriad o f  others. Excellent se- 
lectivity o f  Ca2+ reception is called for. The receptor part 
o f  7 discriminates against the monovalent cations as well 
as anions by ilaunting its tetra-anionic cavity. It discrimi- 
nates against ~ g "  by exploiting the spacious cavity. 

I 
co, a 

Being no~lmodular. 7 does not ernploy a popular 
flrrorophore. Rather. the n-electron system o f  one o f  the 1- 
amino-2-alkoxy benzene moieties was extended by fusion 
with a furan ring and by further addition o f  an oxazole 
ring. This exteildecl n-electron system is adequate for the 
purpose at hand, though the excitation wavelengths are 
short. An example is 7. showing an ICT excited state. 
Upon optical excitation. the eieciroll density shifts away 
from !he tertiary amino group toward the furan and 
oxazole heterocycles. The resulting 6+ charge on the 
tertiary amino region will naturally suffer destabilization 
upon entry o f  Ca2' into the cavity. So. a blue shift o f  the 
emission and excitation spectra o f  7 would be the simple 
prediction. Hn practice; the ca2'-induced emission shift is 
nullified in 7 and Inany (but not all) o f  its relatives 
because o f  ~ a ' +  decoordination. The latter is a natural 
coilseqtiencc o f  the ea2& being placed near the 6+ charged 
tertiary amino group. Howiever, the excitation shift is 
clearly observed. and the revolutionary is born. 

Suddenly. the life processes o f  the cell as reflected by 
the ~a~~ traffic are visualized in every square micrometer 
and at every millisecond. Not surprisingly. bioresearchers 

have talten to the general approach in their thousands. As 
evidence, we offer a statistic: Ref.  [32] was cited in over 
13.000 publications at the time o f  writing. 

The previous discussion indicated how adecluately selec- 
tive receptors for a given target species can be developed 
into typically usefill fluorescent sensors. PET, EET, and 
ICT are the photochemical mechanisms underlying the 
sensing behavior. The road immediately ahead is likely to 
yield a broadening o f  the target set that can be practically 
sensed. Sensor families where each member goes after a 
given range o f  target concentrations are also set to 
emerge. Mechanistic consolidation o f  PET, EET, and ICT 
types can also be expected, though other designsc" will 
gather momentum. Seilsory data transmission from spe- 
cific inicroenvironmeiits even below the limit o f  visual 
resolution will be encountered. In fact, the forerunners o f  
this class are already with us. Small spaces adjoining 
detergent ~nicelle surfaces and resin beads are the focus o f  
H+-selective fluorescent PET sensors 8 and 9,  respective- 
ly. Our 8 is just one member o f  a family that maps the H+ 
distribution ir? the Gouy-Chapman region bounded by the 
membrane with electric and dielectric  influence^.^'" 
Copeland and Miller's 9 ,  when covalently linked to the 
polylner substrate, serves to signal local H+ generation i f  a 
coresident on the bead serves as a catalyst for an acid- 
forming reaction."" It seems that fluorescent sensors are 
heading for many problem areas looking for molecular or 
suprainolecular solutions-and to a rosy future. 
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INTRODUCTION 

The prototypical fullerene, Cb0 consists of a closed 
icosahedral cage of 60 carbon atoms that enclose a small 
void space. and it is natural to expect that atoms may be 
trapped within this space. Indeed, shortly after Cso was 
discovered, Kroto, Smalley. and coworkers reported the 
detection of La@Cso by mass spectrometry and proposed 
a structure in which the lanthanum atom resided inside 
the fullerene cage."] Fullerene cages with varying 
numbers of carbon atoms are known, with the empty 
cages CbO, C70, C7s, C7s, and CS1- particularly abundant in 
normal fullerene preparations. Consequently, it is 
expected that there will be a variety of cage sizes 
available as intriguing hosts for the encapsulation of a 
variety of individual atoms or collections of atoms. 
Moreover. if the atom entrapment occurs during fullerene 
formation, the trapping procedure can produce new 
fullerene cages that are not generally found in conven- 
tional empty-cage fullerene preparations. Throughout this 
article, we will use the symbol A @ C ,  to indicate that an 
atom of element A is encapsulated within a cage of rz 
carbon atoms to form a particular endohedral fullerene. 
In the alternative, but less widely adopted IUPAC 
nomenclature, one would use the symbol iAC, for the 
same species. 

What atoms are found within fullerene cages? Shown 
in Fig. 1 is a periodic table that highlights the atoms 
found in some type of fullerene cage. Moreover, 
endohedrals with two, three, and four atoms (not 
necessarily all of one kind) were detected. As seen in 
Fig. I ,  a wide range of atoms. including unreactive noble 
gas atoms, highly reactive and rarely encountered atomic 
nitrogen. electropositive metal atoms including alkali 
metals, alkaline earth metals, and lanthanide atoms, were 
found encapsulated in carbon cages. Representative 
examples include H ~ @ C ~ ~ , [ ~ '  N @ C ~ ~ , ' ~ '  L ~ @ C ~ ~ , ' "  
S C ~ N @ C ~ ~ , ' ~ '  and S C ~ C ~ @ C ~ ~ . ~ ~ ~  It is notable that there 
are few reports of transition metal atoms beyond Sc, Ti, 
Y. and Lu bound within fullerene cages, and those 
generally involve single studies that were not replicated 
in other laboratories. 

In the following sections. we will consider in more 
detail some of the types of atoms and molecules that are 

found confined within the curved walls of carbon cages of 
various sizes. In many cases. these species were detected 
by a combination of spectroscopic methods as minor 
components in mixtures of fullerene\. Further work on 
separation and purification produced small quantities of 
isolated endohedrals. 

NOBLE GAS ATOMS AS GUESTS 

Noble gas atoms can be physically trapped within 
fullerene cages of various sizes.'" An example is shown 
in Fig. 2. In these species. the interaction between the 
fullerene and the noble gas atoms largely involves van 
der Waals forces. How are they made? The conventional 
arc synthesis of empty cage fullerenes uses an electric arc 
between two graphite rods to vaporize graphite. This 
procedure is usually conducted under 0.2 atrn of helium. 
Under these conditions, helium atoms may be trapped 
inside the fullerene as it is assembled from smaller 
carbon fragments starting with C2 units. As a conse- 
quence, one atom of %e is present in every 880,000 
molecules of C60, and one atom of the less abundant 4 ~ e  
is found in every 10" C60 ~nolecules formed in the 
conventional arc process. Sensitive mass spectrometric 
methods were utilized to detect the release of helium 
from these filled cages. 

Enrichment of these endohedral species can be ob- 
tained by heating the intact solid fullerene under 3000 atm 
of a noble gas at 650°~. '21  Under these conditions, helium. 
neon, argon, krypton, and even xenon can be forced into 
the cavity within @b(). This process is believed to occur via 
a window mechanism in which a C-C bond of the 
fullerene breaks to provide a window through which the 
noble gas atom enters the fullerene. Subsequent reforma- 
tion of the C-C bond can trap the noble gas atom inside 
the cage.'" Recent work on creating orifices in CbO 
through chemical modification produced an interesting 
model system in which entry and exit of both He and 132 
can be monitored, as shown in Fig. 3.'71 

Because %e has a spin of 112 and a high gyromagnetic 
ratio, 'Fie-NMR spectroscopy of fullerenes and chemical- 
ly modified fullerenes containing helium atoms produces 
useful information in regard to the electronic and 
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t only with metals, i.e. Sc,C,@C,,. 
t t  alone and with metals. 

Fig. I The periodic table, with those atoms that were reported to be trapped within fullerene shown in boldface. 

geometric structures of these molecules.181 For example. 
the spectrum of k ~ e @ ~ ~ ~  consists of a single line with a 
chemical shift of -4.4 ppm (relative to dissolved ' ~ e  at 
0 ppm), while the spectrum of ' H ~ @ c ~ ~  shows a single 
resonance at -28.8 ppm. The chemical shift of the 'He 
nucleus monitors the magnetic field experienced by the 
3 He aton1 within the fullerene and is a sensitive indicator 
of that environment. The large difference in chemical 
shift between ' I I ~ @ C ~ ~  and ' H ~ @ c ~ ~  was ascribed to 
differences in the aromatic ring currents within these dif- 
ferent cages. Thus, C70 shows a much larger diamagnetic 
ring cuirent and has a greater aromatic character. Demon- 
strated in Fig. 4 is how useful "~-NMR spectroscopy 

Fig. 2 The structure of Q@C60 as determined from a single- 
crys ta l  x-ray diffraction study of (0.09 Kr@C6010.91 
ChO). ~i~~(oc tae thy1por~hyr in )~  2 (benzene) from data in Ref. [ 101. 

can be in detecting individual species in a mixture of 
higher ful~erenes.~" Resonances of different isomers 
with varying cage geometries for @763 C78, and C,, are 
clearly differentiated. 

However. the purification of endohedrals containing 
noble gases is challenging. Generally, only minute quan- 
tities of purified endohedrals like HO.@CG0 were separated. 
and this separation was accomplished only after using 
tedious sequential high-pressure liquid-chromatographic 
steps. Meverth~lcss~ a sample containing 9% 'c@C60 and 
91% c60 is sufficiel~tly enriched to allow the structul-e of 
this endohedral to be obtained by single-crystal x-ray 
d i f f r a~ t ion .~ '~ '  The structure is shown in Fig. 2. In Mr@Cho, 
the krypton atom is found at the center of the fullerene 
cage. and the average Kr to C separation is 3.540 A,'" For 
comparison, the sum of the van der Waals radii for carbon 
(1.70 A) and ksypton (2.02 A) is 3.72 A, so the krypton 
atom is tightly confined within the 660 cage. However, at 
the level of crystallographic refinement. the dimensions of 
the C6" cage are not significantly altered by the presence of 
the entrapped ksypton atom. 

Fig. 3 Insertion of atomic helium illto a chemically modified 
ChO molecule in which an orifice was engineered (see Ref. [7]). 
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Fig. 4 The ' ~ e - N M R  spectrum of a mixture of isomers of the higher fullerenes (178 and C81. which shows the ability to resolve 
resonances of individual molecules. From Ref. [9]. with permission. 

ATOMIC NITROGEN AND 
MOLECULAR Nq WITHIN CGO 

Bombardment of Cso with nitrogen ions from a plas- 
ma discharge source or sublimation of C60 in a nitrogen 
glow discharge produces a mixture of neutral N@CGo 
and empty c ~ ~ . " . " '  The presence of N@c60 can be 
readily detected by electron spin resonance (ESR) 
spectroscopy. which shows an isotropic three-line spec- 
trum for '" (with a weaker doublet due to lower 
abundant that is characteristic of a paramagnetic 
nitrogen atom with three unpaired electrons (i.e., S=3/2). 
The ESR spectrum of N@CG0 strongly resembles that of 
the free nitrogen atom. However, unlike atomic nitrogen, 
N@C60 is stable in the atmosphere. Samples containing 
N@C60 can be dissolved in toluene and handled as any 
other stable endohedral species. In N@C6,), the three 
nitrogen p orbitals are degenerate, but chemical modifi- 
cation of the icosahedral CsO cage should destroy the 
degeneracy of these nitrogen p orbitals. Consequently, 
the series of adducts N@C60{C(C00Et)2},, with varying 
numbers ( 1 1 )  of cycloprophyl groups on the exterior of 
the fullerene cage. show additional features in their ESR 
spectra that reflect the different symmetries of each 
abduct.'"' These studies clearly demonstrate that the 
inside of the fullerene cage is chemically unreactive. 

unlike the outside of the cage, which readily undergoes a 
variety of addition reactions. 

Not only can individual nitrogen atoms be trapped 
within C60, but also N2 (as well as CO) molecules were 
inserted into C60 cages.'13' The methodology for this fol- 
lows the techniques for inserting the noble gases--heating 
the fullerene to 650°C under 3500 atm of N2. Again, the 
ratio of empty to filled cages (200011) in the product is 
high, but the presence of N2@C60 can clearly be detected 
by mass spectrometry. 

ELECTROPOSITIVE METAL 
IONS BN FULLEREBVES 

Macroscopic amounts of a metallofullerene, La@CS2, 
were first obtained by the Rice group in 1991 through 
laser vaporization of a composite of La203 and graphite.[41 
Although La@Cso, La@C70, and La@Cs2 were detected 
in the sublimed product of the reaction. only La@& 
could be extracted into toluene and purified. The presence 
of La@Cx2 is readily detected by ESR spectroscopy, and 
the observed hyperfine splittings were interpreted to 
indicated that the encapsulate metal is present as ~ a ~ + . [ ' ~ '  
Consequently, the fullerene cage must bear a 3- charge, 
which is consistent with the observations that fullerenes 
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can readily accept electrons through a series of stepwise 
one-electron reductions. Many other metal-containing 
fullerenes were prepared through the laser vaporization 
of graphite in the presence of a metal salt or the 
conventional arc synthesis, in which graphite rods doped 
with metal oxides are vaporized in a low-pressure helium 
atmosphere. The resulting endohedrals can be detected by 
mass spectrometry in the soot that is generated, sublimed 
for an initial stage of purification, extracted into organic 
solvents, and purified by chromatographic techniques. In 
the process. fullerenes of various sizes can be produced. 
The components present can control the types of fullerene 
cages formed. For example, laser vaporization of a 
graphite-U02 composite rod produces the small cluster 
U@C28. in which a uranium atom stabilizes a C28 cage 
with tetrahedral The mechanism of forma- 
tion of these endohedral fullerenes received relatively 
little attention, but polycyclic polyene rings with metal 
atoms appended were detected during the gas-phase self- 
assembly of endohedra l~ . "~~  Several reviews cover the 
progress made in the isolation and in the rudimentary 
characterization of these endohed~als.[l '- '~~ 

III order to illustrate the progress in separation and 
structural identification of endohedral metallofullerenes, 
we will focus our discussion on one such molecule, 
Isomer 1 of E ~ ~ @ c ~ ~ . [ ~ ~ . ~ ~ ~  Three isomers of Er2@CS2 
were separated through high-pressure liquid chromatog- 
raphy and characterized by their chromatographic reten- 
tion time, mass spectrometry, and UVIVis spectroscopy. 
Isomer I has the shortest retention time. In characterizing 
the structure of such an endohedral, there are two main 
issues: the specific geometry of the fullerene cage and the 
locations of the metal atoms within that specific cage. 
Generally, empty-cage fullerenes obey the isolated pen- 
tagon rule (IPR), which requires that each pentagon be 
surrounded by five hexagons.'"' For the C82 cage, there 
are nine isomeric forms (three different C2 isomers, three 
Cs isomers, two C3,, isomers, and one C2\. isomer) that 
obey the TPR. Small amounts of the empty-cage CR2 were 
isolated and purified. Analysis of the I3C-~h4R spectrum 

of a mixture of these isomers reveals that the dominant 
isomer present has C2 symmetry, while two other ful- 
lerenes are present in minor amo~nt s . '~"  Theoretical 
calculations indicate that the stability of the CR2 cage 
isomers depends markedly upon the negative charge that 
resides on the cage,i241 and that there is no requirement for 
the endohedral coinplexes involving CS2 cages to have the 
same symmetry as those of the empty cages. 

The structure of Isomer 1 of Er2@C8? was identified 
through a low-temperature (113 K): single-crystal x-ray 
diffraction study of a crystalline complex [Er2@Cs2 
Isomer 1 . c~"(oEP). 1.5 (benzene). 0.3 (chloroform)], in 
which the endohedral was cocrystallized with cobalt- 
(11 )oc tae thy lpor~h~r in .~~  The structure of the endohedral 
is shown in Fig. 5. In Fig. 5A, a drawing of the Cs2 cage is 
shown, which is one of the three G, isomers (82:6) that 
obey the isolated pentagon rule. In Parts B and C of Fig. 5, 
the entire endohedral from two different perspectives is 
shown. The two erbium atoms are disordered and 
distributed over 23 different sites, with fractional site 
occupancies ranging from 0.35-0.01. These erbium sites 
reside near the walls of the fullerene. with the closest Er- 
C distances in the 3.3-3.4 A range. Moreover, the erbium 
sites cluster near a band of 10 contiguous hexagons that 
encircle the carbon cage. This band is highlighted in Parts 
A and B of Fig. 5 by the use of solid lines to connect the 
carbon atoms within that band. Each of the two other 
isomers of CS2 [C3,(82:8) and C2,.(82:9)] has a similar 
band of 10 contiguous hexagons, and it was speculated that 
the other two known isomers of Er2@Cg2 involve these CS2 
isomers with their analogous bands of 10 hexagons. 

HEf ERONUCLEAR ASSEMBLIES WITHIN 
FULLERENES, S C ~ N @ C ~ ~  AND 
RELATED MOLECULES 

Conducting the normal Kratschmer-Muffman arc ful- 
lerene preparation, with graphite rods doped with Sc203 in 
a dynamic atmosphere that contains dinitrogen in addition 

Fig. 5 The structure of Isomer I of Erz@Cx2 as determined from a single-crystal x-ray diffraction study of Er2@Cg2 Isomer 
1 .CO'~(OEP)~ 1 .S (C6H6).0.3 (CWC13) from data in Ref. [25]. (A) The CE2 cage alone. (B.C) The endohedral from two different 
perspectives showing the 23 fractionally occupied Ersil. 
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to helium, results in enhanced production of a new family 
of endohedral fullerenes: Sc;N@Cso, SC;PJ@G~~,[ '~ '  and 
the novel s ~ ~ N @ c ~ ~ [ ' ~ ~  (with relative yields of 8:I: l) .  
The fullerene cages in [and in S C ; C ~ ~ ' ~ ~ ~ ]  must 
violate the isolated pentagon rule, because there are no 
cages that can obey the IPR for CbZ> C6+ C66, or CGS. 
Significantly, Sc3N@Cxo is more abundant than CX4 (the 
third n~ost  abundant of the enlpty cage fullerenes after C6" 
and C70). These endohedrals. which contain the planar 
tetraatoinic Sc3W unit within variously sized carbon cages. 
were isolated via three stages of high-pressure liquid 
chromatography. The structures of Sc3E\I@C8() and 
S C ~ N @ C , ~  as determined by low-temperature x-ray 
diffraction are shown in Fig. 6.  The Sc3N@Cs0 consists 
of a Cso cage with icosahedral symmetry that encloses the 
planar Sc3N unit.".'" Because the ' 3 ~ - ~ ~ ~  spectrum of 
Sc,N@Cso at 25OC consists of only two lines (as required 
by the I,, symmetry of the cage only, the Sc3N unit must be 
freely moving inside the carbon cage.[51 The Sc3N@C7s 

consists of a C7X cage with symmetry, with the planar 
Sc3N unit located in the horizontal mirror plane.L261 

The isolation of milligram quantities of pure 
Sc3N@CX0 allowed its chemical reactivity to be explored. 
The icosahedral Cs0 cage of Sc,N@C,() lacks the usual 
sites (6:6 ring junctions between two pentagons) for 
addition reactions that are found to occur in all other 
fullerenes investigated so far, and hence, its reactivity will 
follow new patterns. Thus. it is significant that the first 
addition product involves a Diels-Alder reaction at a 5:6 
ring junction.['o1 The structure of the product Sc3N@CXo- 
Cl0HI2O2 shown in Fig. 5 reveals that the scandium atoms 
are not near the site of addition. and that the Sc3N portion 
retains its planar structure.["' 

The recent identification of (SC'C')@C~~. which was 
originally thought to be Sc2@Cg6. presents another 
example of a fullerene that encapsulates a combination 
of metal and main group atoms.[" In this case: an 
acetylenic C2 unit is believed to have two scandium 

Fig. 6 The structures of Sc3N@CB0 [in crystalline S ~ ~ N @ C ~ ~ ~ ~ 5 ( o - x y I e n e ) ,  Ref. [29]]. S C ~ N @ C ~ ~  [in crystalline 
S C ~ N @ C ~ ~ . C O ( O E P ) .  1.5 (C6H6)'0.3 (CHCI3), Ref. [26]]. and the Diels-Alder cycloadduct Sc3N@C80-C10H1202 (Ref. [30]),  as 
deternlined from single-crystal x-ray diffraction studies. 
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atoms located perpendicular to the C-C portion, which 
is then surrounded by a Cs4 cage. Further examples of 
fullerene cages containing complex combinations of 
electropositive metals and main group elements are likely 
to be created. 

CONCLUSION 

As seen in Fig. I ,  fullerenes can encapsulate a variety of 
atoms from different parts of the periodic table. One to 
four atoms can be accommodated in cages of varying 
sizes. The interior face of the fullerene cage is remarkably 
inert toward the very reactive nitrogen atom, but the 
carbon cage can accept electrons when an electropositive 
metal atom is encapsulated. To date, most research 
focused on the preparation, identification, and character- 
ization of these unusual molecules. However, applications 
for these novel molecular containers (which have low 
toxicity due to the inert carbon cages) are anticipated, 
including radioisotope delivery for imaging and diagnos- 
tic and therapeutic r a d i o ~ h e r n i s t r ~ . ' ~ ~ ~  For example, recent 
work showed that polyhydroxylation of Gd@CX2 produces 
Gd-fullerenol that has an exceptionally high relaxivity and 
acts as an effective MRI (magnetic resonance imagining) 
contrast 
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Everyone knows what a gel is. but from a scientific point 
of view, the term "gel" encompasses chemically diverse 
systems. Already in 1926, Jordon Lloyd wrote that "A gel 
is easier to recognize then to define,""l however, an exact 
definition of a gel is still a problem. Perhaps the most 
general definition is given by Flory, who described gels as 
dilute mixtures of at least two components, in which both 
components form a separate continuous phase through- 
out the This definition includes not only gels 
composed of a solid phase and a gas phase (so-called 
aerogels, in whic!i the solid phase often consists of 
 silicate^)^" but also gels consisting of a solid-like phase 
and a fluid phase. In most gels, the solid-like phase is the 
minor component that forms a network structure in the 
fluid phase. Because of the coexistence of a network 
structure with a liquid phase, a gel behaves like an elastic 
solid at low stress values. but above a finite yield stress, 
they turn into a viscous liquid. This was described by 
Tanaka as follows: "the solid network structure prevents 
the fluid from flowing, whereas the fluid prevents the 
solid from collapsit~g.""~ 

Gels can be divided into two groups depending on the 
types of interactions that hold the network structure 
together. Chemical gels are formed through covalent 
cross-linking of dilute solutions of polyrners or inorganic 
oxides, and because of the covalent nature of the network, 
their formation is thermally irreversib~e.~" Chemical gels 
can. nevertheless, have many interesting properties and 
applications. Sillart gels. for example. are hydrogels from 
cross-linked polymers that can reversibly swell and shrink 
in response to a physical or chemical stimulus (Fig. lA), 
and are of great interest for novel drug del i~ery  systenis 
or artificial Opposite to the chemical gels are 
the physical gels.'" In physical gels, the network structure 
is built up from smaller subunits, which are held together 
by noncovalent interactions. Many gels formed by poly- 
mers, proteins, surfactants. small organic molecules3 and 
even mineral clays, belong to this class. Despite the dif- 
ferent natures of their constituents. they all exhibit a 
characteristic thermally reversible gel-sol phase transition 
at moderate temperatures. because the strengths of the 
noncovalent interactions are comparable to the thermal 
energy (Fig. IB). 

Also, certain low-molecular-weight organic molecules 
(M, - 300-i000 Da) are capable of forming physical 
gels. Gelation of a solvent by low-molecular-weight 
organic lnolecules is the result of self-assembly of the 
compound into elongated fibers. which then form an 
entangled network within the solvent (Fig. 1B). In these 
networks, the fibers consist of infinite arrays of small 
molecules that are solely held together by noncovalent 
interactions. The focus of this article will be on gelation 
phenomena by low-molecular-weight organic molecules, 
because this is a striking ~nacroscopic manifestation of 
self-assembly and supramolecular structure formation. 

SMALL-MOLECULE GELLING AGENTS 

Survey of the Literature 

The gelation of liquids by small organic molecules is a 
phenomena known for a long time, and in 1921. Bradford 
considered gelation by small organic molecules as a kind 
of incomplete crystalli~ation.[~' However, until 60 years 
ago, gel formation was not consistently reported as such, 
either because the gel state was not recognized or because 
the gelling agents were named after their main applica- 
tions, for instance, as lubricants or thickeners. A fine in- 
troduction into the older literature was given by ~eginn."]  
From 1940 onward. many cases of gel formation by small 
organic molecules were reported, and these gelaror sys- 
tems were summarized in reviews by Terech and Weiss 
and van Esch and ~ e r i n g a . [ ' ~ ~ ]  

Unfortunately, even nowadays, searching for literatme 
on low-molecular-weight gelators among the enorrnous 
number of papers on gels, is like searching for "a needle 
in a haystack." The main reason is that up to now, there 
were no generally accepted keywords with which to 
discriminate between the various types of gels or gel- 
forming substances. Because low-molecular-weight gela- 
tors were most frequently used for the gelation of organic 
solvents, the term "organogel" (as opposed to "hydro- 
gel") became more popular, but it is not clear whether it 
denotes the gelling agent or the liquid phase. and it 
becomes even more confusing when the small-molecule 
gelling agent is used to turn water into a "hydrogel." 
Therefore, we propose to sse the more accurate term 
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Fig. B A change of the environment can cause the reversible 
shrinking or swelling of a chemical gel, but the network 
structure remains intact (A). whereas a physical gel can undergo 
a reversible gel-sol phase transition (B). 

"low-molecular-weight gelators" (LMWGs) for future 
reference. ['. lo' 

Structural Features of LMWGs 

The LMWGs have in common the property that they 
self-assemble into fibrous aggregates; a process that 
can be driven by different noncovalent interactions like 
coulomb interactions, hydrogen bonding, n-n interac- 
tions, van der Waals forces, and solvophobic effects. For 
most of the early examples of LMWCs, the gelation prop- 

erties were, however, discovered by accident, e.g., during 
attempts to crystallize the compound, and the diverse 
structures of the gelator molecules makes it difficult to 
identify the common structural features responsible for 
the gelation ability. 

In some cases, the gelator structure bears a clear 
resemblance to surfactants. and one can distinguish a 
solvophobic part and a solvophilic part. The solvophobic 
part is prone to aggregate in a particular solvent, but this 
favorable contribution is opposed by the solvophilic part. 
Probably the best example is the gelation of aliphatic 
hydrocarbons or perfluorinated solvents by the perfluor- 
alkane-perhydroalkane block compounds B (Fig. 2), which 
is believed to be caused by the immiscibility of either 
the perfluorocarbon or perhydrocarbon chains with the 
solvent.'"' In most other cases, specific interactions be- 
tween (part of) the gelator molecules favor aggregation 
into fibers. The gelation of aliphatic solvents by the 
bis(alky1oxy)anthracene 2 is, for instance, driven by 
favorable n-n interactions between the aromatic moie- 
ties.i121 The gelation of apolar solvents by surfactant 3 is 
caused by electrostatic interactions between the ion pairs 
in the aggregates.["' Many salts of fatty acids or phos- 
phates were reported as potent gelators for organic sol- 
vents, an example being 12-hydroxystearic acid (12-HSA. 
4) and especially its lithium salt.L131 For this compound, 
the clear distinction between the solvophilic and solvo- 
phobic part faded, and detailed investigations revealed 
that hydrogen bonding between the hydroxyl groups and 
electrostatic interactions between the head groups con- 
tribute to the stability of the fibrous aggregates. 

H d 1 8  
\ I- 

H ~ ~ c , ~ I ~ ' , ' . N + - M ~  

B 
H37Cia 

3 4 (M=H, Li, ...) 

Fig. 2 Examples of well-known gelling agents for organic solvents. 



Compounds 5-7 are also potent gelators for organic 
solvents. but for these compounds, it is less obvious which 
structural features contribute to their gelation ability. 
Gelator 5 is an example of a steroid-like compound that is 
able to gel saturated hydrocarbons.i151 Other steroids were 
also reported as efficient gel at or^,'^^ and it was suggested 
that this gelation ability is related to the anisotropic 
aggregation properties of the rigid steroid skeleton, which 
is usually associated with their ability to form liquid 
crystalline ~ ~ ~ e s o ~ h a s e s . ~ ~ ~ ~  Other gelators are also built 
around a rigid skeleton, like dibenzylidene-D-sorbitol 
(DBS. 6), which was known since 1942 as an efficient 
gelator,"71 and menthoxyfuranone derivative 7.1181 The 
broad scope of solvents, ranging froin cyclohexane to 
ethylene glycol, that are gelated by enantiomerically pure 
DBS suggests that different intermolecular interactions 
like hydrogen bonding or n-n interactions contribute to its 
gelation ability, depending on the nature of the 
However, racemic 6 does not show gelation ability, and 
the gelation ability of menthoxyfuranone 7 is susceptible 
to minor structural changes and stereochemical modifica- 
tions. This sensitivity of the gelation ability to structural 
modification. solvent, number, and nature of intermolec- 
ular interactions. and stereochemical aspects is a common 
phenomenon among LMWGs. 

In one approach to identify some of the molecular 
features that favor gelation. Weiss and coworkers system- 
atically varied the structure of anthracene-steroid 8. which 
is an effective gelator for a large variety of organic 
solvents (Fig. 2).L201 It was found that some structural 
modifications are allowed, as long as the rod-like shape of 
the molecule is preserved, which emphasizes the impor- 
tance of the inolecular shape. The dibenzoyl cysteine 
gelators 923 and related compounds. which are potent 
gelators for water, represent another interesting case 
(Fig. 3). Guided by the crystal structure of ditoluoyl 
cysteine 9b: Meiiger and coworkers studied the relation- 

ship between gelation ability and molecular structure in 
detail and found that in addition to the capability to form 
an infinite hydrogen-bonded network, the kinetics of gel 
fonnation and the solubility are also crucial for gelation 
ability and stability of the gels.'2" 

However, for most other gelators. the supramolecular 
arrangement in the gel fibers is still not known in detail; 
and in many cases, the explanation for the presence or 
absence of gelation ability remains speculative. It should 
be noted that the above-mentioned examples are only a 
selection of the many known gelling agents. and for an 
extensive overview, the reader is referred to the review 
by Terech and ~ e i s s . ' ~ ]  

Design of Small-Molecule Gelsing Agents 

The scientific challenges associated with the gelation 
phenomena by LMWGs together with the quest for robust 
gelators with tunable properties or additional function- 
ality considerably stimulated research on organogelators 
and, in recent years, led to remarkable progress in the 
design of new LMWGs. 

One approach to develop new gelling agents is to make 
use of one or more structural moieties that are known 
for their self-assembly or gelation properties, as building 
blocks ( " t e c t o i ~ s " ) [ ~ ~ ~  for the construction of new 
gelators. Inspired by the anthranyl-cholesterol gelators 8, 
Shinkai and coworkers exploited the cholesterol moiety 
as a covalently attached tecton to turn peptides, carbohy- 
drates, and even functional units like azobenzenes, crown 
ethers, and porphyrins into efficient gelators for organic 

It was proposed that the cooperative effect of 
the anisotropic association properties of the cholesterol 
and the intermolecular interactions provided by the 
attached functional moiety leads to the gelation ability. 
because the separate units as single molecules do not 
display gelation behaviors. The structure of the powerful 

Fig. 3 Dibenzoyl cysteine family of gelators (9) and crystal structures of 9b (middle) and 9c (right). Compound 9a is an excellent 
gelator for water, whereas the closely related compounds 9b and 9c form txvo-dimensional (0-network) and one-dimensional 
(3-network) arrays of hydrogen bonds, respectively, in the crystalline state. (Frorn Refs. [21.22].) (View this art in color at 1r.n.1~. 
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gelator dibenzylidene sorbitol clearly inspired Shinkai 
and coworkers to investigate the gelating properties o f  a 
family o f  saccharide gelators, which consists o f  a rigid 
molecular skeleton, with one or more hydrogen-bonding 
hydroxyl groups connected to it.['(" The well-defined 
molecular architecture with little conformational freedom 
and the large library o f  carbohydrates allowed for the 
evaluation o f  gelation properties in relation to lnolecular 
conformation and supramolecular arrangement in the 
crystal and gel states. The outcome o f  these studies 
confirms the presence o f  strongly anisotropic intermolec- 
ular interactions as a prerequisite for gelation (vide infra). 

In a different approach, new gelator molecules were 
designed, starting from criteria derived from the events 
and intermolecular interactions that occurred during the 
gelation process.L241 Important guidelines for the design o f  
new gelators that emerged from these studies are the 
presence o f  strong self-complementary and unidirectional 
interactions to enforce one-dimensional ( I D )  self-assem- 
bly; the control o f  fiber-solvent interfacial energy to tune 
solubility and prevent crystallization; and the presence o f  
some factor to induce cross-linking o f  the fibers and form 
a network. 

Hydrogen-bonding groups appear to offer a particularly 
useful self-assernbly motive for the rational design o f  new 
gelators because o f  their strength and directionality. One 

o f  the earliest examples is the two-component system 
consisting o f  triaminopyrimidine- and barbituric acid de- 
rivatives. which self-assembles into linear tapes, whereas 
crystallization is prevented by the presence o f  the aliphatic 
side chains (Fig. 4).f261 The apparent preference for ID 
tape formation is sensitive to interactions between the 
substituents at the triaminopyrimidine and barbituric acid 
molecules. and slight changes in the nature o f  the sub- 
stituents can shift the preference from 1D tapes to the 
formation o f  cyclic hexameric asse~nblies."~' The prob- 
lem o f  polymorphic self-assembled structures is not 
directly apparent with cyclic dipeptides and his-urea- 
based gelators, because in both types o f  compounds. all o f  
the hydrogen-bonding groups are directed along a single 
molecular axis (Fig. 4).[2s.291 These compounds are ac- 
cessible and can gelate a wide range o f  solvents. and 
moreover. the hydrogen-bonding core can be used as a 
"gelating scaffold" to which other f~lnctional moieties 
can be attached without losing gelation ability. 

It should be noted that these designs are not yet perfect, 
because they are mainly based on the concept o f  1D self- 
assembly and do not include factors that would limit 
the diameter o f  the fibers. In most gels, the fibers are 
composed o f  multiple strands o f  molecules, and the fiber 
diameters show a broad distribution. It was proposed 
that fiber formation takes place via nucleation-growth 

Fig. 4 Two-component (left) and single-component (right) ID self-assernbly. Barbituric acid (10a) and triarninopyrirnidine (lob) 
derivatives self-assemble through complementary hydrogen bonds into linear tapes (left)."" At the right. the crystal packing of his-urea 
cornpound P I  is shown. in which the urea groups form a ID (a-network) hydrogen-bonded array. (From Ref. [29].) (Vi/ie+t: this crrt in 
color a t  w+i.u..dekker.co~?l.) 
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Fig. 5 Tentative head-to-head arrangement of 1% (a), and the cross section of a single strand of 12 (b). (Reproduced from Ref. [31].) 

processes, similar to that of crystal formation, and kinetic 
factors play an important role in restricting the fiber 
diameter."O~"l Furthermore, many gel systems suffer 
from instability due to the growth of small crystals (vide 
infra) with much lower aspect ratios than the original 
fibers. Gelators designed to form fibers with a finite 
diameter are the wedge-shaped amphiphilic carbohydrates 
12 (Fig. 5).[3'1 A consequence of the wedge shape of the 
molecules is that an optimal packing can only be realized 
in columnar aggregates; and the observed structures show 
the presence of thin fibers with a discrete diameter. How- 
ever, many thicker fibers can also be observed, indicating 
that there is still a significant driving force for the for- 
mation of multicolumnar fibers. 

These studies clearly showed that the rational design 
of LMWGs became reality. and in recent years, these 
insights were exploited in the development of functional 
gelators for specific applications (see the section entitled 
"Applications." below). The design approach established 
that unidirectional interlnolecular interactions are a pre- 
requisite for gelation by LMWCs. but it remains a chal- 
lenge to control, at the supramolecular level, other aspects 
of gel formation. like the fiber length and diameter, cross- 
linking of the fibers, and prevention of crystallization. 

c r y s t a l l i ~ a t i o n . " ~ . ~ ~ ~  On the other hand, the gel-sol 
equilibrium is maintained during melting of the gels if 
the heating rate is sufficient low. The gel-sol phase- 
transition temperatures (TGS)  can be determined by a 
number of different methods in which one monitors. for 
instance. the viscoelastic properties or a specific spectro- 
scopic or optical feature as a function of the tempera- 
ture.["' Particularly convenient are the "dropping ball" 
and "tilted tube" methods, which allow visual observa- 
tion of the gel-sol transition (Fig. 6). 

Gels from low-molecular-weight organic compounds 
can have remarkably high melting temperatures. even up 
to 150°C: despite the fact that the gels are solely held 
together by noncovalent  interaction^.^^^.^^ The gel-sol 
phase transition occurs through dissolution of the fibrous 
network. Analogous to the dissolution of crystals in ideal 
solutions, the variation of TGS with the concentration 
usually obeys the van't Hoff or Schrader relation. from 
which one can calculate the gel-sol phase-transition 
enthalpy  AH^^)."^.^^' The melting enthalpy of a gel 
can also be measured by calorimetric methods, like dif- 
ferential scanning calorimetry, although the sensitivity is 
often a problem. More importantly, the AHGs obtained 
from TGS measurements and calorimetric methods can 

CHARACTERIZATION AND 
PROPERTIES OF THE GELS 

Gels from EMWGs usually display a gel-sol phase 
transition at a characteristic temperature that depends on 
the nature of the solvent and the structure of the gelator as Cone 1 TT 

well as its concentration. Gels can, therefore, easily be 6 I,, the droppi,,g ball method, one records the 
prepared by crossing the gel-sol phase boundary by cool- temperature (TGS) at which the gel can no longer bear the 
ing or by adding a Poor solvent. Significant supercooling weight of the ball (left). The experiment is repeated at different 
is. however, often necessary, because gel formation is, in concentrations. and from the variation of the TGS with the 
nlost cases, a kinetically controlled process that resembles concentration, one can construct the phase diagram (middle) and 
in many aspects the nucleation and growth stages of calculate A H G ~  (left) using the van't Hoff equation. 
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Fig. 7 Typical viscoelastic behavior of a strong gel. in this case, of his-urea gelator 13 in 1-hexanol (left). The TEM micrograph of 
this gel i i  shown at the right and reveals that the minimum width of the fibers amounts to 15-20 nni. which is still an order of 
magnitude larger thall the molecular dimensions of 13. (Scale bar is 500 nm. reproduced from Ref. [37].)  

differ significantly, which is most likely due to the 
assumptions made and nonideal behaviors of the gels. It 
should be noted that in the long-term, many organogels 
tend to transform to crystals, most likely through Ostwald 
ripening, and this instability toward crystallization clearly 
indicates [hat the gel state is rneta~table . '~~ '  

One of the most prominent features of a gel is its 
specific viscoelastic properties. The solid character of 
organogels at low stress values. for instance, provides a 
convenient test for gelation. because gels resist gravita- 
tional flow. This and other viscoelastic properties of 
organogels are direct consequences of the presence of a 
network structure. Therefore, rheological studies of the 
viscoelastic properties are. in the ideal case, complernen- 
led by characterization of the fiber and network morphol- 
ogy. Pioneering work in this area by Terech showed that 
most orpanogels can be classified as "strong" gels, but 

there are also few documented examples of "weak" 
o r g a n o g e l ~ . ~ ' ~ ~  

Strong organogels are usually composed of a iletwork 
of cross-linked fibers. The diameters of the fibers are at 
least an order of magnitude larger than the size of a single 
gelator molecule, and cross-linking of the fibers into the 
nctwork structure occurs through entanglement or the 
formation of microcrystalline junction zones. The network 
appears as a static structure at timescales of minutes and 
shorter. because the fibers and junction zones are stabi- 
lized by multiple noncovalent interactions. and hence, the 
scission energy is much larger than kT. As a consequence, 
strong organogels behave as elastic solids up to a char- 
acteristic stress value (yield stress), with only little de- 
pendence on the timescale of the experiment. In an 
oscillatory rheology experiment, this behavior is reflected 
in the storage modulus C' being larger than the loss 

Y 

R d  axis 

Fig. 8 A slight modification of the structure can lead to completely different properties, as is illustrated by methyl-substituted his-urea 
coinpound 14 that, in contrast to gelator 13. forms a typically weak gel. The oscillatory rheology experiment shows the weak gels 
characteristic frequency dependency of G' and 6" (right), and small-angle neutron scattering studies revealed that the molecular wires 
are only two molecules thick, as depicted in the tentative model in the middle. (Reproduced from Ref. [38].) 



modulus G" over a wide frequency range (Fig. 7), and if 
the applied stress (amplitude of the oscillation) exceeds 
the yield stress, the gel network breaks down to yield a 
viscous fluid. For most systems, the gel state can only be 
restored by a heating-cooling cycle through the gel-sol 
phase transition. but a few strong gels were reported to 
display thixotropy: i.e., a spontaneous restoration of the 
gel state occurs if the stress is taken away.i371 

Weak gels from LMWGs, on the other hand, are 
formed by the bis-urea compound 14 depicted in Fig. 8. 
which self-assembles into molecular wires in hydrocarbon 
solvents. and above a critical concentration, the wires 
entangle to form a network ~ t r u c t u r e . ~ ~ "  Because the mo- 
lecular wires are only two molecules thick, there are only 
a few noncovalent interactions. resulting in small scission 
energies and short lifetimes of the wires. In such weak 
gels. the relaxation of stress is possible through mecha- 
nisms like reptation or scission and recombination of the 
chains. and their viscoelastic properties are governed by 
the relative timescales of these relaxation processes. This 
leads to a pronounced frequency dependency of G' and 6" 
in an oscillatory rheology experiment, and the lifetime of 
the wires is given by the frequency at which 6' and 6" 
intersect (Fig. 8). 

The strong correlation between viscoelastic properties 
of the gels and the fiber and network morphology stresses 
the importance of complementing the rheologicai studies 
with morphological studies. A first impression of the 
morphology of organogels can be obtained by microscopy 
techniques. Especially transmission electron inicroscopy 
(TEM) and more recently also atomic force ~nicroscopy 
(AFM)."" aar convenient methods to use to study fiber 
morphology. and high-resolution images can even reveal 
the fine structure of a fiber down to nanonleter resolution. 
The 319 structure of the network can be studied by scan- 
ning electron microscopy on gel sa~nples of wl-iich the 
liquid phase is removed by supercritical extraction. How- 
ever-, with electron microscopy. one always has to deal 
with samples that are rather diverged from the native gel 
state with all risks of looking at artifacts. This limitation 
does not hold for x-ray or neutron scattering methods. 
which allow the characterization of the network morphol- 
ogy iil the native state. but the downside is that analysis 
and interpretation of the data are more complicated, 
because the structural data are obtained in reciprocal 
space.Li61 Especially high-flux x-ray sources as provided 
by synchrotrons are useful, because highly diluted gel 
systems (to circumvent inultiple scattering) with low 
scattering intensities can be studied in real time, which 
allows one to follow the formation of a gel upon quench- 
ing from the solution state, or to study the deformation of 
the network upon application of stress. Moreover, the 
high-beam intensities makes it possible to collect data at 

very small angles, thereby probing structural features from 
one to several hundreds of nanometers, which allows 
characterization of the fiber shape and diameter. as well as 
mesh size of the network. 

Together, microscopy, scattering methods, rheology, 
and thermotropic methods provide a detailed view of 
the gel network and its behavior. however, they do not 
provide information on the nature of the intermolecular 
interactions stabilizing the gel network and the supramo- 
lecular arrangement of the gelator molecules within the 
fibers. In supramolecular chemistry, such information is 
usually obtained from single x-ray crystal structures or 
2D NMR spectroscopic studies: but unfortunately, these 
techniques are of limited value for organogels. The ap- 
plication of high-resolution solution-phase NMR tech- 
niques is limited to the pre-gel stage, because of the solid 
nature of the fibrous netw~rk.'"~ and only in a few 
instances have LMWGs successfully been crystallized 
despite their tendency to gelate. Powder XRD is a 
powerful technique for native or dried gels, because it 
provides stluctural information on randomly oriented 
samples. Simple phases like lamellar or hexagonal phases 
can easily be recognized from the diffi-action patterns, 
and recent advances in this area made it possible to 
deduce even a crystal structure from high-resolution 
powder patterns. Such high-quality powder patterns were 
not yet reported for organogels, probably because the 
arrangement in the fibers is not as well defined as in 
crystals. Powder x-ray diffraction (XRD) patterns of gels 
were used to identify the gel-forming ~norph of hexa- 
triacontane gels, by comparison with powder diffraction 
patterns of several crystalline forms of hexatriacon- 
tane,lN1 but other examples showed that the arrangements 
in the gel and crystal states are not necessarily the 
same,i'2.'91 For insight into the suprainolecular asrange- 

ment of the gelator molecules in these and most other gel 
systems, one has to rely on the nonconclusive informa- 
tion that emerges from changes in the electrollic and 
vibrational spectra that occur by going from the solution 
to the gel state. 

APPLICATIONS 

The LMWGs are of great interest, because numerous 
applications for them are found in different areas, like 
cosmetics. drug delivery. separation technology, lubrica- 
tion: and display technology. In particular. gels formed 
by salts of long-chain carboxylic acids or other organic 
acids. but also a~nide oligomers, have been known for a 
long time, and were used as lubricants or thickeners 
in commerciai applications, but regrettably also as a 



hardener of kerosene in Napalm. Dibenzylidene sorbi- 
to1 is used on a large scale as a nucleating or clearing 
agent for polypropylene, and other LMWGs are used as 
rheology modifiers in personal care products like lipstick 
or antiperspirant sticks. It is foreseen that recent ad- 
vances in the design and understanding of organogelators 
will lead to many more applications as rheology modi- 
fiers because of better possibilities for tuning the pro- 
cessing conditions or the molecular properties. And, the 
use of polymers to alter network morphology is a very 
promising 

The development of new LMWGs for water and 
nonclassical solvents is also of great interest. Low- 
molecular-weight hydrogelators based on carbohydrates 
or amino acids for water are potentially of interest for 
bio~nedical applications: 142441 and recently, vancomycin 
was modified with pyrene, which turns it into a hydro- 
gelaior and enhances its antibacterial activity.["] It was 
shown that the organogels can be used for the selective 
binding of guest molecules, which might be of interest 
for separation technology and drug delivery.1461 The gela- 
tion of supercritical C 0 2  offers a new route to organic 
xerogels as new insulating and gelled ionic 
liquids might find application as electrolytes in batteries 
or solar cells.["' Functionalized organogels with, for 
instance, oligothiophene moieties: show enhanced elec- 
tronic or ionic conductivity and are of potential interest in 
lnolecular  electronic^,'"^ and the recent structuring of 
liquid-crystalline materials by organogelators led to 
liquid-crystalline materials with new electrooptical prop- 
e r t i e~ . "~]  

Organogels were also used as templates for the con- 
struction of membranes and new hybrid materials. 
Polymeric membranes were prepared by the gel-template 
leaching method, in which membranes with defined 
channels were prepared by polymerization of a meth- 
acrylate ester liquid phase of an organogel, followed by 
extraction of the organogel gel matrix.'"-531 It is also 
possible to polymerize the gel phase of modified gelators 
containing a polymerizable group, resulting in a low- 
density ~e roge l . [~"  The transcription of the organogel 
fibril structure into inorganic materials was pioneered by 
Shinkai el al. Toward this goal, the gelator molecules were 
extended with functional groups that strongly interact with 
the inorganic precursors, and as a consequence, the 
inorganic sol-gel process proceeds preferentially at the 
interface of the organogel network, to give an inorganic 
object of which the shape is reminiscent of the organic 
template (Fig. 9).[551 

The development of responsive organogels is a 
relatively unexplored area, but it might be of interest 
for, e.g.. novel drug delivery systems or microfluidics. In 
contrast to chemical gels, the application of chemical or 

TRANSCRIPTION 
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1 inorganic template A 

$precursor remova~ I 
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Fig. 9 Transcription of organic templates into an inorganic 
material. (Reproduced from Ref. [%I.) 

physical stimuli to organogels with encapsulated guest 
compounds can result in a reversible gel-sol phase 
transition (see also Fig. I) ,  thereby releasing its content. 
Shinkai and coworkers developed, for instance, an 
azobenzene-steroid gelator, of which only the trans 
azobenzene isomer and not the cis-isomer forms gels, 
and they found that the photochemically induced trans-cis 
isomerization is accompanied by a reversible gel-sol 
phase t r a n ~ i t i o n . " ~ ~  Unfortunately. the cis-isomer of 
employed azobenzenes is thermally unstable, resulting in 
a spontaneous (thermally induced) restoration of the gel 
state. The photo-bistable dithienylcyclopentenes do not 
suffer from this disadvantage, and recently it has been 
shown that also for these compounds the degree of 
aggregation can be controlled by light.[561 Other stimuli, 
like protonation in combination with light,'571 or ion- 
c o r n p l e ~ a t i o n [ ~ ~ ~  were also used to control the gel-sol 
phase transition. However, the response of organogels to 
stimuli is not limited to the gel-sol phase transition. Zinic 
and coworkers showed that a morphological transition 
from microspheres to a fibrous network can be induced by 
light,[5" and remarkably, a glycosylated amino-acid- 
based gelator for water displays a thermotropic volume- 
phase transition.["'] 

CONCLUSION 

The gelation of organic solvents by LMWGs is a 
phenomenon that has been known for a long time but, 
nevertheless, has been poorly understood. at least at the 



molecular level. Only with the advance of supramolecular 
chemistry has it been realized that the formation of a 
fibrous network by small organic molecules is an example 
of self-assembly par excellence. From this perspective, the 
elucidation of several factors governing gelation and 
establishment of some of the design rules for new 
EMWGs were realized, and in recent years, this led to 
remarkable progress in the development of functional 
gelators with programmed properties. Applications of 
organogels in highly diverse areas ranging from cosmetics 
and drug delivery to material science and molecular 
electronics already are or will become reality within the 
near future. 

It also became clear that the gelation of liquids by low- 
molecular-weight organic molecules is a complex process, 
of which the 1D assembly of gelator molecules is only a 
first step in a series of events that ultimately leads to the 
formation of a network structure. Understanding and 
controlling the different stages of the gelation process 
remain a huge scientific challenge, not only because the 
structural analysis of gels is still problematic. but also 
because of the prominent role of kinetics in the gelation 
process. Progress toward these goals, however, will be 
relevant not only for the possible applications of gels but 
also for related areas like crystallization and hierarchic 
structure assembly. 
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INTRODUCTION 

In the early 1980s our group began a study on the 
possibilities of using the cyclic glycoluril hexamer 
cucurbituril 1 (Fig. la)  as a host for small organic guests. 
Until recently."] howel-er. modification of cucurbituril 
was inhibited due to the extreme insolubility of this 
macrocycle in most common solvents. In attempts to 
overcome this problem of solubility by attaching 
lipophilic phenyl groups to the glycoluril units: it was 
discovered that the reaction of diphenylglycolmil (DPG) 
2 with fornlaldehyde in benzene gaye a clip-shaped 
molecule, 3a. This molecule appeared to have a rigid, 
U-shaped cavity, and it turned out to be an ideal host 
for dihydroxybenzene derivatives such as resorcinol 
and catechol.'" Since then. an enormous variety of 
glycoluril-based hosts possessing numerous functional- 
ities has been synthesized. Nowadays, these hosts find 
their applications in many different research areas. e.g., as 
mimics of biological systems. as amphiphiles. and as 
liquid crystals.r31 In this o\-erview, only the most recent 
deve?opments in glycoluril-based host chemistry will 
be discussed. 

BBNBBNG FEATURES 

The crystal structure of host 3b (Fig. lb)  clearly shows 
that this molec~lle possesses a well-defined and preorga- 
nized cleft. 'H-NMR studies revealed that glycoluril- 
based hosts are excellent receptors for neutral guests, e.g., 
(di-)hydroxybenzene  molecule^.^" The binding strength 
toward these types of guests can reach values of 
i(, > 105iM depending on the binding functions in 
the host ~nolecule and the substitiltion pattern in the guest. 
The binding is a result of three cooperative effects. viz. 
hydrogen bonding. TC-n stacking. and a so-called "cavity 
effect," which can be simply described as the entropically 
fa\.orable filling of an empty cavity by the guest. Recent 
work within our group enabled the separation and 
qumtificadon of each of these effects."] Upon binding 

of a 1,3-dihydroxybenzene in a host of type 3 in 
chloroform, two hydrogen bonds are formed simulta- 
neously bet~reen the hydroxy groups of the guest and the 
urea carbonyl groups of the receptor (Fig. lc). The 
strength of these hydrogen bonds is directly correlated to 
the 5-substituent of the guest. which determines the 
acidity of the phenolic OH groups. It was found that for a 
series of 5-substituted i ,3-dihydroxybenzenes. the AG of 
binding to 3b increases linearly as a function of the 
Hammett substituent constant 

The n-n: interactions between host and guest are 
readily influenced by subtle variations in the host side 
walls. Altering the I ,4-substituents 011 the side walls from 
methoxy to methyl to hydrogen significantly weakens the 
TC-n interactions and reduces the contribution of the 
cavity effect. Host 4 with two p-benzoquinone n-acceptor 
side walls somewhat surprisingly turned out to be a poor 
receptor for n-donor 1,3-dihydroxybenzene guests. Al- 
though favorable interactions were expected between the 
host and the guest, their orientation, imposed by the 
hydrogen bonds, is energetically less favorable than that 
found in the related complex with host 3b. Enlargement 
of the aromatic surface of the side xvalls to 1.4- 
dirnethoxynaphtalene (Host 5 )  completely inhibited guest 
binding. due to a combination of unfavorable n-n 
interactions and blocking of the cavity by the ~nethoxy 
side wall substituents. Connection of the naphthalene 
walls at their 1.8-positions (Host 6) removes these 
constraints. Host 6, however, exists in three slowly 
exchanging conformers. of which only the anti-allti one 
possesses a cleft in which substrates can be bound 
(Fig. Id). The large aromatic n-surfaces of the side walls 
in 6 interact favorably with electron-deficient guests and 
silver ions. Binding occurs by an induced-fit mechanism: 
upon binding of the guest, the relative amount of nnti- 
nnti conformer was found to increa~e.'"~] 

All the binding processes described above were carried 
out using hosts based on the DPG skeleton. Recently. this 
central core was modified. and new host molecules were 
synthesized based on the propane-diurea ~keleton. '~] The 
x-ray structure of 7 revealed that its cavity resembles the 
cavities of DPG-based hosts, the only difference being 
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Fig. I (a) Glycoluril-based host molecules. (b) Dimeric arrangement of molecules in the crystal structure of 3b. (c) Computer-modeled 
representation of the binding of resorcinol in Host 3b. (d) The three conformations of Host 6: (from left to right) anti-anti, anti-syn. 
and S?.IZ-.T~TI. (Vim this urt iil color at ~v~v~~~ .dekker . co~n . )  

that in the new host. the distance between the urea 
carbony1 groups is slightly shorter (5.2 A compared to 5.5 
A in the case of 3h). As a result of this closer distance. 
1.3-dihydroxybenzene guests are bound by 7. ap- 

proximately 10 times stronger. The exceptionally high 
binding constants measured for these guests (up to 
K, = 2.4 x 1 0 % ~ '  for the complex between 7 and 5- 
cyanoresorcinol), highlight the fact that even a sub-A 

Fig. 2 (a) Basket-shaped host 8 and I0 dnd \lologen guest 9 (b) The allosteric bsnding of a gue5t In Host 10. In the presence of Naf or 
K +  (c~rcle). electron-deficient aromatlc substrates (rectangle) are bound Inore strongly 
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change in the host structure can have a dramatic effect on 
its binding properties. 

Glycoluril-based hosts derivatized with crown ether 
moieties. such as 8, are known as molecular baskets 
because of their basket- or bowl-like shape (Fig. 2a). In 
addition to alkali metal ions and diammonium salts, these 
molecules are excellent receptors for charged aromatic 
compounds such as viologens (N,N'-disubstituted 4,4'- 
dipyridinium compounds) and polymeric derivatives 
thereof.'" l o s t  8 binds 9 with a K, of 5.7 x 10' M-', 
which is much stronger than the binding of 9 in the 
bis(parapheny1enej-[34]-crown-10 macrocycle studied by 
Stoddart and coworkers.[101 Upon complexation with 8, 
the redox properties of 9 were modified, i.e., bound 9 is 
100 mV more difficult to reduce than uncomplexed 9. 
Once reduced to its 1 +  form, however, 9 is expelled 
from the cavity. In the case of polymeric derivatives of 
9, the electrochemical properties of the polymer are 
altered by the addition of Host 8. 

Another family of basket-shaped hosts was synthesized 
containing azacrown ethers that can act as linking points 

for functional groups. Naphthalene-walled basket 10  
exists in three conformations and displays allosteric 
binding behavior.'"' Upon addition of alkali metal ions, 
the anti-anti conformation is induced, resulting in a host 
that is an ideal receptor for aromatic guests (Fig. 2b). As a 
result of this induced change, the binding of 1,3- 
dinitrobenzene is increased by a factor of 2 to 6, upon 
the addition of K +  ions to a solution of 10, with two K+ 
ions complexed between the crown ether rings in a 
cooperative manner. The second K +  ion binds approxi- 
mately 100 times stronger than the first. 

MIMICS OF BIOLOGICAL SYSTEMS 

Glycoluril-based host molecules were used as components 
of substrate-selective catalysts. Using nature as a guide, 
catalytically active metal centers were linked to the 
receptor cavities. These supramolecular systems were 
synthesized to mimic well-known processes in natural 

Fig. 3 (a) Examples of glycoluril-based supramolecular catalyst. (b) Porphyrin hosts 15 and 16 and the guest-mediated electron transfer 
occurring in these hosts. 
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enzymes, such as selective binding of a substrate, its 
catalytic conversion, and release of the product. 

The first models were designed to carry out oxidation 
catalysis (Fig. 3a). Inspired by naturally occurring copper 
enzymes, pyrazole ligands were connected to a basket- 
shaped receptor. which, upon coinplexation of two Cu(11) 
metal centers, catalyzed the oxidation of alcohols to 
aldehydes (11).L'21 The rate of oxidation of alcohols that 
were co~llplexed in the receptor cavity, such as 3 3 -  
dihydroxybenzyl alcohol: was accelerated more than 
50,000 times compared to substrates that were not bound. 
The reaction, however, involved the irreversible reduction 
of Cu(l1) to Cu(1) and. consequently. a stoichiometric 
amount of catalyst was required. The ideal oxidation 
catalyst would use molecular oxygen as the oxidant, e.g., 
as in the case of the tyrosinase enzyme. In order to mimic 
this property, the pyrazole liga~lds in 11 were replaced by 
pyridine ligands to give host molecule 12. This molecule, 
when complexed to two Cu(1) centers, was found to form 
metastable O2 adducts in dichloromethane at - 85"C, thus 
mimicking the naturally occurring hemocyanine oxygen 
carrier.'"' Although 12  was still capable of complexing 
guests in its cavity. the host-guest geometry was not 
ideal. and oxidative splitting of the pyridine ligands of the 
host occurred in preference to oxidation of the guest. 
Molecular modeling confirmed that in the geometry 
formed upon Q 2  complexation. the benzylic protons 
linking the pyridine functions to the basket are in direct 
proxiillity to the bound oxygen. Due to this close 
proximity. the host is oxidized in preference to the guest. 

In addition to oxidative catalytic systems. glycoluril- 
based hydroge~lation catalysts were developed. Following 
a synthetic methodology similar to that used for the 
preparation of 11 and 12. a tetrakis(tripheny1)phosphite 
Rh(1) hydride complex was linked to a molecular basket 
(13). The resulting supramolecular catalyst was capable of 
selectively catalyzing the hydrogenation of guests such as 
5-allylresorcinol with a significant rate enhanceinent 
compared to nonbinding guests. e.g., 5-allyl-1,3-dime- 
thoxybenzene.["' The catalyst also exhibited many of the 
features encountered in enzymes. such as Michaelis- 
Menten kinetics. product inhibition, and rate enhanceinent 
by cooperative binding of a second substrate. 

As a synthetic model of the enzyme cytochrome P450, 
a glycoluril-based host was equipped with a posphyrin 
roof,[15.J61 Molecule H214 possesses a rigid cavity in 

which a variety of guests. e.g., dihydroxybenzenes and 
viologen derivatives, can be bound. Because of cavity 
effects, En14 displayed a high affinity for pyridine 
molecules (y, = 10' M-I). As a result of a similar 
strong binding of pyridine in its cavity. host Mn14 
displayed an eilhanced activity in the catalytic oxidation 
of a~kenes. '"~ Using Mn14, Y-pinene was epoxidized at a 
10 times higher rate than when manganese-tetrakis(ineso- 

pheny1)porphyrin was used as the catalyst. When instead 
of pyridine the bulky ligand 4-t-butylpyridine was used, 
which does not fit in the cavity of Mn14 and binds on the 
outside, no rate enhancement was observed. An advantage 
of this catalytic system was, however, that oxidative 
decomposition of the catalyst was inhibited, because the 
formation of p-oxobridged manganese posphprin dimers 
no longer occurred. 

Glycoluril-based hosts were also applied as mimics of 
the photosynthetic reaction center. One of the unresolved 
questions in the study of electron transfer processes in 
such a center is the role of intervening aromatic amino 
acid residues."*' To study this role, a host was designed 
with one zinc-porphyrin side wall and one 1.4-dimethoxy- 
benzene donor (15) or p-benzoquinone acceptor (16) side 
wall (Fig. 3b).i19,201 In a nonpolar solvent, such as 
cyclohexane or CC14. the fluorescence quantum yields of 
15  and 16 were coinparable to that of zinc-tetrakis(r7zeso- 
p11enyl)porphyrin. In a more polar solvent, the quantum 
yield of 16 became much smaller due to solvent-mediated 
electron transfer from the porphyrin donor to the quinone 
side wall acceptor. A similar effect was observed when an 
excess of the guest hexyl 3.5-dihydroxybenzoate was 
added. Upon binding to Host 16 in CC14, this guest 
mediated the electron transfer, suggesting that in the 
natural system. the aromatic amino acid residues may 
play a similar role. 

SELF-ASSEMBLY BM WATER 

At the same time that Rebek's group began investigation 
of the hydrogen-bond self-assembly of glycoluril-based 
molecules into tennis-ball-like  architecture^,^^^.^^^ we 
introduced water-soluble functionalities into glycoluril- 
based receptors with the objective to study the self- 
assembling behavior of the resulting molecules in water. 
The first approach was to attach long hydrocarbon tails to 
the nitrogen atoms of azacrown ether functionalized 
baskets. to give Compounds 17 and 18 (Fig. 4a). Upon 
dispersion of 13 in water, well-defined vesicles were 
formed with diameters between 500 and 4000 It 
was proposed that in these vesicles, the charged receptor 
cavities are directed toward the water layer, forming 
aggregates that possess a dimpled exterior. These 
supramolecular golf balls, as they became known. were 
still able to complex guests. such as rnagneson [4-(4- 
nitrophenylazo)resorcinol] in water. UV titrations indi- 
cated that below the critical aggregation constant (c.a.c.) 
of the compound, a 1:1 host-guest complex was formed 
(K ,  = lo6 I V  '). Above the c.a.c.. the titration data 
could only be fitted assuming a 2:l host-guest complex 
ratio. This phenomenon was attributed to the fact that 
above the c.a.c., only the receptors on the outside of the 
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Fig. 4 (a) Transmission electron microscope iniages of aggregates formed by 17 i n  aqueous KC1 solutio~i (A) and in acidic water (B). 
(b) Proposed structures of the aggregates of 18 formed in the presence of K +  and H+ ions. (View this art irz color ur ~i.~v>r..dekker.coi?z.) 

vesicle are able to bind magneson. and that the receptors 
on the inside of the vesicle are not accessible for the 
guests. Basket 18 was found to give tube-like assemblies 
with a diameter of 100 nm in aqueous HC1 b~ l t  vesicles 
in aqueous KC1 or NaCl s o l ~ t i o n . ~ ' ~ ~ ~ ~ '  The morpholo- 
gies of these superstructures could be manipulated 
by the addition of different alkali metal ions, such as 
Rb'. which resulted in the formation of a mixture of 
tubes and vesicles. or Cs', which gave only nanotubes 
(Fig. 4a,b). 

111 the absence of guest molecules, Host 3b forms dirners 
in chloroforin as a result of cavity filling and favorable 
internlolecular n-T interactions (Fig. I b). In chloroform. 
this dimerization was relatively weak (Kdimcr = 16M ' ) .  It 
was reasoned, however. that this dimeriaation would be 
enhanced in water because of the hydrophobic effect. 
which acts as a driving force for self-assembly. Hosts 19''~' 
and 20~27.281 were designed and synthesized. both having a 

large hydrophobic cavity and oil their convex side a water- 

soluble moiety. i.e., p~~ridinium in the case of 19 and a 
ruthenium-bipyridine coinplex in the case of 20 (Fig. 5a). 
Hosts 19 and 20 showed strong self-association in water 
(for both molecules &,,,,, > 5000 M - I ) .  At concentra- 
tions above 1-2 mM, the solutions of 119 and 20 became 
turbid. and pearly dispersions were obtained. Samples of 
these dispersions were studied with the help of transmis- 
sion electron ~nicroscopy (TEM) (Fig. 5b). A sample of 19 
revealed the presence of well-defined razor-blade-like 
aggregates. which all had approximately the same shape 
and dimensions (1.2 x 8 pm) (Fig. 5b, A-C). Closer 
inspection of the aggregates showed that they were built up 
from a limited number of thin layers (approximately 50). 
Electron diffraction experiments revealed that the struc- 
tures were not crystals but contained highly ordered arrays 
of molecules, displaying a repeating distance of 16.8 A, 
which co~~esponds  to approximately the length of one host 
molecule. Study of a sample of 20 showed the presence of 
rectangular aggregates that. similar to 19, had well-defined 
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Fig. 5 (a) Water-soluble glycoluril hosts 19 and 20. (b) Transmission electron micrographs of dispersions of Hosts 19 and 20 in water: 
A,B-raror-blade structures formed by 19 (A: bar = YO0 nm, B: bar = 3500 nm); C-layered structurc of a razor blade formed by 19, 
bar = 120 nm; D-rectangular aggregates formed by 20. bar = 800 nm; E-cigar-like superstructure of the rectangular aggregates 
formed by 20, bar = 1500 nm; F-close-up of a "cigar" formed by 20, showing its constituting components. bar = 350 nm. (c) 
Proposed mechanism of hierarchical growth of the aggregates derived from 28. 

shapes and sizes (350 x 150 nm) (Fig. 5b, D). Interest- 
ingly, in some cases no rectangular aggregates were formed 
by 20, but larger "cigar-like" aggregates were formed 
(Fig. 5b, E). Close inspection of these "cigars" revealed 
that they were built up from smaller subunits that had the 
same dimensions as the rectangular aggregates. It was 
concluded, therefore, that the cigars are a higher-order 
aggregate of the rectangles. 

Based on NMR, fluorescence; and powder diffraction 
experiments, for both 19 and 20; a similar aggregate 

growth process was proposed. In Fig. 5c, a schematic 
representation of this growth process is depicted for 
compound 20. It starts with the formation of a head-to- 
head dimer, in which two molecules of 20 dimerize as a 
result of hydrophobic cavity filling. In a next step, dimers 
of 20 form an array, to which in a competing process 
molecules of 20 are attached in a head-to-tail binding 
geometry. Eventually. lamellar sheets of host molecules 
are formed that stack on top of each other, forming a 
rectangular structure. 
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(c) 

Fig. 5 (Cont i~z~~ei l )  

A unique aspect of the aggregates formed by 19 and 
20 is that they are so well-defined in shape and size. 
The final shape of the aggregates apparently is encoded 
within the glycoluril building block. The fact that the 
aggregates have a finite shape is attributed to a fine 
balance between the enthalpy, i t . ,  the strength of the 
interactions between the molecules. and the entropy of 
the growth processes. At a certain molllent. it is not 
favorable to attach new inonomeric units to the relatively 
hydrophilic exte

r

ior of the aggregates. It appeared that 
when the dispersion of 28 was prepared at higher tern- 
peratures (e.g., 70°C), the rectangular aggregates became 
smaller and more well-defined in size. At elevated 
temperatures, as a result of the increased coiltribution of 
kinetics. only the inost favorable modes of aggregation 
occur, and hence, a more defined aggregate structure is 
obtained. This unique phenorneno~l resembles self-repair 
processes that are ubiquitous in self-assembling systems 
occurring in nature. 

SOLID-STATE MATERIALS 

In order to introduce the aspect of liquid crystallinity in 
glycoluril-based hosts. Compound 21, which has 12 
hydrocarbon chains connected to its side walls. was 
designed and synthesized (Fig. 6a).'2'-29' Molecules of 21 
predominantly exist in the syn-anti conformation. but 
upon binding of a guest. the anti-anti conformation is 
induced. and the resulting cornplex exhibits liquid- 
crystalline (LC) properties. By changing the host-guest 
ratio, the nature and temperature range of the various LC 

phases could be tuned. The versatility of this concept of 
supramolecular induction of liquid crystallinity was 
demonstrated when multif~inctional guests were used. 
The 4: 1 host-guest complex of 21 with poiphyrin 22 also 
displayed LC behavior. If a porphyrin that cannot bind 
was used, no mesophases were formed, which confirmed 
that the host-guest coinplex is the inesogenic species. 
Not only were the material properties of the po~phyrin 
changed but also were its redox properties. Electrochem- 
ical studies revealed that the porphyrin core is encapsu- 
lated in the 48 hydrocarbon tails of the four hosts (Fig. 6b), 
causing the reduction potentials of the porphyrin to alter 
in a similar way to certain porphyrin-containing enzymes. 
such as cytochrome C. Through an identical process, 
liquid crystallinity could also be induced in polymers. 
The host-guest complex of 21, with a copolymer of 
styrene and 3,5-dihydroxystyrene. gave a stable, discotic- 
like mesophase. 

In another approach to introduce liquid crystallinity, 
aliphatic tails were connected to the convex side of a 
glycoluril-based host (23. Fig. 6a).r30."1 It w as reasoned 
that in the solid state. this host would form dimers. in a 
siinilar way as the parent co~npound 3b. As can be seen in 
Fig. 6c. such a dirner resembles the structure of a typical 
rod-like Inesogen. Although the material formed by 23 
exhibited the typical features of a liquid crystal, i.e., 
birefringent optical textures and a high degree of 
malleability, calorimetric and powder diffraction mea- 
surements showed that it was a plastic crystal composed 
of lamellae of dimers (Fig. 6c). Strong n-7c interactions 
between the aromatic surfaces of adjacent molecules are 
the reason the material is not liquid crystalline. The 
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HO-OH 

22 DBW 

Fig. 6 (a) Host and guest molecules used in the glycoluril-based materials. (b) Computer-modeled representation of the liquid- 
crystalline host-guest connplex between porphyrin %% and four molecules of Host 21. (c) Modeled structure of the arrangement of 
dimers in the lamellar plastic crystal formed by 23. (d) Modeled structures of the I : 1 host-guest complexes between 23 and MDB (top) 
and between 23 and DBA (bottom). (Vielv this art in color at ~ i*~~ '~~ , . dekker . corn . )  

materials properties of 23 could be tuned by the 
incorporation of guest molecules in the solid state 
(Fig. 6d). An equirnolar complex of 23 and methyl 3.5- 
dihydroxybenzoate (MDB) lost its lamellar crystalline 
properties. due to the fact that the dilneric structure of the 
host was broken. A 1: l  complex of 23 and 3.5- 
dihydroxybenzoic acid (DBA). however, gave a material 
that showed a siruilar solid state behavior as free 23. 
Powder diffraction measurements revealed that the host- 
guest coinplex adopted a similar lamellar arrangement as 
the uncomplexed host, however, with an extended 
la~nellar distance. 

their applications in functional mimics of biological 
systems. such as receptors, enzymes. and the photosyn- 
thetic reaction center. In recent years, the hosts were 
shown to be versatile building blocks in the self-assembly 
of well-defined nanosized materials, both in solution and 
in the solid state. It can be foreseen that in the near fi~ture. 
both features of glycoluril-based hosts, i.e., function and 
self-assembly, will be combined to generate highly or- 
dered and fimctional supramolecular materials of which 
the properties can be precisely controlled. 

ARTICLES OF FURTHER INTEREST 

CONCLUSION AI-tificicrl Elzzyives. p. 76 
Coizcclve Rengcizrs. p. 3 1 1 

The preceding overview demonstrates that simple glyco- Guczrrhitz~ril, Its Hor~zologues, ai7d Derivatil.es. p. 390 
lurii building blocks can be used to create a wealth of host E17:j-!rne Minzic.~: p. 546 
molecules capable of binding a variety of guests with very Self-A.cserrzblir?g Gapszi1e.s. p. 1231 
high binding constants. The host-guest systems proved Slcpl-ar~zolecz~lar Poly~ners. p. 1443 



Glycolurtl-Based Hosts 

REFERENCES 

Zhao, J.: Kim. H.-J.; Oh. J.; Kim. S.-Y.: Lee, J.W.; 
Sakamoto. S.: Yamaguchi, K.; Kim. K. Cucurbit[n]uril 
derivatives soluble in water and organic solvents. Angew. 
Chem., Int. Ed. 2081. 40 (22). 4233. 
Sijbesma. R.P.: Kentgens. A.P.M.: Nolte, R.J.M. Binding 
of dihydroxybenzenes in synthetic molecular clips. Effect 
of hydrogen bonding and n-stacking. J. Org. Chem. 1991. 
56 (10). 3199. 
Rowan. A.E.; Elemans. J.A.A.W.; Nolte. R.J.M. Molecular 
and supramolecular objects from glycoluril. Acc. Chem. 
Res. 1999. 32 (12), 995. 
Sijbesma. R.P.: Kentgens, A.P.M.: Lutz. E.T.G.: Van der 
Maas. J.H.; Nolte, R.J.M. Binding features of molecular 
clips derived from diphenylglycoluril. J. Am. Chem. Soc. 
1993, I15 (20). 8999. 
Reek. J.N.H.; Priem, A.H.; Engelkamp, H.: Rowan, A.E.; 
Elemans, J.A.A.W.; Nolte, R.J.M. Binding features of 
molecular clips. Separation of the effects of hydrogen 
bonding and K-n interactions. J. Am. Chem. Soc. 1997, 
119 (421, 9956. 
Sijbesma. R.P.: Wijmenga, S.S.: Nolte. R.J.M. A molecr~lar 
clip that binds aromatic guest by an induced fit mechailism. 
J. Am. Chern. Soc. 1992; 114 (25). 9807. 
Reek, J.N.H.; Engelkamp. H.; Rowan. A.E.; Elemans. 
J.A.A.W.: Nolte, R.J.M. Conformational behaviour and 
binding properties of naphthalene-walled clips. Chem. Eur. 
J. 1998. 4 (4). 716. 
Jansen. R.J.: de Gelder. R.: Rowan. A.E.: Scheeren. H. W.: 
Nolte, R.J.M. Molecular clips based on propanediurea. 
Exceptionally high binding affinities for resorcinol guests. 
J. Org. Chem. 2001. 66 (8). 2643. 
Schenning, A.P.H.J.; de Bruin. B.: Rowan, A.E.: Kooijman. 
H.; Spek. A.L.: Nolte. R.J.M. Strong binding of paraquat 
and polymeric paraquat derivatives by basket shaped hosts. 
Angew. Chem., Int. Ed. Engl. 1995. 34 (19). 2132. 
Ashton, P.R.: Philp. D.: Reddington, M.V.: Slawin, 
A.M.Z.: Spencer. Iq.: Stoddart. J.F.: Williams, D.J. The 
self-assembly of complexes with [2]rotaxane superstruc- 
tures. J. Chem. Soc., Chem. Commun. 1991, (23); 1680. 
Sijbesma, R.P.; Nolte, R.J.M. A molecular clip with 
allosteric binding properties. J. Am. Chem. Soc. 1991. 113 
(17), 6695. 
Martens. C.F.: Klein Gebbink, R.J.M.: Feiters. M.C.: Nolte, 
R.J.M. Shape selective oxidation of benzylic alcohols by a 
receptor functionalized with a dicopper (TI) pyrazole 
complex. J. Am. Chenl. Soc. 1994, I16 (13). 5667. 
Klein Gebbink, R.J.M.: Martens. C.F.: Feiters, M.C.: 
Nolte, R.J.M. Novel molecular receptors capable of 
forilling Ct12-02 complexes. Effect of pre-organisation on 
O7 binding. Chern. Cornmun. 1997. (4), 389. 
Coolen. H.K.A.C.: van Leeuu-en. P.W.N.M.: Nolte. R.J.R/I. 
Substrate selective catalysis by rhodium metallohosts. J. 
Am. Chem. Soc. 1995. 117 (48). 11906. 
Rowan, A.E.: Aarts. P.P.M.: Koutstaal. K.W.M. Novel por- 
phyrin-viologen rotaxanes. Chem. Commun. 1998. (5). 
611. 
Elemans, J.A.A.W.: Claase, M.B.: Aarts, P.P.M.; Ronian, 

A.E.; Schenning, A.P.H.J.: Nolte, R.J.M. Porphyrin clip 
derivatives derived from diphenylglycoluril. Synthesis, 
conformational analysis and binding properties. J. Org. 
Chem. 1999, 64 (19). 7009. 
Elemans. J.A.A.W.: Bijsterveld. E.J.A.: Rowan. A.E.; 
Nolte, R.J.M. A host-guest epoxidation catalyst with en- 
hanced activity and stability. Chem. Commun. 2000; (24), 
2443. 
Several authors. Renction Centers qf Photosynthetic 
Bncterin; Michel-Beyerle. M.-E.. Ed.; Springer-Verlag: 
Berlin, 1992. 
Reek. J.N.H.; Rowan. A.E.; de Gelder, R.: Beurskens, P.T.: 
Crossley. M.J.: de Feyter. S.: de Schryver, F.; Nolte, 
R.J.M. Novel cleft-containing porphyrins as models for 
studying electron transfer processes. Angew. Chem.. Int. 
Ed. Engl. 1997; 36 (4j, 361. 
Reek. J.N.H.; Rowan, A.E.; Crossley. M.J.: Nolte. R.J.M. 
Synthesis and photophysical properties of porphyrin- 
functionalized molecular clips. J. Org. Chem. 1999. 64 
(18). 6653. 
Conn. M.M.: Rebek, J., Jr. Self-assembling capsules. 
Chem. Rev. 1997. 97 (5) .  1647. 
Rebek. J., Jr. Reversible encapsulation and its conse- 
quences in solution. Acc. Chem. Res. 1999. 32 (4). 778. 
Schenning, A.P.H.J.: de Bruin. B.; Feiters, C.M.: Nolte. 
R.J.M. Molecular golfballs: Vesicles from bowl-shaped 
host molecules. Angew. Chem., Int. Ed. Engl. 1994. 33 
(15-16), 1662. 
Schenning. A.P.H.J.: Escuder, B.; \-an Nunen. J.L.M.: de 
Bruin, B.: Lowik. D.W.P.M.: Rowan, A.E.; van der Gaast. 
S.: Feiters. M.C.: Nolte. R.J.M. Synthesis, aggregation. and 
binding properties of synthetic amphiphilic receptors. J. 
Org. Chem. 2001. 66 (5). 1538. 
Van Nunen, J.L.M.: Stevens. R.S.A.; Picken. S.J.; Nolte. 
R.J.M. Tunable supra~nolecular structures from clips and 
baskets derived from glycoluril. J. Am. Chem. Soc. 1994. 
I16 (19), 8825. 
Reek. J.N.H.; Kros. A.; Nolte. R.J.M. Novel water soluble 
molecular clips. Toward nanostructures with controlled 
shape. Chem. Commun. 1996. (2). 745. 
Elemans. J.A.A.W.: de Gelder. R.: Rowan. A.E.; Nolte. 
R.J.M. Bipyridine functionalized molecular clips. Self- 
assembly of their rutheniu~n con~plexes in water. Chein. 
Commun, 1998. (1 5). 1553. 
Elemans. J.A.A. W.: Rowan. A.E.: Nolte. R.J.M. Hierar- 
cliical self-assembly of aruphiphilic metallo-hosts to give 
discrete nanostructures. J. Am. Chem. Soc. 2002. 124 (7). 
1532. 
Van Nunen. J.L.M.: Folmer, B.F.B.; Nolte, R.J.M. In- 
duction of liquid crystallinity by host-guest interactions. J. 
Am. Chem. Soc. 1997. 119 (2). 283. 
Holder. S.J.; Elernans. J.A.A. W.: Barbed. J.: Row;tn, A.E.; 
Nolte. R.J.M. Host-guest complexes with tunable solid- 
state structures. Chem. Commun. 2000. (5). 355. 
Holder, S.J.; Elemans. J.A.A.W.; Donners, J.J.J.M.: 
Boerakker. M.J.: de Gelder: R.: Barberi. J.; Rowan. 
A.E.: Nolte, R.J.M. Lamellar organic thin films through 
self-assembly and molecular recogaition. J. Org. Chem. 
2001. 66 12). 391. 



Bakhtiyas T. ibragimov 
Samat A. Talipov 
I r~s t i t~~ te  of Bioorgar~ic Chemistry of  Uzbel<istan Academy of  Scier~ces, 
Tashkent, Uzbekistan 

Gossypol (Gp) is a natural polyphenolic compoundi" 
found in different organs of the cotton plant. This yellow 
pigment exists in plants as a protective agent against 
insects and diseases and is therefore sufficiently toxic 
even for humail and animal  organism^.'^' It is called 
Gossypol in order to indicate its plant origin (Gossypiurn) 
and chemical nature (phenol). Gp has been know11 from 
the end of the 19th century. Ne\rertheless, its unusual 
ability to demonstrate different types of biological activity 
and to form numerous supramolecular complexes has 
bee11 discovered comparatively recently. In this entry. 
Gp'sbiological action. specific features of its chemical 
structure. stereochemistry. tautomerism. and optical 
activity will be briefly described. Special attention will 
be paid to its unique host properties, pseudopolymor- 
phism (existing of the given host-guest complex in dif- 
ferent crystal modifications) phenomenon. organic zeolite 
formati011 ability, and the reasons that make Gp a versa- 
tile host. 

BIOLOGICAL ACTION AND STRUCTURE 

Gp is not just harmful for humans and animals product. it 
may have a lot of usefill applications. As it is one of 
the strongest antioxidants found in nature, investigators 
have tried to use it in the textile. rubber, and petroleum 
industries. but practical application of this natural 
compound is related mainly to its biological activity. 
Early investigations of Gp biological action revealed its 
antiviral and anticancer activities. Gp became the object 
of intensive biomedical studies after the discovery of its 
oral male contraceptive properties a quarter of century 
ago in ~ h i n a . ' ~ '  Later research showed that it has 
antifertility effects in males and females. A lot of other 
types of biological activity are characteristic for Gp, 
among which it is worth indicating its antimicrobial, 
antimalarial, antiparasitic, anti-HIV. immunosupressive, 
and interferon-inducing actions.''' To date? interest in the 
biological properties of Gp is still high, and dozens of 
papers devoted to it appear monthly. 

The chemical structure of Cp was established by 
 dams'" in the 1940s as a highly substituted symmetric 
binaphthalene (Scheme 1). The main factors defining 
stereochemistry of the rnolecule are the mutual arrange- 
ment of the naphthyl moieties (the dihedral angle) and 
disposition of the isopropyl groups relative to the 
appropriate halves. The dihedral angle between naphthyl 
moieties ranges frorn 70-106" in Gp crystals 
All polar substitutents are grouped on the one side of the 
naphthyl fragments, while hydrophobic parts are located 
on the opposite side. Such concentration of the polar 
groups makes possible the formation of an extensive 
system of intrarnolecular hydrogen bonds. The adjacent 
hydroxyl groups 03- H (07-H) and 04- H (08-H) are 
involved in H-bonding. giving rise to a five-membered 
conjugated ring system. whereas the H-bonded hydroxy 
03-H (07-H) and oxygen atom of the aldehyde group 
are part of a six-membered conjugated system. A coplanar 
arrangement of the naphthyl ring and aldehyde group 
forces the H-atom of the aldehyde group and hydroxy 
oxygen 0 1  105) to be displaced a short distance. This 
contact also can be considered as an intramolecular C- 
H . .  . 0  hydrogen bond. The orientation of the hydroxy 
group 01 -11 (05-H) enables an interaction of its H-atom 
with the T-electrons of the aromatic system in the other 
half of the molecule. In order to explain some features of 
Gp chemical behavior. Adams postulated the existence of 
the three tautomeric forms for Gp: aldehyde, quinoid. and 
h~miacetal ."~ The aldehyde form is the only tautomer 
found in numerous crystal modifications of Gp. The other 
two tautomers are fixed in Gp derivatives. The quinoid 
forrn is typical for solid-state Shiff's-base-type deriva- 
tives, while the hemiacetal tautomer is characteristic of 
crystalline Gp ethers. 

Relatively bulky methyl and hydroxyl substitutents 
located in ortho-positions to the ordinary bond make a 
free rotation of the naphthyl moieties around the aryl- 
aryl bond impossible and give rise to the two distinguish- 
able molecular conformations (atropoisomers) or two 
optically active forms (enantiomers). The racemization of 
chiral Gp takes place in raising the temperature up to 
190°C. Only some kinds of cotton plants may synthesize 
eilantiomeric Gp with a small excess (15-20%)-one of 
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Scheme 1 Gossypol molecule. 

the antipodes. Therefore, optically active Gp for bio- 
medical research has been obtained by chroinatographic 
separation of diastereoisomeric  derivative^.'^' Results 
demonstrated that for main types of Gp bioactivity, a 
(-)-isomer is responsible (the absolute configuration of 
this antipode is determined as R by circular dichroism 
expe~iments). '~' This situation stimulated a search for 
relatively cheap and quick resolution methods for large- 
scale preparation of the R-form. The classic technique for 
resolution of racemates by preparation of diastereisorneric 
salts or enamine-type derivatives with subsequent frac- 
tional crystallization failed because of the surprisingly 
strong resistance of Gp to separation. The resolution of 
racemic Gp, however, by direct crystallization. has been 
achieved recently using polymorphism phenomena of the 
given host-guest ~ o r n ~ l e x . ~ ~ '  It has been known for some 
time that crystallization of Gp from solutions in acetone 
results in formation of the stable 1: 1 host-guest complex 
of racemic Gp with solvent m ~ l e c u l e s . ~ ' ~ '  The lowering of 
crystallization temperature to -20°C leads to formation 
of the unstable 1:3 solvate of enantiomeric Gp with 
acetone.'"] i.e.; unique host properties of Gp have been 
used for resolution of the racemic product. 

GOSSYPOL-A UNIQUELY VERSATILE 
HOST COMPOUND 

Investigations carried out by Adarns and coworkers 
identified Gp complexes with pyridine and the first four 
members of the homologous 12-monocarboxylic acids. 
Three crystal forms of Gp recrystallized from chloro- 
form, ligroin, and a ~nixt~rre of diethyl ether with 
petroleum ether have different melting points and have 
been considered as po~~rnorphs .~ '"  These compounds. 
however. have not been characterized structurally. and 
therefore. their natures remain unknown. The recently 
established fin the 1980s) bioactivity of Gp required its 
large-scale production. Therefore, an Experimental Plant 

of the Institute of Bioorganic Chemistry of the Uzbek- 
istan Academy of Sciences initiated production of this 
compound from by-products of the cottonseed industry. 
The production encountered instability problems of the 
physicochemical parameters of the final product precip- 
itated from solutions in the binary solvent diethyl ether- 
hexane. In order to explain such behavior. we studied 
crystallization of Gp from that solution. Results showed 
that Gp could be crystallized from this binary solvent in 
four different crystal forms (two solvates and two 
polymorphs). This situation prompted us to conduct 
systematic investigations of Gp crystallization from a 
large number of organic solvents (polar, nonpolar, protic, 
aprotic, acids, alcohols, ketones, aldehydes, etc.) and led 
to the discovery of its unusual host property: Cp can 
form inclusion (host-guest) complexes (clathrates) with 
every solvent (120 examples). Therefore, the preparatioil 
of host-guest complexes with solid-state guests using 
common solvent for both components is a problem in 
the case of Gp, because the solid-state product is forced 
out from the complex formation by competing solvent 
molecules. Despite this problem, clathrates of Gp with 
solid-state species such as tropolone and naphthalene 
have been obtained. 

To date, single crystals of over 80 Gp inclusion 
compounds have been prepared and characterized. The 
x-my structure determination was carried out for 45 
clathrates. Results attested that depending on chemical 
nature (polarity), guest molecules may interact with the 
host component by using specific forces such as hydro- 
gen bonds (coordinatoclathrates), or they may have no 
such interactions (true clathrates). Guest inolecules may 
be located in channels (tubulates), layers between host 
molecules (intercalates or layer-type clathrates), or 
totally enclosed cages ( ~ r y ~ t a t e s ) . ~ ~ ~  Gp can easily adjust 
its packing mode to form voids with shape. size. and 
chemical natures complementary to the guest molecules 
to be accommodated. This is achieved by producing a 
large variety of hydrogen-bonded assembles. Geomet- 
rical parameters of the intermolecular H-bonds formed 
by any of six potential proton-donor or eight proton- 
acceptor groups of Gp indicate that they are not very 
strong. This means that association of the host molecules 
is not driven by a single type of interaction. instead, Gp 
molecules forin numerous, weak. even bent and multi- 
center i~lterlnolecular H-bonds. Therefore, alteration of 
the host molecules' association modes does not have 
to be related to large energetic changes in the system. 
which may explain the diversity of Gp crystal forms 
(see below). 

Gp inolecules may be incorporated into finite bi- 
molecular associates by centrosymmetric H-bonds (05-  
H . .  .03 .  0 5- H . .  . 0 2 .  and 01 -H. .  ,021 and axially 
symmetric bonds (81-H. .  . 0 8  and 01 -H. .  .06). These 



Table 1 Crystal data of the typical representatives or the isostructural groups of gossypol clathrates'" (classiTication of gossypol clathrates) 

Stmctnral Hsostructural Space, @lathrate d9 

ty Pe grotup Guest group R:G type a9 (A) b9 (A) c, (A) a, (O) p, (O) .IO (01 v9 (A3) g . C I B B - ~  

I 

I I 

IIB 

IV 

V 

VI 
VIT 

VIII 
ILX 
X 

XT 
XI1 
XTIT 
XIV 

Acetonc 
Butanal 
Acct~c d c ~ d  
DMSO 
n-Valer~c dcld 
Bcnz'11dchydc 
S~ill~yl~lldehyde 
T e t ~  achlormethane 
Dlcthyl ether 
D~ethyl ether 
Chloroform 
Toluene 
Rcn7cne 
Amyl acrylnlc 
I,?-D~oxane 
S'111cylaldchydc 
D~~liloro~iiethane 
Ethyl-(S) ( )  lactate 
Ethyl dcctdte 
I\obuthyl acetale 
Py~rdlnc 
1,4-Dloxane 
Tropolonc 
Acetone 

P- 1 1 : J  HT 
B- 1 1:I HT 
P- l I :I PIT 
P- 1 1:l HT 
P- l 1 :2 HT 
P- I 2:3 HC 
P21/n 1:2 HC 
P- 1 I:I VC 
P2,/c I:I VT 
P2 1 2: 1 v1' 
C2/c I:1 VT 
P2,/c 4:3 VC 
P- 1 2: 1 VC 
P- 1 2: 1 HC 
P- 1 1:1 MT 
P- I 1:l HT 
C2/c 1: 1 VT 
C2 5:4 HC 
C2/c 2: 1 HC 
P21/n 2:l I-IC 
P21/c 1:3 HT 
Pbcn 1:3 HT 
C2/c 1 :2 FIT 
P212121 1:3 FIT 

"H:G = 11ost:guct ratio. 



associates or single Gp molecules are further incorporated 
by 08-H. . . 0 4  bonds (there are three kinds of this bond 
with different symmetrical relationships between proton- 
donor and proton-acceptor groups) or by 0 8 - H . .  . 0 2  and 
0 1 - H . .  . 06  M-bonds to infinite higher-order networks. 
The networks found are one-dimensional (chain or 
column-like) or two-dimensional (layer-like) associates. 
A three-dimensional network has not been revealed 
among gossypol  crystal^.^"' The similarities of hydrogen 
bond patterns of the host (0, 1 -, and 2-dimensional sets) or 
host-guest interactions (true clathrates or coordinato- 
clathrates) give a basis for classifying gossypol inclusion 
complexes into 14 structural types (Table 1). The same 

host associate of the definite structural type may be 
packed by different modes, leading to various crystal 
systems with different host:guest ratios (e.g., types 111-V, 
X; Table 1) or affected by slight changes from the 
disappearance or formation of certain H-bonds (e.g., types 
I. 11, and VII). Such situations subdivide some structural 
types into up to three subtypes or isostructural groups, 
leading to 24 groups in total. Some of these groups are 
represented by one clathrate only (e.g., groups I1 C, XI A. 
or XI1 A), but there are many groups having more than 
five representatives (e.g., group X A has 14 members). 
For the designation of isostructural clathrate groups 
(clathrate types). two-lettered symbols have been used 

Fig. P Clathrate of gossypol with dichloromethane. (Vielv this art in color at ~t.~.~~..dekker..coi?z.) 



(Table 1) .  The first symbol indicates the host-guest 
interaction (M-coordinatoclathrates, V-true clathrates, or 
interaction with van-der-Waals forces), and the second 
specifies a topology of space occupied by guest molecules 
(T-tubulates, I-intercalates, and G-cryptates). 

An inclusion compound of Gp may be sensitive to the 
shape and form of the guest molecule, e.g.. each addition 
of a subsequent Cl atom to the CF12C12 molecule leads to 
formation of the new type of clathrate (rnorphotrophic 
transition): the host-guest complex of CH2C12 with Gp 
is an unstable tubulate (group VIII A; Fig. I), the clath- 
rate of CHCl-, is a relatively stable intercalate (group V 
A; Fig. 2) and the solvate of CC14 is a very stable 
cryptate (group 1V A; Fig. 3).L6' On the other hand, in 
some cases, inclusion coinplex formation by Gp may be 
not so sensitive to the geometry of the guest molecule, 
e.g., species relating to ketones, alcohols. acids, esters. 
dimethylformamide, acetonitrile; nitromethane. and tet- 

rahydrofuran (16 entities) form isostructural inclusion 
compounds of group I A (Fig. 4).[14' In this example, 
different kinds of guest molecules form the same types 
of inclusion compound. The opposite situation is of great 
interest-formation of different types of Gp clathrates by 
the given guest molecule. 

CAN GOSSYP08, FORM DIFFERENT 
INCLUSION COMPLEXES WITH THE 
SAME GUEST? 

There were already two examples of such a possibility 
when we decided to investigate it in detail-diethyl ether 
and salisylaldehyde each form two different clathrates 
with Gp (Table I).  The semisolvate of Gp with diethyl 
ether is obtained by desolvation of the monosol~ate, '"~ 
whereas clathrates of salisylaldehyde are formed from 

Fig. 2 Clathrate of gossypol with chloroform. Guest molecules are disordered in  four positions. (Vielt. this art in color crt 
u~n~1~.dekker.c0111.) 



Fig. 3 Clathrate of gossypol with tetrachloromethane. (Vieri, this art in color at ~t,,t',r..dekker.com.) 

Fig. 4 Coordinatoclathrate of gossypol with acetone. (Vierv this art in color at rr.+i.+c,.dekker..com.) 



solutions with different super saturation^.'^' As these 
findings were accidental. in order to establish the 
versatility of this phenomenon. systematic studies have 
been carried out. 

Under ambient conditions, crystallization of Gp from 
solutions in dichloroinethane forms, as mentioned above, 
an unstable 1 : I  clathrate or a-phase complex (group VIlI 
A; Fig. 1 ) .  Increasing the crjistallization temperature to 
30°C gives rise to the 1:l host-guest colnplex (P-phase) 
relating to the group lV A (Fig. 3). Further increasing 
of the forination temperature to 36OC results in crys- 
tallization of a third, very stable 2: 1 y-phase isostructural 
with clathrates of group V C."" The observed phenom- 
enon has been called pseudopoly~norphism of the given 
host-guest complex. It also took place in case of 1.4- 
dioxane. pyridine. and acetone. Raising the crystallization 
temperature to 40°C gives 2 :  1 modifications relating to 
the I A group instead of the conventional 1:3 clathrates of 
1.4-dioxane (type XII) and pyridine (type  XI)."^' Pseudo- 
dirno~phisn~ is also characteristic for clathrates of Gp 
with acetone. but here a new 1:3 modification has been 
obtained by lowering the crystallizatioll temperature to 
- 20°C (type XPV). The remarkable feat~~i-e of the latter 
phenomena is in resolution of the racemic Gp in such a 
manner that each separate crystal of the solvate contains 
only one Gp enantiomer.'"' 

INCLUSION COMPLEXES OF GQSSYPBL 
BASED ON ITS OWGAMIC ZEOLITE 

The clathrate of Gp with dichloromethane or dibromo- 
methane obtained under ordinary conditions is very un- 
stable. and removing the crystal from the mother liquid 
leads to spontaneous desolvation. Channels occupied by 
guest molecules do not collapse after desolvation, giving 
rise to a porous structure with relatively wide (diameter 
about 6 A). empty channels. In case of the complex in the 
form of a single crystal. the latter is retained without 
destructioil. It is surprising that the structure of this 
organic zeolite is supported by weak Van-der-Waals 
forces. Guest-free porous Gp obtained from its unstable 
clathrate may serve as an initial solid-state product for 
preparation of Gp's nonstoichiometric supramolec~tlar 
co~nplexes with some linear molecules. Indeed. it may 
easily absorb from the environment molecules of ammo- 
nia. alkylamines, alcohols, etc.[18' High selectivity of this 
zeolite analogue toward inclusion of linear amines such as 
methyl- and ethylaxnine may serve for creation of sensors 
for detecting these co~npounds in the environment. 
Moreover, the channel walls of the Gp zeolite have a 
specific structure with only one aldehyde group on it. while 
another grocp is hidden inside the crystal. This situation 

makes a solid-state reaction with linear ainines possible in 
the organic zeolite matrix, producing unsymmetric Shiff's- 
base-type derivatives of Gp. The solid-state reaction takes 
place spontaneously under ordinary  condition^.^'^^ The Gp 
zeolite analogue may be used for the separation and 
storage of linear molecules that do not react with Gp. 

Thus, Gp is a unique host molecule including any 
solvent molecule via the liquid phase and certain linear 
molecules in the solid state. To establish the driving 
forces behind this unique host versatility is of great 
interest for supran~olecular chemistry and of importance 
for the design of new versatile host molecules. 

WHY CAN GOSSYPOL INCLUDE ANY 
SOLVENT MOLECULE? 

This ability of Gp is related to its unique molecular 
structure. The factors responsible are the following (in 
order of decreasing importance): 

I .  Conformational mobility of the molecule-rotation 
around a single aryl-aryl bond. 

2. Plurality of polar functional groups and their mutual 
arrangement. 

3. Racemic nature of the compound. 
4. Hydrophobic-hydrophilic separation in the molecule. 

The conformational mobility of the molecule is of 
crucial importance in the host versatility of Gp. By 
appropriate rotation around an ordinary bond. Gp adjusts 
its form and size for optimal packing in crystals of 
inclusion complexes. Plurality of proton-donor and 
proton-acceptor groups and their mutual arrangement 
make possible an inclusion of guest molecules with 
different types of polar groups and construction of the 
numerous H-bonded host aggregates. A racemic mixture 
is iinportant for crystallization of inclusion complexes in 
inany different lattices, because enantiomeric Gp com- 
plexes would be crystallized only in chirai space groups. 
Indeed, the inclusioil ability of pure (-1-Gp is limited. 
Hydrophobic -hydrophilic separation in the molecule (see 
above) leads to such separation ill Gp clathrates: 
hydrophobic voids are prepared for inclusion of hydro- 
phobic guests, while polar guests are iilcl~rded to 
hydrophilic space, meaning that clathrates of polar and 
unpolar guests are never isostructural. However. a 
possible way of violating the hydrophobic-hydrophilic 
separation is to introduce the hydrophobic substitutents 
into the hydrophilic part of the molecule. This rransfor- 
mation may be achieved easily by preparation of the 
Shiff's-base-type derivatives. 



HOST PROPERTIES OF 
GOSSYPOL DERlVATlVES 

The host properties of Gp derivatives with violated 
hydrophobic-hydrophilic separation have been studied in 
the example of dianilinegossypol (DaGp). The condensa- 
tion reaction of Gp with aniline proceeds spontaneously 
and produces a product that is cheinically more stable and 
less soluble in organic solvents. Therefore, the synthesis 
of the derivative and its consequent crystallization in the 
clathrate form can be performed in the same vial. DaGp 
forms inclusion complexes with a variety of small organic 
molecules. However, in contrast to Gp. the derivative 
does not include protic solvent molecules. Moreover, 
deterioration of the hydrophobic-hydrophilic separation 
compared to the Gp lnolecule dramatically influences the 
derivative's aggregation mode. The centrosymmetric 
diiner 05- H. .  . 0 3  or single host molecules are combined 
by centrosymrnetric H-bond 08- H. .  . 0 7  into two types 
of higher-order one-dimensional networks.r61 In both 
cases, the networks are built from R and S host molecules. 
i.e., chains are heterochiral."" The heterochiral chains 
are also characteristic for diastereomeric condellsation 
products of Gp with optically active amines such as 2 -  
phenyl-ethylaminei201 or 1-methylphenylethylamille pre- 
pared for resolution of racernic Gp by subsequent 
fractional crystallization. Undoubtedly, the heterochirality 
of the host networks is at the root of the failure of 
diastereomeric separation by fractional crystal!ization. So 
the most optiinal combination of all factors favorable for 
the host versatility is found in  the Gp molecuie, and 
elimination of any of them leads to a cotnpound with 
worse inclusion ability. 

Gp is the only kiiown host giving 25 types of the different 
isostructural supramolecular complexes (clathrates). This 
natural colnpound demonstrates dozens of kinds of bio- 
logical activity. Such behavior is explained by its special 
molecular structure-diversity of the polar functional (six 
proton-donor and two proton-acceptor) groups, confor- 
mational mobility. and racemicity. This finding may be 
used 111 the future in order to design or look for the new 
versatile host compounds. 
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The guanidinium functional gro~ap is characterized by 
three amines joined to a central carbon atom (Fig. 1A). In 
nature, the guanidinium group is found as a side chain 
of the amino acid arginine and as part of the ring structure 
of guanine. In enzymes, arginine residues often function 
in catalytic reactions through charge pairing or hydro- 
gen bonding to the activated complex. thereby imparting 
stabilization.[' 3 . 6 1  

In the development of effective anion receptors. many 
researchers in the field of molecular recognition incorpo- 
rate the guanidinium group into receptor designs. The 
presence of one or more guanidinium groups inarkedly 
enhances the assembly of host and guest in bulk solution 
through electrostatic and hydrogen-bonding interactions. 
The guanidinium group is protonated and hence positively 
charged in aqueous media, with a pH up to approximately 
13,["."] a range over which several important targets exist 
as anions in water. The high degree of stability of the 
guanidinium moiety is in part due to the delocalization of 
the positive charge across the three nitrogen atoms. 
Additionally, this de!ocalization renders all of the three 
nitrogen centers effective hydrogen-bond donors, permit- 
ting the formation of multiple hydogen bonds with mul- 
tiple hydrogen bond acceptors. Another key feature of the 
guanidinium group is its geometry. which allows direc- 
tional hydrogen bonds to be formed with an intended 
anionic target. Three different bonding motifs have been 
identifiedf6] (Fig. 18): which exemplify the utility of the 
guanidinium group as a bidentate moiety as opposed to 
that of an ammonium group, for example. The delocal- 
ization. geometry, and pK, range of the guanidinium 
fiinctional group makes it very useful in anion recognition. 

Anions vary in shapes and sizes, and exist in multiply 
charged states. They can be spherical as in the case of 
chloride, linear as in the case of azide. trigonal planar as 
in the case of nitrate. tetrahedral as in the case of 
phosphate, octahedral as in the case of hexacyanoferrate. 
and complex as in the case of dioctanol-L-2-phosphati- 
dylcholine. Some targets for anion recognition have 
multiple pK, values and can therefore have multiple 
charges. which depend on the pH of the solution. These 
features ha\-e to be taken into consideration when 

designing a synthetic receptor. It is the goal of this entry 
to exemplify the use of guanidinium groups in synthetic 
receptors that are designed to recognize and bind a variety 
of anionic targetr. 

RECEPTORS DERIVED FROM A 
MELAMINE CORE 

Piano et al. exploited the hydrogen-bonding capabilities of 
the guanidinium group through irlcorporation into a 
melamine derivative."' The synthesis of the receptor 
comnlenced with substitutions on cyanuric chloride. 
Various substitutions permitted the isolation of three 
receptors. 'H NMR. UV-Vis. and fluorescence studies in 
chloroform yielded association constants for the binding 
of 6-azaflavin and 3-methyl-6-azaflavin to each of the 
receptors. A K, = 1.4 x 10' M - ' was reported for com- 
plex formation between receptor 1 and 6-azaflavin in 
chloroforln, the magnitude of which is attributed to a 
complex formed via quintuple hydrogen bonds. 

Et, ,Et 

T 

An extension of this receptor type led to complexation 
studies of 2 with the anionic semiquinone radical of 6- 
a ~ a f l a v i n . ~ ~ ]  The absorption spectrum of 6-azaflavin 
observed in the presence of 2 in chlorofor~n indicated 
formation of the radical species. which was stabilized for 
a 48 11 period. The anion radical was also observed by 
EPR spectroscopy. A binding constant of 7.7 x 1 0 % ~  
was determined for the complexation of the anion radical, 
two orders of magnitude higher than complexation of 6- 
azaflavin with 2. 
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Fig. 1 A) A guanidinium group. B) The three types of bonding motifs to a guanidinium moiety. 
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In later studies, several receptors were synthesized to 
incorporate the basic melamine core with different substi- 
tutions on the guanidiniurn moiety. These were used to 
explore the effectiveness of the hydrogen bonding of the 
guanidiniuln groups to various acceptor groups on the 
flavin rings.'" Absorption studies were employed to de- 
termine pseudo first-order kinetics of the oxidation of N- 
benzyl-1.4-dihydronicotinamide and thiopheno! in the 
presence of 4-azaflavin and the receptors under ailaerobic 
conditions. Complex formation of the flavin with the 
guanidiniurn moieties, through hydrogen bonding at 
NI  of the flavin, showed the largest rate accelerations 
for oxidation. 

Making Use of the Steroid Scaffold 

A scaffold that has been used for the design of abiotic 
receptors derives from  steroid^.^"" In research directed 
toward the use of abiotic receptors as mimics for RNase 
active sites, Malesse et al. developed a series of bis- 
(guanidinium) structures, including some derived from a 
steroid scaffold.['J1 The colnpounds contain guanidiniurn 
and imidazole groups linked with spacers of different 
lengths. Hydrolysis experiments using 2-hydroxypropyl 
p-nitrophenylphosphate (HPPWP) as the substrate were 

monitored in acetonitrile and in water using UV-Vis 
spectroscopy. The observed rates were slower in aceto- 
nitrile ( l o p 4  s ' )  when compared to water ( 1 0 '  s -  '): 
which the authors attributed to deactivation of the 
guanidinium moiety through intramolecular hydrogen 
bonding in acetonitrile. This was determined through 
'M-NMR studies on the steroid-based system. Steroid 3 
had the largest rate constant for HPNPP cleavage in water 
(k = 14.3 x l o p 7  s ' ) .  an increase by a factor of 10 
over other (his)-guanidinium compounds studied. Recep- 
tor 3 also catalyzed transesterification behavior of the 
nucleotide Up(3'-5')U with a pseudo first-order rate 
constant of 2.4 x '. 

The steroid-based scaffold was also used by Davis and 
coworkers to effect the enantioselective extraction of N- 
acyl a-amino acids from aqueous media.'"."' Synthetic 
manipulation of cholic acid delivers a family of steroid- 
type derivatives (4) with different binding units at C3, C7. 
and C12, which are predisposed to facilitate binding. A 
guanidinium group embedded in a six-membered ring 
was incorporated at C3 to enhance lipophilicity of the 
receptor. Variations in the asymmetry of the receptors 
using a variety of phenyl substituents permitted the re- 
searchers to tune the receptor for extraction of different 
amino acids. 
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A class of receptors that has gained increasing popularity 
is that of the metalloreceptors. The presence of a metallic 
center in a functionalized receptor ensemble can provide 
a binding site as well as an internal means of signaling 
the complexation of analytes. Beer et al. developed a 
fesroceny! guanidinium binding unit for the recognition of 
inorganic and organic anions.['" Receptor 5 was derived 
from ferrocenernethylamine and phenylmethylthiourea. 
Receptor 5 did not exhibit any binding affinities for 
phosphate, acetate, or benzoate based on 'H-NMR studies 
in DMSO-d6. However, pyrophosphate bound to 5 
through hydrogen bonding with the guanidinium groupr 
in a 2:l stoichiometry with K, = 4.6 x lo3 M P 2 .  The 
electrochemical behavior of the receptor in the presence 
of dihydrogenphosphate was monitored, and a reversible 
ferrocene redox wave was observed upon addition of 
pyrophosphate in H20/MeOH. 

The work of Watanabe et al. provides another example 
of a receptor design inclusive of a metal ~ e n t e r . " ~ '  
Receptor 6 makes use of an acylaminoimidazoline 
functionalized bipyridyl unit that simultaneou~ly ligates 
a ruthenium center. The pM, values of the acylaminoimid- 
azoline groups were spectrophotometrically determined to 
be 2.0 and 3.9, significantly lower than alkyl or aryl 
analogues. This was thought to be a result of repulsive 
interactions between the metal center and the acylami- 
noimidazoline groups. Association of dibenzylhydrogen- 
phosphate to 6 was monitored by 'H-NMR in acetone 
to determine a binding stoichiometry of 1:l and a 

K, = 4.6 x lo3 M 1 .  Additionally, the changes in the 
absorption and luminescence spectra of 6, induced upon 
analyte addition. permitted the determination of binding 
constants for tetraethylammonium dipheny! phosphate 
and dibenzylhydrogen phosphate (3.3 x 10' M- '  and 
4.8 x 10' M P ' ,  respectively) in acetone. 

Anslyn and coworkers used a phenanthroline-bound 
copper moiety within a receptor design containing two 
aminoimidazoline functional groups.[161 The binding of 
citrate to 7 was monitored by fluorescence inodulation of 
the metallated phenanthroline unit. The complexation of 7 
with citrate is thought to occur through charge pairing of 
two carboxylates with the guanidinium functional groups 
and coordination of one carboxylate to the copper center. 
Investigations on the photophysical properties of the 
system verify that the phenanthroline-bound copper 
and the pendant guanidinium groups work cooperatively 
in the binding of citrate. Application of this receptor to the 
analysis of commercially available beverages led to a 
successful quantification of citrate. 

The Bicyclic Guanldlnlum Motif 

A significant amount of work with guanidinium receptors 
revolves around a bicyclic motif exploited by Schmidtchen. 
de Mendoza. and Rebek. The design lends itqelf to a 
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pl-eorganized compound. while maintaining the binding 
abilities of tbe guanidiniuin The synthetic 
methodologies involving guanidiniums are not typically 
applicable to bicyclic compounds. The syntheses of such 
bicyclic compounds frolu L-asparagine and D- asparagine 
were reported by de ~ e n d o z a . ~ ' ~ ]  Alternate synthetic access 
to the bicyclic core was reported by ~chmidtchen.['"~" 

Derivitization of the bicyclic core with napthoyl groups 
afforded compound 8, which quantitatively extracted p- 
nitrobenzoate from an aqueous solution.i221 'H-NMR 
studies in CDCli confirmed a 1:l complex of 8 with tri- 
ethpla~nmoniuln p-nitrobenzoate and gave an association 
constant of 1609 M ' .  Binding resulted from charge pair- 
ing of the carboxylate with the guanidinium group and n- 
stacking of the napthoyl groups of 8 with the phenyl group 
of the analyte. Three additional conlpounds were designed 
with various R groups to access a family of lipophilic 
receptors."" The receptors were used in extraction exper- 
iments of  non no phosphate adenine nucleotides from water 
with varying selectivities. 'H-NMR analysis was used to 
characterize the 1: I colnplexes in CDCl;. DlZ/ISO-d6, and 
MeOD/D20. The complexes observed in DMSO-d6 and 
MeOD/D20 were wealcer than those in CDCI3. indicating 
the role of hydrogen-bonding in host-guest association. 

finity for 2'-deoxyadenyl(3'-5')-2'-deoxyadenosine. Addi- 
tionally. NMR data of the complex suggested pairing the 
adenosine to the amide links of 9 and hydrogen bonding 
the phosphodiester link to the guanidinium moiety. Com- 
pound BO was designed to incorporate the bicyclic guani- 
dinium in a carbazole-based s c a f f ~ l d . [ ~ ~ . ' ~ '  'H-NMR 
titrations in water were used to determine binding con- 
stants and the accompanying free energies of complexes 
formed between BO and cyclic adenosine monophosphates. 
These data. when compared to those of a control host 
lacking the bicyclic guanidinium substituent. indicated that 
on average the guanidiniunl-phosphate interaction con- 
tributes 0.6 kcallmol (ionic strength = 51 mM) and 0.3 
kcallmol (ionic strength = 501 rnM) to the binding event 
(average AG of - 3 kcallmol). 

The design of 11 was aimed at the enantioselective 
Incorporation of the bicyclic core into a larger mac- recognition of zwitterionic aromatic amino acids[281 under 

rocycle using a carbazole spacer and substituted Kemp's neutral c o n d i t i ~ n s . " ~ ~  The features of the receptor include 
triacid yielded 9.12'.'" l a s e d  on extraction experiments a chiral structure. an aromatic substituent for n-stacking. 
from aqueous solutions, receptor 9 displayed a high af- and binding sites for a carboxylate group and an ammonium 



Guanidinium-Based Anion Receptors 

group. Liquid-liquid extractions were used to determine 
affinities of 1% to seven amino acids. The largest response 
was found for L-tryptophan and L-phenylalanine, with 
extraction efficiencies of 40% as determined by 'H-NMR 
integrations of the organic phase components. The D- 
enantiomers were not extracted when subjected to similar 
conditions. However, the (R.R)-11 receptor successfully 
extracted D-tryptophan and D-phenylalanine. 

The introduction of silyl groups to the bicyclic core 
yielded 12; which was shown to catalyze the Michael 
addition of pyrrolidine to unsaturated lac tone^.^'^^ Three 
receptor analogues were investigated. and the half-lives of 
the addition reactions were determined by 'H-IVMR. 
Compound 12 facilitated the largest decrease in half-life 
of 8.4-fold over the uncatalyzed reaction. The receptor 
is thought to stabilize the transition state through two- 
point hydrogen bonding to the guanidiniuin group. The 
catalysts did not show ilnprovenlents in stereoselectivity 
over the uncatalyzed reaction. 

Modified deoxycholic side arms were placed on ine 
bicyclic core (13) to provide a binding cavity for uronic 
acid sa i t~ .~"]  The binding of the receptor to tetrabutyl- 
ammonium D-gluconate and tetraethylammonium D- 

galacturonate was evaluated using 'H-NMR studies in 
acetonitrile (K,  range = 7.0 x 10' MEVI ' to 3.2 x 10' 
M - I ) .  The binding constants were on the same order of 
magnitude when compared to a control compound, 
indicating that the steroid arms had little influence on 
the binding due to intramolecular hydrogen bonding. 

The bicyclic unit was i~lcorporated into a macrocycle 
containing additional binding sites under the guise of urea 

The strength of the binding of diphenylphos- 
phate to 14 was found to be greater than 1 0 % ~ '  in 
chloroform. The NMR data suggest that the analyte 
resides on the outside of the cavity. 

The coinbination of a calixarene subunit and the bi- 
cyclic guanidinium in macrocycle 15 demonstrates affin- 
ities for dicatonal-L-x-phosphatidylcholine (K ,  = 7.3 x 
1 0 % ~ ' )  and acetylcholine (K ,  = 7.3 x 102 M I )  in 
chloroform.'"' These affinities are reduced in CDC13/ 
CD30D (99: 1). Kinetic studies were performed on the hy- 
drolysis of p-nitrophenylcholine carbonate in the presence 
of 15, which showed a 149-fold rate enhancement over 
methanolysis. The guanidinium is thought to piay a role in 
the stabilization of the BA,2-type transition state. This 
provides an example of an artificial acetylcholinesterase. 

Work by Schrnidtchen involved the construction of a 
flexible receptor with two bicyclic guanidinium subunits 
appended to a 2,7,-dihydroxynapthalene core.["] The 
complexation of this ditopic receptor (16) with a series of 
alkyl and aroiilatic dicarboxylates in methanol was 
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ferent 0x0-anions in DMSO using 'H-NMR techniques. 
Synthetic modifications of the receptor afforded a series 
of hosts that could bind sulfate in DMSO as determined 
by isothermal calorimetry.[401 The thermodynamic param- 
eters indicate that complexation to 0x0-anions is entro- 
pically driven due to solvation  effect^.'^" 

But tBu 

But tBu 

Y 
But 

followed by 'H-NMR techniques, resulting in binding 
constants ranging from 854-14,500 M 1 .  Compound 16 
also formed 1: 1 complexes with phosphates in methanol 
and water when monitored by 'H-WMR.["] Alternate 
designs involved an alkyl spacer,[361 a peptide spacer.'371 a 
phenyl spacer,"81 and a phenyl spacer with an appended 
closo-borane cluster (17) to maintain the overall hydro- 
phobicity of the receptor.'391 Association constants (on 
the order of 10%IbI') were determined for 17 and dif- 

Pheny [-Based Receptors 

bis(Acy1guanidinium) receptors (B8,19) were reported by 
Hamilton for the recognition of phosphodiesters."21 The 
binding cavity of 19 is trigonal and complementary to 
dibenzyphosphate, resulting in a 1: 1 complex with 
K ,  = 4.6 x lo4 M M '  in CD;CN. Furthermore, this 
receptor exhibited rate enhancements of 700-fold in the 
hydrolysis of 2-hydroxypropyl p-nitrophenylphosphate in 
acetonitrile.'"] An analogue of the his-guanidinium 
receptor was reported (20) and shown to have an affinity 
for glutarate of 4.8 x lo2 M I  in 12% ~ ~ 0 1 ~ 1 ~ ~ 0 . ' " " '  
An extension of this receptor motif resulted in 21, with a 
bicyclooctane spacer that places the two guanidinium 
groups in proximity to interact with two carboxylates 
separated by 4-5 A,["' A 1 : l  complex of 21 with 
aspartate pairs of peptide substrates was confirmed by 
NMR Job plots, and affinities ranged from 390-2200 
M '  in H20/MeQH. Binding studies of 24 with a series 
of peptides, using UVIVis and CD techniques, supported 
the NMR studies."61 The development of a tetraguani- 
dinium receptor derived from the bicyclic guanidinium 
was reported by Hamilton and de ~ e n d o z a . ' " ~  This 
receptor was used in the surface recognition of a 
tetraaspartate peptide based on shape and charge compli- 
~nentarity in water and H20/MeOH mixtures. Reported 
are NMR, UV/Vis, and CD experiments and pH studies 
that confirm binding of 21 to the peptide surfaces. 
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these mimics with a cyclic phosphate was studied using 
3 1 ~ - ~ ~ ~  m e t h ~ d s . ~ " ~  The pseudo first-order rate con- 
stant for the phosphorylation of 23 was kobs = 8.0 x 
10 - ' min ' in DMF. Potentiometric titrations indicated 
that the acidities of the guanidinium groups are res- 
ponsible for the differences observed in the kob, values for 
various hosts. 

A variety of monoguanidinium scaffolds were used in 
isothermal calorimetry studies to determine the thermo- 
dynamic parameters involved in conlplexes with carbox- 
ylates.138.4" The authors concluded that the guanidinium 
compounds form bidentate hydrogen bonds with acetate 
in DMSO with favorable enthalpy and entropy concribu- 
lions (range K, = 110-8700 M I ) .  In one case. two ace- 
tates bind to one guanidinium group, which is charac- 
terized by endothermic heat patterns and positive entropy. 
This is suggestive of solvent reorganization. 

Isothermal calorimetry and NMR titrations were used 
to characterize and quantify the binding of guanidiniuill 
receptors with nitronate anions in DMSO. The paranleters 
of interest were the Gibb's free energy, enthalpy. and 
e n t r ~ p ~ . ~ ~ ~ . " ~  The reported binding affinities indicate that 
nitronate anion complexation with a thiourea moiety is 
weaker than with a guanidiilium moiety. The nitronate 
conlplex of 22 was used in investigations of nitronate 
alliylation reactions. A kinetic analysis of the reaction of 
nitronate with p-nitrophenylbromide in the presence of 
the receptor indicated that complex formation is respon- 
sible for the observed increase in the C-alkylation product 
over the O-alkylation product. 

Giibel and coworkers reported the synthesis of 
Dis(guanidini~1m) alcohols as mimics for the active site 
of staphylococcal n~c!ease.'~'] The phosphorylation of 

The HexaSubstltuted Benzene Scaffold 

Receptors are also derived from a 1,3.5-substituted-2.4,6- 
triethylbenzene compound. which provides a preorganized 
recognition scaffold with the binding moieties directed to 
one face of the ring. Substitutions at the 1,3,5 positions 
with aminoimidazoline groups resulted in 2iti.L54i The com- 
plimentarity of the guanidiniums to carboxylates allowed 
for the determination of binding constants for several 
carboxylate-containing analytes. Compound 24 was found 
to be selective for citrate (K,  = 6.9 x 10' M 1  in DzO). 
A crystal structure of 24 with tsicasballate bound to the 
cavity was reported, and it verified the orientation of the 
guanidinium groups to one face of the plane. Development 
of a competition assay in which a cavity-bound dye, 5- 
carboxyl-luorescein, was displaced upon addition of citrate, 
was used to quantify the binding of citrate to the host. The 
assay was used to quantify the citrate content of eight 
commercial beverages containing competing analytes. 

Another design involved receptor 25, in which one of 
the guanidiniurn-containing groups of 24 was replaced 
with a boronic The use of guanidillium groups for 
ion-pairing interactions and the boronic acid for complex- 
ing diols was intended to target the recogilition of 
polyfunctionai analytes. The cavity of 25 was found to 
be effective in the recognition of tartrate (K, = 5.5 x 
10' M 1  in H,O/MeOH 25:75) and malate (K ,  = 4.8 x 
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10% ') based on a dye-displacement assay using aliza- 
rin complexone. The magnitude of the binding constants 
obtained suggests that the boronic acid and the guanidin- 
ium recognition units work cooperatively to effect binding 
of the analyte. Several wines were tested using this assay, 
and the tartaric and malate concentrations were accurately 
determined, as found by comparison to a control method in 
which 'H-NMR studies were used. 

Introduction of a second boronic acid functional group 
to the scaffold yielded compound 26, which was effective 
in binding phenolic acids.f561 A competition assay with 
pyrocatechol violet was used to determine the binding 
affinity for 26 for gallate (K;, = 1.0 x 10' M I ) .  This 
sensing ensemble was used in the analysis of scotch 
whisky. The collective response of the host to the 
phenolic acid components of the whisky was correlated 
to the ages of the scotches. 

An alternate approach yielded a bowl-shaped cavity with 
six recogilition elements on the periphery The 
triethylbenzene scaffold aids in the orientation of the recog- 
nition units toward the interior of the cavity. Fluorescent 

and LJVNis methods were used to monitor the displace- 
ment of 5-carboxyflourescein from 27 upon addition of ino- 
sitol-l,4,5-trisphosphate. This secondary messenger bound 
within the cavity with K, = 4.7 x 10' M '  in water. 

Polyaza Clefts 

Crescent-shaped polyaza clefts are commonly used in 
recognition ensembles.["8621 Anslyil et al. reported the 
synthesis of several polyazaclefts characterized by a 
tricyclic core with appendant guanidiunium groups (28 
and 29). "P-NMR titrations in DMSO/H20 mixtures 
indicated that 29 bound dibenzyl phosphate with both 1: 1 
and 2: 1 stoichiometries, with affinity constants on the 
order of 10' M ' . ' 6 "  Receptor 29 bound dibenzylphos- 
phate more strongly than a control host containing only 
one guanidinium group. An investigation on the extension 
of these binding motifs to phosphodiesters and phospho- 
monoesters yielded affinity constants on the order of 10' 
M and 10' M ' for 28 in D M S O . ' ~ ~ ]  

Modifications to the ring size of the spacer units and 
relative stereochemistry at C l  through synthetic means 
led to an array of clefts that were more or less rigid and 
more or less closed in architecture. These modifications 
resulted in manipulation of the guanidiniu~n recognition 
units such that four-point hydrogen bonding with 
dibenzylphosphate as a surrogate was optimized. The 
complexes with dibenzylphosphate in DMSOIH'O 
mixtures were enhanced by the presence of chloride and 
reduced by tetraphenylborate counter ion^.^^'^ The trends 
observed in the affinity constants were attributed to 
solvation effects of the complexes in the presence of these 
counterions. These observations were confirmed with a 
crystal structure analysis of meso-28-bound dibenzylphos- 
phate. A participating chloride was found in the cocrystal 
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of rneso-28 with bound dibenzyl phosphate. The physical 
studies indicated that 28 would be the most promising 
candidate for RNA hydrolysis studies. A kinetic assay 
was used to determine that 29 gave a 20.7-fold rate 
enhancement in the hydrolysis of lnRNA when compared 
to imidazole alone.166 671 

Recent work involves the use of a 2,2':6,2" terpyridine 
scaffold with a metal center and pendant guanidinium 
groups.[6s1 A dye displacement assay was employed in the 
determination of binding affinities for amino acids to the 
cavity of 30. The receptor was selective for aspartate with 
an affinity 1.5 x lo5 M  ' in 1:l waterlmethanol. Studies 
with the control host in which the guanidinium groups are 
absent indicate that the selectivity for aspartate is due to 
the interactions with the Zn(1I) center and the guanidin- 
ium moieties. 

MlsceB%aneous Designs 

The synthesis of three polymacrocyclic compounds (31) 
reminiscent of crown ether designs with imbedded 
guanidinium groups has been reported.[691 The stability 
constants for binding of the phosphate anion are reported 
as determined from pH titrations in MeOH/H20 (9:l). 

A xanthone-based receptor functionalized with a 
guanidinium group has been reported.'701 Complex 
formation with carboxylic acids is thought to occur 
through hydrogen bonding with the guanidinium. The 
association constants of several carboxylic acids with 32 
in CDC13 were determined by 'H-NMW studies. The 
reported values range from 10'- lo4 M p  '. 

A tweezer-like receptor with arms derived from 
amino acids adjoined through a guanidinium group is 

de~cribed. '~ ' '  Two such receptors were fluorescently 
labeled and used to screen a library of resin-bound 
peptides.[721 The receptor (33) is selective for peptides 
containing a carboxylic acid terminus in aqueous media. 
The mode of binding has not been verified but is deemed 
to be a result of carboxylate-guanidinium interactions. 

The development of a series of neutral anion receptors 
that undergo flourescent modulations upon complexation 
to anions has been reported.'7z1 The guanidine group in 
compound 34 is embedded in an iminolythiourea group. 
The emission intensity of the host was observed upon 
addition of various inorganic anions. Association of the 
guest to host is slow (72 h), but the increased rigidity of 
the host molecule upon anion complexation ir  thought to 
be responsible for the observed fluorescent enhancements. 
particularly in the presence of carbonate. 

A pyrrole derivatiied with a guanidinium moiety (353) 
has been reported by Schmuck as an effective host for N- 
acetyl-%-amino acid c a r b ~ x ~ l a t e s . [ ~ "  The binding con- 
stants as determined by 'H-NMR titrations for a series of 
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analytes range from 1 0 ~ - 1 0 ~  in H20/DMS0 mixtures. 
Further studies using a series of varied guanidiniocarbon- 
yl pyrrole-type receptor illolecules revealed that the 
guanidinium group and the amide NH on the pyrrole are 
necessary for the high K, values reported.[751 A variation 
of this receptor in which a carboxylate group is appended 
at the 4 position 135b) has the propensity to oligo~nerize 
in DMSO.'~" 'H-NMR titrations were used to determine 
dimerization constants at various temperatures for a van't 
Hoff plot. the results of which indicate that the oligo- 
merization is entropy driven. 

A recognition assembly (36) consisting of a cationic 
receptor (crown ether). fluorophore (anthracene), and an 
anion receptor (guanidinium) is used in the complexation 
of zwitterionic amino acids.[771 Complexation of amino 
acids to 36 at pH 9.5 led to an increase of the fluorescence 
intensity of the anthacene subunit in H20/MeOH. The 
binding constant for :J-aminobutyric acid was reported 

as 84 dm' molp' .  while all other amino acids had 
lower affinities. 

In tethering a designed core structure to solid phase 
with subsequent derivitization using peptide chemistry, a 
library of receptors as depicted in compound 37 was 
~bta ined. '~"  The guanidinium group was incorporated for 
charge-pairing interactions, the peptide arms were 
intended to interact with the adenine moiety of ATP, and 
the fluorophore was necessary for detection protocols. 
Screening of the library with solutions of ATP permitted 
identification of derivatized beads selective for ATP. 
Further investigations indicated that an ATP-selective 
resin-bound receptor did not respond to AlMP or GTP. 

The incorporation of guanidinium groups in function- 
alized monolayers has been reported by ~ u n i t a k e . [ ~ ~ - ~ ' ~  
These f~~nctionalizecl monolayers were studied at an air- 
water interface and found to bind nucleotides. The reported 
binding affinities are on the order of lo6 M - '  and were 
determined using XPS analyses. This was further manip- 
ulated to include mixed monolayers with guanidiniunl 
f~~nctional groups, as well as other recognition units.rx21 
The guanidinium and peptide amphiphiles bound peptides 
at the water-air surface with affinities of 10' M p l .  

Teramae and coworlters reported an example of self- 
assembly for anion rec~gnit ion. '~" A pyrene with an 
appended guanidinium group (38) forms complexes in 2: 1 
and 1:1 stoichiometries with pyrophosphate. The self- 
assembled complex was monitored by fluorescence and 
'H-NMR spectroscopy in MeOH. The binding affinity for 
the 2:l complex is 9.8 x lo7 JYp2, and that of the 1:l 
complex is 1.3 x lo4 M -  '. 

fluorophore - tripeptide, 
NANH2 H 
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CONCLUSION 

The research reviewed above is representative of the 
utility of the guanidiniu~n functional group in receptor 
designs. This functional group has gained popularity due 
to its inherent ability to effectively bind anions through 
ion pairing and hydrogen bonding. There still remains a 
great deal to be gleaned from using the guanidiniurn 
group as a binding site in receptors that are potentially 
more intricate i n  design. 
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"Halogen bonding'' is the term introduced by Dumas 
et al.''' for describing the attractive donor-acceptor 
interactions that involve halogen atoms functioning as 
Lewis acids. Within the framework o f  Mulliken's 
theory,[21 the Lewis bases owe their donor properties to 
the presence o f  atoms possessing one or more "lone 
pairs9' o f  electrons (i.e.. N, 0. S; Se, I .  Br-,. . .). The 
stronger the electron-withdraiving environment around 
the halogen atoms; the higher their ability to be engaged 
in such noncovalent interactions. The resulting com- 
plexes were coi~sidered by Prout and Kamenar as be- 
longing to the 1 7 4  o* type.[31 

The halogen bonding was first reported in 1863.l" and 
pale yellow crystals with the composition (CH3)3N. Br2 
were obtained by directly adding trimethylamine to bro- 
mine more than 100 years While its implications 
impact all the fields where design and manipulation o f  
aggregatiori phenomena play a key role, halogen bonding 
only recently has become an object o f  serious study as a 
well-defined, strong. specific. and directional interaction 
for assembli~lg co~nplex supramolecular architectures. 

Hassel first deinonstrated that halogen bonding is a 
powerful tool in driving the self-assembly o f  endless 
chains o f  alternating donor and acceptor 
His solid-phase studies (using x-ray crystallography) 
uneqrtivocally established the existence o f  a D. . .X 
(D = electron-pair donor, X= electron-pair halogen accep- 
tor) interaction with a defined linear geo~netry.'~] These 
studies s~tggested an analogy with the hydrogen bonding. 
Theoretical and experirnentaI data show that the two 
interactions have cornparable strengths.[" l o t h  are also 
highly directional. Similar to the binding geometry in 
hydrogen bonding, halogens are directly linked to donor 
atoms with a bonding direction that roughly coincides 
with the axes o f  the lone-pair orbitals in the non- 
cornplexed donor molecule. Moreover, as expected for 
an rz+ o* interaction, the N . .X-C angle in intermolec- 
ular halogen bonding spans over the range o f  160-180°, 
even for weak interactions (>3 when iodine or bro- 
mine are invoi~led). Interaction strength and directional- 
ity support the idea that the halogen bonding is o f  a 
"specific. ' type. 

HALOGEN BONDING 

Halogen atoms that are involved in halogen-bonding 
formation can be bound to other halogens (elemental 
halogens and interhalogens) or to carbon or nitrogen 
atoms. The electron-pair donors can be neutral (Pa. 0. S, 
Se,. . .) or anionic ( I

p

,  Br

p

,  C l p ,  F

p

. .  .) species.[91 
Interaction o f  these motifs results in a wide diversity o f  
suprarnolecular synthons (Fig. 1). 

Calculations and experimelltal data (in solid, liquid. 
and gas phases) show that the tendency o f  different 
halogens to give strong halogen bondings is I>Br > Cl >F, 
namely, opposite to the sequence o f  their electronega- 
tivies. Due to this, reports on short contacts having fluo- 
rine as the acceptor site are rare,"01 and they were never 
encountered in the solid state. 

The interaction energy spans the range 10-200 kJ 
moip I. The lower value is calculated for the weak N. . .Cl 
halogen bonding, while the higher one is reported for the 
very strong I p .  . .I2 halogen bonding in the I 3  anion.'"I 

Statistical studies carried out on the Cambridge Struc- 
tural Database (CSD) co~lfir~ned the existence o f  the 
halogen bonding. An accurate study by Lommerse et al.'"' 
on the ID. . .X-C (D=O.N and X=F. C1, Br. I )  interac- 
tions demonstrates that the more electron withdrawing the 
carbon framework o f  the halocarbon is, the stronger the 
halogen bonding. Usually, the order o f  acceptor strength is 
X-X>X-C(sp) >x-C(sp2) >~-C(sp"). According to these 
studies, the attractive nature o f  the interaction is mainly 
due to electrostatic effects. However, polarization. charge- 
transfer, and dispersion contributions play important roles 
in the interpenetration o f  van der Waals volu~nes o f  
halogen and donor atoms. Whether or not electrostatic or 
charge-transfer effects are the main cause o f  the complex 
formation still remains an open question. This also holds 
for hydrogen bonding. another entry thus being added to 
the analogies listed between the two interactions. 

The relative donor ability o f  different heteroatoms de- 
pends on the halogen partner, the anaiytical technique 
used for the measurements. and the aggregation state o f  
the complex. Toward iodo- and bromoperfluorocarbons 
and in solution. the "F-NMR technique gives the donor 
strength scale N>S > 0, when that all the donor atoms 
are in the same .q7' hybridization state."" In the solid 

Enc~c lo~~e t l i a  of S~4prurizolec1tla1. Chemistry 
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X = I, Br X = l ,  Br, C! 

X ----- ;,'-y 

X = I, Br, CI 
X = I, Br, Ci X = I ,  Br, GI M = Pd, Pt, Co 

Y = C , N  

Fig. B Most frequently used halogen-bonding-based supramolecular synthons. Electron-pair donor sites were reported in black, while 
the acceptor sites are in grey. (Viels this art in color at u~t:w.dekker.comJ 

state. the scale O > S  was suggested, and lecent theoret- 
leal calculations gave the scale P > N > S  'I4' The donor 
strength scales ~ ( s p ' )  >IV(sP2) > N ( ~ )  and 0 ( s p 3 )  > 0 ( s p 2 )  
are fairly general, and increased electronegativity of 
substituents on the electron-donor atom decreases the 
strength of the halogen bond they form. Conversely, 
tncieased electron density on the electron donor results 
in stronger Interactions and it is thus not surprising that 

aromatic N-oxides or anions are good donors toward 
ha l~ca rbons .~ '~ '  

Some of the characteristics of halogen bonding depend 
on the nature of the interacting partners. for instance. the 
relative role of the specific forces acting between the 
atoms involved (e.g., electrostatic effects. polarization, 
charge-transfer, dispersion contributions). Some other 
characteristics remain constant in a wide variety of cases, 
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Fig. 2 The CSD scatterplots of N. . .X halogen-bonding distance versus N. . .X-C angle for X = I  (left) and Br (right). Intra- ( 1 3 .  1 . 4 ,  
1,5-distances) and inter~nolecular contacts below 4 A were reported. Error-free structures showing no disorder and with R<0.06 
were considered. (View this art in color at ~vww.dekker.co~~~J 

for example, the angle D. . .X-C formed by the covalent 
and noncovalent bonds aro~lnd the halogen atom (approx- 
imately 180") and the value of the D. .  .X distance for 
halogen bondings involving the same donor and acceptor 
atoms. The CSD scatterplots of N. . .X halogen-bonding 
distance versus N...X-C angle for X=I (left, 522 
s t ruc t~~res )  and Br (right, 2107 structures) are reported in  
Fig. 2. 

These plots show how the halogen boilding occurs both 
intra- and intermolecularly. Clearly, it may play a key 
role in u~iderstanding the conformational preferences of 
molecules and in designing the construction of supramo- 
lecular architectures. 

Hundreds of supramolecular structures grounded on 
halogen bonding were reported since the seminal work of 
Massel. The following part of this article will survey some 

Fig. 3 Double-stranded chain structure in the halogen-bonded co-crystal 5 between 2-mercapto-1-mcthylimidazole (I) and 1,4- 
diiodotetrafluorobenzene (2). Halogen-bonding distances S. . .1=3.314(1) A. 3.342(1) A. Colors are as follo\vs: black 70%-nitrogen; 
black 50%-iodine: black 30%-fluorine and hydrogen: black 10%-sulfur and carbon. Dashed lines represent intermolecular halogen 
and hydrogen bondings. (View this art in color at ~i~>i~w.dekker.colllJ 
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specimen examples proving the great potential of halogen 
bonding in the design of new and high-value functional 
materials, interpenetrated  architecture^,"^] etc. 

2-Mercapto- I -methylimidazole (1) functions as an 
iodine sponge forming a stable halogen-bonded complex 
with the I ~ . ' ' ~ ]  Pennington et al. recently reported the 
preparation of new complexes of 1 with the organic 
iodides 1.4-diiodotetrafluorobenzene (2), 1,2-diiodotetra- 
fluorobenzene (3). and (4) te t ra iod~ethylene . '~  All of 
these structures are characterized by the simultaneous 
presence of re~llarkably similar N-II. . .S hydrogen-bond- 
ing patterns and I. . .S halogen-bonding patterns. Endless 
one-dimensional (ID) chains of alternating donor 1 and 
acceptor 2 are present in cocrystal 5. which is formed 
through 1.. .S . .  .I interactions where sulfur works as a 
bidentate donor (Fig. 3). 

These chains are then joined into supramolec~tlar 
double strands through N-H. . .S interactions that link 
two molecules of 1 into a dirner. The other two complexes 
given by P show a similar supramolecular organization. 
This demollstrates the great potential of these compo- 
nents for crystal design. Moreover, hydrogen and halogen 
bondings can be seen as competing noncovalent interac- 
tions."" They can, however. also cooperate in the build- 
ing of remarkably complex supramolecular structures. 

The research for organic conductors in the last two 
decades revealed that if interesting electronic properties, 
such as superconductivity. are pursued, the design and 
control of the s~~pramolecular arrangement in the crystal 
structure are as important as the design of an individual 
donor or acceptor molecule. For instance. the introduction 
on tetrathiofulvalelle donor molecules (TTFs) of specific 
substituents able to be engaged in weak intermolecular 
interactions was extensively used in numerous molecular 
organic conductors with the ail11 of controlling the su- 
pramolecular arrangement of molecules in their crystal 
structures. The application of the hydrogen bond to TTFs 
was examined, but the intrinsic flexibility of the hydro- 
gen bond was found to hinder reliable control of the 
organization of the crystal matrix. T. Imakubo et al. found 
that the N . .I halogen bonding is suitable for this pulpose, 
and they reported several unique crystal systems of 
supramolecular organic conductors based on the iodine- 
bonded TTFs. 

Presented in Fig. 4 is the crystal structure of 8, which 
is the A U ( C N ) ~ J  salt of diiodo(ethy1enedithio)diselena- 
dithiafulvalene (DIETS, 4),L201 with a 61'3 ratio of 2. 

The two modules 6 and 7' stack separately into differ- 
ent layers that are joined by halogen bonding between 
each iodine atom of and the cyailo groups of two different 
and adjacent Au(CNI4 anions. The N. . .I halogen bonding 
distance is approximately 3 A. These materials showed 
an onset temperature of the superconductivity under 
uniaxial strain parallel to the crystallographic c-axis. 

Fig. 4 Crystal structure of the salt 8 compounded by two 
molecules of diiodo(ethy1enedithio)diselenadithiafulvalene 
(DIETS. 6) and one anion A U ( C N ) ~ J  viewed along the a-axis. 
Halogen-bonding distance N. . .1=3.01817) A. Colors are as 
follows: black 70%-nitrogen: black 50%-iodine. Continuous 
gray lines represent halogen bonding?. (Vieli this art  iri color cit 

~r'+t:+<;.dekkel:com.) 

which is the highest among the known superconductors 
based on unsymmetrical organic TC-donors. There seems 
to be no doubt that the strong halogen bonding between 
the layers of DIETSs and counteranions is stronger than 
the side-by-side chalcogen. . .chalcogen contacts in con- 
ductors based on TTFs. This affects the distortion 
manner under the uniaxial strain and. consequently, in- 
creases superconductivity. 

Halogens, mainly I2 and Br2 but also Clz, interhalo- 
gens, such as ICI and IBr, and pseudohalogens, like ICN, 
have traditionally played a key role in the identification of 
the structural aspects of the halogen bonding. Neverthe- 
less, these molecules may not be the ideal modules for 
defining the inherent characteristics of this intermolecular 
interaction. For instance, one or both of the iodine atoms 
of Iz can work as electron acceptors, depending on the 
strength of the electron-donor species. Because of this, it 
is difficult to control the supramolecu!ar architecture of 
the formed cocrystals. In other cases, I2 can even work as 
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an amphoteric species, where one iodine atom functions as 
electron acceptor and the other as electron donor. More 
recently. particular attention was paid to triiodo- and 
tribroniornethanes, as well as their tetrasubstituted ana- 
logues. and diiodobenzene 

Resnati and Metrangolo et al. introduced dihaloper- 
fluorocarbons, which are compounds of technological 
relevance. as new tectons for the construction of supra- 
molecular systems, where halogen bonding could be 
studied free from interference of other interactions. 
Fluorine atoms and perfluorinated residues are strongly 
electronegative. As a consequence, the electron-accepting 
ability of halogen atoms in perfluorocarbon (PFC) halides 

is definitely higher than in the corresponding hydrocarbon 
(HC) halides. Different from C-H groups in HC halides, 
C-F groups in PFC derivatives have a weak tendency to 
give rise to any attractive interactions. As a consequence, 
the use of PFC halide5 minimizes possible interaction 
interferences in a pattern controlled by halogen bonding. 
Moreover, unlike the zigzag organization of the alkyl 
chains of their HC parents, PFC chains adopt an all-trans, 
rigid, rod-like twisted conformation that causes their 
typical alignment in parallel bars. Due to this behavior, 
telechelic dihaloperfluorocarbons can be considered ideal 
ditopic 180" tectons for halogen-bonding-based crystal 
engineering, with metrics that can be tuned by simply 

Fig. 5 Perspective view of co-crystal 11 between (S)-  1.2-dibro~nohexafl~~oropropane and (-)-sparteine hydrobromide (9) along the 
crystallographic b direction. Colors are as follows: black 70%-nitrogen; black 50%-bromine: black 30%-fluorine. Dashed black 
lines represent halogen bondings. (Vie~t ,  thi.3 art in color at ~.v~vw.dekker.com.) 
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choosing perfluoroalkyl chains of different lengths. The 
peculiar properties of perfluorocarbons along with the 
precise geo~netrical features of the halogen bonding allow 
a degree of architectural design that is unusual for 
suprarnolecular chemis~ry. [ '~~ 

The optical resolution of racelllic ~nolecules with a 
basic or an acidic functional group is frequently 
performed by resorting to hydrogen bonding to form 
diastereoisomeric salts with one of the numerous acid or 
basic resolving agents available in the literature. The use 
of halogen bonding as the driving force in the diastereo- 
isomeric adduct formation for the resolution of chiral but 
racernic halocai-bons was also Specifically, 
chiral haloperfluorocarbons are a virtually unknown class 
of compounds, and racernic I ,2-dibromohexafluoropro- 
pane (18) was resolved for the first time through 
cocrystallization with enantiopure (-)-sparteine hydro- 
bromide (9). The driving force toward the cocrystalliza- 
tion is the Br- . . .Br-C halogen bonding between 
bromide ions, which function as electron donors, and 
carbon-bound bromine atoms, which work as electroll 

Fig. 6 Chemical structures of halotane 12 and inhibitor of the 
hurnan Xn factor 13. For the latter. the major contacts between 
the inhibitor and aminoacidic residues in the receptorial pocket 
of the Xcc factor. which can be rationalized as 0. . .C1 and S. . .Cl 
halogen bondings. were reported. (View tlzi~ art irz color at 
~v+t-w.dekker:corrl.) 

acceptors. Each bromide ion bridges the primary and 
secondary bromine of two distinct PFC units 9, each of 
which is bound to two adjacent bromide ions. Enantio- 
pure infinite twofold helices develop parallel to the b axis 
(Fig. 5). 

The resolution of 9 is the result of the highly specific 
inclusion of solely the (S) enantio~ner in the chiral crystal 
11 with a "halogen-bonded" helical arrangement. This 
arrangement maximizes the transfer of information from 
the HC to the PFC units. 

From a supra~nolecular point of view, anionic 
species play a key role in inany mineral or biological 
routes. Despite this, however, anion-centered self-as- 
sembly processes were little explored. Recently. anion 
coordination was addressed mainly through the design 
of en&-receptors; on the contrary, the electron-poor 
organic halides work effectively as exo-receptors of 
anions. The ability described here of the halide anions 
to act as electron donors to carbon-bound halogens inay 
develop as a general protocol for halide-centered 
supralnolecular chemistry. 

Finally, the ability of the neutral halogen atoms to 
function as electron-pair donors toward other halogen 
atoms should be mentioned. Price et al. demonstrated the 
importance of the nonspherical atomic charge distribution 
on the halogens in directing the halogen-halogen interac- 
tions.12" Desiraju convincingly argued that the halogen- 
halogen interaction, while weaker and less directional 
than other halogen bondings, is an attractive force that can 
be used for manipulating and organizing the supramolec- 
ular structure within a crystal.i25i In particular, triangular 
X3 (X=Cl, Br, I) supramolecular synthons were exten- 
sively used in the design of hexagonal networks based 
on tritopic 120" tectons. such as 1.3,5-trihalobenzenes. 
Interesting examples of two-dimensional (2D) sheet-like 
 structure^"^' and hexagonal nanoporous architectures, 
also capable of hosting guest species with chiral discrirn- 
i n a t i ~ n . ' ~ ~ ]  were obtained. 

CONCLUSION 

"Does the concept of halogen bonding corztrihlcte to 
an e.xp1anation of some aspects of reactivity or  hiolog- 
ical actillity?" 

Reactions between dihalogen molecules XY and 
simple Lewis bases are of fundamental interest in organic 
and inorganic chemistry. Legon et al. demonstrated that 
the formation of prereactive halogen-bonded complexes 
D. . .XU characterizes the gas-phase chemistry of these 
reactions.[281 Thus, the halogen bonding may evolve into a 
covalent-bond-making reaction. 

The use of halogell-substituted organic compounds 
as general anesthetics led to the investigation of the 
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mechanism of this activity. A nonspecific mechanism was 
proposedi'" follo\ving the unitary theory of Overton. 
Halotane ( 1  -bromo- 1-chloro-2,2.2-trifluoroethane, 12) is a 
common volatile anesthetic used in therapy in the racemic 
form. The two enantio~ners have different pharmacolog- 
ical activities: and the measured eudismic ratio was attri- 
buted to the specific binding with proteinaceous receptor 
sites. The enantioselective recognition of the drug in vivo 
may be mediated by the formation of halogen-bonded 
complexes with electron-pair donors present in the 
receptor pockets. This hypothesis is also supported by 
the evaluation of haiogen-bonding mediated intermolec- 
ular recognition in solution through the use of synthetic 
receptors. [''I 

The x-ray crystal structures of complexes between 
halogen atoms containing drugs and their specific 
proteinaceous receptors have unequivocally proven the 
existence of halogen bondings that optimize the 
receptorial fitting. For example, short contacts were 
found between the iodine atoms of thyroid hormone 
thyroxin (T4) and the carbonyl oxygens of the 
aminoacidic residues in the pocket of transthyretin 
(TTR). which is the major transporter of T4 in the 
human body.[''' Short 0.. .C1 and S. . . e l  contacts were 
detected in the crystal structure of the coinplex between 
the factor Xu of the human blood coagulation cascade 
and the inhibitor 13 (Fig. 6). which is used in the 
treatment of thrornbotic  disease^."'^ 

The halogen bonding was also proposed to be in- 
volved in the toxicity mechanism of polyhaiogenated 
aromatic compounds, which are persistent environmental 
pollutants.["1 

"Does halogen bonding open new perspectives in 
szipra~~zolecular clze~zistrj~.~" 

The careful control of the overall architecture of crys- 
talline organic solids is a topic of current intense interest, 
with the aim of obtaining desirable and useful properties. 
Metal coordination and hydrogen bonding are, by far, the 
most studied noncovalent interactions that drive the self- 
organization of inorganic and organic supramolecular 
structures, respectively. New interactions will have to he 
searched actively. because future crystal engineering 
projects will require f ~ ~ l l  utilization of various methodolo- 
gies. Halogen bonding represents an effective and reliable 
tool for crystal engineering. It call be considered a new item 
on the palette of noncovalent interactions at the disposal 
of the chemist to be used as the cement for assembling 
lnolecules into supra~nolecular structures. 

New protocols based on halogen bonding were exploit- 
ed to overcome the low affinity between perfluorocarbons 
and hydrocarbons. to design new molecular conductors, to 
prepare pseudopolyhalide to resolve racemic mix- 
t~~res,tocontro~~ol~morphinterconversion,~"~andtotunethe 
reactivity in the solid state.["] 

These results open new opport~~nities in the design 
and manipulation of molecular aggregation processes. 
The implications extend to diverse fields, such as organic 
chemistry, biopharmacology. and materials science. 
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Hemoglobins: O2 Uptake and Transport 
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Enormous protein molecules containing many thousands 
of atoms execute the fundamental processes of life. In 
several remarkable cases. these molecular behemoths are 
designed to interact with the smallest molecules known, 
consisting of only two atoms. In particular, following the 
development of an oxygen atmosphere; many organisms 
evolved more efficient metabolisms based on reduction of 
O2 to H20. In large organisms, specialized proteins en- 
hance the transport of molecular oxygen. 

These oxygen-binding proteins occ~rpy an important 
place in the field of supramolecular chemistry. Because 
of the relative simplicity of diatomic ligand-binding re- 
actions, these proteins provide outstanding laboratories 
for exploring the control of reactions by a highly 
organized local environment. The reaction takes place at 
a transition metal, and a number of highly selective 
spectroscopic probes can specifically monitor the elec- 
tronic and vibrational properties of the active site. 
Molecular variants of naturally occurring proteins can 
test the influence of individual amino acids on the 
reactivity of the active site. 

The adult human body typically contains 3 4  g of Fe."' 
Approximately two-thirds of this Fe is bound to the 
oxygen transport protein hemogl~bin, '~." located in red 
blood cells. Hemoglobins are also found in muscles and in 
the nervous and in a wide range of species, 
including bacteria, plants. and ani~nals.[" 

Hemoglobins share a common molecular architecture, 
coinposed of a polypeptide backbone and an iron porphy- 
sin; as illustrated in Fig. 1. Molecular oxygen binds to the 
Fe at the center of the planar heme b (Fe protoporphyrin 
IX). The polypeptide adopts the globin fold constructed 
primarily from a-helices, customarily labeled with the 
letters A-H.[" The heme group binds tightly to a 
hydrophobic pocket formed primarily from the E- and F- 
helices. and a bond between the heme Fe and the E- 

nitrogen of a histidine in the F-helix (His F8) provides the 
only covalent link between the polypeptide and the heme. 

The structure shown in Fig. 1. with a molar Inass near 
17.000 g. can form a building block for more complex 

molecules. The hemoglobin found in red blood cells 
is a tetramer formed from chemically distinct x- and 
8-subunits (two of each), which both adopt a globin fold. 
In common usage, hemoglobin (Hb) usually refers to the 
form of this tetrameric lnolecule found in adult humans. 
The monomeric hemoglobin from muscle tissue depicted 
in Fig. 1 is called myoglobin (Mb) to distinguish it from 
the Hb in blood. 

The polypeptide matrix surrounding the heme active 
site plays an essential role, because iron porphyrins can 
participate in a wide variety of reactions other than simple 
binding, transport, and release of 0 2 .  B~irial of the active 
site in the protein interior restricts access to the immediate 
vicinity of the iron and protects the heme from possible 
reactions with larger ligands. including other hemes. The 
local environment of the oxygen-binding site must also 
enhance the selectivity of the heme for 0' binding and 
release relative to undesirable side reactions. Possible 
heme reactions that must be guarded against include 
poisoning of the 02-binding capability of the heme by 
other small ligands such as C 0  and activation of the 
bound 02. which could lead to the irreversible oxidation 
of the heme or to the generation of reactive oxygen 
species such as peroxide and superoxide. 

The reactivity of the active site is controlled not only 
by the chemical identity of amino acids in the active site 
but also by the positions of these groups. Moreover, these 
atomic positions are modulated by the dynamics of the 
global protein conformation. The characteristic dynamics 
of proteins allow their functional behaviors to respond to 
changing metabolic demands. Hb is a classic illustration, 
because the change in the arrangement of the four subunits 
on oxygen binding in the lungs permits the efficient 
cooperative release of oxygen from all four hemes in 
oxygen-poor tissues.''' The inaccessibility of the oxygen- 
binding site from solvent in the static structure of Fig. 1 
also underlines the need for dynamical fluctuations to 
allow O2 to penetrate and escape. 

Summarized in Fig. 2 are some of the key geometrical 
factors and groups involved in controlling O2 transport by 
hemoglobins. Protein influences on the active site of heme 
proteins are conventionally classified as proximal or dis- 
tal. Proximal mechanisms for protein control of heme re- 
activity involve the covalent link with the protein through 
the histidine (His FS) ligand tl-~zns to the oxygen-binding 
site. Distal interactions involve direct interactions of 
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Fig. 1 The CO complex of sperm whale myoglobin determined from refinement of x-ray diffraction data to 1.15 A resolution.r221 A 
space-filling model (upper left) emphasizes the compact packing of atoms in the molecular structure. while a series of tubes connecting 
the r-carbons (upper right) reveals the underlying structure. The heme group is shown in red in both structures, and an expanded view of 
the heme group is shown below. The proximal histidine (below the heme) and the distal histidine (above the heme) are highlighted in 
blue. Note that CO (orange. upper right) is not visible in the space-filling structure. Atomic coordinates for this structural model of 
MbCO were obtained from the Protein Data Bank file lbzr. (View this nrf in color nt ~vw,v.dekker,coin.) 

amino acid residues in the oxygen-binding pocket, such as As a result. they were investigated in great 
the distal histidine (His E7), with the bound ligand. depth.18' and textbooks often use these proteins to 

Mb and Hb were the first proteins for which x-ray illustrate fundamental biochemical principles.'" Many 
diffraction provided structural models with atomic de- fundamental questions remain unanswered, but an under- 

standing of some effects is beginning to emerge. For 
example, the physiologically crucial mechanism by which 

deoxyMb MbO, MbCO these proteins avoid being poisoned by endogenously 
produced CO was clarified in the 1990s, and new 
observations continue to refine the understanding of 
cooperative oxygen binding by Hb. Mb and Hb remain 
models for detailed investigations of protein dynamics.rs1 

%:!.. 
i" and significant progress is now being made in under- 

standing dynamical processes that allow for the penetra- 
tion of small molecules to the buried active site. 

Fig. 2 Factors controlling diatomic ligand binding to hemo- 
globins. The Fe atom is displaced from the mean plane of the 
heme In deoxyMb (left) and moves Into the heme plane on 
b ~ n d ~ n g  O2 (center) or CO (r~ght)  Thlough the ploxin~al his- DISTAL CONTROL OF 

t ~ d ~ n e  the prote~n may ~nfluence the Fe dlsplacement no and thus REACTION SPEClFlCBTY 

the energetic barrier to ligand binding. The shape and polarity of 
the proximal pocliet stabilize o2 binding through hydrogen Interaction with residues in the heme pocket is the Inost 
bonding with the distal histidine (center) and destabilize CO direct means for the protein to influence the free energy of 
binding by angular displacement €Ico of the bound CO from its ligand binding. These interactions depend on the nature of 
equilibrium geometry perpendicular to the heme plane (right). the bound ligand and allow the protein environment to 
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selectively discriminate between the binding of O2 and 
other small molecules. In particular, the binding affinity of 
CO is approximately 20,000 times the affinity of O2 for 
free heme, but the CO/02 affinity ratio is reduced to 
about 25 for ~ b . " ~ ) '  This highly efficient discrimination 
between CO and O7 is essential to prevent poisoning of 
the oxyge11-binding site by endogenous CO, produced in 
the breakdown of heme.'"] Electronic and geometric dif- 
ferences in the nature of bound CO and O2 allow distal 
residues to discriminate between these ligands. 

Electrostatic Stabilization of Bound Oxygen 

Binding of 02, but not C 0 ,  is accompanied by substantial 
transfer of charge from the heme, giving rise to distinct 
charge distributions for the O2 and CO complexes. 
Pauling [''I originally suggested that hydrogen bonding 
with the evolutionarily conserved distal histidine residue 
stabilized the bound 0 2 .  This is now recognized as an 
essential factor. Crystallographic and spectroscopic evi- 
dence support the presence of a strong hydrogen bond 
between His E7 and O2 in Mb and ~b . [ ' " . "~  and NMR 
data confirm hydrogen bonding to O2 in both x- and 
/3-chains of Hb."" 

Extensive studies of mutant proteins establish a quanti- 
tative basis for stabilization of O2 binding by the distal 
histidine. When His E7 is replaced with nonpolar residues, 
the oxygen affinity of Mb or the r-heines in Hb drops by 
two orders of magnitude. largely because of an enhanced 
rate for O2 dissociation.i101 Spectroscopic evidence also 
suggests hydrogen bonding of the distal histidine with CO 
in ~ b . " ~ ]  Computational studies confirm these conclu- 
sions but estimate that the hydrogen bond to O2 is 7-21 kJ/ 
mol stronger than that to C O ~ ~ ~ ~ - ' ~ ~  in reasonable agree- 
ment with the ~nutailt studies. 

Another distal factor is the presence of a water mole- 
cule bound to the distal histidine in deoxyMb, which is 
displaced upon ligand binding. The energetic cost of dis- 
placing the bound water. and thus its proposed influence 
on ligand binding,'"" is unclear. However: because CO or 
O2 binding displaces the distal water, it has no influence 
on discrimination between these ligands. 

Stesic Discrimination Against CQ Binding 

Significant differences in the eilergetically favored bind- 
ing geometries of the bound ligands provide another pos- 
sible criterion for discriminating between 0' and CO 
binding. In the absence of the protein. bound CO is 
oriented perpendicular to the herne plane, while the 8-43 
bond of bound O2 lies approximately 60" from the heme 
normal. Thus, distal pocket residues could sterically dis- 
criminate against CO binding by displacing bound CO 

away from its energetically preferred structure.[111 In the 
1990s, a semiquantitative reevaluation of the importance 
of steric destabilization of CO binding relative to elec- 
tronic stabilization of O2 binding was seen. 

On one hand; more precise structural information 
from infrared crystallography[19.'01 and ultrafast infrared 
photoselection measurements,i211 subsequently confirmed 
by high-resolution x-ray di f f~act ion, '~~]  showed that the 
displacement Qo of the C-O bond from the perpendic- 
ular (Fig. 2) was smaller than previously believed. On 
the other hand, calculations revised downward the force 
constant K for displacing CO from linearity.[2" Current 
estimates of the energetic cost ( 1 / 2 ) 1 c ~ ~ ~  for the small 
displacement of bound CO from linearity observed in 
high-resolution x-ray structures of MbCO lie in the 
range 1-4 k ~ / m o l . ~ ~ ' ]  The additional energetic cost 
associated with displacement of distal pocket residues 
to accommodate the upright CO geometry['91 or with 
reorientation of the E- and F-helices['" on ligand 
binding is more difficult to evaluate. Assuming that 
the latter contribution from protein distortion is equal to 
that of the heme-CO distortion yields an estimatei2'] 
consistent with mutant studies.['01 indicating that the 
steric destabilization of CO binding is smaller than the 
enhancement of O2 binding by the H-bond with the 
distal histidine. However, it is worth noting that 
approximately 1% of the Hb in the body of a nonsmoker 
is saturated with ~ 0 , " ~ '  and a 2-8 kJ/mol enhancement 
of discriminatio~l against 60 binding may be a signif- 
icant factor in maintaining this low level. 

PROXIMAL INFLUENCE OM 
HEME REACTIVITY 

In addition to interacting with the bound ligand, the 
protein can directly modulate heme reactivity by influ- 
encing atomic motion along the reaction coordinate 
connecting the ligated and deligated structures. Early 
structural data on porphyrin model compounds, as well as 
Hb, identified motion of the Fe into the plane of the herne, 
accompanied by adoption of a more planar porphyrin 
structure, as the most apparent structural change upon 
binding O2 or other ~ i g a n d s . ' ~ ~ . ~ ~ ]  The proxirnal histidine, 
which links the protein F-helix directly to the heme Fe. 
provides a natural conduit for influencing the "doming" 
of the heme. and thus for controlling ligand binding and 
digsociation trans to the histidine. In particular, changes in 
the positioning of the proximal histidine and the F-helix 
can control the affinity for O2 and other exogenous ligands 
by influencing the energetic cost of changes in heme 
geometry that take place on ligation. 
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The largest effect attributed to this proximal influence 
is probably the control of ligand-binding affinity in Hb. 
Two distinct quateinary structures were identified for Hb 
(see next section). The R-state has a ligand-binding affinity 
between two and three orders of magnitude higher than that 
of T-state Hb, depending on solution  condition^.'^^' The 
rupture of the Fe-His bond of the r-hemes upon NO binding 
to deoxyHo or C N  binding to metHb in the T-state 
strikingiy illustrates the protein restraint on Fe motion into 
the heme plane.'".'01 The approximate 10 c ~ n  reduction 
of the Fe-His bond-stretching frequency in the T-state was 
also attributed to protein-induced strain in this b ~ n d . " ~ " ' ~  

A particularly incisive method for evaluating the 
contribution of ihe covalent link with the protein is to 
sever the bond connecting the histidine imidazole ring and 
the protein backbone.L3" In these "proximally detached" 
hernoglobins, the electronic character of the heme- 
irnidazole complex is unchanged, but the protein can no 
longer control the heme conformation through the Fe-His 
link. In Hb. removal of the bond connecting the imidazole 
to the F-helix increases the T-state ligand-binding affin- 
ities, and quantitative comparison of CO binding and 
dissociation rates with R- and T-state native Hb confirins 
that the difference in affinity of the '2-hemes is primarily 
controlled by the proximal 

In addition to restraining the motion of the imidazole 
toward the heme piane. the protein may also control the 
orientation and electronic character of the imidazole. In 
Hb and Mb, residues surrounding the proximal histidine 
restrain it in an eclipsed orientation relative to the pyrrole 
nitrogens. Because the imidazole ring follows the Fe into 
the heme plane on ligand binding. steric repulsion 
between the pyrrole nitrogens and the 6- and c-carbons 
of the irnidazole ring may influence the relative energy of 
the ligated and deligated hemes. Hydrogen bonding of the 
histidine Ng with the backbone carbonyl at F4. as well as 
with the serine located at F7 (in Mb: but not in Hb) could 
also help stabilize this orientation or perturb the electronic 
character of the imidazole. In fact. mutations that remove 
the hydrogen bond to the imidazole or change its orien- 
tation lead to modest changes in ligand a f f i ~ ~ i t y . [ ~ ~ I  

In summary, there is considerable evidence that the 
protein can influence the ligand-binding affinity through 
the proximal histidine. Mutant studies provide sorne 
information on the strength of such effects. However, 
further investigation is needed to bring the understanding 
of proximal effects to the same quantitative level that is 
beginning to be achieved for distal interactions. The hy- 
pothesis that the energetic cost (1/2)kno2 of Fe displace- 
ment relative to the heme plane quantitatively determines 
variations in the free energy of ligand binding[351 is 
compelling, but qriantitative tests will require experimen- 
tal input on the effective force constant k for Fe displace- 

ment perpendicular to the heme. Emerging techniques 
may yield this inf~rmation.'~"'~ 

COOPERATIVE OXYGEN 
BlNDBNG IN HEMOGLOBIN 

Hb is responsible for transporting molecular oxygen from 
the lungs to the tissues. The hemes of Hb are almost 
completely saturated with oxygen at typical alveolar 
oxygen pressures but are able to unload this oxygen over a 
narrower range of oxygen pressures than monomeric 
hemoglobins (Fig. 3). This facilitates efficient oxygen 
transport by minimizing the drop in oxygen pressure from 
the lungs to the tissues. This characteristic oxygen-binding 
curve reflects the fact that oxygen binds cooperatively, 
that is, binding of oxygen at one site enhances the affinity 
of the remaining sites. Perutz proposed a detailed stereo- 
chemical model for cooperative oxygen binding by hemo- 
globin,127.'81 and many predictions of this model were 

confirmed quantitatively.[38.'01 Textbooks often use FIb to 
illustrate interactions among spatially separated active 
sites in rnultimeric  protein^.^^."^^^ 

oxygen pressure (torr) 

Fig. 3 Monod-Wyman-Changeux model for cooperative Q2 

binding to human hemoglobin. Tk and Rk denote hemoglobin in 
the low-affinity T-state and high-affinity R-states. respectively. 
with O2 bound to k of  the four hemes. Binding o f  each 
subsequent Q2 decreases the equilibrium constant Lk = [TL]IIR,,] 
by the ratio c = KTIKR of the Q2 affinities. The resulting Q2 

binding curve (solid line) allows binding and release o f  O2 over 
a narrow range o f  Q2 partial pressures. For reference. dashed 
curves labeled R and T illustrate noncooperative Q2 binding with 
R- and T-state affinities. corresponding to Lo << 1 and c'~,, >> 1. 
respectively. Parameter values (L,=2.56 x 10'. K T  '=78.1 torr. 
K R 1 = 0 . 1 1 5  torr) from Ref. [70] for native Hb at pH 7.4 in 
2 mM diphosphoglycerate are provided. 
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The mechanism outlined by ~ e r u t z ' ~ ~ . ~ ~ , " " l u i l d s  on restraint on the r-hemes.['" while distal interactions may 
the allosteric model proposed by Monod. Wyman, and play a larger role in the low affinity of the ~-hemes. [~ ' . "~  
ChangeuxL"'] (see Fig. 3). The fundamental assumption is However, although some aspects of the energetics of the 
that there are distinct high-affinity and low-affinity R-T transition can be explored the~retically."~~ it remains 
conformations, called R and T, respectively. Oxygen a challenge to account quantitatively for the large magni- 
binding to any of the henles does not directly influence tude of the free energy of cooperativity: 
the affinity of the other hemes but thern~odynamically 
stabilizes the high-affinity R-state relative to the T-state. AAC = - k ~ T l n c  = 15 kJ/mol 

The resulting gradual shift from the T-state to the R-state 
as the protein becomes oxygenated is paralleled by an 
increase in the average affinity of the ~rnbound sites. This 
two-state model describes the oxygen-binding curve of Hb 
in terins of three parameters: the oxygen affinities KR and 
KT of the R- and T-states and the equilibrium constant 
Lo = [Tojl[Ro] between the unligated R- and T-states. 

Perutz identified the R- and T-states of the MWC 
model with structural models for Hb02  and deoxyHb, re- 
spectively, and proposed a plausible mechanism by which 
oxygen binding would destabilize the T-state relative to 
the R-state. Rigid-body rotation of one heterodimer (rl[il) 
relative to the other (z2/j2) provides an approximate de- 
scription of the structural differences between the R and T 
structures. which are stabilized by a distinct set of salt 
bridges at the 8xLfiz and rlpl interfaces in these two 
limiting structures. Binding of oxygen to the T confor- 
mation leads not only to local structural changes at the 
heme but also to a shift of the F-helix that weakens salt 
bridges at the subunit interfaces, thus destabilizing the 
T-state reiative to the R-state. Perutz also provided a plau- 
sible account of the mechanism of heterotropic effectors. 
including protons. 60; chloride ions; and diphosphogly- 
cerate. which stabilize the T-state and thus reduce oxygen 
affinity ,1'7.3XX.91 

Increasingly detailed quantitative tests continue to 
refine the original MWC model but have not altered f ~ e  
fundamental scientific picture. The simple MWC inodel 
neglects differences in the binding affinity of the two 
hemes and assumes no direct interaction among the hemes 
in K- or T-states. In fact, differences in the binding affinity 
of '2- and p-hemes are detected in elegant oxygen-binding 
measurements oil T-state hemoglobin crystals,'J21 and 
measurements of tetrameddimer dissociation for all liga- 
tion microstates suggest that the binding of one ligand 
slightly enhances the affinity of the other site within the 
same dimer.'"" However. these effects partially cancel 
each other and are both less than an order of magnitude, in 
contrast to the several hundred-fold difference in affinity 
of the R- and  states.['^' 

Many questions remain unanswered. A simple thermo- 
dynamic consequence of the MWC model is that binding 
of each subsequent oxygen decreases the RIT equilibriuin 
constant Lo by the ratio c = KT/KR of the oxygen affinities 
of the two conformations. Qualitatively. the reduced 
affinity of the T-state can be attributed to proximal 

A related question is what exactly are the structures 
of the R- and the T-states? Perutz originally identified 
these states with structural models derived from x-ray 
diffraction measurements on ligated and deligated Hb 
crystals grown from concentrated salt solutions. However, 
the report of a fully ligated Hb with an R-like quaternary 
structure distinct from the R-state conformation identified 
in earlier structures suggests that crystallization selects 
only a subset of the conformations that comprise the 
R-state of the MWC model.["' In the absence of a quan- 
titative understanding of the large difference in oxygen 
affinity for the R- and T-states, the possibility exists that 
the oxygen-affinity varies significantly among R and 
among T substates. If so, then mechanistic understanding 
of RIT differences in oxygen affinity inay require 
knowledge of the relative populations and oxygen 
affinities of different R substates present in solution. 

frequency (cm-') 

Fig. 4 Structure (right) and spectra (left) of open and closed 
confortnations of myoglobin. Both x-ray diffraction and infrared 
absorption data were recorded on single crystals of MbCO at pH 
6 (top) and pH 4 (bottom). Displacement of the distal histidine 
(blue) from the heme pocket in the open structure leads to a shift 
of the C-O stretch frequency from 1945 c m l  to 1966 cm-.I, and 
may facilitate entry and exit of small molecules. The solid curve 
represents the contribution of an individual protein conformer to 
the IR band, based on the 2.7 cmp' honlogeneous linewidth 
expected from IR photon echo meas~~rernents. '~" The heme is 
rendered in red. the bound CO in white. the distal histidine in blue. 
and the remainder of the protein in green. Atomic coordinates for 
structural models of MbCO at pH 6 and pH 4 u-ere obtained from 
the Protein Data Bank files lvxf and lspe.  respective^^.^^'^ (View 
this art in color at u,i~u~.dekker.cor~z.) 
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DYNAMlCAL CONTROL OF 
GLOBIN REACTIONS 

Proteins are necessarily dynamic objects. The relatively 
weak noncovale~lt interactions stabilizing the highly 
organized three-dimensional structure are constantly 
disrupted by thermal fluctuations. In fact, operation of 
these molecular machines relies on this dynamical 
behavior. Myoglobin is a "poster child" for the functional 
importance of protein dynamics, because the inaccessi- 
bility of the oxygen-binding site from solvent in the static 
structure derived from x-ray crystallography (Figs. 1 and 
4)  highlights the need for structural fluctuations that allow 
OL migration to and from the binding site. The dynamical 
behavior of proteins and its relation to physiological 
function was probably investigated in greater depth for 
Mb than for any other protein.18.481 

Conformational Heterogeneity 

Numerous observations show that in thermal equilibrium, 
an ensemble of chemically identical proteins samples a 
wide distribution of conformations. Early measurements 
found that recornbination of photolyzed C 0  to Mb at 
cryogenic temperatures was highly nonexponential, be- 
cause the conformational subsrates have rebinding rates 
distributed over many orders of magnitude.["] These 
substates correspond to a large number of local minima 
on the complex energy surface of the protein, which are 
sampled during molecular dynamics These 
conformational distributions also inhomogeneously broad- 
en spectral lines of protein-associated c h r ~ m o ~ h o r e s . [ ~ ~ '  

In some cases. such as the R and Tstructures of Hb. it is 
possible to characterize distinct conformatio~ls. As dis- 
cussed above. the O2 affinities of these structures differ by 
more than two orders of magnitude: and form the starting 
point for modeling the allosteric behavior of ~ l b . [ ' ~ l  
Another example is the open and closed pocket con- 
formations of MbCO with peak C-O stretch frequencies 
near 1960 and 1945 cmp l. respectively (Fig. 4).L'93s2.5'1 In 
the open conformation, the distal histidine is displaced 
from the heme pocket, and the O2 dissociation rate 
increases by approximately three orders of magnitude,1541 
similar to the effect of His E7 mutat i~ns ."~ '  However, the 
population of the open state is only 3-5% in vitro at 
neutral pH, and a physiological role for this conformation 
remains to be established. 

In general. structural models based on x-ray diffraction 
from protein crystals represent an average over many 
conforrnational substates. Because the ho~nogeneous line 
width of the C-0 stretch is only 2.7 cm

p

'  at room 
temperature,'551 the broad C-O stretch bands observed in 
the crystalline state (Fig. 4)  for open and closed states 
reflect contributions from a distribution of conformational 

substates with differing C-0 frequencies. Furthermore, 
these substates are kinetically as well as spectroscopically 
di~tinct ."~'  These observations suggest a fundamental 
challenge: conformational changes too small to distin- 
guish with available structural techniques nevertheless 
result in reaction rates that vary by more than an order 
of magnitude. 

Condoernational Dynamics 

At low temperatures, each protein is trapped in a par- 
ticular conformational substate, and dynamics are nearly 
harmonic. Qualitatively different dynamical behavior 
appears above a dynamical transition near 180 K, where 
the mean square displacement of the Fe atom in 
myoglobin, as determined using Mossbauer spectroscopy, 
strongly deviates from a harmonic extrapolation of low- 
temperature (Fig. 5) .  Hydrogen fluctuations 

temperature [K] 

Fig. 5 Mean square displacement (MSD) of Fe in Mb as a 
function of temperature. illustrating the dynamical transition 
near 200 K. All values are determined from measurements of the 
14.4 keV nuclear resonance of 5 7 ~ e .  Filled symbols. derived 
from measurements of recoilless absorption using Mossbauer 
spectroscopy, indicate the total Fe mean square displacement 
(MSD) averaged over the 140 ns nuclear-excited state lifetime. 
Above the dynamical transition, the 140 ns MSD of Mb solu- 
tions (filled squares) clearly deviates from a linear extrapolation 
of low-temperature measurements (thin solid line) or from the 
MSD calculated from the density of vibrational states (thick 
solid line). In contrast; the dynalnical transition is not apparent 
in Fe MSD measurements averaged over a 5 ps time scale (open 
squares). determined from vibrational transitions near the 
nuclear resonance with 0.85 meV energy resolution. In constrast. 
5 ps and 140 ns MSD values (filled and open circles, 
respectively) measured for dry oxidized Mb agree; suggesting 
that dehydration suppresses the dynamical transition. The 
dynamical transition signals the activation of protein conforma- 
tional dynamics on time scales longer than a few picoseconds. 
(Reprinted with permission from Ref. [57]. Copyright 2001, 
American Physical Society.) 
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observed using inelastic neutron scattering reveal the 
same dynamical transition.["] This characteristic change 
in atomic dynamics is believed to signal the onset of 
interconversion among conformational substates. Sup- 
pression of this dynamical behavior in the lyophilized 
protein[5s1 (Fig. 5) illustrates the essential role of solvent 
in activating protein dynamics. 

Reaction kinetics also change above the dynamical 
transition, because the time scale of conformational 
interconversion becomes comparable to or faster than 
ligand binding. In contrast to the broad distribution of 
rebinding rates at low  temperature^.^"] only two kineti- 
cally distinct conformational states contribute to CO 
rebinding to Mb at high temperatures."" The rate of 
interconversio~l depends strongly on solvent viscosity and 
has a value of - 1 0 ~  s- '  in aqueous solvent at 273 K. 
Analysis of double-pulse kinetic  measurement^,'"^ in 
agreement with direct IR measurements in glycerol/water 
solutions.'"" shows that the populations of these states 
correspond to the spectroscopically distinguishable open 
and closed pocket states shown in Fig. 4. 

The rate of geminate C0 rebinding to open or closed 
states represents an average over many substates, which 
interconvert more rapidly than 100 ns at physiological 
temperatures.[""lhus. the kinetic properties of the 
structurally distinguishable open and closed states repre- 
sent an average over many structurally indistinguishable 
substates. On the other hand, these substates are spectro- 
scopically distinguishable on the 4 ps dephasing time of 
the C-O oscillator at room temperature["] (Fig. 4). 
Measurements of the ' 7 ~ e  nuclear resonance are consist- 
ent with these bounds on conformational interconversion, 
because the Fe fluctuations activated above the dynamical 
transition (Fig. 5) take place faster than the 141 ns lifetime 
of the excited 5 7 ~ e  nucleus but slower than the 5 ps time 
scale of vibrational 

Llgand Entry, Migration, and Escape 

As noted above. it is apparent from x-ray structures that 
conformational fluctuations must take place to allow 
diatomic ligands to migrate between the active site and 
solvent. The pathways that the ligand follows, and the 
dynamical processes required to permit ligand migration. 
remain the focus of active investigation. An early 
suggestion that displacement of the distal histidine from 
the heme pocket would open a channel between the active 
site and solvent,[".621 similar to the open-pocket structure 
shown in Fig. 4, found some theoretical support.[631 
However. later calculations found that a CO molecule 
released at the heme migrated to various internal cavities 
before escaping from the protein.'641 

Time-resolved x-ray structures find electron density 
associated with a photolyzed CO approximately parallel to 

the heme group following photolysis with a 7.5 ns laser 
pulse.[6" Interestingly, electron density attributed to the 
photolyzed CO gradually develops in a cavity on the 
proximal side of the heme, bounded in part by the heme 
and the proximal histidine, with a maximum occupancy at 
100 ns that decays to half the peak value in several 
microseconds.[651 The possible relevance of this proximal 
cavity to ligand migration under physiological conditions 
is uncertain because of the possibility that the crystal 
lattice perturbs the protein dynamics. 

Spectroscopic probes provide a more precise deter- 
mination of the time constant for CO escape from the 
heme pocket, approximately 200 ns at 2 0 " ~ . [ ~ ' ]  Tem- 
perature-dependent measurements of the rate for entry of 
water following NO photolysis from metMb find a 42 
kJ/mol Asshenius barrier, identical to the barrier for CO 
escape from photolyzed Mb, suggesting a cominon 
mechanism for ligand exit and entry.[671 Approximate 
equality of the rates for CO escape and interconversion 
of the open and closed conformations (Fig. 4) at 273 K 
is consistent with escape via the pathway created by 
displacement of the histidine in the open conforma- 
tion.["] Detailed kinetic analysis of various mutant Mbs 
led to the conclusio~l that photolyzed ligands escape 
along classical pathway.r681 A reported transient volume 
change, interpreted as the entry of photolyzed CO into 
solvent, with a rate three to four times slower than the 
rate for C 0  escape.[691 indicates that some ligands may 
remain in the protein interior after leaving the heme 
pocket. However, observation of the same 42 kJ/mol 
barrier for the transient volume changeL6" in~plicates the 
same fundamental process in escape of the ligand from 
the heme pocket and from the protein. 
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INTRODUCTION 

A group of the clathrate compounds formed between 
the metal complex host diamminemetal(T1) tetracyano- 
metallate(I1) and aromatic guest molecules (G), [M(NH3)2- 
M'(CN)4] .2G, is named a Hofmann-type clathrate."' after 
German chemist K. A. Hofmann (1870-1940), who dis- 
covered the prototype Ni(CN)2.NHy C6H6. by chance, in 
1897."] The formula was revised as [Ni(NH3)2Ni- 
(CN)4] .2C6H6 based on the crystal structure determined 
by Powell in 1949-1952.'"."1 The host metal complex 
involves two kinds of nickel(I1) atoms different in 
coordination geometry, octahedral and square planar, 
linked successively by ambidentate cyano ligands to form 
a two-dimensional (2D) network. The octahedral nickel(l1) 
is coordinated with a pair of the ammine ligands at tnrns 
positions. Thus, the host network can be divided into the 
two building blocks. square planar [N~(cN)]~'- and tl-ans- 
[ N ~ ~ N H ;  j212+. respectively. The guest benzene molecule is 
entrapped between the metal co~nplex networks in cavities 
formed by the protrusion of the ammine ligands. A wide 
variety of Hofmann-type host structures were subsequently 
derived by means of crystal engineering. i.e.. replacement 
of the nickel@) in either one or both inetal sites, by the 
appropriate metal species and that of the arnmines by other 
unidentate or ambidentate ligands. 

HISTORICAL BACKGROUND 

A remarkable amount of progress in chemistry. particu- 
larly in inclusion and coordination chemistry, was made 
by fortuitous discovery of something new. as in the case of 
chlorine clathrate hydrate, quinol-host clathi-ates, Prussian 
blue, fenocene. etc. The formation of complex com- 
pounds between metal salts and organic molecules can be 
traced to the year 1827 and the discovery of Zeise's salt 
KCl.PtC12.C2H1.H20 (=K[PtC13(C2H4)] .M20), as an in- 
cidental product of a redox reaction between platinum(1V) 
chloride and ethanol. The discovery stimulated chemists 
in the nineteenth century to seek novel inorganic-organic 
molecuiar complexes. Hofmann and Kiispert tried to pass 
coal gas through ail amrnoniacal solution of nicltel hy- 

droxide. The product they reported in 1897 showed the 
coinposition Ni(CN)2.NH3.C6H6: the cyanide and ben- 
zene were afforded from the coal gas used for lighting at 
the time."' The apparently anomalous behavior of the 
Ni(CW)2.NH3 salt was reported in 1903: namely, that the 
salt yielded the molecular complex Ni(CNj2.NH3.G with 
an aromatic G. neutral C6H6. basic C6H5NH2, and acidic 
C6H50H. respecti\lely."] Further examination revealed 
that the aromatic G was limited to that with a molecular 
volume not larger than that of aniline, i.e., pyrrole, furan, 
thiophene, benzene, phenol, or aniline. From these obser- 
vations, Hofmann concluded that the aromatic molecule G 
was not combined by any covalent or coordination bond 
through certain atoms but as a whole with the inorganic 
moiety to fill up a space upon the formation of the 
complex compound.i61 His view should be evaluated in 
the context of the earlier and excellent insight into the 
formation of inclusion compound. which requires a fitness 
of size and shape between the host and the guest. His view 
is a bit different in concept from Fischer's "Key-and- 
Lock" theory. Fischer persisted in the interaction between 
f~~nctional molecules fitting each other in shape and size, 
but Hofrnann pointed out that the geometrical fitness is 
dominant regardless of the functional group on the guest. 
as exemplified by the isostructural clathrates of benzene. 
aniline. and phenol. Furthermore. Hofmann's host is not 
an Avogadro ~nolecule but an infinite lattice of coordina- 
tion polymer. Avogadro molecule here denotes a discrete 
chemical species built of a definite number of atoms be- 
longing to certain elements. i.e., an ordinary molecule or 
molecular ion, the simplest examples being BHIP. CH1. 
and NH4+, discriminated from those polymeric ones 
giving no definite molecular weight but only a formula 
weight, as in solid NaC1, S O z ,  etc. 

A half century after the discovery of Hofnlann's 
benzene compound. Powell verified Hofmann's view by 
determining the crystal structure of the complex.".41 a 
~nodernized sketch of which is shown in Fig. 1. The host 
has a layer structure involving stacking of 2D networks 
linked by cyano ligands, in which a network of square 
planar [ N ~ ( C N ) ~ ] '  anions play the role of an N-connected 
cross-shaped linker to four octahedral Ni(l1) cations at the 
respective N ends; a pair of the alnmine ligands protrude 
up and down from the octahedral Wi(H1) cation in the 
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Hofmann-Type Clathrates 

Fig. 1 A view of Hofmann-type benzene clathrate [M(NH3)*- 
M'(CN)1],2C6H6: diamminemetalM(T1) (right upper) and 
tetracyanometallateMM(II) (right lower) as building blocks of 
the host. 

network. Tne stacking o f  the flat network with the ammine 
protrusion makes an interlayer cavity for a guest benzene 
moiecule, which i s  surrounded by four ammine ligands. 
The limited size o f  the square-mesh o f  the network, about 
5.3 A edge length, allows the aromatic guest to have a 
substituent no more voluminous than an anlino group. 

A primitive attempt at crystal engineering was tried by  
Baur and ~chwarzenbach:~'~ an apparently systeinatic 
series was obtained by replacing the octahedral Ni(II) by 
Gd(k1). Cu(lI), and Zn(II), respectively. as [ C C I ( N H ~ ) ~ -  
Ni(CN),] . 1 .5C6H6, [ C U ( N H ~ ) ~ N ~ ( C N ) ~ ]  .ChH6. and 
[ZnNi(CN),] .0.5C6H6. for the last o f  which the amrnine 
ligands was lost. The apparently systematic but nonstoi- 
chiometric compositions were caused from the inappro- 
priate drying o f  the products over concentrated sulfuric 
acid under reduced pressure. An extensive investigation by 
dwamoto et al. since 19461"i51 clarified that the series 
could be formulated as substantially stoichiometric [M- 
(NM3)2M'(CN)4].2C for octahedral M=Mn. Fe. Co. Ni: 
Cu, Zn, or Cd; square planar M'=Ni, Pd. or Pt: and aro- 
matic G=C4H4S. C4H4NH, e6P%6; C6H50H, or C6H5NH2. 
Iwamoto proposed naming the series Hofmann-type 
c?athrates'" in recognition o f  K. A. Hofmann's remarkable 
foresight into molecular inclusion phenomena. 

So-called Werner clathrates are another prominent 
series o f  clathrate compounds formed between a metal 
complex host and an aromatic guest molecule. The name 
Werner originates from A. Werner. who established the 
coordination theory o f  metal complex compounds. The 
host o f  the series has a general formula [M(NCS)2(4- 
Mepy)4]. and in fact, the series is obtained conceptually 
by replacement o f  C N  and NH3 in the Hof~nann-type 
host by SCN and 4-Mepy (4-methylpyridine); respec- 
tively. This was done in order to increase the incl~~sion 
capability for bulkier substituted aromatic molecules, in 
particular. those related to the petroleum industry. 

However. the host does not have a polymeric structure 
like that o f  the Hofmann-type but comprises a discrete 
metal-complex molecule. The name Werner was used to 
differentiate the host as a coordination complex from 
other kinds o f  complexes, e.g.. organic-organic or organ- 
ic-inorganic molecular complex, charge-transfer complex, 
etc. Hence, the name o f  Werner is independent o f  molecular 
inclusion phenomena. 

STRUCTURAL FEATURES 

The metal complex layer in the Hofmann-type hosts is 
not only a typical GN-linked 219 network but also a 
singular example o f  a regular structure with a flat and 
orthogonal (crystallographically tetragonal) square mesh. 
as well as the Prussian blue framework that is orthogonal, 
cubic, and three-dimensional (3D). The Hoffman-type 
clathrates represent an iso~norphous series o f  octahedral 
transition metal M(II) cations in a high-spin state ?dn(ds), 
l?e(d6), Co(d7), IVi(d8), Cu(d9), and Zn(dl(') or Cd(dIo), 
while the square planar dX M'(1I) ions. Ni. Pd, and Pt: are 
in a low-spin state and are always diamagnetic. likely 
to Tutton's salts M(I)2[M(II)(H20)6](S04)2 and alums 
M(I)[M(III)(H20)61(S01)2.6H20. 

As for the crystal engineering o f  the Hofmann-type 
hosts, the two building blocks, the t r z r r z s - [ M ( I ~ ) ( N ~ ~ ) ~ ] ~ +  
rod with four equatorial extensions fi-om the M(I1) center 
and the [ M ' ( I I ) ( c N ) ~ ] ~  cross are important; their alter- 
nating array gives a network. The topological features o f  
the network are conserved in the Hofmann-type deriva- 
tives, in which the NH3 is replaced by other unidentate 
ligands. such as H20,  NH2CH3 (mmaj. NH(CH3)? (dma), 
N(CH3)3 (tma), or unidentate coordinated NH2(CH2)20H 
(mea). NH(CH2CH2)2NH (piperazine: den). The substi- 
tuted network possesses a more lipophilic or hydrophilic 
surface than the original Hofmann-type compounds. 
Moreover, the flat network becomes corrugated and 
shifts to a certain extent in stacking so that the size o f  
the cavity and the number o f  cavities per formula unit 
o f  the host complex change one by one. Examples are 
[Cd(H20)2Ni(CN),1 .4H20.  [Fe(H20)2Ni (CN)4] ,  2C4- 
H s 0 2 ,  [Cd(mma),?Ni(CN)4] . 1  .5(o-CH3C6H4NH2).  
[Gd(dma),Ni(CN),] ,0.5C6H6, [Cd(tma)2Ni(CN)4] (no 
cavity). [Cd(mea)2Ni(CN)4] , C4H4NH, and [ C d ( ~ l e n ) ~ -  
Ni(CN)4]. 2C6H50H. 

The stacking o f  the 2D network ill the Hofrnann-type 
hosts is extended to a 3D lattice work by linking the 
octahedral M(II) sites in adjacent networks with an 
ambidentate ligand such as an 8x,o-diaminoalkane NH2- 
(CH2),NH2 (diam: rz = 2-9). mea, NH2CH(CH3) CH2NH2 
(pn), den. etc. In the case o f  a.o-diarninoalkanes NH2- 
(CH2),,NM2, en (n = 2; Hofmann-en-type). as well as mea 
and p11. the original Hofmann-type structure is retained, 



but adjacent networks are spanned by the ambidentate 
en, mea, or pn in place of the contacting pair of NH3 
ligands protruding into the i~lterlayer space. In the case 
of pn, the methyl groups occupy a cavity so as to give 
the stoichiometry of [ C ~ ( P ~ ) W ~ ( C N ) ~ ] .  1 .5C4H4NH. 
The bridging diam with the longer methylene chain 
(n>3) keeps the host topology the same as that of the 
Hofmann-en-type-[C~l(en)Ni(CN)~l . 2C6H6-but the 
size and shape of the cavities, and accordingly, the number 
of guest molecules in the chemical formula, change one by 
one. as well. Examples include the following: [Cd (tn)- 
Ni(CN)4] .O.S(o-CH3C6H4NH2) (n=3), [Cd(dabtn)- 
Ni(CN),] .C6HjN(CH3)2 (n=4), [Cd(da~ tn )Ni (CN)~]  . 
1.5(p-C .H3C6H4NH2) (n=5),  [Cd(dah~n)Ni(CN)~]  .nz- 
CH3C6H1NH2 (n=6), [Cd(dz~hpn)Ni(CN)~] .1.5(2-methyl- 
quinoline) (n=7), [Cd(da~tn)Ni(CN)~] . C6H130H ( I Z = ~ ) ,  

and [Cd(danon)Ni(CW)4].0.5(o-C6H1(CH3)2 (a=9). In 
general, longer aliphatic chains increase the flexibility of 
the host lattice structure and the lipophilic character of the 
inclusion cavity. 

STRUCTURAL DEVELOPMENTS 

Replacement of the square planar [ M ' ( I T ) ( c w ) ~ ] ~  in the 
Hofmann-type host by a tetrahedral tetracyanometal- 
ate(II), e.g., [ C ~ ( C N ) ~ ] ~  or [ H ~ ( c N ) ~ ] ~ - .  gives another 
series of clathrates with apparently the same chemical 
composition. i.e.: the Hofmann-Td-type-[Cd(NH3)2Cd 
(CN)4] .2C61-16. The structure of the host involving the 
tetrahedral moiety is closely related to that of the original 
Hofmann-type, given the change of point group from D4,, 
of the square planar moiety to T,! of the tetrahedral one, as 
shown in Fig. 2. As an idealized representation. the square 
planar moiety is twisted at the central atom by 90" upon 
replacement by the tetrahedral one. Half of the number of 
the tetragonal cavities in the Hofmann-type host are 
twisted along the body-diagonal plane by 90" with respect 
to one another. but the volume of the cavity remains 
unchanged. Actually, the unit cell of the Hofmann-Td- 
type becomes twice the size of the Hofmann-type: 
generally Z =  1 for the Hofmann-type but 2 = 2 for the 
Hofmann-Td-type. 

A number of compounds with chemical compositions 
that are similar to that of the original Hofinann-type 
ciathrates were reported. However. as usual for other 
inclusion compounds. similarity in composition does 
not necessarily co

r

relate with similarity of structure. For 
example, in the [Cd(~n)Ni (CN)~1 .6  series with aliphatic 
guests, the host structure is entirely different from the 
Hofmann-pn-type pyrrole clathrate [C~l(pn)Ni(cN)~] . (31 
2)C4H5N. Two subseries of structures were observed for 
the channel cavities. one being a snake-like extension 
similar to chat observed for the urea-host inclusion 

Fig. 2 The replacement of a square planar center (open circle) 
by a tetrahedral (solid circle) one; the open square denotes an 
octahedral center. (Left top) Flat network in the Hofmann-type. 
(Right top) Twisted network in the Hofmann-Td-type. (Left 
middle) A rectangular box cavity in the Hofmann-type. (Right 
middle) A twisted biprismatic cavity in the Hofinann-Td-type. 
(Bottom) A couple of Hofmann-type unit cells (left) makes a 
unit cell (right) of the Hofmann-Td-type. 

compounds and the other a nodal extension similar to 
that observed for the thiourea-clathrates. Many cyanome- 
tal-complex-host clathrates and cyanometal complexes 
were observed with similar compositions and entirely 
different structures. 

During the earlier stages of research on Hofmann-type 
clathrates, Hofmann's benzene clathrate was applied to 
purify benzene produced probably by the coal chemical 
industry; at the time, the elimination of trace amounts of 
thiophene was a problem. Syntheses of polythiophenes, 
polypyn-oles, etc., examined in a few cases, appear to have 
been unsuccessful. However. if the Hofmann-type struc- 
ture is seen as a system composed of robust rnetal 
complex host and guest molecules entrapped discretely in 
the cavity, it may act as a reservoir of unstable species as 
the guest. An example is the long-lived cyclohexadienyl 
radicals generated in [Cd(en)Hg(CN)4]. 2C6H6 by "/-ray 
irradiation; the thermally stable C6H7' radicals survive up 
to 423 K in a vacuum-sealed t ~ b e . ~ ' ~ . ' ~ '  



Nofmann-Type Clathrates 

Almost all important contributions to the chemistry 
of Hofmann-type and related inclusion compounds and 
host cyanometal complexes were revicwcd in the lit- 
e r a t ~ r e . ~ ' ~ - ' ~ '  

ARTlCLES OF FURTHER INTEREST 

Channel Inclusion Compounds, p. 223 
Iso.structurality of Inclusion Compounds, p. 767 
Layered Supramolecular Solids ~clntl Their  intercalate.^, 

p. 791 
Mineralomimetic Structures, p. 868 
Molecultir Squares, Boxes, and Cubes, p. 909 
Zeolites: Structures anti Inclusion Properties, p. 1623 
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Homocalixarenes 

Peter ). Cragg 
University of Brighton, Brighton, United Kingdom 

Of all the macrocycles encountered in supramolecular 
chemistry, two are predominant: calixarenes and crown 
ethers. Conventionally, calixarenes are 2.6-metacyclo- 
phanes derived from phenols, with a single CH2 group 
separating each phenolic moiety (see Calixarenes: Syrz- 
thesis and Historical Per.~pectives). It is possible to 
ir~troduce variation into the calixarene framework by 
extending the bridge between phenols to create a range of 
"homocalixarenes." This bridge majj consist solely of 
alkyl groups or may have heteroatoms. such as nitrogen or 
oxygen, incorporated in the chain. Introduction of het- 
eroatoms has the additional interesting effect of combin- 
ing crown ether (or azacrown ether) features with those of 
calixarenes. The potential of homocalixare~les and their 
derivatives to form a wide range of supramolecular 
complexes is therefore vast and as yet largely untapped. 

NOMENCLATURE 

The term "homocalixarene" was coined by Brodesser and 
Vogtle in 1994 to describe calixarene analogues containing 
two or more CHz groups between the aromatic moieties."' 
Homocalixarenes in which all the bridges were expanded 
to the same degree are termed all-homocalixarenes; those 
in which bridges of differing lengths occur are usually 
given narnes based on cyclophane nomenclature (see 
C~clopharzes: Defirzitiorz ~rzrl Scope). 

An "additional subgroup of these coinpounds contains 
coinbinations of CF12 groups and heteroatoms such as 
oxygen ("hornooxacalixarenes") or nitrogen ("hoino- 
azacalixarenes"). The presence of heteroatorns is re- 
flected in the nomenclature, thus a calix[4]arene in which 
one CH2 was replaced by CH20CN12 is described as a 
dihomooxacalix[4]arene.~" The "dihomo" element of the 
name implies two additional atoms in the cyclic fraine- 
work; "oxa" implies that one of these is oxygen: and 
"calix[4]arene" is the class of the parent compound. 
Other structural features that contribute to nomenclature 
include the "lower-rim" substituents (if any) attached to 
the phenolic oxygens, the "upper-rim" substituents found 
in the 4-position of the phenols. and, in the case of homo- 
azacalixarenes. the substituents on the nitrogens. 

The simplest member of this group is calix[2]arene. 8,16- 
dihydroxy[2.2]metacyclophane. comprised of two p-t- 
butylphenols linked through ethylene bridges.'" Larger 
~111-homocalixarenes containing three phenols with all 
ethyli'] and all propyl'5~71 linkers have been prepared. 
Trimers with combinations of methyl and ethylrx1 and 
methyl and propyl'yl bridges, tetramers linked by two 
methyl and two propyl  bridge^,"^."' and all-homoca- 
lix[41arenes['~] are also known. 

Synthesis 

Two main procedures were used to prepare homo- 
calixarenes. The first uses the sulfone extrusion route 
(Fig. 1) initially developed by Vogtle to prepare 
[2.2.2.2]biphenylophane and extended by Tashiro and 
Yamato to synthesize dihomocalix[3]arenes, dihomoca- 
lix[4jarenes, and homocalixarenes with differing lengths 
of  bridge^."^."^ Typically. this method combines 2,6- 
(chloromethy1)-4-t-butylanisole with hi.c(3-thiomethyl-5- 
t-butylaniso1e)methane to prepare the sulfur-containing 
intermediate. This is transformed into the dihomocalix[3]- 
arene through pyrolysis under reduced pressure followed 
by hydrolysis. The second synthetic route owes much to 
the work of ~ a m a t o , ~ ' "  who pioneered an approach that 
employs base-catalyzed (Fig. 1 )  condensation of linked 
phenols with formaldehyde to prepare the asymmetric 
homocalixarenes. A typical example involves the prepa- 
ration of 1,3-bis(5-r-butyl-2-hydroxyphenyljpropane from 
4-t-butylanisole. and its subsequent reaction with para- 
formaldehyde under basic conditions to form the tetra- 
homocalix[4]arene. Variations on this method are used to 
synthesize 4-t-butylhexahomocalix[3]arene through cycli- 
zatioil of 2,6-(bro1noineth~l)-4-t-butylanisole.l' An indi- 
cation of the success of these synthetic methods may be 
given by the observation that bishomocalix[3]-, [41-. [5]-, 
[GI-, 171-, and [$jarenes are all available. 

Derivatives 

Alkylation of the lower rims of these compounds was 
largely restricted to inethyl substituents. with the notable 
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Fig. B Homocalixarene synthesis: sulfone extrusion (top) and base-catalyzed (bottom) methods. 

exception of hexahomocalix[3]arenes and tetrahomoca- 
lix[4]arenes. Methyl-, benzyl-, and diethylacetamide and 
ethylacetate derivatives of both were prepared.'5"51 In 
addition, the tripyridyl derivative of the hexahomoca- 
lix[3]arene was prepared.'" Unlike the calix[rz]arene 
family. where many conformers may be formed, the 
homocalix[3]arenes can only adopt cone conformers and 
the less sterically demanding partial cone conformers. 
Unfortunately. the partial cone conformers of these 
derivatives tend to collapse on the macrocjrclic cavity, 
thus reducing the potential for host-guest interactions. 
Statistically, only 25% of 0-alkylated products should 
form in the generally more useful cone conformer, 
however, this may be improved by correctly choosing 

reagents. For example, the choice of base can influence 
the ratio between cone and partial cone conformers of the 
products formed from 0-alkylation of hexahomocalix[3]- 
arene. The ester and amide derivatives may be synthesized 
as the cone conformer or partial cone with 95% or 67% 
specificity, respectively. More striking is the reaction of 4- 
t-butylhexahomocalix[3]arene with 2-(chloromethy1)pyr- 
idine. Use of sodium hydride as the base, in tetrahydro- 
furan, gives the cone conformer exclusively; however, if 
cesium carbonate is substituted as the base, only the 
partial cone conformer is formed. Free rotation of the 
aromatic groups through the annulus allows the cone 
conforiner to form readily when the lower-rim substitu- 
ents are relatively small: however, as these groups become 



larger. the macrocycles can no longer interconvert 
between conforrnerr through rotation alone. 

Complexes 

The importance of the cone conformer for guest binding 
may be illustrated through the extensive investigation of 
binding carried out on the pyridyl derivative of hexaho- 
mocalix[3]arene. which is selective for Ag+ over alkali 
nletals and the butylaminonium cation. This is true in 
either the cone or. surprisingly, partial cone conformer; 
nevertheless, the strongest binding occurs with the cone 
confo~mer. '~] Unsubstituted homocalixarenes display met- 
al extraction profiles that unusually reflect their flexibility 
and nu~nber of phenolic binding sites rather than the size 
of the cavity they form: bishomocalix[5]arene binds Ca2+, 
sr2+; and ~ a ' +  to an equal extent. whereas the larger 
bishomocalix[S]arene is specific for ~ a ' +  over all other 
alkaline earths. Incorporation of lower-rim amido groups 
further enhances the discrimination of the latter for ~ a ~ + .  
There are other consequences of metal-homocalixarene 
interactions: cation-n interactions between alltali metals 
and the aromatic rings of bishomocalix[2]arene were cited 
as reasons for difficulties in its selective deinethylation."" 

Woinooxacalix[n]arenes (oxacalixarenes) are inembers of 
the calixarene family of macrocycles that incorporate one 
or more ethereal bridges (CH20CH2) in place of CH2 
groups, which link phenol inoieties through the 2- and 6- 
positions. The first inembers of the family to be reported 
were hexahomotrioxacalix[3]are11es, [lh-191 however. many 
others are now known. The synthesis of the entire series 
of expanded calix[4]arenes (dihomooxa-, both isomers of 
tetrahomodioxa-. hexahornotrioxa-, and octahomotetra- 
oxacalix[4]arenes) as the corresponding methyl ethers was 
described in detail by ~ a s c i . " ~ ~  Oxacalix[4]arenes. 
notably dihomodioxacalix[4]arene, enjoyed soine success 
as chelators for lanthanides and actinides; ne\~ertheless, 
the oxacalix[3]arenes remain the focus of attention.'"' 

Synthesis 

Hexaholnotrioxacalix[3]arenes (oxacalix[3]arenes) were 
first reported in 1962.'16' but it took another two decades 
until a reliable synthetic method appeared.r"' Additional 
routes and refinements continue to make these coinpounds 

more acces~ible. ' '~"" The most straightforward synthesis 
involves the acid-catalyzed condensation of 2.6-bis(hy- 
droxymethy1)-4-t-butylphenol in refluxing o-xylene. Mix- 
tures of hexahornotrioxacalix[3]arenes and octahomo- 
tetraoxacalix[4]arenes are usually formed, however, if 
p-toluenesulfonic acid is used as the catalyst, the hexaho- 
motrioxacalix[3]arene is the sole product"" ((Fig. 2). 

Derivatives 

The attractive threefold symmetry of the oxacalix[3]ar- 
enes and potential for modification at upper and lower 
rims led to their application as models for ion channel 
fi~ters, '~" chiral recognition agents,12" sensors for neuro- 
transmitters, rotaxanes, and inolecular  capsule^.'^" De- 
rivatization generally takes place at the lower rim through 
reaction of phenolic oxygens with a variety of species. 
including alkyl iodides, N, N-diethylchloroacetamide, 
ethylbromoacetate, and 2-(ch1oromethyl)pyridine. As with 
hexahoinocalix[3]arenes in general. the main drawback of 
lower-rim substitution is that statistically only 25% of the 
product forms in the cone conformation. Likewise. careful 
control of alkylating conditions can direct the product 
conformer: reaction of 4-t-butylhexahomotrioxacalix[3]- 
arene with N. N-diethylchloroacetamide using sodium 
hydride in tetrahydrofuran gives the cone product. 
whereas cesium carbonate in acetone gives the partial 
cone product. Once 0-alkylation occurred. the macrocycle 
is frozen into the conformation it adopted. unless the 
substituent is a propyl group or smaller. Interestingly, the 
hexahornotrioxacalix[3]arene derivatives are more con- 
formationally mobile than their hexahomocalix[3]arene 
analogues. The propyl ether derivative of the latter cannot 
rotate through the macrocyclic annulus, and the ethyl 
ether derivative inverts at 90°C compared to 50°C for the 
oxygen-containing homologue. 

The parent oxacalix[3]arenes show little ability to bind 
alkali metals,"s1 however, a range of quaternary ammo- 
nium cations are attracted to the syminetric cavity. 
Deprotonation of the phenol moieties allows them to bind 
to transition metals (scandium, titanium, vanadium. 
rhodium. molybdenum. gold. etc.), lanthanides (lutetium. 
yttrium, and lanthanum), and actinides (uranium: as 
uranyl). Oxacalix[3]arenes derivatized on the lower rim 
can complex gallium, mercury. and alkali metals, includ- 
ing sodium, in a manner reminiscent of natural trans- 
membrane cation filters. One major use was to purify 
crude samples of fullerenes. The pseudo-C3 symmetry of 
the macrocyclic cavity is complementary to threefold 
symmetry elements of CbO. which binds preferentially in 
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Fig. 2 I-Iomooxacalixarene syntheses: hexahomotrioxacalix[3]arene (top) and tetrahoniodioxacalix[4]a1.ene (bottom) 

aromatic solventr. The oxacalixarene-Cho coinplex can be 
isolated and the pure fullerene liberated through dissolu- 
tion in dichlorornetha~~e.~~" 

DlHOMQBXACALIX[4]ARENES7 
TETRAHOMODIOXACALIX[4JARENES7 AND 
OTHER DERIVATIVES 

Synthesis 

Initially, the expanded oxacalix[4]arenes were obtained 
as trace products from the preparation of calix[4]ar- 
enes: tl6.271 however, high-yielding routes have since been 

reported in which the expanded calix[4]arenes are the 
major products.1201 For example. optimized synthetic 
methods are now available to prepare cone and partial 
cone conformers of tetrahomodioxacalix[4]arene (as their 
methyl ethers) through the reaction of a bis(hyd1-oxy- 
methy1)phenol methyl ether dilner or triiner with a 
bis(bromomethy1)phenol methyl ether dimer or monomer, 
respectively, via Williamson ether syiltheses. 

Derivatives 

The majority of examples of expanded calix[4]arenes in 
the literature are 4-t-butyl derivatives of dihomooxa- or 
tetrahomodioxacalix[4]arenes. as parent compounds or as 
phenyl ethers and e ~ t e r s , ~ ~ ' . ~ ~ ]  although p-methyl- and 
p-phenyl-containing compounds were reported.L'O."l 

Complexes 

X-ray crystallographic determinations illustrate a range 
of complexes exhibiting inclusion of m-xylene, di- 
methylformamide. tetrahydrofuran. triethylamine, dimeth- 
ylsulfoxide. or acetone. The expansion of the calix[4]arene 
framework is particula

r
ly suited. however. to europium 

and uranyl co~nplexation by phenolic o ~ y ~ e n s . ~ " '  

Analogous to the homooxacalixarenes. the homoazacalix- 
arenes contain nitrogen bridge heads with an array of 



substituents. Homoazacalix[4]arenes may be prepared catalyzed cyclization of 2,6-bis(hydroxymethy1)phenols 
through cyclization of methylene-bridged 4-substituted with arnines followed by thermal dehydration or base- 
phenol dimers or tetramers in the presence of amines. catalyzed cyclization of 2,6-di(chloromethy1)phenols with 
Homoazacalix[3]arenes are synthesized through acid- amines (Fig. 3). 

Fig. 3 FIomoazacahxarene syntheses high-temperature (top), base-catal~zed (center). and convergent (bottom) methods 



654 Homocalixarenes 

Synthesis 

The first hornoazacalixarene was reported by ~ u l t s c h , ~ ' ~ ~  
who prepared hexahomotriazacalix[3]arene through direct 
reaction of 4-t-butylphenol with hexamethylenetetramine, 
however, his method has yet to be verified. The first 
practical synthesis was that of tri(4-methyl-N-benzy1)hex- 
ahomotriazacalix[3]arene by ~ a k e m r n a . ~ ~ ~ ]  In the two- 
step process, 2.6-bis(hydroxymethy1)-4-methylphenol was 
first refluxed in toluene with benzylamine, solvent was 
removed. and the residue was thermally dehydrated at 
135°C to give the azacalix[3]arene in 38% yield. A 
convergent synthesis was developed by Hampton based 

on the reaction of 2-(chloromethy1)-5-methylbenzalde- 
hyde with benzylamine (to form a dimes). followed by 
the addition of bis(chloromethy1)-4-methylphenol to give 
the compound in 95% yield.'z31 Characterization of the 
product prepared by Hampton's method indicates that 
Takemura's procedure generates a mixture of oligomers, 
predominantly the azacalix[3]arene and its azacalix[4]ar- 
ene homologue. 

An alternative to this method. and one by which a 
variety of N-substituents may be i~~troduced, is through the 
base-catalyzed reaction of a suitable amine. such as an 
amino acid ester with 2,6-bi~(chlorometh~l)~henols.[~~~ 
The advantage of this method is that the N-substituents 

Fig. 4 Derivatives of the parent macrocycles: 0-alkylation of hexahomocalix[3]arenes (top) and hexahon1otrioxacalix[3]arenes 
(center): formation of tetrahomodiazacalix[4]arene betaine (bottom). 



may be derived from volatile amines that would not be 
stable in refluxing o-xylene. Other azacalixarenes are 
made through condensation of benzylamine with bis(hy- 
droxymethyl)phenol dimers or tetramers to yield tetraho- 
modiazacalix[4]arenes and dihomoazacalix[4]arene~.'~~~ 
Reaction of the bis(hydroxymethy1)phenol dimers with 
methylamine produces a dibishomoazacalix[4]arene that 
can be quaternarized to fo r~n  the cationic azacalix[4]arene 
betaine.i'61 

Derivatives 

Unlike homocalixarenes and hon~ooxacalixarenes. little 
was done to derivatize the lower, phenolic rim of the 
homoazacalixarenes. Upper-rim substituents, thus far, are 
limited to chloro, methyl. and t-butyl groups. The greatest 
scope for variation came in the groups appended to the 
bridging nitrogen. Early examples include benzyl and 
glycine methyl ester derivatives. but this range has since 
extended to include pyridyl, acetyl, i-butyl, allyl, and the 
N-unsubstituted derivative first reported by Hultsch 
(Fig. 4). 

Complexes 

Crystal structures of dihomoazacalix[3]arene containing 

N-glycyl methyl ester substltuents and Itr trimethyls~loxy 
derivative show that the former adopts the cone and the 
latter the partial cone conformer, though ne~ther includes 
solvent In the solid state. S t ~ ~ ~ c t u r e s  of tn(4-chloro-AT- 

Fig. 5 Str~~ctures  of homocalixarenes: 4-I-butyldihomoca- 
lix[3]arenetrimethyl ether (top) and 4-1iitrohexahomocalix[3]ar- 
enetributyl ether (bottom). with solvents and hydrogen atoms 
removed for clarity. (\/ie>t' this nrf irz color a t  ,vvv~v.dekkei:corn.) 

Fig. 6 Structures of homooxa- and azacalixarenes: 4-t- 
b~1tyldiho1nooxacalix[4]arene-europium complex (top left), 4-t- 
butylhexahomotrioxacalix[3]arenetripyriyl ether (top right), 
chlorohexaho1iiotriazacalix[3]arenetribenzyl ether (bottom left). 
and 4-t-butylhexahomotrioxacalix[3larene-Ca complex (bottom 
right), with solvents and hydrogen atoms removed for clarity. 
(Vie+t. this art  irz color at ~~~~v~v.dekker .com.)  

benzyl)hexahomotriazacalix[3]arene complexed to ytter- 
bium nitrate and neodymium nitrate show that the metal is 
centrally coordinated to ail three phenolic oxygens. This 
provides an interesting contrast with the dimeric structures 
determined for hexahomooxacalix[3]arenes. Di(4-methyl- 
N-benzyl)tetrahomodiaracalix[4]arene cornplexes the ura- 
nyl cation in two distinct modes that may involve all four 
phenolic groups or just two (Figs. 5,6). 

Expansion of the calixlnlarene framework, thus increasing 
the interphenolic separation by homo- or heteroatomic 
moieties: yields homocalixarenes with increased flexibil- 
ity over the parent macrocycles. This. in turn, gives rise to 

en or novel inclusion complexes, particularly where oxqg 
nitrogen heteroatoms are incorporated in the macrocycle. 
The expanded ~nacrocyclic cavities present in homocalix- 
arenes give the co~npounds the potential to complex large 
guests. as evidenced by the oxa- and azacalixarene 
co~nplexes of lanthanides and actinides. Modification of 
the upper and, more importantly, lower rims of the 
phenolic groups allows for even greater functionality to be 



added to the compounds. Unlike the parent calix[rz]arenes. 
the derivatized homocalixarenes are less constrained in 
the range of conformers that they can adopt and readily 
interconvert, as long as the lower-rim substituents are not 
too bulky. 

Much of the early research into homocalixarenes 
focused on simply extending the intesphenolic bridges. 
however, the current trend is to exploit the binding 
properties of heteroatoms incorporated in the macrocy- 
clic framework. To this end, research into the synthesis 
and inclusion chemistry of oxa- and azacalixarenes has 
now become the main area of interest for those working 
on homocalixarenes. 
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INTRODUCTION 

The hydrogen bond, which in its simplest form may be 
abbreviated as X-H.. .A ( X :  donor; A, acceptor) is an 
intermolecular interaction of fundamental importance.111 
It is of great significance in molecular association. 
because it is common. strong enough, and sufficiently 
directional. No other interaction has ail three of these 
attributes, and supramolecular assemblies constructed 
with hydrogen bonds are structurally robust and orienta- 
tionally specific. An additional feature of hydrogen 
bonding is that it is also weak enough to be dissociated 
in solution. In effect, the hydrogen bond with its 
intermediate energy (0.540 kcal/mol) can be formed 
easily. and it can also be brolten easily. It is, therefore, of 
importance in suprainolecular processes in solution, where 
kinetics and reversibiiity are critical issues. The hydrogen 
bond is a complex interaction and also a composite 

It is complex, because it involves at least 
three atorns. one of which is the all-important bridging 
H-atom. It is composite in character, because it may be 
dissected into four main components-electrostatic. co- 
valency. dispersion-repulsion. and polarization-that 
have widely differing attributes and consequences. Hy- 
drogen bonding has been studied for about a century, and 
the literature on the subject is vast. The phenomenon 
constantly lends itself to new research and reintel-preta- 
ti011.~" In this article, the subject of hydrogen bonding is 
sketched with respect to supramolecular chemistry. and 
with an emphasis on how present-day ideas in structural 
chemistry have evolved. The treatment given here is 
necessarily abbreviated and subjective. 

WHAT IS A HYDROGEN BOND? 

Surprisingly, this is stiil debated. A geolnetrical definition 
is easier than a chemical one. The hydrogen bond X-H 

. ,A is constit~lted with a donor X-H and an acceptor A. 
Readers will note that this convention is exactly the 
opposite as that used in the rest of the chemical literature, 
wherein donors are electron-rich species, and acceptors 
are electron deficient. The hydrogen bond may be 
described in terms of the d, D, 0. and r as shown in 
Fig. 1. and certain limits and ranges are well accepted for 

these geometrical parameters. With the ever-increasing 
quality of modern diffraction data, H-atoms can be 
identified accurately, and the distance d and the angle 6' 
are most commonly used. If the hydrogen bond is 
extended on the acceptor side as X-N. . .A-Y. an acceptor 
angle 4, N. . ,A-Y may also be defined. Often, a donor 
group will present itself to two or more distinct acceptors 
(say, A ,  and A2), or an acceptor will likewise interact with 
several donors (XI-N and X2-If). These multifurcated 
interactions are common, especially if both strong and 
weak donors and acceptors are considered. Multi-atom 
acceptors like double and triple bonds and aromatic rings 
were also identified and are of general significance. 

A hydrogen bond, X-H. . .A: is an interaction wherein a 
hydrogen atom is attracted to two atoms. X and A. rather 
than just one: and so acts like a bridge between them. 
What is the nature of this attraction? Chemists are in 
agreement that all hydrogen bonds are electrostatic 
interactions. and that the attraction always increases with 
the increasing electronegativity of X and A. Disagree- 
ments arise as to the extent of electrostatic character 
required to term an interaction X-H. . .A as a hydrogen 
bond. By "eiectrostatic" is meant an interaction with an 
r ' to rp' energy-distance dependence, so that dipole- 
dipole interactions are included, and a distinction is drawn 
between electrostatic and van der Waals interactions, 
which are interactions between dipoles or induced dipoles 
with an r-"dependence. During the first 50 years of this 
phenomenon. the term '-hydrogen bond" was restricted to 
interactions like W-H. ..O. 0-H. . .O,  and F-H. . .F. in 
which the donors and acceptors are activated.lq Today, 
the concept of the hydrogen bond extends to weaker 
interactions like C-H. . .O and 0-H. . ..n. which have 
hardly any covalent character and are only marginally 
electrostatic.'" The domain of the hydrogeil-bond pbe- 
nomenon expanded even more with the inclusion of 
interactions like C-H.. .n. which is more of the disper- 
sion-repulsion type (van der Waals) with oniy residual 
electrostatic cha~acter.~" This conceptualization and ex- 
tension was largely the handiwork of suprarnolecular 
chemists who found it convenient to define a hydrogen 
bond as an interaction capable of maintaining a certain 
regular suprarnolecular organizati~n.'~] The operational 
definition of a hydrogen bond for a supran~olecular 
chemist is then functional; rather than geometrical. 
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DOI: 10.1081E-ESh4C 120012654 

Copyright C 2004 by Marcel Delcker. Inc. All rights resened. 



Hydrogen Bonding 

Bifurcated donor Bifurcated acceptor 

Fig. I (Top) Definition of the terms D, d, r, 0, and q5 in a 
hydrogen bond X-H. . .A-Y. (Bottom) Bifurcated donor (left) 
and bifurcated acceptor (right) arrangements. The hydrogen 
bond in each case consists of all the atoms X, H. A, ,  and AZ, or 
Y. A. H. XI .  H, and XZ. 

energetic, or spectroscopic. although all of these defini- 
tions have large common intersections. The functional 
criterion of a hydrogen bond still has its basis in 
electrostatics-the more long-range an interaction, the 
more specific will be its orienting effect during crystal- 
lization and self-assembly. So, it was proposed that any 
interaction X-H . .A with an F 3  or shallower energy- 

distance dependence should be termed a hydrogen bond.15' 
According to such a definition, all 0-H. . .rt interactions 
are hydrogen bonds, as is the C-I-I. . .n interaction in 
acetylene. but the C-H. . .n interaction in benzene is not. 
However, any criterion to define a hydrogen bond will be, 
in the end, simplistic, because hydrogen bonding is a 
complex phenomenon and does not lend itself easily to a 
simple and accurate definition. Considering the chemical 
connotations of the word bond, it was suggested that the 
term "hydrogen bridge" may be more suitable for the 
phenomenon than "hydrogen bond."'21 

TYPES OF HYDROGEN BONDS 

Hydrogen bonds may be classified as very strong, strong. 
and weak based on their ability to determine and control 
supramolecular s t ruct~re ." .~ '  Listed in Table 1 are per- 
tinent geometrical, energetic, thermodynamic. and func- 
tional attributes. The table provides a rough guide and is 
not intended to divide hydrogen bonds into watertight 
compartments. The reader will easily recognize the 
differences among the three categories. To assign a hy- 
drogen bond in the borderline regions, chemical con- 
siderations are more advisable than numerical criteria and 
cutoff definitions. 

Very strong hydrogen bonds occur in an energy range 
of 1 5 4 0  kcallmol and are formed by unusually activated 
donors and acceptors. Frequently, they are formed 
between an acid and its conjugate base, X-fl.. .X-,  or 

Table 1 Some properties of very strong, strong, and weak hydrogen bonds. X-H. . .A 

Very strong Strong Weak 

Bond energy (- kcallmol) 
Examples 

IR its relative shift 
Bond lengths 
Lengthening of X-H 
X, . ,A ( D )  range 
H. . .A (4 range 
Bonds shorter van der Waals cutoff 
Angle (0) range 
kT (room temperature) 
Effect on crystal packing 
Utility in crystal engineering 
Relevance in biological structures 
Covalency 
Electrostatics 

15-40 
[F.. .H. .F]- 
[N. . .H. . .N]+ 
P-OH. . .O=P 
>25% 
H-A - X-H 
0.05-0.2 A 
2.2-2.5 A 
1.2-1.5 A 
100% 
175-180" 
> 25 
Dominant 
Unknown 
Unknown 
Pronounced 
Significant 

4-1 5 
0-H.. .O=C 
N-H. . .O=C 
0-H. . .O-H 
5-25% 
H. . .A>X-H 
0.01-0.05 A 
2.5-3.2 r\ 
1.5-2.2 A 
Almost 100% 
130-180" 
7-25 
Distinctive 
Useful 
Important 
Weak 
Dominant 

<4  
C-H. , .o 
0-H. . .n 
0s-H. . .O 
<5% 
H. . .A >> X-H 
<0.01 - A 
3.0-4.0 (I 
2.0-3.0 a 
30-80% 
90- 180" 
< 7 
Variable 
Partly useful 
Ubiquitous 
Vanishing 
Moderate 

Source: Adapted Frorn Ref. [j] 
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between a base and its conjugate acid, X+-H . .X. They 
are often intramolecular and assisted by resonance. A 
distinctive characteristic of very strong hydrogen bonds is 
their substantial covalent character so that the X-H and 
H. . .A distances are comparable. Very strong hydrogen 
bonds are of great importance in the context of chemical 
reactivity and biological mechanisms. 

Strong hydrogen bonds (4-15 kcallmol) are largely 
electrostatic. They are certainly the most familiar (ice. 
DNA, proteins) and well studied of hydrogen bonds. To 
Inany structural chemists and biologists, the properties 
associated with this category exemplify hydrogen bonding 
as a whole.lgl Molecules that contain functional groups 
capable of forming strong hydrogen bonds always do so, 
unless there are adverse steric factors. Their ability to 
control and modulate supramolecular structure means that 
they are reliable agents of intermolecular architecture. The 
strong hydrogen bond is the master-key of molecular 
recognition, and full coiltrol of this interaction will lead to 
mastery of supramolecular chemistry in general. 

Weak hydrogen bonds (<4 kcallmol), although nu- 
merous, were not identified in a general sense until 
recently.['] These bonds are electrostatic, but this char- 
acteristic is modified by variable dispersive and covalen- 
cy (charge-transfer) components that depend substantially 
on the nature of the donor and the acceptor group. The 
strongest of these, say bonds such as 0-H. .  .Ph and 
C--C-H. . . 0 ,  are electrostatic and comparable to a bond 
like 0-H. ..O-H. They lie in the energy range of 2 4  
kcallmol. The weakest of these are formed by unactivated 
methyl groups and are barely stronger than van der Waals 
interactions (about 0.5 ltcal/mol). Bonds formed by weak 
donors with strong acceptors have been studied the 
longest. This set includes C-H. . ,O/N and more recently 
M-H.. .O, where M=Ts.'" The second set is constituted 
with strong donors like 0-H and N-H and weak 
acceptors like C=C, Ph, and M. Bonds formed with 
weak donors and weak acceptors (C-H. . .x, S-H. . ..n. 
C-H. . .M, C-H. . . F C )  are at the end of the hydrogen- 
bonding regime. 

(a) 0-H ... 0 (theta) 

0 - w  ... 0 (d) 

Fig. 2 Difference between strong and weak hydrogen bonds. 0-d scatterplots for (a) 0 -H . .  .O and (b) C-H . .O hydrogen boilds in 
representative crystal structures (CSD data). The weak hydrogen bonds span a much wider range of angles and distances than the tightly 
grouped sample of the strong hydrogen bonds. Note. however, the roughly inverse 0-d correlation that is characteristic of all hydrogen 
bonds for the C-H. . .O data. (From Ref. [5].) 
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Fig. 2 (Continzted). 

DETECTION OF HYDROGEN BONDS 

A number of methods and techniques are available. and 
the most appropriate needs to be chosen for the system in 
hand. Diffraction methods are especially important, 
because they are easy, fast, and accurate, and they may 
be applied to the weakest of hydrogen bonds. Advances in 
crystallographic hardware and software and automated 
methods of crystal growth of biological crystals means 
that we may reasonably expect a very large number of 
accurate crystal structure determinations in the near 
future. The number of organic and organornetallic crystal 
structures has grown to around 300,000 during the last 75 
or so years. It is expected that this number will touch 
nearly 500,000 in less than a decade from now. A great 
majority of these structures will contain some type of 
hydrogen bond. Neutron diffraction is closely associated 
with the field of hydrogen bonding, because only with this 
technique is the crystallographer able to accurately 
establish the position of the most crucial aton1 in the 
interaction. namely, hydrogen. 

An important consequence of the ever-growing number 
of small-molecule crystal structure determinations has 

been the development of methods for the storage and 
retrieval of crystallographic data. This has. in turn, led to 
the widespread use of crystallographic databases, and this 
was a development of great significance in the study of 
hydrogen bonding.['01 The Cambridge Structural Database 
( 0 )  and the Protein Data Bank (PDB) are especially 
relevant. As a representative example, the reader's atten- 
tion is directed to Fig. 2, which presents d-8 scatterplots 
for strong (0-H. . .O) and weak (C-H. . .O)  hydrogen 
bonds obtained from around 500 and 150 accurately de- 
termined and representative crystal structures. The geo- 
metrical parameters of the strong 0-H . .O bonds cluster 
within a nassow d-8 region, but this is cestainly not the 
case for the weak C-H. . .O bonds. However, as shown in 
Fig. 2, despite their scatter, these interactioils have the 
inverse length-angle correlation that is characteristic of an 
electrostatic interaction like hydrogen bonding. So, the 
C-H . .O interaction is a hydrogen bond. but it is "soft." 
Crystallographic databases also permit the analysis of 
more extended supramolecular patterns and networks in 
crystals. This was realized early in the development of 
databases, and this is of much utility in subjects such as 
crystal engineering1"' and structural geno~nics . [ '~~  
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Vibrational spectroscopy is the classical method for the 
study of hydrogen bonding in condensed phases.''] Its 
applicability ranges from the strongest to the weakest 
hydrogen-bond types, and in both solution and in the solid 
state. The probe here is the vibrational frequencies of the 
atomic groups involved in hydrogen bonding, and because 
these frequencies can be measured accurately, subtle 
effects can be detected. Correlations of structural and 
vibrational parameters were established for various strong 
hydrogen-bond types. Despite the many benefits, the 
spectroscopic method is not free from drawbacks. Even 
for relatively simple systems, spectral complexity can 
prevent proper interpretation; this is the case: in particular, 
for systems exhibiting vibrational coupling. Furthermore, 
it is not always easy to distinguish between intra- and 
intermolecular effects based on vibrational spectra. Re- 
cent improvements in instrument technology and. parallel 
growth of interest in weak hydrogen bonds led to a 
renaissance of IR techniques in the hydrogen-bonding 
field, in particular: for solid samples. 

Quantum chemistry complements crystallography and 
spectroscopy in the study of weak intermolecular interac- 
t i o n ~ . ' ' ~ ]  Theoretical methods can provide benchmark 
values for the energies of intermolecular interactions 
without the complicating effects of the solid-state or 
solution environment. Crystallography and spectroscopy 
provide information on equilibrium geometries, as many 
experimental techniques do. Computational methods, on 
the other hand, can be used to study domains of the 
potential energy surface, which are far from the equilib- 
rium structure. Because of the widespread availability of 
powerful and yet low-cost computers, theoretical methods 
are now accessible to a large number of structural 
chemists, including experimentalists. Theory coupled 
with database research emerged as an effective way to 
study weak intermolecular interactions. Theory enables 
one to compartmentalize the various contributions to 
hydrogen-bond energy and also to dissect and study the 
important phenomenon of cooperativity. Of more recent 
interest is the computational treatment of small molecular 
clusters, or supramolecular synthons, and to examine their 
roles in crystal growth and stabilization. In the biological 
area, molecular dynamics (MD) may be useful, because it 
enables study of the dynamics of the breaking and making 
of weak hydrogen bonds. In this way, not only the 
energetics but also the lifetimes of weak hydrogen bonds 
may be studied. 

THE HYDROGEN BOND BN 
SUPRAMOLECULAR CHEMISTRY 

molecular structure. Hydrogen bonds are simpler to detect 
and their manifestations easier to demonstrate in the solid 
state than in solution. Most definitive studies are, there- 
fore, based on crystal structure determinations. Robertson 
was the first to enunciate the principle of maximum hy- 
drogen bonding.i141 In his words: 

all the available hydrogen atoms attached to electroneg- 
ative groups. are generally employed ill hydrogen bond 
formation. Some o f  the bonds formed may be weaker than 
others. but the molecular packing is generally capable o f  
adjustment in such a way as to permit the fulfillment o f  
this condition. 

This principle appears to be of universal application. 
Donohue, in suggesting to Crick and Watson that the 
DNA bases are hydrogen bonded and in pointing out the 
appropriate tautomeric structures, paved the way for the 
double helix structure, and incidentally provided a 
blueprint for multipoint recognition in biological mole- 
cules." Powell described the structures of the clathrate 
compounds of b-hydroquinone (Fig. 3a) and introduced 
the network depiction for hydrogen-bonded 
Many years later. ~erbstein"" described the crystal struc- 
ture of benzene-l,3,5-tricarboxylic acid (trimesic acid) in 
terms of a 2D network (Fig. 3b). The main impetus to 
visualization of a crystal structure as a network came later 
from the important paper of Ermer'17' on the crystal 
structure of adamantane-l,3,5.7-tetracarboxylic acid 
(Fig. 3c). In this paper, a 3D hydrogen-bonded network 
was described, and a specific discussion of network 
interpenetration, which is multiple catenation, was in- 
cluded. Although interpenetration was not new (it occurs 
in the p-quinol clathrates of Powell and in trimesic acid), 
Ermer's vivid description of this structure was one of the 
key events that led to the establishment of crystal engi- 
neering as a distinct subject. 

It was always well recognized that hydrogen bonding 
plays an important role in crystal engineering. the design 
and synthesis of solid-state supramolecular structures.'"] 
Schmidt and Eeiserowitz realized early the need to 
develop guidelines by examining the packing systematics 
of organic molecules, and they carried out a survey of 
amide crystal  structure^."^^ Leiserowitz subsequently 
provided a detailed analysis of the crystal packing of 
carboxylic acids.1191 Desiraju showed that weak hydrogen 
bonds could be brought into the scope of crystal en- 
g ineer i~~g. '~ '  A comparison of the strong hydrogen bonds 
in the Whitesides rosette structure of melamine-cyanuric 

Strength and directionality render the hydrogen bond of 
critical importance in establishing and maintaining supra- 

"Surprisingly. the special supplement of Nature comme~norating the 50th 
anniversary of the DNA structure, 23rd January. 2003 (reprinted from 
vol. 421. no. 6921) rnakes no mention of Donohue. 
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Fig. 3 (a) Network structure in the P-quinol structure (after 
Powell). The solid lines represent hydrogen bonds. (b) Inter- 
penetrated two-dimensional networks in trimesic acid. (c) Inter- 
penetrated three-dimensional networks in adamantane-1,3,5.7- 
tetracarboxylic acid. (I/ie+t this art in color. nt >vw1t..dekker.com.) 

acid[201 and the weak hydrogen bonds in the molecular 

complex of 2,5-dibenzylideneacetone and sym-trinitro- 
benzene'"' is illustrative (Fig. 4). Etter reformulated the 
principles set forth by Roberston and Donohue with an 
added stipulation that the best hydrogen-bond donors and 
acceptors form intermolecular hydrogen bonds with each 
other.i22' A nu mber of rules for specific classes of 
functional groups were also provided. In retrospect, much 
of this is more by way of guidelines rather than rules. 
Exceptions are common, and today's exceptions become 
tomorrow's rules as the number and variety of crystal 
structure determinations increase. As the subject of crystal 
engineering has grown in breadth and scope, a very large 
number of crystal structures that were designed using the 
principles of hydrogen bonding have been reported. As 
stated previously, hydrogen bonding is the interaction of 
choice in crystal design strategies, and the reader is 
directed to the general and specialist literature on this 
topic. It would be impossible to provide even partial 
coverage here. 

Hydrogen bonding is also extremely important in the 
construction of supramolecular aggregates in solution. 
Because issues of kinetics and reversibility need to be 
considered. it is important that the assembling interactions 
be as strong and as numerous as possible.["' Typically, 
0-I-I. . .O, 0-H . .N, N-H. . .0. and N-H . .N interactions 
are employed, and many systems, derived from the 
melamiile-cyanuric acid recognition; were investigated. 
This system, which is based on three-point hydrogen- 
bonded recognition (Fig. 4), is archetypical. The need for 
multiple binding sites follows from the fact that the 
individual interactions are not robust enough to maintain 
supramolecular organization in solution. Reinhoudt de- 
scribed the formation of large aggregates that display 
suprarnolecular chirality.'"] Stoddart used hydrogen 
bonding in supramolecular-assisted molecular synthesis, 
in which the noncovaleilt interaction has a templating 

Fig. 4 Three-point recognition motifs consisting of strong and 
weak and hydrogen bonds. 
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tion will be used in many interesting and diverse chemical 
systems. An anonymous referee report on the paper by 
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Hydrogen Bonds to Metals and Metal Hydrides 

Robert H. Crabtree 
Yale University, New Haven, Connecticut, U.S.A. 

INTRODUCTION 

Classical hydrogen bonds"] of general type A-H..  .B (1) 
have a weak acid A-H as hydrogen bond donor and lone 
pairs of electronegative atoms like F, 0 ,  and N as the 
hydrogen bond acceptor or weak base component, B (see 
"Hydrogen Bonding"). Since 1990. two new classes of 
hydrogen bonds have emerged, 2 and 3, that both retain 
the usual A-H donor component but differ in the nature 
of the acceptor. In the first class,['] an electron pair in a 
nonbonding orbital on transition metal atoin of a metal 
complex plays the role of B (2). In the second.["."' the 
proton acceptor is the o bonding electron pair of an lM-H 
bond (3).  The first type differs from classical hydrogen 
bonding only in that the nonbonding electron pair of B is 
located on an unusual element. In the second case. no 
nonbonding electron pair is involved, so in that sense. the 
situation is fundamentally different from that in classical 
hydrogen bonds. 

neutral complexes [L,,MH] can protonate to give di- 
hydrogen complexes, [L,M(H2)]', where the molecular 
hydrogen ligand is bound side-on. In this view, hydrogen 
bonding between M or M-H and weak acids A-H is an 
incomplete proton transfer just as is the case for 1. Any 
proton transfer implies the existence of such an inter- 
mediate form. even if only as a transient. Other basic 
element hydride bonds such as B-1i-I can also give Type 3 
hydrogen bonds. so a transition metal is not required, just 
an element E that is sufficiently electropositive to give a 
hydridic E-H group. 

Other H-bridged metal con~plexes that seem at first 
sight to be hydrogen bonded are, in fact. very different. 
Complexes and compounds with 2-coordinate H bridging 
between two metals are coinmon in inorganic chemistry, 
but the great majority are not hydrogen bonded. Typical 
examples are [(OC)SCi--H-Cr(CO)5] and H2B(H)2- 
BH2. Unlike the near-linear situation in the A-H..  .B 
fragment of a hydrogen bond, in these bridging hydrides, 
the E-H-E bonds are strongly bent (E = element). 
They are classified as o-complexes'S' and can be 
considered as consisting of an H ion simultaneously 
donating two valence electrons to each of two sixteen- 
valence electron metal fragments by bridging to form 
three center two-electron bonds. In a o-complex, the 
bridging H often shows a high-field NMR shift on 
bridging in contrast with the low-field shift normally 
seen for 1-3. 

i 
!I A-H.. .M HYDROGEN BONDlNG 

Froin another point of view, the situation in 2 or 3 is 
not so different from the classical case, 1. If we regard a 
hydrogen bond as an interrupted proton transfer, any base 
capable of being protonated by a strong acid should form 
a hydrogen bond with a suitable weak acid. Metals in 
neutral co~nplexes can often be protonated with strong 
acids to give cationic hydrides. Also, M-H bonds in 

This area developed from the x-ray and neutron dif- 
fraction work of B r a m ~ n e r , ' ~ . ~ ' ~ '  who first drew attention 
to the N-H.. .Pt interactions in a complicated square 
planar Pt(1I) amine structure in 1991. In this work, also 
cited were prior structures proposed as examples of the 
same type of interaction. Starting from a square planar 
Pt(I1) complex, an N-H bond is typically located in the 
otherwise vacant fifth coordination position of a square 
pyramid (4) with d(H. . .Pt) near 2 . 2 5 ~ .  The H . .  .O 
distance in a classical hydrogen bond is often around 1.8 
A. or 0.4 .& longer than the van der Waals radii of 0 .  If 
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the van der Waals radius of a metal like Pt is ca. 2 A, 2.4 
A would be reasonable for an H . .  .Pt hydrogen bond- 
ing distance. 

In a more straightforward example. ~ r a m r n e r ' ~ . ~ '  
recognized that an a m m o n i ~ ~ m  counterion of type 
R3NH+ could form N-H..  .M hydrogen bonds with 
[Co(CO),]  anions (5). Having 18 valence electrons, 
[Co(COj4]  ion is unable to form three center two- 
electron bonds, which would require <18 e. Taken 
together with the linearity of the NHCo system, the 
hydrogen bonded character of the system was clearly 
demonstrated. As expected, a more basic metal, achieved 
by replacing one CO by P P ~ ~ ' ~ ]  gave a stronger 
interaction, N . .  .Co decreasing from 3.437 to 3.294 A. 
In this case. the tetrahedral [Co(C0j4]-- ion was mini- 
mally distorted by the interaction, the N-H approaching 
along a C3 axis of the tetrahedron. The N-H bond is 
slightly elongated, and the NH stretching frequency in the 
IR spectrum is shifted to a low-energy shift on adduct 
formation, as is also the case for classical W - H .  . .B 
hydrogen bonds. 

Like the classical A-H. . .B interaction, a predomi- 
nantly electrostatic origin was proposed. In line with this 
idea, the presence of the following  feature^'^] was 
suggested for identification of an A-H..  .M hydrogen 
bond: I )  protonic AH; 2) basic M; 3) a downfield proton 
NMR shift on bridging (the opposite situation from 
o-complexes): and 4) linear A- H..  .M. The rnetal could 
be electronically saturated (e.g.. [Co(CO),] - )  or not 
[e.g., square planar Pt(II)]. 

Whenever proton transfer takes place in an A-H. . .M 
system, an A , .  .H-M+ hydrogen bonded group must be 
considered as a stable form or transient intermediate. 
Because A -  is a base, this is equivalent to a classical A- 

H. . .B hydrogen bond with an acidic M-H replacing the 
usual A-H. Spectroscopic evidence shows that cationic 
metal hydrides interact in this way with bases such as 
0 = P P ~ ~ . " I  Such a situation is probably best considered 
a classical hydrogen bond of Type 1. 

A-H.. .H-M HYDROGEN BONDING 

In spite of its relatively recent development. hundreds of 
A-H..  .H-M hydrogen-bonded species of Type 3 are 
now known. These are said to contain a dihydrogen bond, 
often shortened to DHB to avoid confusion with the 
IUPAC term. dihydrogen (Hz). DHBs have proven to be 
attractive to the con~putational chemistry community 
because they prominently involve hydrogen atoms. The 
field has implications for inorganic and organic chemistry, 
and perhaps also biochemistry, because some enzymes 
involve metal hydrides. In addition, a variety of physical 
and spectroscopic techniques were successf~~lly applied to 
the problem. Reviews of the field are a v a i ~ a b l e . ' ~ . ~ ~  

The first suggestion of an A-H/H-M attractive 
interaction was in a 1990 proposal that invoked thern to 
explain the close contact (H. . .H, 2.4 A) between the IrOH 
proton and the Ir-H hydrogen found in the neutron 
diffraction structure of cis-[~r(~~j~(P~e~)~].'~~ The 
H . .  .H distance is long and about equal to the sum of 
the van der Waals radii for two H atoins (2 x 1.2 A), and 
so the interaction may be relatively weak and better 
considered a dipole-dipole interaction. A short d(H.. .H) 
of 1.86 A was found by neutron diff~action"~] in mer- 
[Fe(H)2(H2)(PEt2Ph);1, a study originally carried out to 
test the author's earlier spectroscopic assignmentr''' of this 
species as an Hz complex. The orientation of the H2 ligand 
that brings it close to a terminal FeH hydride was ex- 
plained by Eisenstein on theoretical grounds"01 as 
involving a proton- hydride attraction termed the "cis- 
effect." Now, it can be considered as a dihydrogen bond, 
because of the very short H. . .H distance (1.86 A). Here the 
role of A-H is taken by a proton of a molecular hydrogen 
complex, known to act as a weak acid in most cases. 

Structures that are more representative of typical 
DHBs (e.g., 6-7) came from the author's and Morris' 
groups in the form of an extensive series of metal 
hydrides in which a DHB is formed with OH or NH 
protons (= A-H) as the weak acid partners, both 
intramolecularly and intermolecularly. The characteristics 
of the DHB proved to be a short H. . .M distance (ca. 1.8 A 
versus the sum of the van der Waals radii of 2.4 A) found 
from x-ray and neutron diffraction work in the solid state 
and by NMR relaxation time studies in solution. Theo- 
retical and experimental studies led to a typical A- 
H. . .H-M interaction strength of ca. 4-8 kcal/mol. 
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The A-H group shows the same spectroscopic trends 
compared to the free A-H group in all of the hydrogen 
bonds 1-3: a reduced v(A-H) stretching frequency in 
the IR spectrum and a deshielding of the AH proton 
leading to a low-field shift of the resonance. The effect 
of hydrogen bonding of Type 2 on the spectroscopic 
properties of the metal fragment is still insufficiently 
understood. although H. . .M coupling was seen in certain 
cases. Two proton NMR effects were recognized for 3: an 
H . .  .H coupling of 2-9 Hz is sometimes seen, together 
with a significant increase in the T,  relaxion rate of the 
two hydrogens as a result of their close p r ~ x i m i t ~ . ' ~ , ~ ~  

Unlike classical hydrogen A-H..  .B, where 
INTRAMOLECULAR INTERACTIONS 

A and B are electronegative atoms or groups, in A- 
H . .  .H-M, M and H are much less electronegative than 
the N, 0, or F atoms common in the classical type. 
e orris'^] used an alternative descriptive term: proton- 
hydride interaction. 

Rather than the linear arrangement of the classical 
hydrogen bond, dihydrogen bonds show a different confor- 
mational preference, such that the N-H or 0 - H  bond 
approaches the M-H bond in a side-on direction (8 but as 
also seen in 6-7), although linear examples were also 
found in cases where confornational or steric effects 
disfavor a bent geometry. Eisenstein found in DFT cal- 
culations that the potential energy surface is flat, so dis- 
tortions from the ideal geometry are not very costly."21 
The A-H..  .H is roughly linear, however, A-H points to 
the M-N bond rather than directly toward M or H. 

Complex 6, an intramolecular case of DHB. was chosen 
to get some idea of the energetics of the interaction. By a 
VT NMR method, one can estimate the H . .  .H bond 
energy froin the C-NH1 rotation barrier in 4. In the 
transition state for $+ti', (Eq. I), the H . .  .H bond is 
broken. and the resonance energy of the NH2 group with 
the pyridine ring is lost. The intrinsic C-N rotation 
barrier in the absence of dihydrogen bonding can be 
estimated at ca. 6 kcallmol using a combination of 
experimental data and Hartree-Fock calculations by 
Eisenstein and Clot. By measuring the barrier for 616' 
and subtracting 6 kcallmol, we arrlve at an apparently 
reasonable estimate of the H. . .H bond energy: 5.0 kcall 
mol for 6.t131 

When one hydride in 6 is replaced by any of a variety 
of anions, Y, to give 9, the strength of the DHB varies 
strongly. When  is a weak trans effect ligand like F, the 
DHB is very weak, but it becomes strongest when U is a 
high trans effect ligand. Because H ligands trans to high 
trarzs effect ligands tend to be particularly h y d r i d i ~ , " ~ ~  
this implies that a basic hydride is best for dihydrogen 
bonding, in accord with the electrostatic bonding model 
mentioned above. The high tmns effect nitrosyl ligand 
causes particularly strong dihydrogen bonding to H trarzs 
to ~ 0 . j ~ ~ ~  

rota tion 
transition state 
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When Y = F p .  often considered the best hydrogen 
bond acceptor. a classical NH. .  .F hydrogen bond is 
formed in 8. Using the NMR method of Eq. 1, the bond 
strength was found to be just a little more (5.2 kcallmol) 
than that for the N-M.. .H-Ir bond in the Y = H p  
analogue (5.0 kcallmol). This illustrates the unexpectedly 
high DHB interaction strength, at least for Y = H. 

This finding was paradoxical. because hydrogen 
bonding energies'" decrease on moving from the classical 
lone pair H-bond, N-H. . .(lone pair) (4-8 kcallmol). to 
the N-PI. . .(n bond) case, in which the proton acceptor is 
usually an arene n system. (5 2 kcallmol). so one might 
expect that any N-H. . .(o bond) type, where the acceptor 
is an o bond, would have a negligible bond energy 
(< 1 lccallmol). In contrast, N-H. . .H-E interaction 
energies can be up to 4-8 kcallmol, which are almost 
as large as for the N-H..  .(lone pair) case. This requires 
E to be an electropositive element such as boron or a 
transition metal, so that the hydride has significant 
hydridic character. and even then we usually need to 
have a high trans effect ligand trxrrzs to the H in question. 
It is still not clear why the dihydrogen bonding energies in 
species such as 6 are so large. The H. . .H distance of 1.8 

is essentially the same as the H.  . .B distance in the 
classical hydrogen bond. so an unusually close approach 
of donor and acceptor atoms is not the critical factor. 
Possibly, the ready polarization of the soft L,M-H 
system by the AH dipole may be a factor. 

THE MATURE OF A-H.. .H-E 
HYDROGEN BONDING 

In the first A-H..  .H-M hydrogen bonds.'" AH was NFI 
or OH. and M was a d6 metal (as in 6-7). This raised a 
possible ambiguity; because a d6 metal's d, nonbonding 
electrons could; in principle. interact with the A-PI 
proton. considering this orbital points between the ligands 
and therefore directly toward an NH2 proton as seen in 
diagram 18. A typical M. . .M distance in  such a case was 
found to be 2.8 A. Admittedly, the AH proton is always 
close to the MH hydride, but this may have nothing to do 
with a proton-hydride interaction. Instead, the AH might 

interact with the d, electrons adjacent to the M-H bond 
simply because PI is the sterically smallest ligand present 
that allows the NH to approach the metal d, orbital 
closely. In that case. the A-H..  .H-E system becomes 
just another example of the A-H..  .M hydrogen bond of 
Type 2, and the H. . .H interaction would be repulsive. 

Because neither B nor N have nonbonding electrons, 
the case of BH3NH3 was useful to resolve this A- 
H. . .MIH. . .H ambiguity. BH3NH3, a solid, has a m.pt. 
of + 104°C or almost 300 degrees higher than that of 
its isoelectronic analogue ethane (m.pt.; - 183°C). This 
elevation might have been due to polar effects, but the 
polar molecule CH3F, having a dipole moment about 
0.4 of that for BH3NH3, has a m.pt. of - 140°C, sug- 
gesting that polar effects alone should lead to a m.pt. 
for BP13NH3 of about - 100°C. The 200" additional 
m.pt. elevation seemed likely to be associated with hp- 
drogen bonding. 

Cambridge Structural Database (CSD) data on 
internlolecular N-H. . .H-B hydrogen showed 
that the structures were essentially identical in the tran- 
sition metal and boron examples. Therefore, the nature 
of the interaction was taken to be similar. If that is true, 
the d, nonbonding electrons play no more than a sup- 
porting role. The range of H. . .H distances is similar 
in both cases 11.7-2.2 r\ versus 2.4 A.L'6' the sum of 
the van der Waals (vdW) radii for two hydrogens]. In 
BH3NH3, only true dihydrogen bonding was possible, 
resolving the ambiguity mentioned above. Therefore, 
dihydrogen bonding is real. 

According to the reported x-ray crystallographic 
coordinates, BH3NH3 had an entirely different configu- 
ration from that shown in 3. 

The B-H..  .H-N configuration found was the reverse 
of the one in 3: B-H. . .MN appeared to be almost linear, 
and N-H.. .HB appeared strongly bent. A subsequent 
neutron diffraction structure of BH3NH3, carried out to 
resolve this problem. showed that the B and N were 
previously misassigned; the true assignments pr-oduccd a 
normal BHHN configuration as expected. 

A DFT caiculation on [ B I - I ~ N H ~ ] ~ " ~ ~  shows a BH. . .HN 
conformation similar to that in 3 and an H . .  .H bond 
energy of 4.6 kcallmol per bond, comparable to the 
transition inetal analogues. The calculation also suggested 
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that the BPI bonds polarize on forming the H . .  .H in- 
teraction. which may help explain the relatively high 
interaction energy, and that the boron is more negatively 
charged than the hydride. The entire B-H bond should 
probably be considered as being the true proton acceptor. 
The ' J ( H .  . .H+)  coupling in the range 2-7 Hz is seen in 
the 'PI NMR spectrum of cornpounds such as 5-6, so the 
H . .  .H bonding is not entirely electrostatic. Small 'J(H,B) 
couplings were recently seen for classical A-FI.. .B 
hydrogen bonds.["1 

In other theoretical work,"" Calhorda et a ~ . ~ ' ~ '  found a 
large number of complexes in the CSD database with short 
MH..  .H(O,N) distances. Their DFT study on [(H3P)41rH 
!OH)]PF6 showed that the counterion needed to be ill- 
cluded to obtain agreement with experinlental results. 

INTERMOLECULAR INTERACTBONS 

The metric parameters and interaction energies in 6 and 9 
might be artefacts if the NH bond is held too rigidly. 
Intermolecular systems were used to resolve this problem. 
111 such cases. an acid AH cocrystallizes with a metal 
hydride (L,MH). Normally, however, AH and L,,MH 
crystallize separately. To favor cocrystallization, one 
needs an acid such as indole, which as a liquid cannot 
crystallize, and a base, ReH5(PPh3)3, which forms poor 
quality powders on attempted crystallization (see Crystal 
Engineering with Hydrogen Bonds). An x-ray structure of 
the 1: 1 cocrystal (7) gave a short ( < 2  A) FI. . .H distance. 
High-quality crystals allowed a high-quality neutron dif- 
fraction structure to be obtained.['" The same confor- 
mation (4) was seen as previously, so the constraints of 
chelation were not dominant. The H. . .H distance of 1.73 
A for (79, the smallest reliably determined, is much 
smaller than the s ~ n n  of the van der Waals radii for two 
hydrogens (2.4 A). 

Approximate energetics for adducts of ReH5(PPh3)3 
with indole (3.6 kcallmol) and with a hindered phe- 
nol, ArOH (5.6-5.8 kcallmol), were estimated1"' by 
IR spectroscopy with a modified ~ o g a n s e n " ~ ~  equation, 
relating the Av(NH) or Av(OH) to the interaction energy. 

A1 I 
M-fl - RI-H - 

Full equilibrium studiesi"' by UVlVis give a AG of 
5 kcallmol for ReHS(PPh3)2(C5H5N) and indole. Ad- 
ducts"41 between acidic alcohols such as (CF3)2CHOH 
and the hydridic hydride, [WH(CO)2(NO)(PMe3)2] give 
association energies of ca. 5.5 kcallmol by the Togansen 
method: full equilibrium studies gave an interaction 
energy of 4.9 kcallmol. 

Protollation of metal hydrides ]nay often go via the 
pathway of Eq. 2. which also shows the side-on binding of 
the H2 ligand resulting from proton transfer. 

In one case.r221 an equilbrium was seen between 
R ~ i H ~ ( d p m ) ~  (dpm = Ph2PCH2PPh2). and a dihydrogen 
complex formed as a result of proton transfer from an 
alcohol such as (CF3)2CHOH (Eq. 3). Other related cases 
are -211 

OTHER CONSEQUENCES OF 
H . .  .H BOND FORMATION 

Many metal hydrides protonate to give F12 complexes,r241 
but kinetic protonation can take place on M-H to give 
an 141-(H2) complex, even when protonation is ther- 
rnodynamically favored at the metal. Protonation of 
CpFeH(dppe) gave the dihydrogen complex at - 80°, 
followed by rearrangement to the dihydride at 25°.L251 
Kinetic protonation by A-H at M-H is consistent with 
the presence of a dihydrogen bonded A- H..  .H-M 
precursor adduct as intermediate. Proton transfer in the 
adduct gives the H2 complex, and conversion to the trans 
dihydride is slower, because motion[261 of the heavy 
atoms is needed. 

Gatling and ~ackson[*'l showed how dihydrogen 
bonding to an -OH group of a hydroxyketone can direct 
the attack of borohydride to one face of the molecule; 
indeed, the product is 99.7% ttmrzs (Eq. 4). The effect was 
suppressed by addition of F ,  an additive that interrupts 
the hydrogen bonding. Under the conditions used, for- 
mation of an intermediate borate ester could be excluded. 
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The role of dihydrogen bonding in stabilizing the tran- 
sition states for solid state reactions involving loss of H2, 
such as in the thermal decomposition of triethanolaminel 
LiBH4 or of BH3NH3 was emphasized recently in ex- 
perimental["' and the~re t i ca l '~~ '  work. 

A combination of computational and experimental 
approaches gives an understanding of the proton-hydride 
interaction in the DHB."" This new type of hydrogen 
bond influences the physical properties and reactivities of 
a number of main group and transition metal compounds 
and seems to be important in cases of protonation of 
hydrides by acids AH. 

ARTICLES OF FURTHER lNTEREST 

Crystul Engineering with Hydrogen Bonds, p. 357 
Hydrogen Bonding, p. 658 
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Hydrophobic interactions are considered to be essential in 
many systems, be it micelles, vesicles. colloids. mem- 
branes and transport; self-organization, polymer interac- 
tions, protein folding and ligand binding, nucleic acids, 
drug action. water-mediated organic  reaction^,"^' and in 
the last decades. also synthetic host-guest complexes. 
Hydrophobic effects belong to the most often cited 
iiltermolecular forces: chemical abstracts already cite 
2735 reviews on the topic, and there is a large number of 

and reviews[3.4.8141 on the topic. In this article. 

only a short introduction can be given, which is eased by 
the increasing evidence that hydrophobic binding, at least 
in the sense of entropic contributions, plays a small role in 
most synthetic host-guest complexes. 

FUNDAMENTALS 

Hydrophobic binding cannot be understood without 
understanding the special properties and structure of 
water. Liquid water can best be viewed as a fluctuating 
mixture of loose "open" iceberg structures, favored by 
Coulombic hydrogen bonds, and more dense ice-type 
structures. favored by dispersive interactions of the oxy- 
gen atoms. Solid-state structures of ice ("ice 11") show 
each water molecule surrounded in a tetrahedral arrange- 
ment by four other molecules, each of which is linked with 
each other by hydrogen bonds. For liquid water. x-ray and 
neutron diffraction studies give radial distribution f~tnc- 
lions. with about 90% of all molecules having, on the 
average, the oxygen atoms in relatively close contact. and 
allowing for many hydrogen bonds. Water structure and 
energetics change dramatically with the state. Solvation of 
cations and anions leads to special structures around the 
charged species that were recently elucidated, also with 
neutron inelastic scattering m e t h ~ d s . ~ ' ~ ~ ' "  Salts like 
sodium chloride have little effect on the water structure, 
whereas. e.g.. guanidiniu~n halide or urea slightly increase 
the excess self-association of water; the effect of a solvent 
lilte trifluorethanol depends on concentration-at low 
values, there is a strong increase in the self-association 
of water.1171 

The hydrophobic effect is thought to arise from the 
exceptionally high energy needed to form a cavity in a 
solvent, which in a very small space has more interac- 
tions between the solvent molecules than any others, and 
which is characterized by low expandability. Water has an 
exceptionally high internal cohesion energy density, 
resulting in a large vaporization enthalpy and a high sur- 
face tension. The classical Frank-Evans hypothesisi18i 
explains the hydrophobic effect mainly by the loss of 
freedom of water molecules involved in solvation of non- 
polar solutes. 111 this description, solvation requires spe- 
cific orientation of water n~olecules toward the solute 
surface as a "clathrate" (sometimes called "iceberg" 
structure). in order to maintain a large number of hydro- 
gen bonds between the water molecules. The number of 
water inolecules suffering from entropic disadvantage is 
higher, if two cavities must be formed for the accommo- 
dation of two separate solute molecules A and B, than 
the number obtained by forming one larger cavity that 
accominodates both A and B (Fig. IA). 

The Frank-Evans model has come under debate 
recently, mainly as the transfer free energy of unpolar 
solutes to water can be quantitatively described by the so- 
called scaled particle theory (SPT) on the basis of 
rnolecular size, density, and pressure of water alone. 
without the need to introduce hydrogen-bond functions to 
account for special water  structure^."^^ The low sol~rbility 
of hydrocarbons in water can be due to the small volume 
of water molecules: with the consequence that a large 
number of solvent molecules are involved in the creation 
of a cavity of sufficient volume.[41 Also, neutron diffrac- 
tion shows no evidence of enhancement of water-water 
interactions in the presence of unpolar solutes over that in 
pure water,r201 which speaks like recent con~putational 
r e s u 1 t s 1 ~ ~ - 2 ~ ~  against the clathrate hypothesis of a par- 

ticular structure-making effect by solute solvation. A 
recent description of the hydrophobic effect is based on 
the high activity coefficient of the aggregating solute 
in water. while that of the bulk water is close to one.r241 
As an alternative to the Frank-Evans model, one can 
consider the formation of two cavities in water, which 
reduces translational motions of the solveilt molecules, 
with a subsequent entropy disadvantage (again, the dis- 
advantage is smaller for one larger cavity than for two 
smaller cavities). The solvation of the solute can then 
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Fig. 1 (A) Liberation of solvent ~nolecules by association of two solute molecules A and B. (B) Creation of cavities in solvent and 
associatioll of two solute molecules A and B. (Vie11' this art i11 color at ~v~v~.v.dekkecc~om.) 

be accompanied by favorable enthalpic contributions 
(Fig. IB). One often observes entropy-enthalpy compen- 
sation in hydrophobic binding. At higher temperatures, 
solute clustering beconles less entropy driven than 
enthalpy driven. The energy needed to form cavities in a 
cohesive solvent like water explains the low solubility of 
lipophilic solutes in water. and their preference for 
lipophilic media. In addition, a distinction was introduced 
between "bulk" and "pairwise" hydrophobic interac- 
lions,r?.'51 Bulk interactions stand for the association of a 
large nuinber of nonpolar molecules, as occurs in micelle 
formation or protein folding. Each nonpolar molecule in 
such a process changes its aqueous surroundings to a 
completely (or nearly completely) nonaqueous environ- 
ment, in the same way as with the transfer of nonpolar 
solutes from water to organic solvent. 

A so-called nonclassical hydrophobic effect,lZ6' which 
can have an enthalpic origin. is based on the consideration 
of disruption of cohesive forces in the solvent by forming 
cavities. again with an advantage of one larger rather than 
two smaller cavities.'"' Another driving force due to the 
special tendency of tvater rnolecules to form many 
hydrogen bonds can result if the few water molecules 
inside a host cavity are unable to form as many hydrogen 
bonds as the outside bulk water. Such "unhappy" water 
rnolecules were experimentally located in crystal struc- 
tures of cyclodextrinsi2" and of peptides.['91 Replacement 
of such water molecules by a guest molecule will lead to a 
gain of additioilal hydrogen bonds of the expelled water 
and would show as enthalpic advantage. 

With all models. hydrophobic interactions will increase 
with the size of those surface parts that are no longer 
exposed to water but are buried in a nonpolar environ- 

ment. Quantification of the hydrophobic interaction free 
energy AGh, is, therefore, usually based on calculations of 
this excluded surface aA by an equation with a factor y 
describing the cohesive force by the surface tension of the 
solvent, or by the inicroscopic free energy related to the 
interfacial tension between a lipophilic solute and water: 

For the hydrophobic contribution, measurements of sol- 
vent transfer give AG values of 80-140 J/(mol 
Studies with engineered proteins indicate similar num- 
bers, but in some cases. values as high as 500 J/(nnol A2) 
are given. Experimental data from associations of about 
50 different aromatic compounds, which are noticeably 
independent of heteroatoms and charges within the .rr- 
systems, lead to a value of 430 J/(mol A2).L30' The size 
exclusion AA can be conveniently assessed by computer- 
aided evaluation of the surface difference for the host and 
guest molecules before and after association. 

The most direct way to factorize interaction energies of 
unpoIar solutes with water is based on thermodynamic 
measurements of the solute transfer from gas or from a 
hydrocarbon medium to water. Such measurements with 
the transfer of linear alkanes from hexane to water yield. 
as increments for a CH2 group, AAG = 3.85, AAH = 2.75 
kJImol. respectively; the enthalpic contribution dominates 
for the CH2 group; in contrast to the CH3 group, for which 
one observes AAC = 8.4, AAH = -5.4 and TAAS= 
- 13.8 kJ/mol, respectively.[311 Another often-used way 
to evaluate hydrophobic contributions of solutes is based 
on measurements of distribution coefficients between wa- 
ter and a lipophilic solvent, for which one traditionally 
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used i~-octanol.~~" The method is of prime importance in 
medicinal chemistry for determining the lipophilicity of 
potential drugs. and therefore. it was applied to thou- 
sands of compounds. Based on these partition constants 
(P), one can derive corresponding substituent values 
nx= I O ~ ( P ~ _ ~ I P ~  H) that also allow the hydrophobicity 
of many compounds to be estimated. 

CYCLQDEXTRIN COMPLEXES 

The best-studied examples for hydrophobic interactions 
in host-guest chemistry are cyclodextrin complexes, 
although it is often not clear to what degree they are 
really dominated by a solvophobic force. Obvious exam- 
ples of solvophobic effects are found if the substrates have 
a high polarizibility and if the cavity allows a tight fit, 
in which case calorimetric data speak for a dispersive 
binding mechanism (see the entry on van der Waals in- 
teractions in this Encyclopedici). For cyclodextrin com- 
plexes with hydrocarbons, one observes a similarity of 
thermodynamic parameters to those of transfer of the 
same hydrocarbons from water to a hydrocarbon medium 
(Table 1). The a-cyclodextrin complexes are more exo- 
thermic, with unfavorable AS values, which speaks for 
van der Waals and not hydrophobic interactioils in these 
tightly fitting systems. Generally. one observes large neg- 
ative heat capacity changes ACp that. however, were 
fo~lnd to be strongly temperature dependent.['" This is 
typical for the transfer heat capacity."".'" e.g., binding of 
n-heptane to p-cyclodextrin is endothermic at 273 K 
(AN = 6.3 kJ/mol) but is exothermic at 323 K (AN= -8.8 

k ~ / m o l ) . [ ~ ' ~  This illustrates that arguinents based on the 
relative values of AH and TAS are questionable. Also, AS 
can give either favorable or unfavorable contributions to 
AG, depending 011 the chosen standard state. because AC 
and AS, in contrast to AN, are concentration-dependent 
units (cf. Table I) .  

Complexes of aliphatic alcohols with r-cyclodextrin 
show a linear con~elation between Ig K and the number of 
carbon atoms, izc in normal alcohols, yielding binding 
illcrements for the ~nethylene group of AAG = -3.0 kJ/ 
mol, AAH= - 3.83 kJ/mol, and TAAS= - 0.83 k ~ / m o l . [ ' ~ ~  
These numbers are close to the increments obtained from 
the transfer of methylene group from hexane to water, 
discussed above. In contrast, the complexation of a whole 
molecule, e.g., I-hexanol, is totally "enthalpy driven" in 
sharp contrast to the inore entropy-driven transfer ther- 
modynamics of i~-hexane.["~ Similar thermodynamics 
were found for the complexation of alicyclic carboxylic 
acids, such as admantanecarboxylic acid, bicyclo[2.2.2]- 
octanecarboxylic acid, etc., and ~-cyclodextrin,r"-i"l with 
AG = -3.3 kJ/mol for neutral acids and -2.5 kJ/mol for 
their anions per methylene group. Again, complexation is 
enthalpy driven and is characterized by large negative 
ACp values [ 4 4 0  and -397 J/(mol K) for adarnantane- 
carboxylate binding to a-  and P-cyclodextrins, respec- 
tively]. There are many calorimetric data on cyclodextrin 
complexes in and they are all enthalpy driven, 
in contrast to expectations on the grounds of the Frank- 
Evans principle. 

There is, however. indication that complexation in cav- 
ities too wide for a tight fit. and with substrates of smal- 
ler polarizibility, is accompanied by some less-entropic 

Table 1 Thermodynam~c parameters for the complexat~on by cyclodextl~ns and transfer from watex to hydrocarbon medla of heptane 
~yclobexalle, and benzene at 298 K 

Coii~ple.xation rrith a-cyclodextrin 
cyclo-Hexane - 15.1 - 25.1 - 19.2 - 13.8 19.8 - 303 
it-Heptane -21.6 -31.6 -21.3 1 .0 34.6 - 492 
Benzene - 8.6 - 18.6 - 13.1 - 15.1 18.5 -272 
Comple.uation ~ i t h  P-cyclodextrin 
n-Heptane - 19.7 - 29.7 - 0.6 64 97.6 - 305 
cyclo-Hexane -21.4 -31.4 - 5.4 53.6 87.2 -316 
Benzene- 12.8 -22.8 - 1.9 36.6 70.2 - 498 142 
Transfer ,from water to hydrocarbon 
n-Heptane -28.6 - 0.7 94 
cyclo-Hexane - 28.2 0.1 95 - 360 
Benzene - 19.4 - 2.1 5 8 - 225 

Units: kJ11nol for  AG and AN and J/(mol K) for AS and ACp. Values of AG and AS are given for t u o  standard states: 1 M solution (Column M) and unit 
mole fraction colution (Column m.f.). 
(Fro111 Refs. 131. 331.) 
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disadvantage than those with tight fits and with substrates 
of higher polarizibilities, such as nitrophenolate, which is 
dominated by van der Waals interactions. With, e.g.. ni- 
trophenole or adamantane carboxplic acid and p-cycIo- 
dextrin, there is a favorable entropic contribution, which. 
however, is still small compared to the enthalpic driving 
force (e.g., AN=-21.6 kJImol. TAS=+2.9 kJ/mol for 
adamantane carboxyiic acid).i37-"1 With less-polarizable 
substrates, there is a noticeable preference for loose 
binding that would lead to smaller entropic restrictions. 
This is evident from NMR studies of complexes with 
substrates offering alternative smaller phenyl rings or 
larger naphthyl moieties for complexation. Although the 
cavity of P-cyclodextrin is geometrically well disposed to 
take up naphthalene rings, one observes its intracavity 
inclusion only with the wider ;/-CD cavity.'"' A similar 
preference for loose binding in an aqueous medium is 
observed with cycloveratrylene c ~ m p l e x e s . ~ " ~  

GVCLOPHANE COMPLEXES 

Calorimetric measurements with Cyclophane 1 (Scheme I )  
and several benzene derivatives show a rough correlation 
with the lipophilicity parameters 1gP of the substrates, but 
always with dominating AH values against large TAS 
disadvantages (Table 2).["' ~ o t i c e a b i ~ .  studies with 
similar complexes in many different solvents exhibit the 
same enthalpic origin of complexation, with no special 
entropic advantage in water or. e.g., in methanol. Corn- 
plexes of lipophilic compounds with the Cyclophane 2 
(Scheme 1) show like those with 1, an affinity decrease 
with an iilcreasi~lg amount of organic solvents in aqueous 
~olutions. '~" The observed IgM values are a linear func- 
tion of the solvent polarity parameters, even more so of 
a solvent hydrophobicity parameter. The sensitivity 
against solvent change is as expected. larger for com- 
plexes with more hydrophobic cavities, such as cyclodex- 
trins.'"'] These changes seem to be characteristic of a 
hydrophobic binding mechanism but would also agree 

Table 2 Selected thermodynamic parameters (kJ/mol) for the 
complex formation between cyclophane I and 1,4-disubstituted 
benzene guests (1.4-X-C6H4-X) in water at 293 K 

X AG AH TAS A logpb 

"Ji(mo1 K). 
b~ogarithms of partition constants of guest molecules betmeen octanol 
and uater. 
(Frorn Ref. [42].) 

with dispersive interactions. because the higher polariz- 
ibility of organic solvent molecules would lead to a 
similar affinity change. 

As mentioned above, a possible explanation of the 
always-dominating enthalpic force in the complexation 
with synthetic hosts may be the unusual water configu- 
ration in the corresponding cavities. Molecular modeling 
shows that, e.g.. inside Cyclophane 2, only five water 
molecules can be accommodated. which on the average 
can only materialize two hydrogen bondr. 

CONCLUSION 

In summary, the evidence for classical hydrophobic 
effects in supramolecular complexes is often missing. 
Careful investigations with model compounds. where one 
can measure the balance of conformations. show that 
stacking interactions, e.g., with more hydrophilic hetero- 
cyclic aromatic moieties, are stronger than with more 
hydrophobic arene~. '~"  This (as well as the small effects 
of alkyl in comparison to aryl ligands in associations with. 
for instance, porphyrins) evidence supports the finding 

Scheme 1. Cyclophanes P and 2. 



Hydrophobic Effects 

that many interactions believed to be solvophobic are, in 
fact, dispersive (see entry on van der Waals interactions in 
this Encyclopedia). The stability decrease of stacked 
aggregations in model or in nucleic acid 
componentsr361 upon addition of organic solvents does not 
necessarily imply that solvophobic forces dominate. as the 
high polarizibility of organic molecules leads at the same 
time to decreased van der Waals attractions between host 
and guest. It should be noted that other interactions in 
supramolecular complexes, like ion pairing in water, are 
entirely entropy driven but are not usually considered to 
be of hydrophobic nature. 
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INTRODUCTION 

Hydroquinone, ~ I - C ~ H ~ ( O H ) ~ ,  also known as quinol in the 
older literature) exists in three polymorphic forms (or 
crystalline modifications). a-Hydroquinone is the stable 
form at room temperature, whereas the metastable mono- 
clinic -/-form can be prepared by sublimation or rapid 
evaporation of a solution in ether. Crystallization of 
hydroquinone from a common solvent such as methanol 
generally yields a clathrate with guest solvent inolecules 
trapped inside cavities of the P-hydroquinone host lat- 
tice."." The existence of the P polymorph of hydroquinone 
(empty P-hydroquinone clathrate), which can be obtained 
by crystallization from )?-octane, was reported in 1981.'" 
Described in this article are the structural features of 
these compounds. and some recent developments are 
also covered. 

CRYSTAL STRUCTURE OF 
B-HYDROQUINONE AND 
TOPOLOGICAL EQUIVALENCE 

The salient symmetry aspects of the crystal structure of 
P-hydroquinone, or equivalently the P-hydroquinone host 
lattice, are best understood with reference to the structural 
archetype of polonium.[" In its low-temperature c/.-form, 
polonium is the only element known to have a simple 
cubic crystal structure ( a  = 335.9 pm) in which each 
atom has six near neighbors. At - 36°C: the a forin 
transforms to a rhombohedral P modification (Fig. la. 
a, = 336.8 pm, T. = 98.24"; also isostructural with Re03). 
Now consider an assembly of six hydroquinone mol- 
ecules with their terminal OH groups H-bonded into an 
[OH]6 ring in accordance with 3 symmetry. Repiacement 
of each atom in the P-polonium structure by an [OH],, 
ring, such that each edge of the rhombohedral unit cell 
is matched by a p-phenylene moiety (i.e., the C6H4 
aromatic ring plus its two para C- 0  bonds) linking a pair 
of [OH16 rings. gives rise to the idealized single P- 

hydroquiaone host network shown in Fig. lb .  The 
topological equivalence of this open-meshed three- 
dimensional network with the host-water framework of 
hexamethylenetetramine hexahydrate, with an 0-H. . 
hydrogen bond replacing each p-phenylene moiety. was 
noted several decades a g ~ , ' ~ . ~ '  and Ermer described the 
structure of P-hydroquinone as superpoloniuin and its 
building blocks as supercubes (or, more precisely. super- 
rhomb~hedra)." .~~ 

The hypothetical single P-hydroquinone structure is 
inherently unstable, as it has a large unoccupied cavity at 
the center of the unit cell. In fact a second. translation- 
equivalent network (displaced by one-half of the vertical 
body diagonal of the supercube) can be introduced such 
that the spacious voids of each network are filled by [OH], 
rings of the other. This system of two mutually inter- 
penetrating, but unconnected, networks constitutes the 
basis of the P-hydroquinone host lattice, which can ac- 
commodate small guest species such as ~ e , ' ~ '  I I ~ S . " ' . ~ ~ ~  
 SO^,"^^ or M~OII~" ]  in cavities that are each sandwiched 
between a pair of [OH]6 rings belonging to different 
networks (Fig. 2). Entrapment of a guest molecule in a 
P-hydroquinone clathrate is represented schematically in 
Fig. lc, which shows a pair of interlocking supercubes 
with vertices and edges that represent the [OH]6 rings and 
the p-phenylene groups, respectively. 

p-HYDROQUINQNE GLATHRATES 

The classical studies of Powell and coworkers established 
that all three cystallographically distinguishable types of 
P-hydroquinone clathrates (designated I. 11, and 111) have 
the same general formula 3 C6H4(OH)2.x 6, where 6 
represents an encaged guest species, and x is a site 
occupancy factor that depends on the conditions of adduct 
formation (e.g.. Xe, n = 0.866; H2S, n = 0.874).~'~-"] 
In Table 1, the first entry is empty 0-hydroquinone. 
with unit-cell dimensions that are the smallest in the 
series."] 

Ei~c].clo~~ea'iii of Sir~1i-ai7zolecitlni- Ct'zenli.rtr?, 
DOI: 10.1081lE-ESMC 120012834 
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(c) 

Fig. 1 (a) Perspective view of a rhombohedral unit cell of P- 
polonium with its principal symmetry axis drawn ~rertically. (b) 
Single P-hydroquinone network constructed from the linkage of 
c6H4(OH)2 molecules by 0-H. . .O hydrogen bonds. Each 
corner of the rhombohedra1 unit cell is occupied by a nearly 
planar [OHI6 ring, and the 17-phenylene groups are represented 
by slant lines. (c) Enclosure in the P-hydroquinone host lattice. 
The enclosed molecule is represented by a sphere imprisoned 
between two interlocking supercubes. Each vertex of a super- 
cube represents an [OH](, ring and each edge a p-phenylene 
group. The crystal structure consists of an infinitely extended 
three-dimensional array of this cagework. 

Structure of Type 1 Glathrates 

In Type I clathrates. cavities with 3 site symmetry are pres- 
ent. In Fig. 2a, a stereoview of such a centrosyinmetric 
cage of the unsolvated form is shown. The top and bottom 
of the void are formed by nearly planar hexagons of H- 
bonded oxygen atoms; an ordered arrangement of 
hydrogen atoms is apparent in the [OHIA rings, and the 
host molecules point alternately above and below the mean 
plane of the oxygen atoms. The hexameric units forming 
the ceiling and floor of a given cage belong to two 
identical, but displaced, three-dimensional interlocking 
networks (Fig. 2b). 

In the Type I xenon1" and hydrogen 
clathrates, the encaged guest species occupies an approx- 
imately spherical cavity of mean free diameter -480 pm. 
The H2S guest molecule undergoes pronounced thermal 
motion, particularly in the direction of the centers of the 
[OHI6 rings. The results are consistent with rotational 
disorder of the guest molecule. 

Recent ah irlitio calculations showed that when small 
guest molecules (either nonpolar Ne or polar HF) are 
accommodated in the P-hydroquinone cage structure, the 
unit cell parameters of the empty host lattice remain 
largely unaffected. Moreover, the magnitudes of the 

host-guest interaction energies were estimated as - -2 
kcallmol with Ne and 7 to 9 kcallmol with HF as the 
guest 

Structure of Type % B  Clathrates 

In Type I1 clathrates, the space group symmetry is lowered 
from R 3 (in Type I )  to R3, and guest accornmodation is 
provided in cages that are still trigonal, although no 
longer centrosymmetric. For the linear guest molecule 
methyl isocyanide, the cage length, corresponding to the 
c-spacing. is markedly increased compared with that of a 
Type I system. Illustrated in Fig. 3a is the alignment 
of MeNC molecule along the c-axis in its Type 11 
 lathr rate."^^ In the methanol  lathr rate^"^^ the encaged 
MeOFI molecule exhibits three preferred orientations 
related by C3 rotation about the c-axis; in each orientation, 
the C-0 bond is tilted by 35" from the c-axis to facilitate 
interaction of its hydroxy group with each of three 
phenolic oxygen atoms of the adjacent [OH]6 ring 
(Fig. 3b). Host-guest interaction is reflected by unequal 
0-H..  . 0  hydrogen bonds in the [OI3I6 ring, a feature 
also found in the Type I1 hydrogen chloride clathrate 
studied by x-ray and neutron diffraction  method^.^"' 

Structure sf Type III Clathrale 

In the acetonitrile clathrate of hydroquinone, the only 
authenticated Type 111 system, a further reduction in space 
group symmetry from R3 (in Type 11) to P3  occurs. There 
are now three distinct clathration cavities in the shape of 
prolate spheroids. The three symmetry-independent 
MeCN molecules fit snugly inside these cavities, one 
guest molecule being aligned in the opposite sense to the 
other two."91 

CRYSTAL STRUCTURES OF 
a-HYDROQUINONE 

u-Hydroquinone belongs to space group R3, with a,, = 
3846(2) pm. c = 565.0(3) pin, and 54 C6H4(OH)2 mole- 
cules in the triple primitive hexagonal unit ce11.r22.231 
As shown in Fig. 4a, two crystallographically independent 
hydroquinone molecules in the asymmetric unit are 
involved in forming two interpenetrating. open. H-bonded 
networks similar to those in P-hydroquinone and capable 
of enclathrating small molecules, such as carbon diox- 
ide.['"' sulfur dioxide,12" and whereas the third 
forms double helices consisting of H-bonded chains of 
C6H4(0H)2 molecules about a threefold screw axis. 



Fig. 4 Stereoviews illustrating (a) the construction of a clathration cage in unsolvated b-hydroquinone, and (b) more extended portions 
of two identical, but displaced, three-dimensional networks that constitute the p-hydroqui~lone host structure. 

The networks and helices are Fa-bonded together in are two strands of the double helix. With the presence of 
such a way that the interpenetrating networks are di- three cages (similar in size to those of the P form) per unit 
rect!y linked to each other (in contrast to the uncon- cell, the inaximum host:guest molar ratio expected for an 
nected, complementary networks of P-hydroquinone), as x-hydroquinone clathrate is l8:I .  

Table 1 Crystal data for 0-hydroquinone clathrates:!: 

Interatomic 0. . .O 
T Y Q ~  Space group a c Guest species distanee(pm) in [OH]s ring 

1 R3 (No 148) 1661 3 (3) 
1661 0 (3) 
1661 6 (3) 

I1 1631 (5) 
R3 (No 146) 1662 1 (2) 

1665 0 (1) 
1594 6 (2) 

III P3 (No 143) 1600 3 (2) 
Super-polon~um ~ 3 r n  (No 166) 1621 5 (2) 

None 
Xe 

H2S 
3 3 2  

MeOH 
HC1 
MeNC 
MeCN 

C60 

267.8 (3) 
270.5 (2) 
269.6 (1) 
272.7 (6). 273.3 (6) 
265.3 (51, 277.9 (5) 
261 (1). 277 (1) 
277.9 (6), 280.0 (6) 
277.8 (mean) 
279.9 (5) 

*Lattice parameters (pm) are given for a Ilexagonal unit cell 



Fig. 3 (a) Stereoview showing a MeNC guest molecule trapped inside a cage in the structure of a Type I1 p-hydroquinone clathrate. 
For clarity. all hydrogen atoms were omitted; (b) host-guest interactions in the Type TI rnethaiiol clathrate of p-hydroquinone: the 
disordered MeOH guest molecule is inclined at an angle of 35" to the c-axis. 

CRYSTAL STRUCTURES 
OF y-HVBROQUIMONE 

Crystals of the ;/-form of hydroquinone are monoclinic, 
space group P2,Ic. with a = 807. b = 520, c = 1320 pm, 
P = 107". and Z = 4.["' The structure is built from sheets 
of H-bonded hydroquinone molecules (Fig. 4b). There are 
no H-bonded hexameric units, and the inclusion properties 
are still not well-linown. In accord with the instability and 
pronounced cleavage of the +/-form, these sheets are 
apparently held together only by van der Waals forces. 

HVDROQUINONE HOST LATTICES 
WITH ENCLATHRATEB FULLERENES 

Ermer noted that the edge length of a supercube (-1000 
pm) in the single P-hydroquinone (HQ) host framework 
closely matches the diameter of buckminsterfullerene, 
C(jO; and predicted that the resulting supramolecular host- 
guest complex would have the stoichiometric formula 
3ChH4(OH)2.Cb0. with enclathration being favored by the 
n-donating properties of HQ and the unusually strong 
electron-acceptor character of C60. Guided by these 
considerations. the 3: 1 complex was s~ccess f~~ l ly  pre- 

pared as black dendritic crystals by dissolving stoichi- 
ometric amounts of the two components in hot benzene 
and conducting subsequent A similar 
preparation using a 6:l molar mixture of HQ and high- 
purity C70 yielded black shiny hexagonal plates of the 
complex 9C6HJ(OH)2.2C70.2C& which appeared 
brownish-red in transmitted light.f81 The crystal structures 
of complexes have been determined using MoK, data 
collected at room temperature. 

Crystal Structure of 3C6H4(OH)2.C6Q 

The 3:1 adduct of HQ with ChO crystallizes in space 
group ~3 m (No. 166) with Z = 3 in a hexagonal unit 
cell of dimensions ah  = 1621.5(2) pm and c = 1384.6(2) 
pm.[71 The corresponding rhombohedra1 unit cell has 
a, = 1043.8(3) pm and y. = 2sinp'(ah/2a,) = 101.92(2)". 
The HQ molecule occupies a site of symmetry 2/m. 
whereas the C(j0 molecule is highly disordered, with 
relatively shallow electron-density maxima smeared out 
tangentially over a sphere of radius 35 1 pm. 

The architecture of the single P-hydroquinone host 
lattice of 3C6H4(OH)2.C60 may be compared with that of 
empty P-hydroquinone. with hexagonal unit cell edges 
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Fig. 4 Stereoviews: (a) the structure of a-hydroquinone, in which two crystallographically distinct C6H4(OH)2 molecules are used to 
construct the unoccupied cages. while a third independent molecule forms double helices around a threefold screw axis in the middle; 
(b) the crystal structure of 7-hydroquinone built from sheets of H-bonded molecules. 

that are ah  = 1661.3 pm and c = 1094.9 pm (the c-axis is 
doubled to allow for twofold interpenetration). The 
considerable trigonal elongation (with concomitant con- 
traction of its "waist" as measured by ah) of the HQ 
supercube in 3ChH4(0H)2.C60, compared to P-hydro- 
quinone, is a consequence of the highly puckered [OH16 
ring, which takes a cyclohexane-like chair conformation 
with 0 . .  . 0  = 279.9 pin, 0 . .  .0.. .0 = 112.9", and 
dihedral angle 0. . . 0 .  . 0 .  . = 50.5". Accordingly. 
the C60 molecules fit tightly inside the cavities of the 
rather strained single HQ host network. Furthermore, the 
distance between the centers of a C60 cluster and a polar 
face-to-face orientated HQ molecules is 657.4 pm 
(Fig. 521). leading to a distance of 310 pm between the 
CbO surface and the HQ plane, which matches the 
interplanar stacking distance in the 1:1 charge transfer 
(CT) complex of HQ with quinone (quinhydrone).i263271 
The implied host-guest charge transfer interaction in 
3C6H4(OH)2.C60 is consistent with the high electroneg- 
ativity of C60 and the rc-donor properties of HQ, as well as 
the deep color and metallic luster of the crystals. 

The orientational disorder of the enclathrated Cso in 
the single j-hydroquinone host network was studied using 

MoK, data at four different temperatures, 100, 200, 293, 
and 373 K. The results showed that the two independent 
bond lengths of the buckminsterfullerene. dj6 common to 
a pentagon and a hexagon and d66 common to two 
hexagons, changed smoothly by -0.03 A as functions of 
temperature between 100 and 373 K: the higher the 
temperature, the longer was d5h and the shorter was d66, 
while the molecular diameter remained almost constant 
between 7.072 and 7.075 

Crystal Structure of 9C6H4(OH)2.2C70.%C6b 

This inclusion complex 9C6H4(OH)2.2C70.2C& crystal- 
lizes in space group P 3 m l  (No. 164). with al, = 
1710.2(5) pm, ch = 2390.4(9) pm. and Z = 2.i81 There 
are three types of independent HQ molecules of site 
symmetry rn: Types 1 and 2 each with a crystallographic 
mirror plane containing the C-0 bonds and orthogonal 
to the molecular plane, and Type 3, with the mirror 
plane normal to the C-0 bonds. The C70 molecules 
occupy two nonequivalent 31n sites (Types A and B) 
and exhibit orientational disorder such that their prin- 
cipal molecular C5 axes are normal to the c-axis. The 
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Fig. 5 (a) Stereoview of the crystal structure of 3C6H4(OH)2.C60 viewed parallel to the c-axis. Stereoviews of the disordered ChO 
molecule is depicted as a large sphere, and the 0-H. . .O hydrogen bonds are represented by broken lines. The b-axis is horizontal and 
orthogonal to a vertical mirror plane containing the c-axis. The crystal structure of 9C6H1(OH)2.2C70.2C6H6; (b) the peanut-shaped twin 
cage viewed in the [210] direction. The h-axis is horizontal, and the c-axis is vertical. The two disordered Type A C7,) guest molecules in 
the cage are represented as large spheres, and the 0-H. .  .O hydrogen bonds are shown as broken lines; (c) the medium-size cage 
containing a Type B C,,) guest niolecule viewed along [210]: and (cl) the small tetrahedral cage viewed in the 12101 direction. the 
encaged pair of face-to-face benzene molecules being shown in one of the six possible orientations. 

enclathrated benzene molecules are grouped in pairs 
around a 3m site and are less well characterized in the 
x-ray analysis. 

The HQ host architecture of the 9C6F14(OH)2.- 
2C7().2ChH6 complex contains three nonequivalent chair- 
like [OH]6 rings located in sites of symmetry 3 m, 3nz, and 
2/in, respectively. The three-dimensional HQ host net- 
work contains three kinds of cavities: 1) large cage of site 
symmetry m accommodating a pair of C70 clusters of 
Type A (see Fig. 5b); 2) medium-size cage of symmetry 
3m containing a C70 cluster of Type B (see Fig. 5c); and 
3) small cage of symmetry 3nz enclosing a pair of benzene 
molecules (see Fig. 5d). 

In the first type of cage, the large cage is bounded by 
14 rings and 24 p-phenylene units. It has the shape 
of a peanut shell, with each equivalent half-filled by one 
Type A C70 molecule, such that the principal symmetry 
axis of C70 lies perpendicular to the 3 axis of the cage. 
The two enclosed C70 molecules are 1010 pm apart 
center-to-center, and each is additionally involved in six 
face-to-face and nine edge-to-face contacts with the 
enclathrating HQ molecules: three face-to-face with HQ 
(Type 1) at 697 pm near a polar cap, six edge-to-face with 
FIQ (Type 2) at 963 pm, and three face-to-face plus six 
edge-to-face at 706 pm and 863 pm, respectively, with 
HQ (Type 3) that constitute the equatorial waist of the 
cage. Conceptually, this large cage may be generated 
from the single HQ host cage of 3 C6H4(OH)1.C60 by 

elongation along the trigonal axis and equatorial insertion 
of a macro-ring of six H-bonded HQ (Type 3) molecules. 

The second type of cage, the medium-size cage: is 
surrounded by 10 [OH]6 rings and 15 p-phenylene 
connectors. Starting with the simple HQ supercube of 
3C6H-1(OH)2.@609 the medium-size cage may be obtained 
by replacing a vertex on the trigonal axis by an equilateral 
arrangement of three linked vertices. 

The third cage, the small cage, takes the shape of a 
trigonal pyramid assembled from four [OH]6 rings and 
six p-phenylene linkers. Electron-density distributions 
from difference Fourier maps suggest that this approxi- 
mately tetrahedral cage encloses a pair of face-to-face 
benzene molecules. which are necessarily subject to 
orientational disorder around the C3 axis of the cage. 
However. the quality of the x-ray intensity data is 
insufficient to establish this staggered benzene sandwich 
model as unequivocal. 

A comparative study of the crystal structures of tetra- 
fluoro-, tetrachloro-, and tetrabro~nohydroquinone 
showed that they are built of an almost invariant network 
of 0-H . .0 hydrogen bonds that is analogous to that of 
y-hydroquinone, indicating the robustness of this kind of 
hydrogen-bonding pattern. Both C1 and Br atom, tend to 



form a polarization-induced X. . .X contact to interconnect 
adjacent layers. but the F atom does not manifest this type 
of interaction.r291 

The crystal structure of 2.5-di-tert-butylhydroquinone 
is topologically equivalent to the Y-form of arsenic.r301 
Introduction of the bulky ter-t-butyl substituents next to 
the phenolic groups of the hydroquinone leads to the polar 
stacking of nonpolar, puckered hydrogen-bonded sheets 
with trigonal symmetry. Similar to the case of j-hydro- 
quinone. the novel layer structure constructed by 2,5- 
di-tert-butylhydroquinone may be developed from r - .  
As through replacement of the As atoms by H-bonded 
three-meinbered rings of oxygen atoms, and the As-As 
bonds by covalent 2.5-di-tert-butyl-p-phenylene links. 
The formation of the three-membered rings of H-bonded 
oxygen atoms are rare but are rendered favorable by the 
presence of a bulky alkyl group close to the hydroxyl 
group (e.g., tertiary alcohols). 

In the presence of bridging water molecules. calix[4]- 
hydroquinone can self-assemble to form a linear tubular 
polymeric structure, having an infinitely extended one- 
dimensional hydrogen-bonded assay that can be sus- 
pended in aqueous solution and also be grown to very thin 
tubes as well as a bundle of well-ordered three-dimen- 
sional chessboard-like rectangular arrays. These arrays 
possess useful electrochemicallphotochemical properties 
and can f~~nct ion as an organic nanotube template for 
designing molec~llar electronics  component^.^"' For 
example, ultrathin silver wires with 0.4 nanometer width 
can be grown up to micrometer-scale length inside the 
pores of these self-assembied calix[4]hydroquinone 
nanotubes by electro/photochemical redox reaction in an 
ambient aqueous 
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Imaging and Targeting 

Stephen FauBRner 
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University of Manrhester, Manchester, United Kingdom 

The twin fields of imaging and targeting developed 
rapidly over the last quarter of a century. Both exploit the 
interactions between discrete species. albeit in very 
different ways. This brief overview examines the two 
concepts separately, covering the broad range of tech- 
niques being used at the beginning of the twenty-first 
century. with particular emphasis on the exploitation of 
molecular recognition and metal binding. 

IMAGING 

Nonillvasive imaging of biological systems has the po- 
tential to provide information relating to the structure and 
function of tissue without resort to surgery. Traditionally, 
this relied on the use of x-rays for hard-tissue imaging. 
However. a range of soft-tissue imaging techniques were 
developed in the last quarter of a century that extends the 
range of options for clinical diagnosis and opens the 
possibility of specific and functional imaging. In the three 
ltey areas. advances in detection and data-processing 
techniques were applied and combined with exploitation of 
biological and chemical supramolecular processes. 

Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) is the dominant form 
of soft-tissue imaging. MRI uses the principles of gradient 
field NMR spectroscopy to build contrast between tissue 
types. It relies on the relaxation properties of water 
protons in a magnetic field." These vary naturally from 
one tissue type to another. depending on the freedom of 
movement of water protons. Protons tumbling rapidly 
relax more quickly than those tumbling slowly. so the 
signal obtained from fluid media is different than that 
obtained from viscous media (e.g., water protons 
associated with protein molecules will relax more slowly 
than bulk water). These differences in relaxation rates are 
used to create a tissue map. 

"For a more detalled diwu~slon of the techmque. see Ref [ l ]  

Paramagnetic species are of increasing importance in 
MRI. because they enhance the relaxation rates of water 
protons in the medium surrounding them. giving rise to 
improved c o n t r a s ~ . ~ ~ . ' ~  Such species are known as con- 
trast agents. A variety of classes of paramagnetic contrast 
agent exist, and one of the most important is that con- 
sisting of paramagnetic ions. particularly gadolinium ions. 
Gadoliniuni(1II) is an ideal species for use as a contrast 
agent. It possesses seven unpaired electrons combined 
with a long electron spin relaxation time. while bound 
water niolecules are in rapid exchange with bulk solvent. 
The free ion is toxic, making it unsuitable for use as a 
contrast agent. Instead, gadolinium co~nplexes are used. 
The ideal gadolinium complex should have high kinetic 
stability to miniinize toxicity. while still allow close 
approach of water molecules and facile exchange of in- 
ner- and outer-sphere solvent molecules with the bulk 
solvent. These two aims must be balanced, because they 
are. in part, contradictory: kinetic stability is best 
achieved in rigid complexes that exclude solvent from 
the inner coordi~lation sphere, while rapid exchange of 
solvent molecules is best achieved with significant ~lum- 
bers of coordinated water molecules. 

Shown in Fig. 1 are some typical contrast agents. These 
all have hard donor atoms and, with one exception, are 
eight coordinate ligands. The exception. a texaphyrin.[" a 
five-coordinate ligand, trades some kinetic stability in 
favor of increased inner-sphere coordination of water 
molecules. Of the other molecules, two (DTPA and 
BQIPTA)[~] are acyclic and derived from diethylenetri- 
amine. This makes them relatively simple to prepare but 
results in lower kinetic stability of the gadolinium com- 
plexes relative to ligands based on a rigid inacrocyclic 
backbone (DOTA, D03AHP. and GADOBENZ)."." The 
increased stability of the nlacrocyclic complexes arises as 
a result of preorganizatioll of the ligands combined with 
restricted rotational freedom in the ligand backbone. 
[ G ~ . D T P A ] ~  : [G~.BOQTA]' , [Gd.DOTAIp, and 
[Gd.D03AHP] allow the close approach of one water 
molecule to the metal center. Contrast arises from the inner 
and the outer coordination spheres of solvent molecules. 
By contrast, GADOBENZ has bulky (and hydrophobic) 
benzyl groups appended to the phosphinate donor groups. 
These prevent the close approach of water, and the contrast 
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Fig. I Ligands and complexes used as MRI contrast agents 

properties of this species arise solely as a result of ex- 
change of outer-sphere solvent.[51 The nature of the inner- 
and outer-sphere solvation for a particular co~nplex can 
be determined by field cycling relaxometryi"' or by 
luminescence measurements on analogous lanthanide 
complexes.i61 

Current interest centers on the possibility of develop- 
ing smart contrast agents. targeted to particular cell lines 
and to cell surface receptors. There is some debate as 
to whether the use of targeting vectors (vide infra) to 
specify cell surface receptors will prove an effective 
means of generating contrast, because agents such as 
those described above give rise to reasonable contrast at 
concentratio~ls well above those of typical cell surface 
recepto~s.~" 

Accordingly. it becomes necessary to improve the 
effectiveness of the contrast agent. One approach to this 
problem is to increase the number of gadolinium ions 
present. for instance, by preparing dendrimers bearing 
many gadolinium ions.[81 The effectiveness of a contrast 
agent is measured by its relaxivity, the paramagnetic 
relaxation rate enhancement caused by a 1 mM solution of 
the coruplex. This may be regarded as the sum of the 
inner- and outer-sphere relaxivities, with the inner-sphere 
contribution dominating for systems where there are 
bound water molecules. The chief determinant of the 
inner-sphere relaxivity is the rotational correlation time of 
the complex. This can be exploited for inononuclear 
co~nplexes by placing the complex at the hub of a much 
larger nlolecule or by utilizing the binding of the contrast 
agent by albumin proteins and the consequent reduction 

in rotational freedom.'" lendritic systems achieve higher 
relaxivities by increasing the effective gadolinium con- 
centration. The inner- and outer-sphere contributions for 
individual ions in surface-f~~nctionalized dendrimers are 
con~parable to those for mononuclear complexes. 

Positron Emission Tomography and 
Singse-Photon Emission Tomography 

While smart imaging with MRI contrast agents still rep- 
resents a challenge. other imaging techniques have 
achieved the goals of smart. or filnctional, imaging. 
Tomographic imaging with radioisotopes represents a 
useful alternative, particularly where the goal involves 
imaging species at low concentrations. Because back- 
ground radiation in vivo is generally very low, radio- 
isotopes can be detected at very low co~lcentrations. At 
such low concentrations. the risk to health is minimal. 

There are two main techniques. each of which utilizes 
different types of radioisotopes to obtain an image: 

1. Single-photon emission tomography (SPET).~~' also 
known as single-photon emission computer tornogra- 
phy (SPECT). depends on the emission of gamma 
rays by appropriate isotopes. These gainma rays can 
be detected by a gamma camera; and images are then 
obtained using conventional mapping techniques. 

2. Positron emission tomography P PET)"'^ uses positron 
(j3+)-emitting isotopes as signaling moieties. Posi- 
trons are antimatter and annihilate when they 
encounter an electron, giving rise to two photons, 
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each of 51 1 keV. This annihilation occurs almost 
instantly when the positron is produced, i.e., before it 
can travel through tissue. The production of such 
photon pairs can be detected using a technique called 
coincidence detection, which registers a signal every 
time two photons of appropriate energy arrive 
simultaneously at an array of detectors. These signals 
can then be deconvoluted to give rise to images 
showing the localization of the isotope. 

Both §PET and PET use isotopes with short half-lives 
to optimize image contrast while minimizing dose. 

Considered to be among the best choices for SPET are 
y ' ) m ~ c  (half-life 6 h) and ' 2 3 ~  (half-life 13 h), as they have 
monoenergetic emissions (141 kev and 159 keV, re- 
spectively) that make them easy to detect, and they 
provide a lower radiation dose to the patient. 

We can pass over iodine in a few words. The iodide 
ion is not an option, as it tends to localize in the thyroid, 
so covalently linked species are the best. These tend to be 
prepared at the hospital by iodination of a suitable 
organic molecule (usually one containing a double bond). 
Such reactions need to be fast. given the short half-life of 
the nuclide. 

Suitable isotopes of metal ions are more readily used in 
complexes. Among others, gallium ( 6 7 ~ a ) ,  technetium 
(99"~c) ,  and indium ("'1n) complexes have been used. 

Positron-emitting isotopes are more numerous and 
more varied. They also tend to have a wide range of half- 
lives, although all have the same photon energy owing to 
the way in which the photons are produced. Among the 
isotopes commonly used for PET are "C (half-life 0.3 h): 

EtO COI 

' 8 ~  (half-life 2 h), 5 5 ~ o  (half-life 18 h), 6 4 ~ u  (half-life 
13 h), 6 6 ~ a  (half-life 9.5 h), 8 3 ~ r  (half-life 33 h), 9 4 8 ~ c  
(half-life 5 h), and 1201 (half-life 1.4 h). 

It is important to consider how quickly the radionu- 
clide can be delivered to the patient from the source 
(including the time taken for any complex or compound 
preparation). Unless the hospital has a cyclotron and the 
chemistry is simple, half-lives of the order of minutes are 
too short. There is an alternative, in that nuclides that are 
not positron emitters may produce them by radioacti- 
vative decay. Such nuclides, called generators, can have 
longer half-lives and, thus, provide a ready source of 
short-lived positron emitters. It is also important that the 
parent and daughter nuclides be easily separated, so that 
the parent can produce more daughter nuclides while the 
first batch is being used. Examples of such systems 
include the use of ' 3 4 ~ e  (half-life 3 days) to produce 
I3%a (half-life 7 min). and the use of 6 8 ~ e  (half-life 271 
days) to produce 6 8 ~ a  (half-life 68 min). 

The choice of radionuclide depends on the type of 
imaging envisaged. For simple imaging, isotopes with 
short half-lives are suitable. For targeted imaging, the 
localization process may take up to 72 h, meaning that 
short-lived isotopes will decay before they can be used. 

As a result of the short half-lives of the nuclides 
described above, the complexes chosen for their delivery 
are, of necessity, simple. In Fig. 2, complexes A through 
C are designed for use with technetium ions."'-'31 
Pertechnetate is readily available but must be reduced in 
situ to Tc(V) or Tc(I ) before complexation is possible. 
Ligands D and E are suitable for the complexation of 6 4 ~ ~  

for positron emission t o r n ~ g r a ~ h ~ . ~ ' ~ ~ . ' ~ ~  In all cases, it is 

Fig. 2 Ligands and complexes used in radioisotope-based imaging techniques 
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Fig. 3 Ligands and complexes used in lurninescent imaging 

essential that the manipulation and purification of the 
complex can be achieved with minimal effort in as short 
a time as possible, because such manipulations are gen- 
erally performed at the hospital by no~lchemists. 

Luminescence-Based imaging Techniques 

MRI and radiochemical imaging techniques are both 
highly effective for whole-body imaging but tend to offer 
limited spatial resolution when applied to systems where a 
degree of magnification is necessary. Both techniques are 
capable of resolution to the millimeter level but offering 
higher resolution is difficult. For many physiological 
applications. for example, the study of subcellular 
processes, higher resolution is essential. Optical micros- 
copy offers the desired resolution but suffers some 
disadvantages-chief among these is the nature of the 
technique. Contrast in optical microscopy arises from 
differing degrees of light absorption by the sample. and as 
such, the potential of the technique for specific imaging is 
limited by the absorbance of the tissue. 

Fluorescence offers one route around this problem. The 
emission of light by an electronically excited molecule 
can occur in any direction and need not necessarily be 
colinear with the absorbed photon. The sample can thus 
be observed perpendicular to the probe beam. This results 
in an enormous improvement in sensitivity, because any 
signal represents an increase on a zero background. By 
contrsst. absorption must be detected as a small decrease 

in a large signal-a much less sensitive approach. Bio- 
logical samples are fluorescent in their own right (a 
phenomenon known as autofluorescence), as a result of 
the presence of naturally occurring chromophores. 
However, most biological absorption occurs in the UV, 
and most autofluorescence occurs in the blue region of the 
spectrum. Thus. autofluorescence can be avoided by using 
fluorescent compounds (or fluorophores) that absorb light 
at longer wavelengths than biological a b s o ~ ~ t i o n . ~  

Smart fluorescent indicators are widely used in fluo- 
rescent imaging microscopy. INDO-1,"" FURA-~ ."~ '  and 
F L U O - ~ ~ ' ~ '  (Fig. 3) belong to the same family of calcium 
indicators. All share a binding site derived from BAPTA, 
comprising two amine and four carboxylate moieties (at the 
top of the molecule). which is selective for calcium ions 
over other endogenous metal ions. The acyclic binding site 
has considerable rotational freedom, allowing rapid binding 
and release of nletal ions and minimizing the degree to 
which low concentrations of ligand will buffer metal ion 
concentrations. In each case. the left-hand side of the mol- 
ecule also constitutes an extended conjugated system in 
which one of the amine groups in the binding site acts as an 
electron donor. Because this amine performs a dual func- 
tion, the availability of the nitrogen lone pair to the con- 
jugated system will vary depending on whether or not a metal 
ion is bound. This, in turn, will affect the photophysical 

b ~ o r  a detailed treatment of fluorescence microscopy. see Ref. 1161 
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properties of the system. In the case of INDB-1 (for the free 
ligand I,,, = 349 nm. A,,,, = 485 nm; for the calcium 
complex i,,, = 331 nm, A,, = 410 nm),ll'l little change is 
observed in the absorption spectrum, but the emission 
spectrum is shifted considerably. The reverse is true for 
FURA-2 (for the free ligand he, = 362 nm, h e ,  = 5 12 nm; 
for the calciun~ complex k,, = 335 nm, 3,,, = 505 
nm).L'71 Beca~lse the free and bound systems can thus be 
distinguished without difficulty, the calcium concentration 
may be quantified easily. Both INDO-1 and FURA-2 
absorb light at relatively short wavelengths. similar to those 
associated with biological absorption. This gives rise to a 
significant fluorescent bacliground. FLUO-3 attempts to 
overcome this problem by shifting the excitation band to 
lower energy and longer wavelength. However. the 
increase in conjugation and the presence of another donor 
unit in the fluorescein-like chromophore conspire to ensure 
that, while the intensity of fluorescence changes on binding 
calcium, the shift in excitation and emission wavelength 
between the free and the bound species is so small as to be 
negligible (for the free ligand he, = 556 nm. I,,, = 576 
nm; for the calcium complex A,, = 553 nm. he,, = 576 
nm).r'81 Quantification of the calcium ion concentration 
therefore becomes more complicated, requiring the use of 
ratio experiments. 

An alternative approach can be used to remove 
background fluorescence, allowing accurate imaging even 
when autofluorescence occurs. Because fluorescent com- 
pounds have short luminescence lifetimes. typically of the 
order of 0.1-10 ns, it is easy to envisage using a probe 
molecule that has a much longer luminescence lifetime 
(of the order of 500 ns-1 s). The fluorescent emission 
will have decayed almost completely 100 ns after an 
excitation pulse, while any longer-lived luminescence will 
still be present. It is easy to envisage a systenl in which a 
period of time is allowed to elapse after the excitation 
pulse, ensuring that only the desired luminescence is 
collected, while fluorescence is rejected. This approach is 
called time-gated imaging. Organic phosphors tend to be 
unsuitable for this approach to imaging, because their 
luminescence is quenched by dissolved oxygen in 
solution. Lanthanide complexes. such as the europium 
complex shown in Fig. 3. are ideal-particularly when an 
organic chromophore is used to harvest light and transfer 
energy to the metal Lanthanides have low 
extinction coefficients and absorb light weakly, but they 
have long luminescence lifetimes (0.1 -5 ms for europium 
and terbium complexesiZ0' and 0.1 - 10 ps for ytterbium'Z11 
and neodymium complexes'221). They are also well 
established as acceptors of energy from aromatic donor 
chrornophores. which can be used to solve the problem of 
extinction coefficient. 

The europium cornplex in Fig. 3 bears a phenanthri- 
dine chromophore on the ligand. which absorbs light 
effectively. The images show three particles. The two on 

the left were labeled with the europium complex, while 
that on the right was labeled with rhodamine 6C, a 
fluorescent dye that absorbs and emits light at the same 
wavelengths as the europium complex (A,, = 355 nm, 

= 6! 5 nm)."" It is clearly seen that it is impossible 
to differentiate the particles by conventional optical 
microscopy or fluorescence imaging. However, time- 
gated imaging completely rejects the rhodamine fluores- 
cence. illustrating how the technique can dramatically 
improve signal-to-noise ratios in systems where back- 
ground fluorescence is problematic. 

TARGETING 

Selective therapy or chemotherapy of disease states has 
long been a challenge for medical science. Chemotherapy 
for cancer and genetic disorders represents the greatest 
challenge. because both disease states arise within the 
patient and are thus difficult to differentiate from normal 
tissue. The development of such techniques concentrates 
on the delivery of drugs or genetic material to specific 
sites. Targeting of this kind is achieved by incorporating a 
targeting vector specific to sites on or within the cells 
being targeted, into the assembly being used for therapy. 
Such assemblies may be covalently linked.1231 may rely 
on coordination of a metal or may be noncovalent 
assemblies held together by supramolecular interac- 
t ion~. '" ~ Supramolecular chemistry interactions remain 
important regardless of the nature of the assembly; all rely 
on noncovalent interactions between the targeting vector 
and the targeted site. 

Antibodies 

It is possible to raise antibodies to specific cell types (e.g.. 
cancer cells.)" The strategy is simple in its early stages 
and involves implanting a foreign tumor into an animal. 
The immune system then fights this turnor, raising 
antibodies to it. that recognize any unusual proteins on 
the surface of the cells. These antibodies can then be ex- 
pressed in cultures. However, the process is not finished. 
because the animal's body system. with the original tumor. 
will recognize the antibodies as foreign. This means that 
the antibodies then have to be humanized, by modifying 
their structures to retain selectivity but suppressing the 
immune response. 

In general. while vectors derived from antibodies offer 
high specificity. they have drawbacks. They are difficult 
to make and tend to have much larger molecular weights 

"Details of monoclonal antibody-based technique? can be found in 
Ref. [26]. 
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Fig. 4 Formation of an antibody conjugate. 

than the rest of the BFCA. meaning that the ainount of body. The antibody surface is covered with hydrophilic 
drug delivered is s~nall relative to the molecular mass of residues. Some of these. particularly side chains contain- 
the antibody conjugate. ing a~nines and thiols. are nucleophilic. The cartoon 

Shown in Fig. 4 is a cartoon representation of the prep- illustrates the use of an active ester to form an amide. 
aration of an antibody conjugate from a inonoclonal anti- covalently linking the antibody to the drug, though other 
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Fig. 5 A tunlor pretargeting with an antibody-ahidin conjugate 
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approaches using isothiocyanates or thiol reactive mal- 
ein~ides are equally valid. All of these reactive groups 
must be used in aqueous solution at ambient temperatures 
to avoid denaturing the antibody. 

bow-Molecular-Weight Targeting Vectors 

Low-molecular-weight targeting vectors are much simpler 
to prepare than antibodies. Such targeting vectors are de- 
rived from bioactive peptides (e.g., in the chelating agent 
o~treotide)'"~ and small molecules such as biotin, which 
bind strongly to biological receptors or proteins. While 
they are easier to prepare, there are two potential problems 
with using low-molecular-weight vectors. First, the vector 
and the therapeutic agent are likely to be of similar size; 
the presence of the drug inay thus alter the specificity of 
the targeting vector, particularly where a metal complex is 
being delivered. Second. small targeting vectors, partic- 
ularly peptides. inay be metabolized in vivo: this proble~n 
is often overcome by using cyclic peptides as delivery 
vectors. In such systems. the lack of terminal residues 
reduces the susceptibility of the peptide to hydrolysis. 

Srnall conjugates also have one great advantage over 
antibody conjugates in that they localize rapidly. whereas 
antibody conjugates, being large, are transported slowly 
through the body. This is particularly important when 

delivering radioisotope conjugates, where the slow 
localization of an antibody conjugate call represent several 
half-lives of the isotope being delivered. To avoid 
minimizing the dose in this way, the two approaches can 
be combined using a technique known as tumor pretarget- 
ing.[281 In this approach, a monoclonal antibody is used to 
deliver a ilonendogenous protein to the tumor cell. This 
can then be targeted using a low-molecular-weight 
conjugate. Illustrated in Fig. 5 is this approach. The 
antibody is used to deliver avidin to the tumor cell. 
Because both components are unstable, the long localiza- 
tion time is relatively unimportant. The avidin is then used 
as the substrate for a low-molecular-weight conjugate 
between biotin and a metal complex. This approach allows 
the unstable component to localize quickly and combines 
the best aspects of antibody-based techniques with those of 
techniques using low-molecular-weight vectors. 

Gene Targeting 

From the supramolecular chemist's viewpoint, gene 
therapy is an exercise in drug delivery. In this case, the 
drug in question is DNA, which must be directed to 
appropriate cells. then be internalized by the cell and 
subsequelltly by the nucleus-a process commonly called 

nm 
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transfection. To do this, the drug DNA must be stabilized 
throughout its passage through the body. 

The vast majority of approaches to DNA delivery use 
DNA enveloped in the coat proteiils of adenoviruses or 
re t rovi ru~es .~~"  This approach uses a biological delivery 
system without modification. An alternative approach is 
rapidly gaining in popularity and offers a solutio~l based 
on chemistry and self-assernbly using surfactants to form 
micelles or liposomes that e~lcapsulate the DNA.'~"."~' 

An example of this approach is illustrated in Fig. 6. 
The surfactants shown consist of polyamine groups linked 
via a spacer group to hydrophilic sugar m~ieties. '~" In 
aqueous solution at physiological pH. the alnine groups 
are protonated and can bind to DNA through electrostatic 
interaction with the minor groove. Mixtures of these 
surfactants can be self-assembled around the DNA, 
forming a liposome, sometilnes referred to as a bolasome, 
that can transport the DNA into cells without difficulty. 
Furthermore, self-assernbled structures like these can be 
directed to specific cell lines using monoclonal anti- 
bodies. The maleimide-bearing surfactant molecule can 
be linked to an antibody once the bolasome is formed, 
providing a large targeting vector conjugate. I11 this way, 
targeting methodologies are being applied to a new and 
burgeonin, 0 area. 
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Inclusion Compounds: Selectivity, Thermal Stability, 
and Kinetics 

Luigi R. Nassimbeni 
University of Cape Tow~i,  Rondebosch, Western Cape Province, South Africa 

The history of inclusion compounds dates back to 
the early nineteenth century, with Humphrey Davy's dis- 
covery of chlorine hydrate. but the field of inclusion 
phenomena, or host-guest chemistry, a subfield of su- 
pramolecular chemistry, is growing dramatically, partic- 
ularly in the last 10 years. This can be seen at a glance in 
Fig. I ,  which shows the number of abstracts appearing 
in Clze~nicnl Abstracts under the term "clathrate" and 
"incl~~sion compound" (Fig. la)  and "supramolecular 
chemistry" (Fig. lb). 

It is instructive to list some of the main discoveries in 
this field, and listed below are 10 significant events:['' 

Sir Huinphreq Davy prepares chlorine hydrate. 
Michael Faraday confil-ms Davy's observation and 
determines the composition of chlorine hydrate. 
F. Wohler prepares a p-quinol* H2S molecular complex. 
E. Fischer introduces thc "lock and key" principle. 
D. E. Paiin and H. M. Pouell publish the crqstal structures 
of P-quinol H2S compound. 
H. M. Powell coins the word "clathrate." 
C. J. Pedersen prepares cro\vu ethers. 
J.-M. Lehn and coworkers synthesize cryptands. 
D. J. Cram and J. M. Cram introduce the terms "host." 
"guest." and "host-guest complexation." 
J. -.M. Lehn introduces the concept and term 
"Supramolecular Chemistry." 
The Kobe1 prize for Chemistry \+-as awarded to D. J .  Cram. 
S. -M. Lehn. and C. J. Pedersen for their no rk  in the field 
of supramolecular chernistrq . 

Host inolecules may be broadly classified into two main 
types: those that form molecular complexes by fitting 
convex guests into the concave cavity of the host 
(examples include cyclodextrins, cyclophanes. calixar- 
enes, cycloveratrylenes, and various car~erands'~'): and 
those that form lattice inclusion compounds by packing in 
such a manner as to leave cavities, channels. or layers in 
the crystal structure so as to accommodate various guest 

molecules.[31 Many of the compounds that act as hosts 
in the inclusion compounds were discovered by chance, 
but in the last 20 years, considerable effort has gone 
into the synthesis of host molecules with specific 
properties, and Weber reviewed the principles of directed 
host design.'" He showed that a successful molecule 
should be bulky and rigid in order to provide suitable 
space so as to accommodate a guest. In addition, it is help- 
ful for the host to have a high-affinity functional group 
that can engage in specific host-guest interactions, such as 
hydrogen bonding. 

The templating effect of the guest in the formation of a 
given crystalline lattice inclusion compound is a subject 
currently under debate. What. for example, is the role of a 
"noncompetitive" solvent in the crystallization of a given 
compound? The fact that it can give rise to a different 
polyrnolph of the compound in question. suggests that 
there is a molecular recognition step involving the solvent 
during crystall izati~n. '~~ The guest inay template the 
reaction, forming an inclusion compound that retains 
its structure even when the guest is removed, as occurs 
in the case of gossypol with dichl~romethane.[~] This 
occurs infrequently with organic host molecules. and in 
most cases; the host compound reverts to its nonporous, 
x-phase, upon deso~ption.'~] The synthesis of an inclusion 
compound is carried out by dissolving the host in a liquid 
guest and allowing concentration of the solution. In the 
case of a solid guest, a noncompetitive solvent may be 
employed. The powdered host compound may also be 
exposed to vapors of the guest, and single crystals of dif- 
fraction quality may sometimes be prepared in this way.L81 
Host-guest compounds may also be synthesized by direct 
grinding of two solids, although the lnechanism of such 
reactions is not clearly understood and may involve partial 
melting.[91 

The general formation of the inclusion compound may 
be as follows: 

H,, .) + nG(1, or :,, - I-I @ Gn,, B) 

where a represents the nonporous phase of the pure host; 
H i s  the apohost. and P is the phase of the host-guest com- 
pound with guest :host ratio n. and 1 = liquid. g = gas, and 
.r = solid. 

Encjclopedia qf Supramolecz~lai~ Cheiili~tly 
DOI: 10.1081lE-ESMC 120012852 
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Year Year 

Fig. 1 (a) Nu~nber of abst~acts found for the telms "clathlate" and "~nclus~on compound," for the years 1950-2000 (b) Number of 
abstracts found for the term "supramolecular," for the years 1950-2000 

When the 0-phase decoinposes upon heating, it may do 
so in multiple steps: 

The intermediate -/-phase, N* C(n-m)(,,:,,. may be stable 
over a wide teinperature range, but single crystals of 
FI Gncs,li, generally break up to form fine powders of the 
intermediate ;/-phase; making it in~possible to subject 
the latter to single-crystal structure analysis. However. 
demonstrated in recent work was the possibility of con- 
trolling the guest : host ratio of an inclusion coinpound by 
changing the crystallization t en~~era tu re .~ '~"  In this regard. 
lbragimov formulated a rule that predicts the topology of 
inclusion co~n~ounds. '" '  In essence, this states that at low 

crystallization temperatures. one may expect high guest : 
host ratios with layer or tubulate structures, and that by 
raising the temperature, the guest: host ratio decreases, 
giving rise to cryptates (true clathi-ates). When the tem- 
perature is sufficiently high and close to the boiling point 
of the guest. its thermal mobility is too great to allow 
entrapment. and the host crystallizes in its nonporous 
a-phase. This technique was employed to control the 
selectivity of xylene isomers by a dicarboxylic A 
proper thermodynamic analysis, linking the guest- 
host ratio with the crystallization temperature has yet to 
be made. 

X5 

Fig. 2 Results of the competition experiments for the system Oyb 
C~ 

]Ha nA e (4 - n)B. H = t~~~~n.s-9.1O-dihydroxy-9.10-bis@-tert-bu- 
tylpheny1)-9,lO-dihydroa~ithracene: A = dimethylforniamide: Fig. 3 Projection of the H @ 2A 2B structure. viewed along 
B=dimethylsulfoxide. (Reproduced by permission of the Royal [OlO].  (Reproduced by per~nission of the Royal Society of 
Society of Chemistry.) Chemistry.) (View this art irz color crt ~t.w~t,.dekker..com.) 
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Fig. 4 The location of Guests A and B in the system 
H 4A (4-n)B. (Reproduced by permission of the Royal 
Society of Chemistry.) 

Recently, a clathrate system was announced in which 
the host entraps mixed guests. and the stoichiometry is 
controlled by the relative concentrations of the guests in 
the starting mixture. The host, tl-ans-9,lO-dihydroxy-9, I O -  
bis(p-teut-butylpheny1)-9,lO-dihydroanthracene (N) forms 
inclusion compo~inds with dimethylformanide (A) and 
diinethylsulfoxide (B) of the type H nA s (4 - n)B, such 
that n varies from 0 to 4."" The results of competition 
experiments are given in Fig. 2: which shows that the 
stoichio~netry of the inclusion compounds varies in 
discrete steps, giving rise to five distinct compounds: 
H ~ ~ A , H ~ ~ A @ B , H ~ ~ A . ~ B , H B A ~ ~ B : ~ ~ ~ H * ~ B .  

The compounds are isostructural with respect to the 
locations of the host atoms, shown in Fig. 3. The changes 
that occur in the positions of the guests are summarized in 
Fig. 4a-e. 

This system, which allows control of the ratio of mixed 
guests, has implications in crystal engineerir~g.''~' Thus, 
the physical and chemical properties of such compounds 
can be governed, which is significant for fields such as 
chemical sensors. optical and electronic properties of 
organic crystals, as well as their thermal stabilities and 
kinetics of decomposition. 

SELECTIVITY 

Selectivity Coefficient, 
Competition Experiments 

The complementarity of molecular shape defines the 
process of molecular recognition. and the strength and 
directionality of the various intermolecular interactions 

are responsible for the stability of a given host-guest com- 
pound. In their account of the nature of supramolecular 
interactions, Steed and ~ t w o o d [ ' ~ '  discussed the full range 
of forces that impinge on a molecular assembly. They vary 
from strong ion-ion interactions (N  250 kJmol- I )  to weak 
van der Waals forces (<5  kJmol-I). Of these, the hy- 
drogen bond is particularly irriportant. and its properties 
were extensively reviewed. [16.17] 

A quantitative measure of the selectivity of a given 
host compound for a given guest in a mixture is obtained 
by competition experiments. For a pair of competing 
guests, these involve the setting up of a series of vials 
in which the concentrations of the guest mixtures are var- 
ied systematically, and the dissolved host is allowed to 
crystallize under controlled conditions. The relative quan- 
tities of the enclathrated guests and of the mother liquors 
are analyzed with a suitable analytical technique, such as 
gas chromatography. thermal gravimetry, or NMR spec- 
troscopy. In general, three kinds of selectivity curves 
arise. as shown in Fig. 5 .  The term XA is the mole fraction 
of Guest A in the liquid mixture, and ZA is that of Guest A 
entrapped in the crystal. The diagonal line represents zero 
selectivity; Curves bl  and b2 occur when Guest A is 
strongly selected over B for the whole concentration range. 

Following ~ a r d , ' ' ~ '  we may define a selectivity 
coefficient: 

Thus, KA = 1 yields Curve a:  KA = 2 and 5 yield 
Curves bl and b2, respectively; while Curve c results 

Fig. 5 Selectivity curves obtained from competition experi- 
ments. yk = mole fraction of Guest A in the liquid; Z,A = mole 
fraction of Guest A in the crystal: Curve a represents zero 
selectivity. K,yn = I: Curves b , ,  and b2 represent selectivities 
with KAYB = 2 and 5. respectively: and Curve c represents con- 
centratio~l-dependent selectivity. 
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when the selectivity is concentration dependent. These 
experiments can be extended to analyze sinlultaneous 
competition by three guests. The results are displayed on 
an equilateral triangle in which each apex represents a pure 
guest. Consider three guests A. B. and C, that compete in 
pairs for enclathration by a host H ,  such that KAZn = 5 ,  
KAZc = 2. and KCZB = 1. A complete selectivity profile is 
shown in Fig. 6. 

Three-component samples taken from the area repre- 
sented by the circle centered at X,$ = XB = XC = 113 will 
move toward the upper apex, showing an enrichment of 
Guest A by enclathration. When one of the pair-wise 
competition experiments gives rise to a concentration- 
dependent selectivity, the three coinponent experiments 
are more difficult to predict, because the synergistic 
effects of the third guest are difficult to estimate. They 
require a judicious sampling of the three component 
nlixtures and generally result in a split of the enrichment 
process.'" interestingly, it was demonstrated that compe- 
tition experimellts can also be carried out with solid guests 
by grinding appropriate mixtures with the solid host. This 
was shown in the inclusion by the host 1.1,6,6-tetraphenyl- 
hexa-2.4-diyne- 1.6-diol of the isomers aminobenzonitrile 
(ABN). Competition experi~nents showed that this host 
selected the guests in the preference of 2ABN > 3ABN > 

4ABN, and the result of the solid-solid reactions yielded 
results that were remarkably similar to those carried out in 
solution using I -butan01 as a noncoinpetitive solvent.['l 

Competition experiments by enclathration can be 
employed to separate isomers with similar boiling points, 
and if we consider the selectivity diagram of the two- 
component systeins A-B with KriZn = 5 ,  discussed earlier, 
we can employ a McCabe-Thiele-type plot[18' to show 
that by starting with an initial mixture of XA = 0.1, we can 
achieve an enrichment X A  = 0.93 in three successive 
crystallization steps (Fig. 7). 

This technique has industrial implications. Guanidium 
organosulfonates were employed to separate isomeric 
mixtures of xylenes and dimetl~ylna~hthalenes['~~ as well 
as mixtures of x y ~ e n o l s . ~ ~ ' ~  

THERMAL STABILITY 

Thermal Gravimetry (PG), Differential 
Scanning Calorimetry (DSC), 
Lattice Energies 

Thermal gravimetry (TG) and differential scanning 
calorimetry (DSC) are the most accessible tools for the 

+XB 

Fig. 6 Selectivity curves for a three-guest system A. B. C, such that KA.p, = 5 .  KAZC = 2. and K.z.c 
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Fig. 7 YIcCabe-Thiele-tjpe plot foi a txo-component sjstem 
w ~ t h  KA ,=5 shox~i lg  t11'1t Guest 4 i i  enr~ched from X,=O I to 
XA = 0 93 In three successike c r y s t a l l i ~ a t ~ o ~ ~  steps 

quantitative study of the thermal stability of inclusion 
compounds. When the guest is relatively volatile. TG is a 
suitable method for obtaining accurate host-guest ratios of 
inclusion compounds, and mass losses with an accuracy of 
1-2': can be routinely obtained with modern coinmercial 
thermal balances. It should be emphasized that this is 
important, because inclusion compounds are often non- 
stoichiometric, and crystal structure analysis is not a 
suitable analytica! tool in this instance. This is because. in 
the refinement process, the site occupancies and temper- 
ature factors of the guest atoms are correlated. The DSC 
measurements yield the onset temperatures of the guest 
release reaction. T,,,. and their associated enthalpy change 
AN. Such a measurement should be treated with caution. 
and accurate values can only be achieved if care is taken 
with regard to instrument calibrations, flow rate of the 
purging gas. heating rate. and the particle size distribution 
of the sample. The latter is crucial and is sometimes 
difficult to achieve, because the inclusion compound may 
be labile and not lend itself to crushing or sieving. A 
recorn~nended technique is to prepare a sarnpie of the 
host-guest system under conditions of fast stirring, which 
yields powders with small particles with a narrow size 
distribution. It should be noted however, that crystals 
grown under different conditions may yield inclusion 
compounds with different host : guest ratios; with differing 
structures, or different polymorphs of the same com- 
pound. Ht is thus inlportant to monitor each preparation by 
x-ray powder diffraction to ensure consistency. Shown in 
Fig. 8 are the idealized curves of an inclusion compound 
H e  6, with a volatile guest that deco~nposes in a single 
step. The DSC shows two distinct endotherms: the first 

corresponding to guest loss followed by the second, due to 
melting of the host. 

The multistep thermal decompositition of a host-guest 
system can be followed in this way. An illustrated exam- 
ple is given in Fig. 9, which shows the decomposition 
of the clathrate formed between the inorganic host tet- 
rakis(4-aminopyridine)diisothiocyanatonickelI) and 
dimethylsulfoxide. The TG shows four distinct steps: A. 
corresponding to the loss of two DMSO guests per host 
molecule: followed by B, corresponding to the loss of two 
4-aminopyridine ligands; and G and D, due to the loss of 
single 4-aminopyridines. The DSC yields endotherms 
corresponding to B and C, but the trace for D is complex 
due to ligand de~omposition.~'~' 

In order to obtain accurate. reproducible results for the 
desorption step, an apparatus was devised that measures 
the vapor pressure of a volatile guest over a lar, ae tern- 
perature range. The device comprises a transducer, which 
converts pressure to a voltage signal, which is amplified 
and fed to a computer. The inclusion compound is placed 
in a small flask, open to the transducer, both of which are 
immersed in a water bath. The temperatures of the 
compound and the water bath are monitored by thermo- 
couples; and the heating rate is controlled. The method is 
fully automated and yields curves of P versus T under 
equilibrium conditions. The se~nilogarithmic plot of 111 P 
versus 1IT has a slope of A N I R  and yields values of the 
enthalpy change of desorption to a precision of approx- 
imately 2%. This was employed in the study of the 
thermodynamics of decornpositio~l of his-(9,9'-dihydroxy- 
9.9'-difluorene) * 0.5 ethanol over the temperature range 
30-80°C. yielding a AH= 17.9 kJmolp'.i2" When an 
inclusion cornpound deconlposes. the guest release reac- 
tion is made up of two components: the desorption of the 
guest. and the rearrangement of the "empty cage" or Po 

100 

80 

t mass % 

Endo 60 

Power 

Fig. 8 The TG and DSC cur\es for the decomposition of ail 
inclusion compound H * Gn,, ,,, - H,, ., + nG,,,T 
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Fig. 9 Multistep decon~position of the inorganic clathrate tetrakis(4-aminopyridine)diisothiocyanatonickel (11) 2 DMSO. (Reproduced 
by permission of the Royal Society of Chemistry.) 

structure of the host to its nonporous ~ - ~ h a s e . " "  The DSC 
endotherm measures the sum of these, generally with a 
precision of about 10%. The onset temperature To, and the 
AH of the guest release reaction are measures of the 
thermal stability of the host-guest compound. To compare 
the stabilities of a series of compounds with different 
guests. one may calculate T,,,/Tb. where Tb is the normal 
boiling point of the guest. High values of To,/& and of AH 
are indicative of high thermal stability and of strong host- 
guest interactions. A quantitative measure of thermal 
stability is the lattice energy of the compound in question. 
This may be evaluated by the method of atom-atom 
potentials using the refined positions of accurate crystal 
structure determinations. 

One may employ force fields of the following type: 

where r is the interaction distance. and the coefficients a. b, 
and c are those given by ~ a v e z z o t t i . ~ ~ "  Care must be taken 
to incorporate a suitable hydrogen-bonding potential, such 
as that of Vedani and ~ u n i t z , " ~ '  which is formulated as 
V (H-bond)=(~lR" - CIR") cos' 6, where R is the dis- 
tance between the donor hydrogen and acceptor atom. 
8 is the Donor-H . . .. Acceptor angle, and the cos2 0 

term is the energy penalty paid by the bond in order to 
take nonlinearity into account. Such lattice energy cal- 
culations often correlate well with enthalpies of the guest 
release reaction and with onset temperatures.r81 

In cases where the guest is a high-temperature boiling 
liquid, the DSC may yield a single endotherm cor- 
responding to the dissolution of the host in the escaping 
guest. In such cases. the AH and the dissolution 
temperatures may be correlated to the lattice energies of 
the compounds. 

Kinetics of D e s a r p t i ~ n  

The kinetics of desorption of a host-guest compound with 
a volatile guest may be monitored by measuring the mass 
as a function of time. The fraction decomposed. E, is 
evaluated from the mass loss: 

where m, is the initial mass, In, is the mass at time t ,  and 
unf is the final mass. A generalized %-time curve is shown 
in Fig. 10. It comprises an initial step A, often attributed to 
the decomposition of impurities or superficial materials. 
followed by B, an induction period during which nu- 
cleation takes place. This is followed, in turn. by an 
acceleration period C, a deceleration period D, and finally 
completion, Step E. 

Various models can be fitted to the %-time curves that 
correspond to particular mechanisms of the desolvation 
~eaction.'~" The most common are as follows: 

- ln(1 - c/.) = kt (First order-F1) 

1 - (1 - 0)' " kt (Contracting area-R2) 
1 3  1 - (1 - x = kt (Contracting volume-R3) 

The best way to obtain the activation energy for the 
desorption reaction is to carry out a reries of isothermal 
runs at selected temperatures, finding the appropriate rate 
law and deriving the corresponding rate constants that can 
be employed in the Ar-rhenius equation: 
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a threshold pressure, P,,, is required to initiate the re- 
action of the gaseous guest uptake by the host. This was 
noted for the enclathration of acetone vapor by the host 
tl-uns-9,lO-dihydroxy-9,10-diphenyl-9, 10-dihydroanthra- 
cene,"" when a plot of kohi versus p at two different tem- 
peratures gives rise to two straight lines, as shown in 
Fig. 11. 

Thus, when we consider the rate constant at a fixed 
pressure of (say) 100 mmHg. we obtain a value of 0.57 s p l  
at 284 K. which decreases to 0.10 s 1  at 303 K. 

time 

Fig. PO Generalized %-time curve for a decomposition Guest Exchange 
reaction. 

The question of guest exchange in inclusion compounds 
received little attention, despite that fact that such 
processes are important for sensing and catalysis based 

~h~ application of this equation to heterogeneous reac- on inclusion. However, a number of host-guest systems 

tions is controversial, but Galway and B~~~~ discuss this with organic and metal-containing hosts that entrap 

topic and give theoretical justification for its ~ s e . [ ' ~ . * ~ ~  volatile guests were recently s t ~ d i e d . ~ ~ ~ . ' ~ ~ '  The host 
1.1,6,6-tetraphenyl-2,4-diyne- 1.6-diol (N) forms inclusion 

Kinetics of Enclathration 
compounds with tetrahydrofi~ran (THF), and thiophene 
(THIO), and we analyzed the dynamics of the reaction: 

The kinetics of enclathration between a solid host and 
H SB THF,,, 2 THIO,,, + H e 2 THIO(,) + 2 THF(g) 

guest vapor received relatively little attention. This is 
because measurements are experimentally difficult, and 
the inclusion compounds formed are often unstable 
under ambient conditions. A suitable suspension balance, 
which allows measurement of mass change with time 
under controlled conditions of guest vapor and temper- 
ature, was constructed for this purpose.[281 An interest- 
ing aspect of these reactions is that they give rise to 
anti-Arrhenius behavior, in that for a given vapor pres- 
sure of the guest, the rate of the reaction decreases with 
increasing temperature. This arises from the fact that 

Thls was performed by exposing a powdered sample of 
He  2 THF(,) to thiophene vapor in a closed vessel at 25OC. 
The resultant product was analyzed periodically by DSC, 
and the results are given schematically in Flg. 12. 

In such reactions, there are two possible mechanisms 
for the exchange between guests GI  and 6 2 :  

1.  The host-guest system retains its structure throughout 
the exchange and so behaves like a zeolite, with the 

Fig. PI Plot of kobr Yersus guest pressure for the enclathration of acetone vapor by trurzs-9.10-dihydroxy-9.10-diphenyl-9.10- 
dihydroanthracene. Note the existence of threshold pressures PO at both temperatures. 
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Fig. 12 The DSC curves f o ~  the guest exchange in the Ieactlon Ha2 THF(,) + 2 THIO(,,-Ha2 THIO(,, + 2 THF(,,. wlth H= 1.1.6. 
6-tetraphenyl-2.4-diyne- 1,6-dl01 (Reproduced by permlsslon of the Royal Society of Chemistry ) 

channels remaining open to incoining and outgoing 
guest molecules: 

2. The host-guest system desorbs to yield the apohost 
(a-phase), which in turn, absorbs the incoming guest 
and forms the new structure: 

In the second mechanism, there would be a small but 
detectable amount of the apohost present throughout the 
time of guest exchange. We showed this to be the case in 
the study of the diol host I-6 and its inclusion compounds, 
with G I ,  G2=furan. tetrahydrofuran, and thiophene.["' It 
was noted that the kinetics of these exchange reactions 
depend on such factors as the particle size distribution of 
the M@nGl solid, the vapor pressure of the incoming 
guest, and the strength of the host-guest interactions of 
both the reactant and the product. 

In conclusion, the structures and topologies of inclu- 
sion compounds forin the basis of their reactivities and 
their physico-chemico properties. An understanding of the 
~nolecular recognition process occurring in these com- 
pounds forms the basis of predicting their behavior. 
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inclusion Reactions and Polymerization 
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A variety of monomers can be trapped in the inclusion 
spaces at the inolecular level and polymerized under 
suitable conditions. Such a reaction is called inclusion 

The study of inclusion polymeriza- 
tion started soon after the discovery of a honeycomb 
structure of urea inclusion compounds. The early study 
aimed to obtain highly stereoreg~~lar and asymmetric 
polymers in the spaces. Further studies brought about a 
profound understanding of the space effects from various 
viewpoints. Now. inclusion polymerization is classified 
between bulk or solution polymerization and solid state 
polymerization. In other words. it may be situated as 
low-dimensional and space-dependent polymerizations. 
S~ich a polymerization closely relates to supramolecular 
cheinistry from a viewpoint of molecular information 
and expression. 

GENERALFEATURES 

Cyclic Process 

In Fig. 1, a cyclic process for inclusion polymerization is 
shown. The process consists of four steps: 1) hybridization 
of a host assembly with a solvent; 2) complexation of the 
host with a guest monomer; 3) polymerization of the 
monomer; and 4) separation of the resulting polymer from 
the host. This cycle is based on spontaneous and non- 
covalent phenomena, such as intermolecular association 
and dissociation among host-host, host-guest, and guest- 
guest components. 

The host components (Fig. la)  are first recrystallized 
from usual solvents for isolation and purification. This 
operation produces host assemblies with or without the 
solvents (Fig. Ib). There are two methods for obtaining 
inclusion compounds with the monomers (Fig. Ic): by the 
addition of monomers into the solvents and by replace- 
ment of the guests with retention of the host assemblies, 
called intercalation. 

The polymerization should consist of four elementary 
reactions: an initiation. a propagation, a termination. and a 
chain transfer. :/-Ray and UV inadiation are preferably 
employed for the initiation, although conventional free- 

radical initiators are also available. The propagation 
reaction can be accelerated at elevated temperatures. 
because molecular motions of the included monomers are 
constrained in the inclusion spaces. The termination 
reaction is inhibited due to isolation of the active species 
in the spaces. Any transfer reaction might take place 
between the host and guest components. 

Inclusion polymerization usually results in host-poly- 
rner composites (Fig. Id). The addition of suitable 
solvents induces separation of the resulting polymers 
from the hosts. The separated polymers sometimes 
involve the host component even after thorough solvent 
treatment. This may be explaiiled by the fact that the 
initiating radicals come from the hosts in some cases. The 
separated host components assemble together by recrys- 
tallization to give original inclusion compounds with 
solvents (Fig, la). 

Effects of the Inclusion Spaces 

Inclusion polymerization may be reasonably distinguished 
frorn other polymerizations by various effects of the 
inclusion spaces. as mentioned below. Shown in Fig. 2 is a 
general relation in size between the inclusio~l spaces and 
guest molecules. A n~acroscopic flask (Fig. 2a) in a 
chemical laboratory practically has an infinite space as 
compared with a monomeric molecule. enabling us to 
neglect any effects of the space. Monorner molecules 
freely move in the space at moderate temperatures. In con- 
trast. a molecular flask at a nanometer level (Fig. 2b. c) 
has spaces nearly equal to guest n~olecules in size. Be- 
cause electromagnetic forces work among the host and 
guest molecules. monomer molecules are constrained in 
the spaces, even at relatively high temperatures, leading 
to the observation of various space effects. On the other 
hand; assemblies composed of the monomers only 
(Fig. 2d) have no inclusion spaces in the solid state, 
meaning that the space effects may be ignored. In this 
case. the monomer molecules can move slightly below 
their nielting temperatures. 

A comparison among the polymerizations in the 
different states is summarized in Table 1. The monomer 
molecules form low-dimensional and anisotropic assem- 
blies in the inclusion and solid states; although they form 
three-dimensional and isotropic assemblies in the solution 

Eizryclopedin of S~~l~rzr~nolec~clnr. Chemis t i~  
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with solvents with monomers 
I I I 

intercalation 
I 

Hybridization Polymerization 

I, Separation Inclusion comnounds / 1 (a) Host compounds 1 1 (d) with 1 

Fig. 1 A cyclic process for the study of inclusion polymerization. Parts (a) through (d) show products of the illclusion process. 

or bulk state. One- or two-dimensional assemblies are 
formed in a channel (canal) or an interlayer, where 
colsesponding one- or two-dimensional inclusion poly- 
merization may take place. respectively. The inclusion 
spaces vary in size, shape, polarity, and chirality. The use 
of a set of the different spaces enables us to observe 
different inclusion polymerizations, leading to interpreta- 
tion of the space effects. 

ONE-DIMENSIONAL INCLUSION 
POLYMERIZATION 

Hosts and Monomers 

Inclusion polymerization is now recognized a\ a general 
polymerization that IS useful for over 100 different 

monomers. Shown in Figs. 3 and 4 are some hosts and 
monomers employed so far for one-dimensional inclusion 
polymerization, respectively. First, a pair of hosts, urea 
(Fig. 3a) and thiourea (Fig. 3b), were used for the poly- 
merization of 1,3-butadiene and 2,3-dimethyl-1.3-butadi- 
ene, respectively. Perhydrotriphenylene (Fig. 3c) was 
applied to many methyl-substituted butadiene derivatives, 
yielding the corresponding polymers with 1,4-tmns units. 
Pioneering work was accomplished for optical resolution 
of the racemic host. leading to the first asymmetric in- 
clusion polymerization of 1,3-pentadiene. 

A chiral host could readily be available from a nat- 
urally occurring compound. The use of steroidal acid, 
deoxycholic acid (Fig. 3d), yielded coinprehensive poly- 
mers, particularly, optically active polymers from pro- 
chiral monomers. Many derivatives of deoxycholic acid 
have the colsesponding characteristic inclusion abilities. 
For example, use of apocholic acid (Fig. 3e), cholic acid 
(Fig. 3f): and chenodeoxycholic acid (Fig. 3g) enabled us 
to perform one-dimensional inclusion polyrnerization of 
various diene and vinyl monomers. 

Other effective hosts are cyclophosphazenes, such as 
tris(o-pheny1enedioxy)cyclocriphosphazene (Fig. 3h) and 

Table 1 Space effects among the polymerizations In 
d~fferent states 

Solution Solid 
Polymerization or bulk Inclusion stale 

Space size Macroscopic Molecular- None 
level 

Fig. 2 A relative relationship between spaces and guest Assembly Isotropic Anisotropic Anisotropic 
molecules: (a) a co~ltainer with a macroscopic space: containers Space effect Xegligible Not negligible Negligible 
with molecular-level spaces called (b) channels and (c) inter- Dimensionality Three- Low- Low- 
layers: and (d) a molecular assembly without containers. (View dimensional dimensional dimensional 
this or? in color at ~.v~c~t..dekkencoriz.) 
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Fig. 3 Organic hosts used for one-dimensional inclusion polymerization: (a) urea: (b) thiourea; (c) perhydrotriphenylene; 
(d) deoxycholic acid; (e) apocholic acid; (f) cholic acid; (g) chenodeoxycholic acid; (h) tris(o-pheny1enedioxy)cyclotriphosphazene; and 
(i) tris(2.3-naphthalenedioxy)cyclotriphosphaze~~e, 
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Fig. 4 Various monomers used for one-dimensional inclusion polymerization 
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tris(2,3-naphtha1enedioxy)-cyclotriphosphazene (Fig. 3i). 
They were utilized for inclusion polymerization of many 
diene and vinyl monomers. Cyclodextrins were used for 
addition polymerization as well as polycondensation. 
Some kinds of inorganic polymers were used for one- 
dimensional polymerization. For example, a novel zeolite 
ZSM-5 was employed for the polymerization of vinyl 
monomers, such as propylene and I-hexene. 

It can be seen from Fig. 4 that many diene monomers 
were polymerized using various hosts. It might be possible 
to polymerize multiconjugated monomers, such as trienes 
and tetraenes, in one-dimensional spaces. Diacetylene 
spontaneously polymerized in channels of three hosts: 
perhydrotriphenylene, deoxycholic acid, and apocholic 
acid. On the other hand, there are not so many studies of 
the polymerization of vinyl monomers, because highly 
stereoregular polymers are not obtained. 

Reaction Mechanism 

Direct evidence for polymerization in the channels is 
given by crystal structure analysis. We can compare crys- 
tal structures before the polymerization and after the poly- 
merization. Computed tomography works well in simu- 
lating whether or not inclusion polymerization will take 
place. Comparison of cross sections of channels with those 
of polymers enables us to consider whether or not the 
resulting polytners can be accommodated in the channels. 

Radical species during inclusion polymerization can 
readily be detected by ESR spectroscopy, indicating that 
the radicals are thermally stable in the channels. The 
reason is that the radicals in the channels do not meet with 
each other due to the host walls. y-Irradiation produces 
radicals of the host component as well as the monomers. 
Monomeric and propagating radicals were observed in the 
case of urea. while only the propagating radicals were 
observed in the case of perhydrotriphenylene, deoxycholic 
acid, and apocholic acid. Simulation of the spectra 
clarified that the propagating radicals do not rotate freely, 
indicating that mobilities of the radicals are constrained in 
the channels. 

Molecular motions are rnuch smaller in channels than 
in solution at the same temperature. This indicates that the 
polymerization may proceed slowly. But the neighboring 
monomers are located very near, suggesting that the re- 
action may proceed rapidly. This is how the reversed 
effects work during the propagation reaction. It is known 
that inclusion polymerization smoothly occurs at low 
temperatures in the channels of urea, thiourea, and perhy- 
drotriphenylene. However, in the case of steroidal hosts, 
we observed a decrease in polymerization rates. For ex- 
ample. in one case, the polymerization reached a saturated 
state after 1 month. 

Table 2 Parameters for the inclusion and 
solution polymerizations 

Parameter Inclusion Solution 

kP kg mol-' s-' 10~-10' L mol-' s-' 
kt 1 o - ~  kg m01-I 5-' I O ' - ~ O ' ~  L mol-' s-' 
[MI lo-' 1no1 kg-' 10-~-10-~ mol L-' 
Llfetlme of M >lo% 0.1-1 s 

Shown in Table 2 are the rate constants for the poly- 
merization of tmns- 1 -chloro- 1 -3-butadiene in the chan- 
nels of deoxycholic acid. The rate constant of the 
propagation (kp) was about l o p 3  kg m o l l  s e c ' ,  less 
than l o p 3  of that for the solution. The termination rate 
constant is extremely small: about less than 1 0 "  of that 
for solution. Another important finding is that the 
concentration of radicals in the channels amounted to 
about l o p 3  rnol per I kg of the host by means of ESR 
spectroscopy. This concentration exceeds that for usual 
solution polymerizations by a factor of 10'. These results 
indicate that decrease of the propagation rate may be 
compensated for by a decrease of termination reaction and 
by an increase of radical concentration. 

Steric Control 

There are many possible schemes for addition reactions of 
diene monomers froin electrollical and steric viewpoints. 
Because the monorner molecules arrange along the 
direction of the channels, r,o-addition nlay selectively 
take place in one-dimensional inclusion polymerization. 
Therefore, conjugated polyenes, such as dienes and 
trienes, may selectively polymerize by 1,4- and 1,0-addi- 
tion, respectively. 1,3-Butadiene polymerized via 1,4-ad- 
dition exclusively in the channels of urea and perhydro- 
triphenylene. while the same monoiner polymerized via 
both 1,2- and 1,4-additions in the channels of deoxycholic 
acid and apocholic acid. Moreover, we have to evaluate 
head-to-tail or head-to-head (tail-to-tail) additions in the 
case of dissymmetric conjugated diene monorners such as 
isoprene and 1.3-pentadiene. 

Tacticities of the polymers were estimated. For ex- 
ample, poly(l.3-pentadiene) was highly isotactic in the 
channels of perhydrotriphenylene, while it was preferen- 
tially isotactic (meso:racemic= 2:l)  in the channels of 
deoxycholic acid. A completely isotactic polymer was 
utilized to prepare a unique polymer. hemitactic polypro- 
pylene, by hydrogenation of a completely 1,4-trans iso- 
tactic poly(2-methyl-133-pentadiene). 

Chiral hosts provide chiral molecular-level spaces, 
where asymmetric inclusion polymerization may occur. A 
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requirement is that the polymerization proceed via head- 
to-tail and isotactic addition along a one-dimensional ar- 
ray in a chiral channel. So far, many optically active 
polyiners were prepared from prochiral diene monomers - - - - 

by using chiral hosts. For example, optically resolved 
perhydrotriphenylene gave asymmetric polymers from 
trans- I ,3-pentadiene. while deoxycholic acid gave those 
from cis-1,3-pentadiene. These polymers were ozono- 
lyzed to give optical yields over 10% e.e. and about 
20%, respectively. 

Space-Size Effects 

It is considered that the motion of guest molecules 
depends on the space sizes even at the same temperature. 
That is, the molecules can move more freely in a larger 
space than in a smaller space. Such a difference would 
affect polymerization behaviors. Such space effects can be 
observed on the basis of subtle changes of polymerization 
behaviors by using a suitable set of hosts. Use of a set of 
the hosts, deoxycholic acid, apocholic acid, cholic acid, 
and chenodeoxycholic acid, enables us to observe the 
effects of one-dimensional polymerization in detail. On 
the other hand, a pair composed of urea and thiourea is not 
suitable for such an aim, because the pair does not include 
identical mononlers at the same temperatures. 

The following three points were ascertained: 1) poly- 
merizabilities of the monomers; 2) motion of polymer 
chains around the ends of the propagating radicals; and 3) 
microstructures of the resultant polymers. These space- 
size effects are summarized in Table 3. 

Only a definite scope of monomers can be polymerized 
in a given host. This indicates that inclusion polymeriza- 
tion displays a sterically different boundary condition 
froin other polymerizations. That is, an increase of one 
methylene unit of one monomer can induce an inhibition 
of the polymerization in a given channel (Fig. 5a.b). 
Moreover, the relative sizes of the channels change the 
polymerizabilities of the identical monomers. Even 
though a monomer does not polymerize in a small chan- 
nel, the same monomer polymerizes in a larger channel, 
(Fig. 5b.c). For example, 4-methyl-1,3-pentadiene poly- 
merized in the smaller channels of deoxycholic acid, 

Fig. 5 Polymerizabilities of the monomers in the channels: 
(a) smaller monomers in a smaller channel can be polym- 
erized; (b) larger monomers in a smaller channel are not 
polymerized: and (c) larger monomers in a larger channel can 
be polymerized. 

while 2,4-dimethyl-1,3-pentadiene did not. However, 
the latter polymerized in the larger channels of apocho- 
lic acid. 

The radicals can move depending on space sizes and 
shapes. So, it is considered that the propagating radicals 
are tightly included in the smaller channels and loosely in 
the larger channels. This means that an identical monomer 
exhibits different ESR spectra in various channels. A set 
of steroidal hosts enabled us to detect a large amount of 
such slightly different ESR spectra of the propagating 
radicals from various vinyl and diene monomers having 
alkyl and polar substituents. Simulation studies showed 
that such spectra may be explained by different con- 
formations of the polymer chain ends. 

Stereoregularities of the resulting polymers depend on 
the sizes of the host channels. Moreover, the space effect 
in chirality was observed in asymmetric inclusion poly- 
merization of trarzs- or cis-2-methyl-l,3-pentadiene by 
using a pair of hosts, deoxycholic acid and apocholic acid. 
We obtained optically active polymers with predominant 
absolute configurations (R). Optical yields varied with the 
polymerization conditions and the hosts. A maximum op- 
tical yield of the tmrzs monomer was 36% in the channel 
of apocholic acid. 

Table 3 Space-size effects on one-dimensional inclusion polymerization 

Inclusion space Polymerizability Propagating radicals Selectivity of reaction 

Large space 
I 
1 

Small space 

Large scope 
I 

Small scope 

Large motion 
1 

Small motion 

Low selectivity 
I 
1 

High selectivity 
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Fig. 6 Conceptual comparison of the processes for enzymatic reaction of proteins (a) and i~lclusio~l polymerization (b). The chiral and 
sequential carbon chains express their information through their architectures (A), host-guest compou~lds (B), and reactions of the 
guests (C). (View this art in color at n~wvv.dekker.corn.) 

TWO-DIMENSIONAL INCLUSlON 
POLYMERIZATION 

Some two-dimensional inclusion polymerizations are 
known. For example. montmorillonite and graphite were 
used for the polymerization of vinyl monomers such as 
methyl methacrplate and styrene, respectively. Polymer- 
ization of salts of 6-amino-2.4-tmrzs,trnrzs-hexadienoic 
acid was performed using perovskite-type layered com- 
pounds on UV or -/-ray irradiation, resulting in stereoreg- 
uiar polymers with a high head-to-tail, 1,4-trans structure. 
Many organic long-chain compounds form bilayered 
membranes to form a matrix for the two-dimensional 
polymerization. For example, photopolymerization was 
carried out using cast f i l~xs  composed of double-chain 
ammonium amphiphile involving a cross-linked acrylate 
polymer. Extraction of the amphiphile with methanol left 
a multilayered film. 

Recently, it was found that crystalline organic salts of 
unsaturated carboxylic acids with aromatic amines were 
polymerized by UV irradiation to yield highly stereoreg- 
ular polymers.[".121 The bilayered polymeric aggregates 
were ascertained to replace amine components through 
intercalation. So. the polymerization is considered to 
correspond to one of the two-dimensional inclusion poly- 
merizations. In this assembly, the aromatic part of the 
amines corresponds to the host component, while the 
alkyl part of the acids corresponds to the guest compo- 
nent. The amines employed are benzylamine, I-naph- 
thylmethylamine, long-alkylamines and their derivatives, 
and so on. 

The polymerization of sorbic acid was found to pro- 
ceed highly selectively to give a l,4-rra7zs9 eqthro-di- 
isotactic structure, because "c-NMR spectrum of the 
polymer exhibits simple and sharp absorptions. Although 
the resulting polymers showed no optical rotation. crystal 
structural analysis tells us the following interesting feature 
of the polymerization. The molecules in one array 

polymerize to give a chiral polymer with (R.R) absolute 
configuration. while that in the neighboring array do so 
with (S ,S) .  This means that we obtained a racemate of 
chiral polymers. 

INCLUSION POLYMERIZATION BASED ON 
MOLECULAR INFORMATION 

The study on inclusion polymerization by using steroidal 
hosts led us to the concept of molecular information and 
expression. as follows. It is theoretically considered that 
molecular information at a nanometer level may originate 
from sequential and chiral carbon chains, like proteins and 
steroidal molecules. As shown in Fig. 6a, the proteins 
express their molecular information through noncovalent 
bonds by the following processes: molecular architecture 
(Fig. 6A). host-guest compounds (Fig. 6B), and reactions 
of the included guest components (Fig. 6C). Similarly. the 
steroidal molecules express their information through the 
noncovalent processes (Fig. 6b). Therefore, inclusion 
polymerization corresponds to one step of the expression 
process of lnolecular information that the sequential and 
chiral carbon-chains store. 

Starting from the synthesis of stereoregular and optically 
active polymers, we reached the idea that inclusion 
polymerization constitutes one of supramolecular chem- 
istry from a viewpoint of the space effects. Now such a 
study might be connected to nanotechnology. because the 
polymerization can produce molecular composite materi- 
als, such as molecular wires; layers, and so on. The bot- 
tom-up technology would be constructed through various 
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noncovalent processes that are based on the principle of 
molecular information and expression. 

ARTICLES OF FURTHER INTEREST 

Charzrzel Inclusiorz Conzpounds, p. 223 
Chii-a1 I~zdziction, p. 245 
Corzcepts in Crystal Engirzeerirzg, p. 319 
Deoxycholic, Cholic, arzcl Apoclzolic Acids, p. 441 
Electron Pumi~zagrzetic Resonance Spectmscopy, p. 520 
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Incommensurate and Commensurate Structures 

Kenneth D. M. Harris 
Cardiff University, Cardif( Wales 

INTRODUCTION 

1t is convenient to regard a crystalline solid inclusion 
compound to be composed o f  two che~nically distinguish- 
able substructures: the host and guest substructures. In 
many cases. the guest molecules are disordered within the 
crystalline host structure, but in those cases for which 
the guest molecules are ordered (at least sufficiently well 
ordered that an average lattice periodicity may be 
defined), an important concept is the degree o f  structural 
registry between the two periodic (host and guest) 
substructures. Here. we focus only on the simplest case 
of  one-dimensional ( I D )  tunnel host structures in which 
both host and guest substructures have well-defined pe- 
riodicities along the tunnel (Fig. l ) .  The periodic repeat 
distance o f  the guest molecules along the tunnel (c-axis) is 
denoted c,. and the periodic repeat distance o f  the host 
substructure along the tunnel is denoted ch. The degree o f  
structural registry between the two periodic substructures 
is assessed by considering the relationship between c, 
and c,,. 

Conventionally, the ratio c,/ct, - is used as a basis for 
dividing these systems into two categories-commensu- 
rate and incornmensurate. The ciassical definition assigns 
the inclusion compou~ld as commensurate i f  c,lch is a 
rational number and as incolnrnensurate i f  cgIch is an 
irrational number. However. because experimental mea- 
surements o f  c, and ch can never be made with absolute 
precision, it is more practical to define an inclusion 
compound as coinmensurate i f  (and only i f )  c,/ch is 
sufficiently close to a rational number with low denom- 
inator. This is equivalent to stating that, for a commen- 
surate system, small integers 13 and q can be found that 
satisfy the relationship pet, = qc,. I f  no sufficiently small 
integers p and q can be found, the inclusion compound 
is incommensurate. 

An important consequence o f  an incornmensurate rela- 
tionship between the host and guest substructures is that, 
in principle, each guest molecule within a given tunnel 
samples a slightly different environment with respect to 
the host structure. For a colninensurate material, on 
the other hand, the guest rnolecules in the t ~ ~ n n e l  sample 
only one or a small number o f  different local envi- 
ronments within the host structure. Clearly, several 
chemical and spectroscopic properties o f  the guest 

molecules may reflect these differences in the distribution 
o f  local environments for commensurate and incommen- 
surate structures. 

X-ray diffraction studies o f  the inclusion compound 
can be used to measure the values o f  c, and ch. For 
example, as shown in Fig. 2, a single-crystal x-ray dif- 
fraction oscillation photograph recorded for the crystal 
oscillating about the tunlie1 axis shows distinguishable 
sets o f  layer lines for the host and guest substructures in an 
incommensurate system, and the values o f  c, and ch may 
be determined from the spacing o f  the layer lines within 
each set. In the case o f  a commensurate inclusion 
compound, separate layer lines due to the host and guest 
substructures cannot be distinguished, and all layer lines 
are described by a single periodicity along the c-axis. 

W e  now consider in more detail the consequences o f  
the incominensurate/commensurate nature o f  a tunnel 
inclusion compound in terms o f  diffraction and structural 
properties, and then energetic aspects and vibrational 
properties are discussed. 

DIFFRACTION PROPERTIES AND 
STRUCTURAL ASPECTS 

In terms o f  diffraction properties and structural proper- 
ties, a commensurate inclusion compound behaves as a 
conventional crystal. The periodicities o f  the host and 
guest molecules within the inclusion co~npound are 
described by a common three-dimensional (3D) periodic 
lattice, and the symmetry o f  the structure is described by 
a conventional 3D space group. Correspondingly, all 
diffraction maxima in the diffraction pattern are described 
by a single 3D periodic reciprocal lattice. As discussed ill 
more detail below. the inability to rationalize all 
diffraction maxirna in the diffraction pattern o f  an 
inclusion compound by a single 3D periodic reciprocal 
lattice often provides the first indication that the structure 
rnay be incommensurate. 

For a tunnel inclusion compou~ld in which the host 
and guest substructures have an incommensurate rela- 
tionship along the tunnel (c-axis). the host and guest 
substructures are generally comm.ensurate in other direc- 
tions by virtue o f  the fact that the guest molecules are 
constrained to occupy the tunnels within the host 

Encyclopedia of Sl~[)i.ainolecu/nr- C h e t i ~ i ~ f i ~  
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Fig. 1 Two-dimensional representation of a tunnel inclusion 
compound vicwed perpendicular to the tunnel axis. The 
definitions of c, and c,, are shown. (View this art in color at 
www.dekker.com.) 

substructure. This implies that when the structure is 
projected onto a plane perpendicular to the tunnel axis, 
there is a commensurate relationship between the host 
and guest substructures, and corresponds to the host and 
guest substructures having a common ~ * h ' ~  reciprocal 
lattice plane. 

Each substructure in the inclusion compound can be 
considered in terms of an incommensurately modulated 
"basic" structure. The basic structure has 3D lattice pe- 
riodicity and crystallographic symmetry described by a 
3D space group. The incommensurate modulation to a 
given basic structure represents the structural perturba- 
tions that arise from its interaction with the other 
substructure. Thus, the basic structure is an hypothetical 
entity and represents the structure to which the real 
substructure would relax if there were no interaction 

with the othcr substructure (i.e., in the absence of ho\t- 
guest interaction). Clearly, the incommensurate mod- 
ulation in one subsystem has the samc periodicity as the 
basic structure of the other subsystem. In summary, the 
incommensurate inclusion compound can be considered 
as an intergrowth of two incommensurately modulated 
substructures. 

The lattice describing the periodicity of the basic host 
structure is (ah, bh, ch), and the corresponding reciprocal 
lattice is (a:, @, c:). The lattice describing the periodicity 
of the basic guest structure is (a,, b,, c,), and the cor- 
responding reciprocal lattice is (a:, b;, c:). The vectors ch 
and c, are parallel to each other and are directed along thc 
tunnel axis. As a consequence of the incommensurate 
relationship between ch and c,, the complete diffraction 
pattern from the inclusion compound cannot bc rational- 
ized on the basis of a single 3D periodic reciprocal lattice. 
Thus, it is not possible to express the positions (S*) of all 
difrraction maxima within thc diffraction pattern in terms 
of a linear combination 

of three reciprocal lattice vectors (a'!, a:, a;) with integer 
coefficients H, K, and L. For an incommensurate tunnel 
inclusion compound of the type described above, one 
additional rcciprocal lattice vector (a;) is required in ordcr 

Fig. 2 Single-crystal x-ray diffraction oscillation photograph for an incommensurate tunnel inclusion co~npound (thc 1,9- 
diiodononane/urea inclusion compound), recorded for a single crystal oscillating about its tunncl axis. The layer lines (horizontal) from 
the host component are indicated (h) on the left-hand side. Thc laycr lines from the guest component are indicated (g) on the right-hand 
side. In this case, the guest layer lines contain discrete scattering (sharp spots) and diffuse scattering. The fact that separate sets of laycr 
lines are observed for the host and guest components is a consequence of the incommensurate relationship bctween (,h and c,. 
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to have integer indexing of all diffraction maxima in the 
diffraction pattern. Thus, 

with integer coefficients H, K, L. and M. 
In practice, one possible choice for the set (a:, a;, 

a;. a;) is (a:, b;, c;;, cg) (note that; as discussed above, 

the host and guest substructures have a common a*b':' re- 
ciprocal lattice plane, and hence: nE=aE and bt=FL). 
The diffraction maxima (H, K, L. M) can be subdivided 
as follows: 

1. M = 0: "Main reflections" from the host substructure, 
which primarily contain information on the basic host 
structure and also contain information on the incom- 
mensurate modulations within the guest substructure. 

2. L = 0: "Main reflections" from the guest substruc- 
ture, which primarily contain information on the 
basic guest structure and also contain information 
on the incominensurate modulations within the host 
substructure. 

3. L # 0 and M # 0: "Satellite reflections" due to the 
intermodulations of the two substructures. 

Clearly, the (H. K, 0, 0) reflections are a superposition 
of main reflections from both substructures, representing 
the common a*b':' reciprocal lattice plane discussed 
above. A more detailed discussion of these concepts 
relating to the diffraction properties of incommensurate 
1D inclusion compounds has been given 

Corresponding to the requirement for four reciprocal 
lattice vectors to describe the positions of all diffraction 
maxima. the structural periodicity of the incommensurate 
inclusion compound in direct space requires four lattice 
vectors, and the symmetry of the composite inclusion 
compound requires a four-dimensional (4D) superspace 
group.'" Methods have been developed[6p111 and applied 
for deriving the superspace group symmetry of incom- 
mensurate intergrowth materials. Examples include a 
general discussion of superspace concepts for urea 
inclusion compounds,[21 as well as the development 
of superspace descriptions for the specific cases of the 
11-heptadecane/~rea.['~~ octane/~trea, ' '~~ octanedioic acid/ 
urea,"" and suberic a ~ i d / u r e a [ ' ~ ~  inclusion compounds. 

It is important to emphasize the benefits of under- 
standing the symmetry properties (and structural proper- 
ties) of the composite inclusion compound in a superspace 
group, rather than restricting the structural description of 
such materials at the level of the separate basic structures. 
Knowledge of the structural properties of the separate 
basic structures contains no information on the modula- 
tions that each subsystem experiences in the real inclusion 

compound. The modulations inay have an important 
bearing on properties of the inclusion compound. even 
though they may, in some cases, represent rather small 
structural perturbations. 

ENERGETIC ASPECTS 

To understand the commensurate versus incommensurate 
nature of 1D inclusion compounds at a more fundamental 
level, a commensurate/incommensurate classification that 
reflects a division in the energetic "behavior" of the 
inclusion compounds within each category has been 
developed.[161 This theoretical approach considers the 
magnitude of fluctuations in the average host-guest 
interaction energy per guest molecule as the guest 
substructure is moved along the tunnel keeping the guest 
periodicity c, fixed. If these fluctuations are sufficiently 
small (i.e.. within +E. where E is some physically 
meaningful energy term), the inclusion compound is said 
to exhibit incommensurate behavior, whereas if these 
fluctuations are sufficiently large (i.e., larger than k s ) ,  the 
inclusion coinpound is said to exhibit commensurate 
behavior. In the commensurate case. a significant ener- 
getic "lock-in" between the host and guest substructures 
will occur for a specific position of the guest substructure 
relative to the host substructure. whereas for the incom- 
mensurate case, the energy of the inclusion compound is 
essentially independent of the position of the guest 
substructure relative to the host substructure. 

Methodology has been developed"71 for applying these 
concepts to predict structural properties of 1D inclusion 
compounds from knowledge of potential energy functions 
for the inclusion compound (with known host structure and 
fixed c h )  Fundamental to this approach is the definition of 
an appropriate energy expression-the "characteristic 
energy" of the inclusion compound-that directly indi- 
cates the relative energetic favorability of inclusion 
compounds with different guest periodicities. The opti- 
mum guest structure for the inclusion compound corre- 
sponds to minimum characteristic energy, and the meth- 
odology allows the following structural properties to be 
established from computed potential energy functions 
(describing host-guest interaction, guest-guest interaction. 
and intramolecular potential energy of the guest mole- 
cules) for the inclusion compound of interest: the optimum 
guest periodicity (c,). whether this value of c, corresponds 
to commensurate or incommensurate behavior, and the 
optimum conformation of the guest molecules within the 
host structure. The method has been applied successfully to 
predict structural properties of alkanelurea inclusion 
corn pound^^'^' in agreement with experimental results. 
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VIBRATIONAL PRQPERTlES 

We now consider the question of obtaining direct ex- 
perimental evidence of incommensurateness in solid in- 
clusion compounds. recalling that from consideratio~l of 
values of c,  and ch measured experiinentally from dif- 
fraction data, it may be ambiguous whether the st

r

ucture 
is genuinely incominensurate or whether it represents a 
commensurate superstructure. The vibrational properties 
of a crystal depend directly on its energetic properties, 
and as now discussed, the energetic reasons that underlie 
incommensurate behavior in a solid inclusion compound 
have a direct manifestation in terms of the acoustic vi- 
brational modes of the material. First. we recall that 
conventional crystals (including commensurate inclusion 
compounds) have three translation invariances ( i t . .  a 
translation of the crystal with no change of energy), 
corresponding to translati011 along the x: y, and z axes in 
3D space. An incommensurate 1D inclusion compound. on 
the other hand, has four translation invariances. The extra 
translation invariance is an internal translation invariance 
and corresponds to the shift of the guest substructure 
relative to the host substructure along the incommens~~rate 
direction (as discussed above, the energy of an incom- 
mensurate inclusion conlpound is; in principle, indepen- 
dent of the shift of the guest substructure relative to the 
host substructure along this direction). There is an acoustic 
phonon corresponding to each translation invariance in a 
crystal, and therefore, an incommensurate 1D inclusion 
compound should have four acoustic phonons and a 
commensurate inclusion compound should have three 
acoustic phonons. The additional acoustic mode in the 
incommensurate system is called the "sliding mode,' ' and 
observation of the sliding mode can be taken as direct 
experimental evidence for incominensurate behavior of 
the inclusion compound (unfortunately. the converse is not 
true. as there are experimental reasons that the sliding 
mode may be difficult to detect, even if the material is 
incommensurate). Brillouiil scattering investigations may 
be used to assess the existence of the sliding mode, and 
there have been several reports of the quest to observe the 
sliding mode in solid inclusion ~ o m ~ o u n d s . " ~ ~ ~ ~ ~  

The opportunity for certain classes of solid inclusion 
compounds, such as the 119 tunnel structures discussed in 
this article. to form structures that may be commensurate 
or incomrnensurate represents an intriguing aspect of 
these materials. both with regard to understanding the 
fundamental energetic reasons underlying commensurate 

versus incommensurate behavior and with regard to 
establishing a detailed characterization of the properties 
of the incommensurate systems. The diffraction properties 
of incommensurate materials and the corresponding 
structural descriptions in direct space present challenges 
that extend beyond the normal crystallographic principles 
encountered for conventional crystals. 
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It is well known that the induced-fit mechanism exists 
widely in biological and chemical processes, and is also 
an important characteristic of molecular recognition in 
supramolecular chemistry. Based on the general concept 
of induced fit derived from interactions between enzyme 
and substrate, mainly described in this article is the 
induced-fit mechanism of molecular selective binding of 
guests by artificial receptors. including binding and 
assembly behaviors induced by ionic and molecular 
guests. as well as the thermodynamic origin of induced- 
fit. Therefore, the induced-fit concept is not only of 
theoretical interest for understanding selective molecular- 
binding behaviors but also of practical importance in 
designing novel receptors to achieve biological functions. 

BACKGROUND 

The induced-fit theory first described by Daniel E. 
Moshland. Jr., in 1958~'' is one of the most fundamental 
discoveries of our age and is a development of Emil 
Fischer's well-known lock and key theory.["."] it should be 
noted that an important characteristic of the key-lock 
theory is that the enzyme accom~nodates the substrate 
without having to change the shape of the active site; 
however, in the induced-fit model, the enzyme changes 
shape when it reacts, like a glove into which a hand is 
thrust. To visualize the concepts of induced fit and key- 
lock, two binding models are illustrated in Fig. I .  

Early in the developinent of induced-fit theory. it was 
mainly utilized in biological systems, especially enzymes. 
to describe the phenomenon of interactions between the 
enzyme and the substrate. In such a case. enzyme action 
first requires the precise orientation of catalytic groups. 
and then the substrate causes an appreciable change in the 
three-dimensional relationship of the amino acids at the 
active site, organizing the catalytic groups into the proper 
alignment.[" This induced-fit process was validated by 
more experiment r e s ~ ~ l t s , [ ~ , ~ ]  and now it is proven that 
almost all enzymes show ligand-induced structural 
changes during interactions with s u b ~ t r a t e s . ~ ~ ]  Along with 

the acceptance of induced-fit theory by numerous scien- 
tists, it was extensively applied not only for enzymes but 
also in the control and regulation of biological and 
chemical systems. One of the most important pusposes of 
supramolecular chemistry research is to mimic the 
interactions between enzyme and substrate, and induced- 
fit theory is therefore applied to describe the phenomenon 
of interactions between host and guest in supramolec- 
ular systems. 

CURRENT STUDBES IN 
SUPRAMOLECULAR CHEMISTRY 

The importance of host-guest chemistry and supramolec- 
ular chemistry, developed by Cram and Lehn. respective- 
ly, from the fundamental discovery of crown ethers by 
Pedersen, was recognized since the 1980s. From then on, 
supramolecular chemistry made considerable progress, 
and different host molecules were employed, such as 
crown ethers, cyclodextrins, calixarenes, porphyrins, etc., 
in this field for examining their binding behaviors along 
with a variety of guest ~nolecules and then for mimicking 
enzyme-substrate interactions. Because some of these 
host molecules have flexible structures and may change 
their conforn~ations during guest binding, the induced-fit 
theory, derived from biological systems, serves as one of 
the basic concepts for illustrating and understanding some 
interesting binding behaviors in supramolecular chemis- 
try. Induced fit can be understood in a broad sense by the 
way in which the introduction of the guest (substrate) 
induces the conformational changes of the host (synthetic 
receptor), and by the way the changed conforination of the 
host or guest becomes much fitter for guest binding. 

Binding Behavior induced by ionic Guests 

The selective binding of ions by synthetic receptors 
(hosts) attracted significant attention over the past 30 
years. Arnong the synthetic receptors, macrocyclic poly- 
ethers (crown ethers and csyptands) were extensively 
utilized to cooperate with metal ions in forming a stable 
host-guest complex. In the ion-binding processes of 

fitc~clol~eclici uf Suq~rarnolecirlar. Cherilisfiy 
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S: substrate 

Fig. 1 Thc (a )  lock-and-key and (b)  induced-fit models. (Vieu. this art in color ar u~~s~~.ilekker.coin.) 

crown ethers, the size and shape fit combination between 
host and guest gives high complex stability based on the 
strong ion-dipole interactions o f  the oxygen atoms or 
nitrogen as well as other heteroatoms in the general case. 
For example. 15-crown-§ is linown to fit the size o f  the 
Na+ ion, and 18-crown-6 is a size match for the K' ion. In 
the case o f  large-sized crown ethers, such as 24-crown- 
8 and 30-crown-10, though their ring sizes are apparently 
too large to fit Naf and Kf ions, they can be induced by 
the guest cations to give bent conformations forming 
three-dimensional complexes (Fig. 2).IX1 On the other 
hand, in the lariat ethers possessing a side-arm group 
covalently bonded to a crown macroring developed by 
C.W. ~ o k e l , ~ "  more recognition sites are appended, and 
sometimes the binding behavior cannot be explained 
simply by the coordination o f  the ring. It is found, 
consequently. that the induced-fit rnechanisrn appears to 
play an important role in such processes o f  binding ion 
guests (Fig. 3 ) .  Liu and Inoue et al. reported the 
complexation behavior o f  aza-16-crown-5 lariat ethers 
with light lanthanoid nitrates and found that tihe size o f  the 
induced three-dimensional cavity o f  lariat ether is an 
important factor in binding trivalent lanthanoid ions."01 In 
the two lariat ethers they employed (Fig. 4),  a nitrogen- 
pivot 16-crown-§ 1 lariat possessing the flexible confor- 
mation showed an exceptionally high relative cation 
selectivity for ~ d ~ ' ,  eight to nine times the neighboring 
PI-'+ and ~ m ' + :  which indicates that only the most size- 
fitting lanthanoid ion accom~nodated in the cavity o f  16- 
crown-5 fully enjoys further ligation by the donating side 
arm with relatively large structural flexibility, making the 
operation o f  exact size-matching easy. That is to say, the 
host molecule exanlined could be induced to change its 
conformation by many kinds o f  guests. but the binding 
modes o f  the resulting complexes are not always as stable 
as the perfect induced-fit model. In the same way, through 
investigating the interaction o f  polyether dicarboxylic 

acids and heavy metal ions, Hayashita and coworkers 
found that a pseudo- 18-crown-6 structure is formed based 
on the induced-fit mechanism, and it is predominant for 
Pb(1I) re~ognition.'"~ These exanlples described one 
important character o f  the induced-fit mechanism, that 
is, though it emphasizes the conforillational change during 
the binding process in contrast to the key-lock theory, it 
also exhibits the enzyme specificity, similar to the key- 
lock theory to some extent. 

Among the ion-binding behavior mechanisms, cation- 
7~ interaction is an important kind o f  driving force in 
molecular recognition. Even here, the induced-fit concept 
is reportedly an important mechanism for understanding 
the structures o f  cation-n: complexes. Yoshida et a ~ . " ~ ]  

Fig. 2 Three-dimensional complexes o f  (a )  24-crown-SDVa+ 
and (b) 30-crown-10/K+. (View rhis art in color nt ~vww. 
ilekker.com.) 
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Fig. 3 The induced three-dimensional cavity of lariat ether by metal ion. (View this art in color at www.dekker.com.) 

reported that the most stable conformation in the 
uncomplexed form is not always the preferred conforma- 
tion of the .n-complexes (Fig. 5) .  This is found to be the 
general condition in induced-fit systems, namely, there 
always exist several probable conformations for the host 
molecule, and one of them is most suitable for binding 
with the guest. Then, the different conformations will be 
induced by the guest binding to change to the complexed 
geometry. In this case, the action of the induced-fit 
mechanism breaks the original equilibrium and creates a 
new equilibrium distribution between the different states 
(conformations) of the host. 

On the other hand, the induced-fit mechanism not only 
operates in the spontaneous process but also could be 
utilized for the special cases, for controlling the binding 
behavior. Wolte et al.[13] showed a bis-crown-ether 
analogue that could be induced by metal ion complexation 
to a conformation preorganized for binding with certain 
guests. In this case, induced-fit theory was expanded to a 
more specific understanding and became a two-step 
process involving an "induced step" and a "fit step" 
(Fig. 6). The "induced step" refers to the conformational 
change of receptor induced by metal ion binding. 
However, the "fit step" refers to the binding behavior 
of another guest, but not metal ion, with the same receptor. 
It means that three components are included in this 

Fig. 4 The structures of N-methoxyethylaza-4,7,11,14-tetra- 
oxacyclohexadecane (aza-16-crown-5 lariat, 1) and 15-(2,s- 
dioxahexy1)- 15-methyl- 1.4,7,10,13-pentaoxacyclohexadecane 
(1 6-crown-5 lariat, 2). 

induced-fit system by introducing an additional inducing 
agent (metal ion, here) besides the original host and guest. 

Upon the ionic guest-induced binding behavior, most 
changes are caused by the direct interactions between ion 
and host (coodination. cation-n, etc.) but not size or shape 
factors. though size or shape sometimes controls the effect 
of induced fit to a certain degree. 

Binding Behavior Induced by 
Molecular Guests 

Molecular recognition is a central concept in supramo- 
lecular chemistry and generally refers to the selective 
binding of guests (substrates) by the host (receptor). 

For example, the macrocyclic sugars called cyclodex- 
trins (CDs) (see entry on Cyclodextrins) are important 
receptors for organic and inorganic guests via their 
hydrophobic cavities. To expand the binding ability and 
selectivity of native CDs, chemical modification is 
performed to introduce different substituents to the 
primary or secondary side of CDs, which provides the 
possibility for the operation of an induced-fit mechanism 
in this field. Ueno et al. reported many chromophore- 
modified CDS['"-'~] that change fluorescence and absorp- 
tion intensities upon accommodation of a guest molecule 
and, consequently, can be used as the photosensors. The 
studies indicated that the spectral variations are due to 
decomplexation of the chromophore ~noiety upon guest 
binding, and the induced-fit mechanism plays an impor- 
tant role in controlling the conformational change of the 
hosts. Similar examples were also found by Liu et al. 
concerning the binding behavior of chromophore-modi- 
fied f l - C ~ s . ~ ' ~ . ' ~ ~  These studies pointed out that con- 
formers involving a free or a self-included chromophore 
tethered to CD are in a dynamic equilibrium. The addition 
of a guest leads to further equilibrium with the inclusion 
complex, as is illustrated in Fig. 7. The induced-fit mech- 
anism herein is to choose the predominant conformation 
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Fig. 5 Stability comparison of conformations of n-receptors and their cation-n complexes. (View flzis art in color at ~v~.v~,.dekker-.corn.) 

and then make the equilibrium shift. Simultaneously, it 
could be seen that in these instances, the size and shape of 
the guest become a key factor influencing the induced-fit 
mode finally formed between host and guest. 

Recently, the induced-fit theory was utilized to explain 
the binding behavior arising upon the complexation of 
bridged bis(cyc1odextrin)s and guest molecules. Because 
the bis(cyc1odextrin)s possess two hydrophobic cavities in 
close proximity to one another and a relatively flexible 
spacer to link them together; these elements could 
cooperate to achieve a conformational change induced 
by guest binding.""20i For example, induced-fit behavior 
is exhibited by fluorescence investigations on the inclusion 
complexation of 2,2'-biquinoline-4.4'-dicarboxamide- 
bridged bis(P-cyclodextrin)~ with sterols (Fig. s ) . ' ~ ~ '  The 
enhancement of fluorescence intensity of the bis(cyc1o- 
dextrin)~ proves the important function of the induced-fit 
mechanism. indicating that a subtle change in conforma- 
tion may significantly alter the binding behavior. 

The induced-fit mechanism exists not only in the 
molecular recognition process of cyclodextrins but also in 
that of other synthetic receptors. Rebek and coworkers 
introduced a family of receptors designed to bind 
adenosine derivatives within a pocket formed through 
induced fit.12'] Also, Schneider et al. described a config- 
urational isomer with three different forms as a function of 
p ~ 1 2 3 1  (Fig. 9). On complexiilg with ammonium deriva- 

tives, the configurational isomer could change from one 

form to the other. accompanied by deprotonation via an 
induced-fit mechanism. Though only a few molecular 
recognition processes are presented, it is clear that the 
molecule-induced conformational change is different from 
the ion-induced conformational change due to the vari- 
ability and colnplexity of the size and shape of the 
molecular guest. More interactions between host and guest 
are incorporated into the induced-fit mode formed. 
including hydrophobic interaction, hydrogen bond, van 
der Waals interactio~~, etc.. and thus the understanding of 
the induced-fit mechanism from the molecular aspect 
should be more helpful and give insight into the interaction 
between enzyme and substrate in biological systems. 

Supramolecular AssembBy by Induced Fit 

If molecular recognition is regarded as the foundation of 
supramolecular chemistry for investigating the interac- 
tions between host and guest, then the molecular assembly 
01- aggregation function could be considered to be the aim 
of these investigations. Because supramolecular assembly 
consists of many transformable factors, the induced-fit 
theory becomes necessary for understanding the relation- 
ships among the complicated elements forming the 
supra~nolecular assembly. 

It was discussed that the lariat ether can serve as an 
induced-fit receptor. Gokel et a1.12'' described a ditopic 
receptor system termed a "molecular box." in which the 
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Fig. 6 The "induced step" and "fit step" of a his-crown-ether analogue in the guest-binding process. (Vie\? this art in color. at 
vt.>t+c. dekker. c m )  

Fig. 
11'1.1'11 

7 Conforniational equilibria and guest-induced conformational change of modified cyclodextrin. (View this 
,.dekker..conz.) 

art in color at 
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Fig. 8 The induced-fit model formed by bis(j-cyclodextrin)~ and sterol. 

sides of the box are Adenine::Thymine pairs, and the ends 
are crown ethers that serve as the induced-fit receptor. The 
system forms a three-component assembly in the presence 
of appropriately sized diammoniu~n salts by means of an 
induced-fit mechanism. The compound represents a low- 
molecular-weight "induced-fit receptor model." As the 
size of a system increases. the induced fit in assembly 
becomes more complicated and precise due to the 
increased number of recognition sites. In this case, the 
appropriate length of the guest and the organized H- 
bonding or z-stacking are incorporated into the formation 
of the assembly. so the cooperativity of these factors 
should be a precondition for the good performance of the 
induced-fit process. In other words, it may be said that the 
process of assembly formation is just the process in which 
all components induced fit with each other in a certain 
mode. From this point of view, induced fit can also be 
utilized as a way to construct the assemblies and then to 
control their behavior. Chen et al. presented a C i n d u c e d  
aggregation via sandwich complexation of IS-crown-5 

fu~lctionalized gold nanoparticles in a sodium-containing 
solution (Fig. 1 0 ) . ' ~ ~ '  Here, the crown-thiol molecule was 
induced to change its conformation from a 1 :1 complex 
with Na+ to a sandwich complex of 2:l with K+: again 
demonstrating the specificity of induced-fit processes. 

In recent years, a new concept in molecular recogni- 
tion, "molecular imprinting," was advanced and devel- 
oped extensively. Many investigations indicate that the 
molecular imprinting displays characteristics of induced 
fit to a certain degree. It is the process in which the guest 
(substrate) induces the host to aggregate in accordance 
with guest size and shape. In this process, sometimes the 
host does not change its conformation, but several hosts 
cooperatively forrn a new assembly with a particular 
conformation different from the monomer. It could be said 
from this viewpoint that the molecular-imprinting tech- 
nique expands the induced-fit mechanism to a more 
complicated and ordered system with many elements 
accompanied. For instance, induced fit was mentioned to 
occur upon the inclusion complexation between guest and 
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Fig. 9 The three different forms of cyclopha~le as a function of pH 

cyclodextrin derivatives. However, for some special 
guests with large size and shape, even if induced-fit 
processes occur, the binding ability of cyclodextrin could 
not be improved in a general instance. However, in the 
molecular-imprinting process, when induced fit is worked 
to collect several cyclodextrins together using a large- 
sized guest as the template, the aggregate obtained might 
be favorable by virtue of recognizing the corresponding 
template molecule (Fig. 1 I).'"' 1t should be emphasized 
that the induced fit only exists in the process of preparing 
(assembling) the imprinting inolecule but not in the 
recognition process. which would be more reasonably 
described as a lock and key recognition process. 

Thermodynamic Origin of Induced Fit 

In the classical lock and key model, complementary 
groups are rigidly positioned for maximal interaction with 
the substrate, which usually implies that the shape and 
nature of the cavity will provide good, close van der 
Waals contacts, and then the local free energy belonging 
to each active site will sum to the overall free energy of 
binding.'271 In contrast, in the induced-fit model, the 
complexation between host and guest is usually accom- 
panied by the formation of a new configuration or 
sometiines a shift of equilibrium between different 
conforn~ations of the host, and therefore, the contribution 
of this rearrangement to the overall free energy of binding 
must be entropically unfavorable. At the same time, as the 

result of induced fit: the rearrangement of the host 
conformation should achieve much stronger van der 
Waals contacts as well as other interactions between host 
and guest, such as ion-dipole, dipole-dipole, n-n, 
hydrogen-bond interactions. etc., which means favorable 
free-energy contributions from an enthalpic viewpoint. It 
is relatively straightforward to demonstrate the existence 
of entropy-enthalpy compensation effects in induced-fit 
binding,[28.'9~ Sanders and coworkers rationalized the 

conformational changes and binding between porphyrin 
hosts and bis-amine ligands in terms of the sum of the 
entropic and enthalpic contributions of each individual 
interaction to the overall binding energy, providing insight 
to the important features of the thermodynamics of 
conformational switching and the behavior of induced- 
fit enzyme models.['01 It could be deduced that the 
thermodynamics of induced fit involves a balance be- 
tween the energetic penalty for conformational change 
and the gain in binding energy as a result of the chelate 
effect and any other favorable interactions. That is to say, 
only the induced-fit structure possessing the lower 
energetic penalty for conformational change or much 
larger binding energy compensated for by favorable 
interactions from confonnational change, displays the 
highest affinity. Consequently, for the formation of such a 
perfect induced-fit complex, a guest with suitable size and 
shape is necessary for complexation with a given host, 
which explains the specificity of induced fit thermody- 
namically. Furthermore. Murakami et al. presented their 
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Fig. 10 The I<+-induced conformational changes of 15-crown-5 functiollalized gold nanoparticles. (View this art in color at 
11.1~1.~. dekker.. coni.) 

observations of dynam~c features of an induced-fit com- 
plexatlon in artiftcial host-gueot sy~tems,["l whlch pro- 
vides a useful guldeport for designing functionallzed hosts 

k$& as artificial receptors and enzyme models 
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/ It was deinonstrated that the induced-fit concept of the 
interaction between an enzyme and a substrate was 
introduced from biological processes to supramolecular 
systems for explaining the molecular-binding behavior of 
artificial receptors, including crown ethers, cyclodextrins. 
calixarenes, porphyrins, etc. The induced-fit mechanism 

Fig. 11 The molecular-i~nprinting process of cyclodextrin. was utilized to explore the binding behavior of ions and 
(View this a ~ t  in color. at ~t:~~'w.dekkei:conz.) molecules, and was adopted to accurately describe 
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supramolecular aggregates bearing more complicated 
structures. In the molecular recognition and assembly 
processes, when a guest (ion or molecule) induces a host 
(artificial receptor) to fit its size and shape, unavoidable 
conformational changes of the host sometimes exist; 
which is the essential characteristic of an induced-fit 
interaction. Thermodynamic investigations of induced-fit 
processes for lnolecular selective binding are not only of 
theoretical interest as the direct quantitative measures of 
the conformational change but are also of practical 
importance as the guiding principle in designing novel 
receptors to achieve biological f~~nctions.  
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Inelastic neutron scattering is a well-established and 
powerful technique used to study elementary excitations 
in condensed matter on the atomic scale, including local 
vibrational modes and single-particle diffusive modes as 
well as collective modes such as phonons and magnetic 
excitations."-" The theoretical foundations were devel- 
oped in the 1950s. Van HoveL6' expressed the differen- 
tial scattering cross section in terms of time-dependent 
pair cosrelation functions, and Glauber and Zemach 
developed the theory of neutron vibrational spectros- 
copy for solids and diluted molecular gases.L7381 Then 
the availability of large fluxes of low-energy neutrons 
from nuclear reactors permitted the design of spectrom- 
eters for accurate investigation of diffusive motions 
in disordered materials.'"-"' In the course of time, in- 
elastic neutron scattering has been applied to more 
complex systems, such as and biological 
 macromolecule^.['".'"^ 

BASlC ASPECTS OF NEUTRON 
INELASTIC SCATBERlNG 

Neutrons are particles liberated in fission of 2 3 5 ~  in 
nuclear reactors or by pelting heavy nuclei with GeV 
protons in spallation sources. They propagate with a finite 
velocity v. and according to the laws of kinematics, a 
neutron with mass rn= 1.675 1 0 "  g has a kinetic energy 

Typical velocities of neutrons used in condensed matter 
research vary from 500-14.000 mlsec, corresponding to 
energies from E= 1.3 meV to 1.0 eV. 

At the same time, a neutron can be considered a wave, 
with wavelength, 1,. related to its velocity by the De 
Broglie relation: 

where h is the Planck's constant (1z=6.62 J.s), and k 
is the wave vector. The kinetic energy is then 

Neutron wavelengths are of the order of crystallographic 
spacings. Therefore. neutrons obey Bragg's law when 
diffracted by single crystals. The relationship between 
wavelength, A. lattice parameters, dhki9 and diffraction 
angle 8, is as follows: 

3L = 2diIki sin 0 

Experi~nental techniques make use of these two features to 
select the required energy of a neutron beam. The neutron 
flight time is easily determined on sufficiently large 
lengths: a 5 A wavelength neutron has a flight time, c 
[L(m)/v(msp ')I of 1264 s m

p 

'~ 
The neutron energy range encompasses a wide range of 

dynamical processes in condensed matter. Typical energies 
are 100 meV (1.2 1013 Hz) for molecular vibrations, 0-50 
meV (6 10" Hz) for lattice vibrations (phonons) or spin 
waves in solids, 0.01-1 ~ n e V  (characteristic times t = 1 0  lo 

1 0 "  s) for reorientations of inner chemical groups in 
molecules (e.g., polymer side groups) or for whole mole- 
cule reorientations in disordered phases (liquid crystalline 
phases or rotator phases), and a few peV ( t =  s) for 
long-range translational diffusion of ~nolecules in the 
liquid state or in intercalation compounds (zeolites). 

It can be found in standard textbooks that the neutron 
nuclear scattering is isotropic and characterized by a 
single parameter, b, the scattering length, independent of 
the neutron energy. Theory also attributes to each nucleus 
a coherent bound cross section: 

together with an incoherent bound cross section: 

oi,,, = 4nbin' = 4x((b" - (b)')  

where the brackets hold for an average over all the 
isotopes and spin states. 
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Coherent and incoherent b'"" and binhcat ter ing 
lengths are properties of the neutron-nucleus interaction 
and play an important role in the analysis of the 
dynamics of solids and liquids. They are fundamentally 
different in nature. Coherent scattering is the scattering 
that w o ~ ~ l d  be observed if all the atoms of the same 
chemical species had the same scattering length (b). The 
neutron would see an average uniform potential. which 
could give rise to interference effects. Coherent scatter- 
ing involves the correlation between the positions of 
different nuclei and enables the study of collective 
excitations like phonons or spin waves, where all atoms 
or spins move in concert. Because deviations from the 
average potential are distributed at random, they cannot 
yield interference effects. Incoherent scattering describes 
the correlation between the positions of the same atom at 
different times. This scattering is added to the coherent 
scattering to obtain the scattering of the real system. 
Depending on the isotopes present in the sample, it is 
possi'ole to select between coherent and incoherent scat- 
tering processes. The incoherent scattering cross section 
of hydrogen, in particular [oi,,(H)=80 cm2], is 
larger than that of all other atoms by a factor of 20. 
Incoherent neutron scattering is a powerful method for 
investigating motions in hydrogenated organic com- 
pounds like polymers or biological macromolecules. 
Moreover. isotopic substitution of deuterium [oi,,,(D) = 2 

cm2] for hydrogen allows some chemical groups to 
be hidden and can be of considerable help in the 
identification of observed motions. 

Through its spin. the neutron interacts with the mag- 
netic moment (spin and orbital) of unpaired electrons. 
Inelastic magnetic scattering probes the dynamics of spin 
systems like spin waves (magnons). The use of polarized 
neutrons and the analysis of their polarization after scat- 
tering allows the differentiation of magnetic fluctuations 
from positional fluctuations and separation of coherent 
nuclear scattering from incoherent. 

The neutron spectroscopy method consists of the 
measurement of changes in energy and momentum of 
neutrons interacting with matter in order to obtain infor- 
mation about the dynamics and the geometry of constit- 
uent atoms. Let us denote by indexes i and f the initial and 
final states of the physical quantities attached to the neu- 
tron. In the scattering process, the sample transfers mo- 
menturn t7Q and energy fio to the neutron according to 

(Q is the scattering vector) and 

The general double differential cross section for neutron 
nucleus scattering is as fo~lows:' '-~' 

The scattering functions S(Q,o) and Sln,(Q,o) measure the 
response of the atomic number density to the external 
driving potential caused by the neutron interaction. They 
are expressed as the space and time Fourier transforms: 

drG, (r ,  t )  exp(-iQ . r )  

where G(r,t) and G,(r,t) are the pair and self-correlation 
functions, respectively, according to the formalism first 
introduced by Van ~ o v e . [ ~ ]  The notation G(r,t) represents 
the conditional probability for a relative displacement r of 
a scatterer with respect to another within time t. Gin,(r,t) is 
the conditional probability for the same scatterer to 
undergo a displacement r within time t. Thus, the two 
basic quantities to be measured are o and Q (or simply 
Q=lQl in the case of isotropic samples like liquids 
or powders). 

INSTRUMENTS IN NEUTRON 
lNELASTlC SCATTERING 

Atomic motions cause the energies of scattered neutrons 
to be changed. Depending on the time scale of motion, one 
needs to cover an energy range from 10 neV-1 eV and to 
span wave vectors from 0.01-10 k'. This wide time 
scale of analysis is covered by different classes of in- 
struments. The phase space region (o,&) accessible to the 
various types of neutron spectrometers is schematized 
in Fig. 1. 

Any spectrometer must perfom three functions: 

1. The incident neutrons must be selected in a small 
energy range between E, and E,+dE, and in a small 
solid angle about the direction of k,. 

2.  The final energy Ef of the scattered neutrons must be 
analyzed to determine the energy change 77 w =El - El. 
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bblorr~etitut-[i transfer (4.') 

Fig. 1 The energy and momentum transfer regions accessible to different types of neutron spectrometers: time of flight (TOF), 
backscattering (BS). and neutron spin echo (NSE). 

3. The scattering angle with respect to the incident beam 
and with respect to the sample orientation inust be 
measured to determine the momentum transfer 
Q = ki B z , .  

In practice, these three functions are achieved using the 
wavelparticle duality of the neutron. The incident and 
scattered wave vectors can be determined by Bragg 
reflection from single crystals or by time of flight analysis 
of their velocity. 

Triple-Axis Spectrometers 

The triple-axis spectrometer (TAS) was invented by 
Brockhouse in 1962. This type of instrument is cominon 
in reactor centers. It is used to investigate well-defined 
excitations such as phonons or spin waves in single crys- 
tals. Since their first appearance, these instruments have 
changed little and can be schematically sketched as in 
Fig. 2. Incident and final wave vectors are determined by 
Bragg reflection of the neutron beam by suitable single 
crystals: a monochromator determines the magnitude and 
the orientation of the incident wave vector, ki. Another 
crystal, the analyzer. determines the final wave vector kf. 
Adjustment of the sample orientation allows the neutron 
wave vector transfer to be positioned at will in the 
reciprocal lattice of the sample and the phonon dispersion 
curves to be investigated. The best energy or wave vector 

resolution can be achieved in several ways. The most 
general method is the constant-Q mode, in which the 
scattering vector is kept equal to &=G+q, where G is a 
vector of the reciprocal lattice around which the disper- 
sion curves are analyzed. Then, the initial energy can be 
fixed, and the final energy is scanned; conversely, the 
initial energy can be scanned, and the final energy kept 
fixed. The simultaneous collection of data over a range of 
(Q,co) requires the use of a position-sensitive detector, as 
with DFTAS at NIST (Gaithersburg, USA""). 

Time-of-flight and Backscattering 
Spectrometers 

In contrast to TAS, time-of-flight (TOF) spectrometers 
and backscattering (BS) spectrometers are adapted to 
simultaneously record netltrons scattered into a wide 
range of wave vectors and energies. They are tlsed to 
measure S(Q,w) for liquids or disordered samples or 
magnetic energy spectra that vary only little with Q. A 
detailed review of existing instruments can be found in 
Ref. [16]. 

Neutron TOF spectroscopy is a powerful method for 
the study of dynamic processes over a wide dynamical 
range for polycrystalline and disordered solids. The 
continuous neutron flux is chopped into short bursts to 
set a time mark f = O  for the flight time of the neutrons. A 
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Fig. 2 A triple axis spectrometer. 

large assay of several hundred detectors is placed to 
simultaneously collect counts for several final wave 
vectors in the scattering plane and also above and below. 
The first instrument of this type has been 1'5 at ILL 
(Grenoble, ~ r a n c e " ~ ' ) .  It uses several disk choppers 
separated from each other for pulsing the neutron beam 
and selecting a particular energy from it. Later, new TOF 
instruments were also built: MTBEMOL at LLB (Saclay, 
~ r a n c e ~ ' ~ ' ) ,  NEAT at HMI (Berlin, ~ermany""), and 
DCS at NIST, with a number of technical improvements. 
Other TOF spectrometers use a crystal ino~~ochromator in 
combination with a Fermi chopper. N~~merous  instruments 
of this type exist for thermal neutrons. For cold neutrons, 
the use of focusing techniques permitted a substantial gain 
in intensity: IN6 at ILL. FOCUS at PSI (Villigen. 

and FCS at NIST. 
Neutrons inelastically scattered from the target gain or 

lose energy and then suffer a speed change. Obviously. the 
part of the spectrum corresponding to neutron energy loss 
is limited by the time interval between two bursts. The 
energy resolution of a TOF spectrometer is determined 
from the flight time and the energy uncertainty propor- 
tional to the burst duration. Accurate measurements are 
obtained with machines having large diinensions (several 
meters) and rapidly rotating disks. 

Due to kinematic limitations: it is clear that at a con- 
stant angle between ki and k f ,  the scattering vector, (I, is a 
function of the energy transfer, ho. This point has to be 
taken into account in the data analysis. 

Inverted TOF spectrometers are often used at spallation 
sources. IRIS at ISIS (RAL, United ~ i n g d o m ' ~ ~ ] )  is the 
first spectrometer of this type. Its main advantage is that it 
is flexible. with a wide dynamic range. The design of IRIS 

inspired many similar instruments on other spallation 
sources. A polychromatic neutron burst hits the sample. 
The repetition rate of the neutron bursts is directly 
determined by the period of the neutron pulses from the 
source. After the scattering process, crystal analyzers 
reflect only neutrons with well-defined energies into 
the detectors, where they are counted into different 
TOF channels. 

BS spectrometers can be described as a particular case 
of TAS in which Bragg scattering angles on the mono- 
chromator and on the analyzers are equal or close to 90". 
Differentiation of the Bragg's law gives 

The best resolution is obtained for 0=90°, where only the 
spread of the lattice spacing contributes. Typical energy 
resolutions of 1 bieV are obtained with Adld of the order of 
lop5.  Neutron backscattering spectroscopy is an impor- 
tant scattering technique for probing dynamical processes 
with long characteristic times. The analysis is made at 
constant final energy. The incident energy is varied by fast 
translational motion (Doppler effect) of the monochro- 
mator or by thermal expansion of the lattice parameters, 
the monochromator being cooled or heated in a cryof~~r-  
nace. BS can operate over a wide momentum-transfer 
range simultaneously and can potentially access a time 
range between 0.01 ys and 100 ps. The resolution is 
mainly determined by the divergence of the neutron beam. 

Molecular spectroscopy stimulated the development of 
especially dedicated spectrometers. At ISIS, the accessible 
energy range is spanned through the traditional spectros- 
copy region (2-500 meV) with TOSCA up to high 
energies (>5 eV) with eVS. The latter uses a filter 
technique. A filter instrument also exists at ILL (INI-BeF) 
over a different energy range. 

Neutron Spin-Echo Spectrometers 

Neutron spin-echo (NSE) spectroscopy is somewhat 
different from the time-of-flight or BS techniques. The 
principle was introduced by F. Mezei in 1972.'"'~" NNSE 
spectrometers use the Larmor precession of the neutron 
magnetic moment in an external magnetic field as an 
internal clock and directly compare the incident and 
scattered velocities of each individual neutron. Angular 
precession of the neutron spin is related to their velocities. 
After scattering by the sample, the direction precession 
axis of the spins is reversed. Analyzers measure the 
difference of the two precession angles and, hence, their 
energy exchange. The energy resolution becomes basi- 
cally independent of the beam monochroinatization and 
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intensity. While BS and TOF spectrometer5 measure in 
frequency space. and thus determine S(Q,o), neutron 
spin-echo spectroscopy measures in time space and 
directly determines the intermediate scattering function 
S(Q,t) that is both the space Fourier transform of the pair 
correlation function and the inverse time Fourier trans- 
form of the scattering function: 

In 1987 Gahler and Golub suggested a new type of 
spectroineter designed as "neutron resonance spin echo" 
or on "zero field neutron spin echo" that uses radio- 
frequency coils directly inspired from nuclear magnetic 
resonan~e.'~" Instruments of this type have been built at 
HMI and LLB or are under development (Munich). 

Fourier times accessible to spin-echo spectroscopy 
range from 1 ps-100 ns. i.e.; the energy resolution is better 
by two orders of magnitude than with the backscattering 
technique. The scientific fields under interest are polymer 
dynamics, glass transitions, dynamics of magnetic disor- 
dered compounds, colloids, microemulsions, or inelastic 
excitations (rotons in 3 ~ e ) .  

investigating collective motions in condensed matter. It 
allows for a complete determination of the dispersion 
curves in a Brillouin zone (BZ), as a function of the mode 
polarization. Other techniques, such as Brillouin scatter- 
ing for the acoustic modes and Raman scattering for the 
optic modes are sensitive to phonon branches close to the 
r point in the reciprocal lattice. 

Magnetic Scattering 

Inelastic neutron scattering is a powerful tool for measur- 
ing inelastic magnetic excitations. Because the magnetic 
response is often spread over a wide energy range (from 
a fraction of peV to several meV), a combination of 
several spectroscopy methods with different resolution 
(NSE, BS, and TOF) is required. Collective modes yield 
dispersion curves that can be investigated in detail with 
TAS. On the other hand, as long as the excitations are 
localized modes. they can be observed with TOF 
instruments. but dispersion smears the peaks. The study 
of itinerant magnetism requires spectrometers working 
with high incident energies (IN4 at ILL or MAR1 at 
ISIS). Recent developments in neutron instrumentation 
( 3 ~ e  neutron spin filters, polarizing super-mirrors) make 
feasible new experiments on inelastic neutron scattering 
with simultaneous analysis of the polarization of the 
scattered neutrons. 

COHERENT NEUTRON SCATTERING 
INCOHERENT NEUTRON SCATTERING 

Inelastic Scattering 
Atoms in a crystal are not at rest. They execute small 
displacements about their equilibrium positions. The 
theory of crystal dynamics describes the crystal as a set 
of coupled harmonic oscillators. Atomic motions are 
considered a superposition of the normal modes of the 
crystal, each of which has a characteristic frequency w(q) 
related to the wave vector of the propagating mode, q, 
through dispersion relationships. Neutron interaction with 
crystals proceeds via two possible processes: phonon 
creation or phonon ar:nihilation with. respectively, a 
simultaneous loss or gain of neutron energy. The 
scattering function S(Q.w) involves the product of two 
delta functions. The first guarantees the energy conser- 
vation of the neutron phonon system and the other that of 
the wave vector. Because of the translational symmetry. 
these processes can occur only if the neutron momentum 
transfer, Q, is such that 

R being a vector of the reciprocal lattice. Coherent 
inelastic neutron scattering remains a powerful method for 

Incoherent scattering is related to the self-correlation 
function and, therefore, does not contain any interference 
terms. Unlike in the case of coherent scattering. there is no 
momentum selection rule. Incoherent one-phonon scat- 
tering occurs for a continuous range of kf wave vectors, 
each corresponding to a phonon mode fulfilling the en- 
ergy conservation. 

The relevant quantity is the density of states (DOS), 
g(w). In the case of cubic crystals composed of a single 
type of atoms of mass M, measurement of the ener- 
gy distribution of the scattered neutrons directly yields 
the DOS: 

kB is the Boltzman constant. and 2W(Q) is the Debye- 
Waller factor that takes into account atomic vibrations. 
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For completely incoherent scatterers, such as vana- 
dium, g(w) is the only information about phonons that 
can be obtained from neutron scattering. Nevertheless, a 
singular behavior can be observed at critical phonon fre- 
quencies at the limits of the Brillouin zone (BZ) and in the 
center of the BZ. Large maxima appear in the scattered 
intensity, providing a rough estimation of the phonon dis- 
persion curves. 

For noncubic crystals or when there are several atoms 
in the unit cell, one can access only to a weighted DOS. 
G(w). with a polarization term involving the polarization 
vectors of the normal modes with respect to the scattering 
vector Q .  This DOS can be obtained by extrapolation to 
small Q of the purely inelastic part of the scattering. 

The theory of neutron scattering from vibrating mol- 
ecules was developed by Zemach and ~ l a u b e r . ' ~ ]  Re- 
cently, the method was applied to complex biological 
substances (bovine pancreatic trypsin inhibitor).[131 

Quasi-Elastic Neutron Scattering 

Quasi-elastic neutron scattering (QENS) is related to 
stochastic particle motions. Because the displacements are 
random, the diffusive motion of particles in liquids cannot 
be quantized, and the energies are continuously distrib- 
uted. Unlike the case of cooperative motions like phonons 
in solids or molecular vibrational excitations, in the 
dynamic scattering function S(Q,w), there are no 6- 
functions at finite momentum and energy transfers. 
Instead. the dynamic scattering function is centered at 
zero-energy transfer with a characteristic quasielastic line 
width proportional to the diffusivity of the particles. 

One looks at the motion of an individual atom. There- 
fore, the relevant quantity is the incoherent scattering 
function. Because of the large incoherent cross section of 
hydrogen, quasielastic scattering is particularly suited and 
mostly used for the investigation of hydrogenated organic 
compounds with dynamical disorder, like rotator phases; 
liquids. polymers, and biological macromolecules. 

Coherent quasi-elastic neutron scattering due to the 
pair-correlation of atomic motions is more complex 
than incoherent scattering from single particle motion. 
Therefore, the theory of coherent scattering function is 
not yet fully developed. However, approximate expres- 
sions for the coherent scattering function exist (incoher- 
ent approximation). 

Translational long-range diffusion 

Long-range diffusion of particles in solids and liquids was 
investigated for many years using the neutron scattering 
techniques,'" "' and several types of descriptions were 

stimulated. The most simple is the continuous diffusion 
model according to Fick's law: 

where D is the self-diffusion constant, and v2 is the 
Laplace operator with respect to r. On the microscopic 
scale. it corresponds to the Brownian motion of large 
molecules immersed in a viscous solvent. The mean 
square displacement 

corresponds to the Einstein free diffusion law."61 
The incoherent scattering function S(Q,w) exhibits a 

Lorentzian shape with a parabolic increase of its full- 
width at half-maximum (fwhm), T, as a function of Q: 

At large momentum transfer, systematic deviations to 
this law are observed, because on distances smaller than 
several molecular diameters, the medium is no longer 
continuous, and underlying microscopic mechanisms 
intervene. Several jump models were developed. The 
Chudley-Elliott modeli'O.l" assumes a diffusion by suc- 
cessive jumps. It is successful in the description of hydro- 
gen diffusion in metals or molecules in porous media. In 
their description of the dynamics of water molecules in the 
liquid state, Singwi and ~ j o l a n d e r ' ~ ~ ~ " '  take into account 
successive oscillatory and diffusive states. At small Q 
values, both models yield the macroscopic DQ2 law, the 
diffusion constant, D, being related to the mean residence 
time on a given site t, by Einstein's relation: 

Localized motions 

A large majority of solids is composed of inolecules in 
crystal lattices or in amorphous phases. Then under the 
influence of thermal fluctuations, atoms can sometimes 
undergo displacements toward a limited number of other 
sites, by well-defined reorientations of chemical groups 
or of the whole m o l e ~ u l e . ~ ~ . ' ~ '  Also in liquid crystal 
phases, rotations of the molecules about their long axes 
were evidenced. 

Because the motion of the scatterers is essentially 
restricted in space, the scattering function comprises a 
Dirac function &(a) and a series of Lorentzian functions; 
the forms of which are directly related to the characteris- 
tic times of the relevant motions. Experimentally, one 
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observes a purely elastic peak with zero width (actually 
widened by the instrument energy resolution), super- 
imposed on a broader quasi-elastic contribution. Their rel- 
ative importance provides direct information on the 
geometry of the relevant motions.['01 

Nulnerous IQNS studies of organic chemical groups 
reorienting on several sites exist. Scattering laws were 
derived for proton two-site exchange mechanisms and 
rotations about symmetry axes like methyl groups or 
aromatic rings. When reorientation jumps occur about 
several axes, calculation of the scattering law is greatly 
simplified by using group theory. When the number of 
equilibrium sites becomes large, rotations approach axial 
or spherical rotational diffusion. 

In recent years, many studies of biological samples 
carried out on TOF or BS spectrometers addressed the 
question of how the activities or functions of biological 
macromolecules are related to their local dynamics. It 
seems established that systems become active when their 
atoms are sufficiently mobile and the macromolecule can 
explore several conformational sub state^.^^^^ 

Quantum tunneling 

At low temperature, when the thermal energy of the 
rotating group becomes smaller than the energy banier 
between equilibrium sites, a classical system freezes. 
However. there is a quantum mechanical probability of 
tunneling through the barrier, due to the overlap of the 
wave functions: the librational ground state is split due to 
tunneling, and direct observations of the transitions 
between these states are possible by high-resolution 
inelastic scattering. Tunnel splitting is sensitive to the 
mass of the tunneling atoms and to the strength of the 
potential. Inelastic neutron scattering permits probing of 
the force fields applied in molecular dynamic simula- 
t i o n ~ . ~ ~ ~ '  Earlier investigations were carried out with 
crystalline samples. Recently, tunneling excitations could 
also be observed in amorphous polymers poly(viny1 
acetate) and poly(methy1  neth ha cry late).[^^' 

CONCLUSION 

of Raman or IR spectroscopy with the advantage of an 
absence of selection rules, in spite of a worse resolution. 
For diffusive motions. it can be profitably associated to 
NMR, with both methods providing an inspection of the 
dynamical mechanisms on the same microscopic scale. 
Inelastic neutron scattering data are also directly compa- 
rable with computer molecular simulations. Finally, 
inelastic neutron scattering should benefit the develop- 
ment of new intense neutron sources. 
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Interpenetration 

Stuart R. Batten 
~Mo~iash University, CCyton, Victoria, Australia 

INTRODUCTION 

Crystal engineering is of great current interest and can be 
thought of as "the supramolecular chemistry of the solid 
state." A common theme is the analysis of crystal struc- 
tures and the application of the knowledge gained to the 
design of new structures. 

A particularly useful approach to the analysis and 
design of crystal structures is to reduce the structures to 
simple topological networks."321 These networks are 
basically descriptions of multiply connecting nodes and 
the ways they connect, and are usually named after simple 
chemical examples of the net (e.g., diamond, NbO, r-Po) 
or are given numerical descriptions [e.g., (6,3), (4.4), 
(10,3)-a]. 

This approach is particularly useful for structures 
containing coordination polymers or molecules that are 
connected by hydrogen bonding into infinite arrays, and 
the structures examined here will be described in terms of 
their topological networks. One application of this net- 
work approach has been in the design of structures with 
large, open frameworks that might potentially include 
guest species. Often, however, this results in structures 
with multiply interpenetrating networks, as nature seeks to 
maximize crystal packing efficiency. Interpenetrating 
networks can be thought of as polymeric analogues of 
molecular catenanes and rotaxanes, and they involve the 
intimate entanglement of two or more polymeric net- 
works,[' .3,41 

An important and defining feature of interpenetration is 
the condition that the entanglement of the topological nets 
is such that, although there is no direct connection be- 
tween the networks, they cannot be separated (in a topo- 
logical sense) without requiring the breaking of network 
connections. Any amount of bending or distortion of the 
nets is allowed: but breaking of the connections is not 
permitted-connectivity and not geometry is important in 
topological descriptions. Thus, cooked spaghetti is not 
intespenetrating, but links in a chain are. Alternatively, the 
chemical example of simple linear one-dimensional (ID) 
chains penetrating through the windows of a stack of two- 
dimensional (2D) sheets is not interpenetration if, in an 
imaginary, topological sense, the chains could be simply 
drawn out without requiring any connections of any of the 
networks to be broken. 

Although the 1D chains penetrate the 2D networks. the 
2D nets do not penetrate the 1D chains; so it is not in- 
terpenetration. If, however, the 1D nets possessed win- 
dows that were penetrated by the 2D nets (for example, if 
they had a ladder-like motif), then the term interpenetra- 
tion would apply. 

When describing interpenetrating systems, it is impor- 
tant to describe not just the topology of the interpenetrat- 
ing networks but also the topology of interpenetrati~n.".~' 
This is analogous to describing not only the molecular 
geometry in a simple molecular crystal structure but 
also the way the molecules pack together. The way the 
networks interpenetrate can have important structural 
consequences. For example. interpenetration of low- 
dimensional networks can give entanglements with the 
same or higher d~mensions [interpenetration of 2D nets, 
for example, can give overall 2D or three-dimensional 
(3D) entanglements]. A notation for partially describing 
the topology of interpenetration was developed"." and is 
used at various stages in the following discussion to help 
illustrate not only the network topologies but also the 
interpenetration topologies. 

1 D NETS 

The importance of describing interpenetration topology, 
as well as dimensional increase through interpenetration. 
can be illustrated by looking at ID networks. The structure 
of [ { H02CChH4CH2)(Bu2bipy)Me2Pt 3(tpt)l(PF6)3 
[Bu2bipy = 4.4'-di-tertbutyl-2.2'-bipyridine, tpf = 1.3,5- 
tri(4-pyridy1)-2.4,GGtriazine], consists of trimeric species 
connected by hydrogen-bonding carboxylate dimers to 
generate 1D nets that consist, topologically, of alternating 
windows and links.[51 The chains entangle in parallel pairs 
such that the links of one chain penetrate the windows of 
the other and vice versa, generating 1D entanglements of 
pairs of nets (Fig. 1 a). The mean vectors of propagation of 
each chain in the interpenetrating pairs are both parallel 
and coincident, and the ID entanglement of 1D nets is 
called "ID + 1D interpenetration." 

The structure of [ C U ~ L ~ ( M ~ C N ) ~ ] ( P F ~ ) ~  [L  = 1.4-bis 
(4-pyridyl)butadiyne] contains ID ladder-like networks 
that interpenetrate such that each Ladder interpenetrates 
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Fig. B Interpenetration of ID nets: (a) 1D - ID interpenetration in the structure of [{H02CC6H4CH2)(Bu2bipy)- 
~ e ~ ~ t ] , ( t ~ t ) ] ( ~ ~ ~ ) ~ ; ~ ~ ~  (b) ID 4 2D inclined interpenetration in the structure of A ~ ~ ( ~ ~ x ) ~ ( N o , ) ~ ; ' ~ ]  and (c) ID + 3D inclined 
interpenetration in the structure of CdL1.5(N03)2. I- = 1,4-bis(4-methylpyridyl)benzene~ 

with four  other^.'^"' As in the previous example, the mean 
vectors of propagation of the interpenetrating networks 
are parallel; however, they are no longer coincident. As a 
result, the interpenetration is such that 2D layers of 
interpenetrating 1D ladders are formed. This is 1D + 2D 
parallel interpenetration. 

l D  - 2D inclined interpenetration is illustrated by the 
structure of A g , ( b i ~ ) ~ ( N @ ) ~  [hi-x = l,4-bisfimidazol-l- 
ylmethyl)benzene].r" l i k e  the example of 1D + ID 
interpenetration discussed above. this structure contains 
1D chains that consist of alternating windows and links. 
The mean vectors of propagation of the interpenetrating 
nets are. however, no longer all parallel but rather 
occur in two sets of parallel directions inclined to each 
other. The interpenetration results in an overall 2D 
entanglement (Fig. Ib). An interesting feature of this 
structure and the first compound mentioned in this 
section is that they are rare examples of structures in 
which there are only rotaxane-like interactions and no 
catenane-like interactions. 

The generation of a 3D entanglement from the inter- 
penetration of ID networks is displayed by the structure of 
CdL1 .5(N03)2 [L  = l.4-bi~(4-metl~ylp~ridyl)be11zene].~~' 
Each window of each 1D ladder-like net is penetrated 
by four other ladders at an inclined angle to the first 
(Fig. lc), resulting in an overall 3D entanglenlent 
( ID 3D inclined interpenetration). Another possible 
topology of interpenetration. I D  - 3D parallel 
interpenetration, is yet to be observed. 

2D NETS 

As for ID nets, there are a number of different ways for 
2D networks to interpenetrate. The compound Ag(tcm) 
(tcm = tricyanomethanide), C(CN)F is a coordination poly- 
mer co~nposed of 2D chicken-wirelike (6,3) net- 
w ~ r k s . [ ' ~ . " ~  The networks are corrugated and interpene- 
trate such that discrete layers of doubly interpenetrating 
networks are formed (Fig. 221). The mean planes of the 
interpenetrating sheets in each layer are parallel and 
coincident, and the topology of interpenetration can be 
described as 2D + 2D parallel interpenetration. The 
topology of interpenetration can and should be described 
further (see Ref. [ I ]  for further descriptions of different 
possible interpenetration topologies). 

When the mean planes of the interpenetrating networks 
are parallel but no longer coincident, an overall 3D 
entanglement is achieved (2D + 3D parallel interpene- 
tration). An example of this is the structure of C ~ i ~ ( d c a ) ~ -  
(bipy)3(iMeCN)2 [dca = dicyanamide, N(CN),. b@y= 
4.4'-bipyridine]."" Each coordination network is poly- 
meric in only two directions but has a certain "thick- 
ness" in the third. Each net is penetrated by four others 
that are parallel but offset in the third, nonpolymeric 
direction. Two layers penetrate the first toward the edges 
of the layer (one on either side), and two others penetrate 
toward the middle of the layer (again, one each pro- 
pagating out either side). Each layer is identical; and thus, 
a 3D entanglement results. 
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Fig. 2 Interpenetration of 2D nets: (a) 2D + 2D parallel 
interpenetration in the structure of ~ ~ ( t c r n ) : ~ ' ~ . " ~  and (b) 
2D - 3D inclined interpenetration in the structure of [Zn(bi- 
P Y ) 2 ( ~ 2 0 ) 2 ] ~ i ~ 6 . L " 1  

The structure of [ z ~ ~ ( b i p y ) ~ ( H ~ Q ) ~ ] S i F ~ ,  bipy=4,4'- 
bipyridine (Fig. 2b) contains two sets of parallel (4,4) 
sheets that interpenetrate each other at an inclined angle 
(2D inclined interpenetration).i"i The interpenetration is 
such that each window of each sheet contains a node of an 
interpenetrating sheet. ~aworo tko~ ' "  recently categorized 
three of the likely interpenetration topologies for inclined 
(4,4) sheets as parallel/parallel, parallelldiagonal, and 
diagonalldiagonal; the structure described here has the 
latter topology. 

Another long-known example of 2D inclined intespen- 
etration is the structure of trimesic acid (1,3,5-benzene- 
tricarboxylic acid)."" It contains hydrogen-bonded (6.3) 
sheets that interpenetrate such that each window of each 
sheet is penetrated by three other inclined sheets. It is also 
possible for more than two stacks of parallel sheets to 
show inclined interpenetration-the remarkable structure 
of CO~(~Z~~)~(NO~)~.M~~CO~~H~O [azpy=4,4'-azobis- 
(pyridine)] contains four separate stacks of parallel (6,3) 
sheets that all interpenetrate at mutually inclined 
angles."61 Combinations of network and interpenetration 
topologies are also possible. Inclined interpenetration 
between (4,4) and (6.3) sheets has been reported.'l7] and 

the structure of [AgL2]SbF6 (L = 3-cyanophenyl 4-cya- 
nobenzoate) has 2D layers of doubly interpenetrating 
parallel sheets; these layers then show inclined interpen- 
etration.i181 

3D NETS 

A simple 3D network composed of three-connecting 
nodes is the (10,3)-a net.i'9.201 The (10.3)-a net is in- 
herently chiral, and this chirality has interesting conse- 
quences for interpenetration. The structure of Ni3(btc)2- 
( ~ y ) ~ ( e g ) ~ ' s o l v  (H3btc = trimesic acid, py = pyridine. eg = 
ethylene glycol). for example, has four interpenetrating 
(10,3)-a networks, all of the same hand.["] The structure 
of zn( t~t)~/~(SiF~)(]Hfi(MeOH) (tpt = 1,3,5-tri(4-pyri- 
dy1)-2,4.6-triazine). however. contains eight interpenetrat- 
ing networks: four of either hand.[221 Thus, inter- 
penetration can retain the chirality of the individual 
networks or can result in an overall racemic structure. 
The largest class of interpenetrating networks is that 
with the diamondoid topology. Some of the oldest exam- 
ples are the structures of M(CN)2 (M = Zn, ~d) , '~ . ' " '~ '  
which contain two interpenetrating diamondoid networks 
(Fig. 3a). Other long-known examples of twofold inter- 
penetration of diamond-like nets are ~ u ~ 0 ' ~ ~ ~  and certain 
high-pressure forms of ice.i263271 An interesting series of 
compounds contains the derivatives of CU(DCNQI)~ 
(DCNQI = N,N'-dicyanoquin~diimine).'~~' These materi- 
als show metal-like electrical conductivity that can be 
related to the way their seven diamondoid networks inter- 
penetrate. Curiously. of all the known examples of inter- 
penetration of diamondoid networks, all but a few[12.29.'01 
show the same topology of interpenetration. 

The PtS network consists of equal numbers of tetra- 
hedral and square-planar centers. Two such networks 
interpenetrate in the structure of [ { ~ u " ( t c ~ ) } C u ' ] ~ ~ ~ ~ -  
17C6H51\a02 [cuH(tcP) = 5.10.15,20-tetrakis(4-cyano- 
pheny1)-21H.23H-porphine ~ o ~ ~ e r ( 1 1 ) ] . [ ~ "  The networks 
interpenetrate in an asymmetric fashion, i.e., the second 
net does not lie in the center of the channels and cavities of 
the first, but rather lies to one side. Attractive internet 
porphyrin. . .porphyrin interactions are the likely cause, 
and it produces larger channels and cavities, which contain 
large amounts of essentially liquid solvent, than would 
normally be expected. 

The '%-PO network contains octahedral 6-connecting 
nodes: two such networks interpenetrate in the structure of 
8-M(d~a)~(pyz) (dcn = dicyanamide, N(CN),, pyz = pyr- 
azine), as shown in Fig. 3b.1321 Another structure that can 
be related to two interpenetrating R-Po nets is the 
structure of Zn(CN)(N03)(tpt)2/i~solv [tpt = 1,3,5-tri 
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NETS OF DlFFEWENT COMPOSITION, 
TOPOLOGY. AND DIMENSIONS 

Fig. 3 Interpenetration of 3D nets: (a) two interpenetrating 
diainondoid networks; and (b) two interpenetrating rx-Po nets in 
the structure of c r - ~ ( d c a ) ~ ( ~ ~ z ) . ' ~ "  (View this art in color at 
u,~,u..dekker.c,onz.) 

(4-pyridyl)-2,4,6-triazine].[3'1 The octahedral connectors 
are [{Zn4(CN)4(NQ3)1}6(tpt)s] cages that share Zn4- 
(CN)4(N03)4 squares with adjoining cages. Remarkably, 
the interpenetration of the two networks is such that the 
second network wraps around the aforementioned cages 
of the first network (and vice versa). creating large 
(>I290 A') completely sealed-off cavities that can 
contain up to 22 molecules of liquid solvent. 

The Pt304 net contains four-connecting square-planar 
centers and three-connecting trigonal centers. The struc- 
ture of CU~(BTB)~(H~O)~,~DMF.~H~O, N3BTB = 4,4',4"- 
benzene-1,3,5-triyl-tribenzoic acid contains two networks 
with Ptjo4 topology that interpenetrate in an asymmetric 
fashion.'"' Thus: despite the interpenetration, the struc- 
ture is highly porous, containing large cavities and 
channels. and was shown to reversibly sorb large amounts 
of gases and organic solvents. The interpenetration is 
thought to reinforce the frameworks against structural 
collapse upon removal of solvent. 

While the vast majority of interpenetrating structures 
involve interpenetration of identical networks, an increas- 
ing number of examples of heterogeneous interpenetra- 
tion are being reported. The structure of K2[PdSelo] 
contains two interpenetrating diamondoid networks, one 
of composition pd(Se4)$- and one of composition 
p d ( ~ e ~ ) $ ~ . " ~ ]  The SeZP bridges are considerably more 
twisted than the S e ?  bridges, allowing both nets to have 
the same intranet Pd. . .Pd separation. 
[Ni(a~~~)2(N03)212~Ni2(a~~~)3(N03)41.4CH2CIz 

[nzpy = 4,4'-azobis(pyridine)] shows 2D inclined inter- 
penetration of (4,4) and (6,3) ~heets. '"~ 

The structure of [C~~(bpp)~(SO~)~(Etola)(H~O)~]- 
SO4.EtQH.25.5H20 [bpp = 1,3-bis(4-pyridyl)propane] 
contains 1D polymers that interpenetrate at an inclined 
angle with (4,4) 2D sheets (1D/2D+3D inclined inter- 
penetration).['61 Two sheets penetrate each window of 
each 1D net. while each window of the 2D sheets is pen- 
etrated by one ID net. The structures of N i ( b i ~ y ) ~ ( H ~ -  
P04)2.C4H90H.H20 (bipy = 4,4'-bipyridine)r371 and 
[Cu2L4.3H20] [Cu2L4.2H20] .2H20 (L = i~onicotinate)~'~' 
both contain interpenetrating 2D (4,4) sheets and 3D 
CdS04-like nets (2DI3D interpenetration). In the former 
case, both nets have the same composition, whereas in the 
latter example; they differ. 

SELF-PENETRATION 

A self-penetrating network is one in which the smallest 
topological circuits are penetrated by other parts of the 
same network.'" The smallest topological circuits are 
the shortest pathways (in terms of the number of nodes) 
that can be taken which form a circuit that contains any 
two links from a given node. It is therefore important 
to note that the smallest topological circuits are not 
necessarily all the same size. For example, the smallest 
circuits for the 3D rutile network, which contains 3-con- 
necting nodes and 6-connecting nodes, are four-mem- 
bered rings and six-membered rings, depending on which 
pairs of links from which node are used to define 
the circuit. 

An interesting series of structures based on the rutile 
net illustrates the relationship between interpenetration 
and self-penetration. The compounds are constructed 
using octahedral metal ions and the trigonal ligands tcm 
[tricyanomethanide, C(CN),] and dca [dicyanamide, 
N(CN)F]. It is iinportant to note that dca is a smaller lig- 
and than tcm. Thus. while the compounds M(tc117)~ have 
two interpenetrating rutile-related networks,''91 the 
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Fig. 4 The self-penetrating network of M(dca)(tcm). with the 
penetration of a rod through a ring highlighted.'"' 

compounds ~ - M ( d c a ) ~  have only a single rutile net- 
work.["1 In the t a n  complexes, each net penetrates 
through the six-membered rings of the other, while the 
four-membered rings are left untouched. Interestingly. 
when only half the large tcm ligands are replaced by the 
smaller dca ligand. as in the structures of M(dca)(tcm), a 
single, self-penetrating network is formed (Fig. 4).'"' 
Again, it is the six-membered rings that are penetrated. 
this time by rods from other parts of the same network. 
The structure of this network is closely related to the rutile 
net, with the two nets having the same Schlafli nota- 
tion.ll.19.201 The magnetic properties of these mixed- 

ligand complexes were also studied, and like their 
structures. their magnetic properties are a compromise 
between the two "parent" compounds. 

Another self-penetrating network is the (12,3) net, of 
which two examples \+]ere recently If 
interpenetrating networks can be related to catenanes 
and rotaxanes: then self-penetrating networks can be con- 
sidered to be polymeric equivalents of molecular knots. 

Interpenetration of networks is becoming an increasingly 
more common phenomenon, with any structure containing 
networks that account for less than 50% of the crystal 
volume being open to interpenetration. The effects of in- 
terpenetration vary-examples were given of compounds 

in which interpenetration reinforced highly porous struc- 
tures.13" structures that contained unique sealed-off cav- 
ities containing essentially minute droplets of or 
materials that had metal-like conductivities.[281 

In order to understand such systems, it is important 
not only to describe the network topology but also the 
topology of interpenetration. A number of examples of 
different interpenetration topologies were given above. 
Further details on the numerous examples of interpene- 
tration can be found in a number of recent  review^,'"^^^^ 
and also on the author's Web site, which contains a reg- 
ularly updated table of all known interpenetrating struc- 
tures, sorted according to network and interpenetration 
topologies."" 

ARTICLES OF FURTHER INTEREST 

Catenane~ and Other Interlocked Molec~lles, p. 206 
Crystal Engineering with Hydrogen Bonds. p. 357 
Rotaxanes and Pseurlorotaxane~, p. 1194 

REFERENCES 

1. Batten, S.R.: Robson, R. Interpenetrating nets: Ordered, 
periodic entanglement. Angew. Chem. Int. Ed. 1998. 37. 
1460- 1494. 

2. Hoskins, B.F.; Robson, R. Design and construction of a 
new class of scaffolding-like materials comprising infinite 
polymeric frameworks of 3D-linked molecular rods. A 
reappraisal of the Zn(CN)2 and Cd(CN)2 structures and the 
synthesis and structure of the diamond-related frameworks 
[ N ( C H ~ ) ~ ~ [ C U ' Z ~ " ( C N ) ~ ]  and CuT[4,4'.4".4"'-tetracyano- 
tetraphenylmethanejBF4.xC6H5NO2. J. Am. Chem. Soc. 
1990. 112. 1546-1554. 

3. Batten, S.R.: Robson. R. Catenane and Rotaxane Motifs in 
Interpenetrating and Self-penetrating Coordination Poly- 
mers. In Molecular Cutenanes, Rotaxanes and Knots, A 
Journey Thi-ough the World of Molecular Topology; 
Sauvage, J.-P., Dietrich-Buchecker. C., Eds.: Wiley- 
VCH: Weinheim, 1999: 77- 105. 

4. Batten, S.R. Topology of interpenetration. CrystEngCon~m 
2001. 3. 67-73. 

5 .  Fraser. C.S.A.; Jennings, M.C.; Puddephatt, R.J. An 
orga~lometallic polyrotaxane and a new type of polyrotax- 
ane architecture. Chem. Commun. 2001. 13 10- 13 1 1 .  

6. Blake, A.J.; Champness. N.R.; Khlobystov, '4.: Lemenovs- 
kii. D.A.: Li. W.-S.; Schroder, M. Polycatenated copper(1) 
molecular ladders: A new structural motif in inorganic co- 
ordination polymers. Chem. Commun. 1997, 2027-2028. 

7 .  Maekawa. M.: Konaka. H.; Suenaga, Y.: Kuroda-Sowa, T.: 
Munakata. M.  A variety of one-. two- and three- 
dimensional copper(1) and silver(1) co-ordination polymers 



Interpenetration 

assembled by 1.4-bis(4-pyridy1)butadiyne and 1.4-bis(2- 
pyridy1)butadiyne. J. Chem. Soc., Dalton Trans. 2000, 
4160-4166. 
Hoskins, B.F.: Robson. R.: Slizys. D.A. An infinite 2D 
polyrotaxane netuork in A g ? ( b i ~ ) ? ( N 0 ? ) ~  (bix = 1,4-his- 
(imidazol-1-ylmethy1)benzene). J. Am. Chem. Soc. 1997. 
119; 2952-2953. 
Fujita. M.; Kwon. Y.J.: Sasaki, 0 . :  Yamaguchi, K.: Ogura, 
K. Interpenetrating molecular ladders and bricks. J. Am. 
Chem. Soc. 1995, 117. 7287-7288. 
Konnert. J.: Britton. D. The crystal structure of AgC(CN)3. 
Inorg. Chem. 1966. 5. 1193-1 196. 
Batten, S.R.; Hoskins. B.F.; Robson, R. The structures of 
[Ag(tcm)l.  [Ag(tcm)(phz)1121 and [Ag(tcnl)(pyz)I 
(tcm = tricyanometliaaide, C(CN)Y. phz = phenazine. 
11yz = pyrazine). Neu- J. Chern. 1998. 22. 173-175. 
Batten. S.R.: Han-is. A.R.: Jensen, P.; Munay, K.S.: 
Ziebell. A. Copper(1) dicyanainide coordination polymers: 
Ladders, sheets. layers, diamond-like networks and un- 
usual interpenetration. J. Chem. Soc.. Dalton Trans. 2000. 
3829 -3836. 
Gable. R.W.: Hoskins, B.F.; Robson. R. A new type of 
interpenetration involving enmeshed independent square 
grid sheets. The structure of diaquabis-(4.4'-bipyridine)- 
zinc l~exafluorosilicate. J. Chem. Soc.. Chem. Commun. 
1990, 1677-1678. 
Zaworotko. M.J. Superstructural cliversity in two dimen- 
sions: Crystal eilgineering of laminated solids. Chem. 
Commun. 2001. 1-9. 
Herbstein. F.H.; Kapon. M.: Reisner. G.M. Trimesic 
acid. its hydrates, complexes and polymorphism. VIII. 
Interstitial complexes of -J- and (the hypothetical) *I- 
trimesic acid. Acta Crystallogr. Sect. B 1985. 41, 348- 
354. 
Kondo. M.: Shimamura, M.; Noro. S.: Minakoshi, S.: 
Asami. A,: Seki. K.; Kitagawa. S. Microporous materials 
constructed from the interpenetrated coordination net- 
worlis. Structures and methane adsorption properties. 
Chem. Mater. 2000. 12; 1288- 1299. 
Carlucci, L.: Wilson, S.R.: Proserpio, D.M. Three- 
dimensional architectures of intertwined planar coordina- 
tion polymers: The first case of interpenetration involving 
two different bidimensional polymeric motifs. Neu J. 
Chern. 1998; 22. 1319 - 1321. 
Hirsch. K.A.; Wilson. S.R.: Moore, J.S. Crystallization of 
3-cyanophenyl 4-cyanobenzoate with AgSbF,: A polar 
coordination network based on the crisscrossing of inter- 
twined helices. Chem. Commun. 1998. 13- 14. 
Wells. A.F. Three-Diwzeiz.siond Nets and Polj.lzedm: 
Wiley-Interscience: New Uork, 1977. 
Wells. A.F. Further Studies of Three-Dirnensiolzui Nets; 
ACA Monograph, American Crystallographic Association. 
1979: Vol. 8. 
Kepert. C.J.: Rosseinsky. M.J. A porous chiral framework 
of coordinated 1,3.5-benzenetricarboxylate: Quadruple 
interpenetration of the (10.3)-a network. Chem. Commun. 
1998. 3 1-32. 
Abrahams. B.F.: Batten. S.R.: Hamit. H.: Hoskins. B.F.: 

Robson. R. A Wellsian '3D racemate': Eight interpene- 
trating, enantiomorphic (10.3)-a nets, four right handed 
and four left handed. Chem. Coinmun. 1996. 1313- 
1314. 
Zhdanov. H.S. Crystalline structure of Zn(CN)2. C. R. 
Acad. Sci. URSS 1941. 31, 352-354. 
Shugam, E.: Zhdanov. H. The crystal structure of cyanides. 
11. The structure of Cd(CN)2. Acta Phpsiochim. URSS 
1945. 20. 247-252. 
Niggli, P. The crystal structure of several oxides. Z. Krist. 
1922; 57. 253-299. 
Kamb. B.; Davis, B.L. Ice VII. the densest for111 of ice. 
Proc. Natl. Acad. Sci. U. S. A. 1964, 52. 1433-1439. 
Whalley, E.; Davidson, D.W.: Heath. J.B.R. Dielectric 
properties of ice VII. Ice VII: A new phase of ice. J. Chem. 
Phys. 1966. 45. 3976-3982. 
Sinzger. K.; Hunig, S.: Jopp. M.; Bauer. D.; Bietsch, W.; 
von Schutz, J.C.; Wulf. H.C.; Kremer, R.K.; Metzenthin, 
T.; Bau, R.: Khan, S.I.; Lindbaum. A,: Lengauer, C.L.: 
Tillmanns. E. The organic metal (Me2-DCNQI)2Cu: 
Dramatic changes in solidstate properties and the crystal 
structure due to secondary deuterium effects. J. Am. Chem. 
Soc. 1993, 115. 7696-7705. 
Ermer, 0. Five-fold diamond structure of adamantane- 
1.3.5.7-tetracarboxylic acid. J. Am. Chem. Soc. 1988. 110. 
3747-3754. 
Chen, Z.-F.: Xiong. R.-G.: Abrahams. B.F.: You, X.-Z.; 
Che. C.-M. An unprecedented six-fold anion-type chiral 
diamondlike eight-coordinate Cd(I1) coordination polymer 
with a second-order nonlinear optical effect. J. Chern. Soc.. 
Dalton Trans. 2001, 2453-2455. 
Abrahams. B.F.; Hoskins. B.F.: Michail, D.M.; Robson. 
R. Assembly of porphyrin building blocks into network 
structures with large channels. Nature 1994. 369. 727- 
729. 
Jensen, P.: Batten, S.R.: Moubaraki, B.: Murray. K.S. 
Synthesis, structural isomerism and magnetism of the 
coordination polymers [M(dca)?pyz]. M = Mn, Co, Ni and 
Zn, dca = dicyanamide (N(CN)F) and pyz = pyrazine. J. 
Solid State Chem. 2001. 159, 352-361. 
Batten, S.R.; Hoskins, B.F.; Robson. R. Two interpenetrat- 
ing 3D networlis which generate spacious sealed-off 
compartments el~closing of the order of 20 solvent 
lnolecules in the structures of Zn(CN)(N03)(tpt)2,3~solv 
(tpt =2,4.6-tri(l--pyridyl)-1.3,5-triazine. so lv=  -31 
4C2H2C14.3/4CH;OH or - 3/2CHCI3.1/3CH3OH). J. Am. 
Chern. Soc. 1995. 117. 5385-5386. 
Chen, B.; Eddaoucli. M.: Hyde. S.T.; O'Keeffe, M.: Yaghi. 
O.M. Interwoven metal-organic framework on a periodic 
minimal surface with extra-large pores. Science 2001, 291. 
1021 - 1023. 
Kim. K.W.: Kanatzidis. M.G. Hydrothermal synthesis of 
K2PdSelo. Coexistence of two large interpenetrating frame- 
works of [ P d ( ~ e ~ ) ~ ] ~  and [ ~ d ( ~ e ~ ) ? ] ~ ~ .  J. Am. Chem. 
SOC. 1992. 114.4878-4883. 
Carlucci. L.; Ciani. 6.; Moret. M.: Proserpio, D.M.; 
Rizzato. S. Polymeric layers catenated by ribbons of rings 
in a three-dimensional self-assembled architecture: A 



Interpenetration 

nanoporous network with spongelike behaviour. Angew. 
Chem. Lnt. Ed. 2000, 39; 1506-1510. 

37. Jiang, U.-C.: Lai, U.-C.: Wang. S.-L.; Lii, M.-13. [Ni(4.4'- 
~~Y)~(H~P~~)~]~C~H~OH.H~~: A novel metal phosphate 
that exhibits interpenetration of 2D net into 3D framework. 
Inorg. Chem. 2001. 40. 5320-5321. 

38. Lu, J.Y.; Babb. A.M. An unprecedented interpenetrating 
structure with two covalently bonded open-frameworks of 
different dimensionality. Chem. Commun. 2001. 821- 
822. 

39. Batten, S.R.: Hoskins. B.F.: Moubaraki. B.; Murray, K.S.: 
Robson, R. Crystal structures and magnetic properties of 
the interpenetrating rutile-related compounds M ( t ~ m ) ~  
[M = octahedral, divalent metal: t c m  = tricyanometha- 
inethanide, C(CN)?] and the sheet structures of [ M ( t ~ m ) ~ -  
(EtOHJ2] (M = Co or Ni). J. Chem. Soc.. Dalton Trans. 
1999. 2977-2986. 

40. Batten, S.R.: Jensen. P.: Moubaraki. B.: Murray, K.S.: 
Robson. R. Structure and molecular magnetism of the 
rutile-related compouilds M(dca)?. M = CoS1, Nili. CU", 

dca = dicyanamide, N(CN)I. Chem. Cornmun. 1998; 
439-440. 

41. Jensen. P.: Price. D.J.: Batten, S.R.: Moubaraki. B.: 
Murray. K.S. Self-penetration-A structural compromise 
between single networks and interpenetration: Magnetic 
properties and crystal structures of [Mn(d~a)~(H?0) ]  
and [M(dca)(tcm)]. M = Co. Ni, Cu. dca = dicyanamide. 
N(CN),, tcm = tricyanomethanide. C(CN)?. Chem. Eur. 
J. 2000, 6. 3186-3195. 

42. Abraharns. B.F.; Batten. S.R.: Grannas, M.J.: Hamit, H.; 
Hoskins, B.F.; Robson, R. Ni(tpt)(NO,),-A three-dimen- 
sional networli with the exceptional (12.3) topology: A 
self-entangled single net. Angew. Chem. Tnt. Ed. 1999. 38, 
1475- 1477. 

43. Schareina. T.; Schick. C.: Abrahams. B.F.; Kempe. R. 
Coordination polyrilers of bipyridyldicarhorcylates-A co- 
balt containing l2,3.net with potential reactive sites. Z. 
Anorg. Allg. Chem. 2001. 627. 171 1- 1713. 

44. http:l/web.chem.mo~~ash.edu.aulDepartmentlStaff/Batten/ 
1ntptn.htm. (accessed November 2001). 



Ion Channels and Their Models 

Karycia D. D. Mitchell 
Thomas M. Fyles 
University of Victoria, Victoria, British Colu~nbia, Canada 

Ion channels, which control the movement of ions across 
lipid membranes. are essential to the function of many 
biological s y ~ t e r n s . ~ ' ~  loll transport across membranes can 
occur via one of two broadly defined mechanisms: 
transport via channels or transport via  carrier^."^ The 
former suggests a tubular or helical membrane-spanning 
structure that is stationary and allows ion translocation 
through or along the transporter. The latter suggests a 
smaller. encapsulating structure that forms a complex with 
the ion and moves through the membrane via diffusion. 

In lnolecular term-s, the movement of an ion across a 
membrane via a channel can best be described as a series 
of "hops" along the stationary channel molecule. The 
ion-transporter interactions that facilitate ion transloca- 
tion replace ion-water interactions on either side of the 
membrane. The energy barrier for direct ion diffusion 
across the membrane is directly due to the instability of 
the ion in the nonpolar rnembrane interior. Ion-channel 
interactions significantly lower the barrier and thus fa- 
cilitate diff~~sion."' A similar argument applies to carrier- 
mediated transport. with the result that channels and 
carriers are kinetically indistinguishable. However. ac- 
tivation barriers for channel-mediated diffusion are ex- 
pected to be much lower than the activation barrier for 
carriers."' with the result that the maximum transport 
rates of channels are typically several orders of magnitude 
higher than those of carriers. 

Another important distinction between carriers and 
channels is the ability to regulate or "gate" channels. The 
nature of channels is such that <hey could be pliysically 
switched "on" and "off" by altering the binding of the ion 
with the transporter: either through altering the conforma- 
tion of the channel or by plugging the channel orifice."' 

BILAVER CLAMP TECHNIQUE 

Experimental deiection of the formation of ion channels is 
best achieved using the bilayer clamp technique.'21 In this 
experiment. a freestanding bilayer membrane is inter- 
posed in a small orifice separating two pools of aqueous 

electrolyte. The bilayer is an effective insulator. so no 
current is passed under applied potentials in the range of 
+I50 mV. An ion channel in the bilayer will significantly 
increase the transmembrane current in an abrupt "all-or- 
nothing" fashion. The resulting trace of current shows 
sharp transitions between a nonconducting "off" condi- 
tion and a conducting "on" condition. Shown in Fig. 1 is 
the bilayer conductance of the peptide channel gramicidin 
under different applied potentials. Note that at a given 
potential, the step heights of the conductance changes are 
the same, indicating a single type of channel structure. 
in this case, a dimer. Step conductance changes are the 
unique experimental signature of channel activity; carriers 
provoke a general increase in the bilayer conductance 
but do not show abrupt "on-off" behavior. The bilayer 
clamp technique is a powerful method with which to 
elucidate ion selectivity, channel lifetime. and voltage 
gating properties of single  channel^."^ 

CHANNEL TRANSPORT MEASUREMENT 

Indirect methods of measuring channel transport are 
based on measurements of indicators trapped within a 
vesicle bilayer membrane.'" These measurement methods 
include 2 ' ~ a - ~ ~ ~ :  UVIVis or fluorescence spectros- 
copy of pH. metal ion concentration, or concentration 
of environment-sensitive indicators; radiochemical tech- 
niques; and pH stat techniques to monitor proton efflux. 
These methods give evidence that an active compound 
can alter membrane permeability, but it is difficult to 
establish a distinction between channel function, transport 
via carriers. or a nonspecific membrane d i s r ~ p t i o n . ~ ' ~  

NATURAL ION CHANNELS 

Natural ion channels are high-molecular-weight mem- 
brane-spanning proteins that are believed to act via 
multiple r-helical strands that cross the membrane re- 
peatedly.'31 While much about protein channels is still 
not understood, it is believed that several helices arrange 
into an ion-selective pore. with ion transport occurring 
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Fig. B (left) Schematic structure of a gramicidin dirner in a phospholipid bilayer. (right) Bilayer conductance exhibited by gramicidin 
in a phospholipid bilayer at various applied potentials. 

via the hydrated spaces adjacent to the bundles of helices. 
The most detailed insights into the structural origins of 
specificity stem from the crystal structures of the KcsA 
channel from Strepto~nyces livid an^'^' and of CLC 
chloride channels from Salmonella entevica serovar 
t\phiml~rium and Eschericl7ia coli,'" for which McKin- 
non was awarded the 2003 Nobel Prize in Chemistry. 

The best-studied natural ion channels are peptides, 
which act as aggregates comprised of peptide mono- 
mers. The most well-known examples are alamethicin 
and gramicidin. 

The aininoisobutyric acid containing peptide alamethi- 
cin161 1s . a naturally occurring ion-channel compound that 

acts via a cluster of x-helices without the support of 
additional proteins. Produced by the fungus Trichodevrna 
viride, it is an antibiotic peptide, known to affect the 
quality of pastureland through its effects on ruminant 
animal stomach bacteria. Side-by-side association of sev- 
eral alarnethicin molecules to form a barrel-stave aggre- 
gate occurs. The membrane-spanning aggregate possesses 
a net transmembrane dipole; thus producing voltage- 
gated behavior. Alamethicin pores also have short 
lifetimes, showing "burst" activity of only a few milli- 
seconds duration. 

~ r a m i c i d i n ' ~ . ~ ~  is one of the most well-studied ion 
channels. It is naturally synthesized by Bacill~ls brevis and 
derives its name from its antibiotic properties against 
gram-positive bacteria. Gramicidin, B (Fig. I),  is a 
pentadecapeptide derivative, composed of alternating D- 

and L-amino acid residues, that forms a monovalent- 
cation-selective tubular helix channel in lipid mem- 
branes. Ion translocation occurs via cation interactions 
with carbonyl oxygens on the inside of the helix. Two 
molecules of gramicidin span the membrane via forma- 
tion of an end-to-end dimes held together by hydrogen 
bonding. Due to its unique mechanism, in which the ion 
transfer occurs within a single helix, the gramicidin 
channel has limited relevance to channels in the natural 
world, but it has inspired numerous synthetic mimics. 

SYNTHETIC MIMICS 

An example of such a synthetic mimic is the hydraphile 
channel system developed by ~ o k e l . "  31 The system is 
based on the 4,13-diaza-18-crown-6 inacrocycle 3 (Fig. 2), 
with an inner crown ether believed to be embedded in the 
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A /o 0 1  but substantially faster than a single crown ether acting as 
a carrier. c J' Unimolecular channel compounds have also been u formed using an %-helical peptide scaffold to support an 
assay of 21-crown-7 moieties, 4.[71 Models suggest that 
the structure formed is about 3.2 nm long, and that the 
crown ethers stack to form the channel. Compound 4 
showed transport ability similar to that of gralnicidin 
and displayed bilayer-dependent single-channel features. 

Self-assembling transmembrane peptide nanotubes 
were formed from cyclic peptides composed of an even 

I 1 
nuinber of alternating D- and L-%-amino acids. These 
macrocycles adopt flat, ring-shaped conformations, with 
the backbone amides positioned perpendicular to the 
plane of the ring. Hydrogen-bonding conditions, such as cone( adsorption onto a lipid membrane, are ideal for stacking 
the peptides, forming open-ended 0-sheet-like tubular 

Co-oJ structures, 5. Cyclic hexapeptide channels showed 
3 4 transport rates for Na+ and K +  that rival those of 

Fig. 2 Schematic structures of synthetic transporters incorpo- gra in i~idin , '~ .~ '  and larger structures will allow transport 

rating macrocyclic ion binding units. of small molecules, such as glutamate. Cyclic peptides of 
this type are antibacterial agents; as demonstrated against 
Staphylococcus cri~reus. '~~ and antibiotic activity was 

bilayer as the central relay group. The other crown ethers correlated with enhanced membrane permeability to ions. 
lie near the bilayer surface and can regulate cation entry Alternatives to tubular channels are transmeinbrane 
to the membrane interior. The sodium transport rate of aggregates that enclose a hydrophilic pore. One example 
these channels is about 100-fold lower than gramicidin is based on poly-p-phenylene oligomers bearing side arms 

Fig. 3 Schematic structures of synthetic transporters that act via transmembrane aggregates. 
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Fig. 4 Simple compounds that form transmembiane ion 
channels. 

to promo!e the formation of side-to-side and tubular 
aggregates. 6 (Fig. 3).'"" This system produces stable 
hexameric pores with an "infinite" lifetime, i.e., the 
conductance is always in the "on" state. 

Specific intermolecular interactions between components 
may not be essential, as macrocyclic bolaamphiphiles 4 
form specific channels co~nposed of a few m~lecules. '"~ 
The associatior1 of the components is presumed to be 
driven by microphase separation in the lipid. Voltage- 
gated pores based on this system were also de~igned."~ '  
This group of compounds demonstrated a specific activity 
dependent on the structure of the core regions of the 
molecule, while ion selectivity and voltage switching 
appeared to be controlled by the polar head groups. The 
macrocyclic components are not essential for activity, as 
related acyclic compounds 7 are virtually indistinguish- 
able from the bismacrocyclic compounds.['31 

Even simpler colnpounds fonn defined ion channels. 
Sterol conjugates 8 (Fig. 4) were prepared by steroid 
derivatization. as well as from cholic acid-spern~ine 
conjugates in which the hydrophilic face of each sterol 
was altered to illcorporate methoxy. hydroxy, carbamate. 
or sulfate groups.""'" Another example is 9. a cholic- 
acid-based ion conductor that was altered to incorporate 
rnethoxy groups in place of the sterol hydroxyl groups. [I61 

These channel compounds were found to exist as 
membrane-spanning dimers, capable of Na+ transport. 
with the rate of ion transport dependent on the bilayer 
membrane thickness. Similar structures with cholate 
groups appended to a resorcin[4]arene core for~lled long- 
lived K +  selective  channel^."^^ 

The simplest compouilds known to form defined ion 
channels are the isophthalate derivative 1 0 ' ' ~ ~  and the ion- 
pair transporter IB.['" Single channels were observed for 
both systems, although incolporation and activity are 
somewhat erratic in both cases. 

CONCLUSION 

Attempts to inimic naturally occui~ing channels yielded a 
wide range of co~npounds of many shapes, sizes. and 
structures. Each group of cornpounds synthesized has a 
basic structure, which appears in every case to be subject 
to structure-activity control. Clearly, a wide range of basic 
structural types will support channel formation. making it 
unlikely that structurally specific interactions between the 
channel compound and the transient ion are essential. 

Note that many of the molecules produced have few 
internal polar functional groups to which ions may bind. 
Instead, it is more likely that ion-water-channel interac- 
tions escort the ion through the pore. To that end. inany of 
the models can then be viewed as methods to pull water 
into the lipidic core of a bilayer membrane and thereby 
stabilize ions in transport. Recent studies of molecular 
dynamics simulations of ion transportation in human 
aquaporin-1 and in the bacterial glycerol facilitator GlpF 
revealed the key role of water in the stabilization of ions in 
transit and in the molecular selectivity of ~ h a n n e l s . [ ~ . ' ~ ~  
Synthetic compounds form less-defined structures than 
these complex proteins but apparently act as efficiently as 
Inore complex natural materials. It is likely that continued 
study of synthetic systems will continue to reveal the 
general details underlying all transport processes. 
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INTRODUCTION still satisfied. The partitioning of the analyte ions between 
aqueous and organic phases is described as follows: 

Ion-selective electrodes (ISEs) are among chemical 
- e-AG hT 

methods of analysis, and one of the major chemical = ao/aa. - (1) 

sensors that incl~ide bioaffinity-, gas-, ion- and other 
molecular sensors. A common featme for these chemical 
sensors is that molecular recognition of analytes takes 
place chemically by. e.g., bioreceptors, and various 
synthetic supramolecular receptors, immobilized in many 
cases on solid substrates. The molecular recognition 
process is followed by appropriate signal transductions. 
such as electrochemical, optical, and gravimetric methods. 
The YSE chemistry invoives permselective transport of 
analyte ions from adjacent aqueous sa~nple solutions into 
ionophore-incorporated organic liquid membranes. This 
process leads to ion-selective charge separation at the 
aqueouslorganic interface. and the change in boundary 
potentials becomes a measure for the analyte ion con- 
centrations (activities). The development of the liquid- 
membrane ISEs owes much to the progress of supra- 
molecular chemistry and has played an important role 
in bridging supramolecular chemistry with analyti- 
cal chemistry. 

BACKGROUND 

Methods of analysis based on immiscible aqueous1 
organic-solution interfaces include solvent extraction, 
liquid-liquid partition chromatography, and ionophore- 
incorporated liquid-membrane ion-selective electrodes 
(ISEs). A common feature for these analytical methods 
is partitioning of analyte ions between the two phases, 
aqueous and organic. Of these, solvent extraction is based 
on the occurrence of electroneutrality in the bulk phases. 
On the contrary. the ISE is based on the occurrence of ion- 
selective charge separation at the interface of the two 
phases. The analyte-ion-selective charge separation at the 
aqueous/organic interface occurs as a result of permse- 
lective transfer of analyte ions from aqueous to organic 
phases upon their complexation with the correspondillg 
ionophore at the surface of the organic phase; it leaves 
hydrophilic counterions in the aqueous phase. This forms 
an electrical double layer at the interface, while the 
electroneutrality in the bulk organic and aqueous phases is 

where K is the partition coefficient, n,, the activity of the 
analyte in the aqueous phare, a,, the activity of the analyte 
ion in the organic phase. and k the Boltzmann constant. 
The AC is the chemical potential change of analyte ions 
between the two phases, as expressed 

where n is the charge number of the analyte ions. F the 
Faraday constant, o the electrochemical potential, AGdphyd 
the dehydration energy of the ion, AG,,,,, the ion-solvation 
energy in the organic phase, AG,.,,,,i the complexation 
energy of the ion with the relevant ligand or ionophore. 
and AGi,,,,,i,. the ion-association energy between the 
complexed ion and its counterion in the organic or 
membrane phase. 

The first term in Eq. 2 is responsible for the generation 
of membrane potentials: the liquid-membrane ion-selec- 
tive electrode targets only charged ionic analytes in con- 
trast to solvent extraction and partition chromatography. 

PHENOMENA WlTH IONOPHORE-BASED 
ION-SELECTIVE ELECTRODES 

The most representative lSEs are valinomycin (VM)- 
based liquid membrane ISEs. W. Simon pioneered the 
development of liquid membrane ISEs incorporating 
natural ionophores such as VM and nonactin (1967). 
The first VM-based ISE was constructed by dissolving 
VM in diphenyl-ether that was supported in a cellulose 
membrane. which then gave selective response to K+ over 
Na+ in the concentration range of 1 0 ' - 1 0 '  M K+ ion. 

At the surface of ionophore-incorporated liquid mem- 
branes; ion-selective charge separation occurs as a result 
of permselective analyte ion transfer from the aqueous 
organic phase. This phenomenon is illustrated in Fig. 1. 

Hydrophilicity of counterions is important for primary 
ion-dependent charge separation to occur at the interface. 
If counterions are more or less hydrophobic, such as 

Eizc?.cloperliii of S~ipi.ciii7o/ecu/ar Ci~eiiiisti? 
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Fig. 1 Partition of metal ions and counterions at the polymer (PVC)-supported ionophore liquid-me~nbrane/aqueous-solution interface: 
relation with interfacial boundary potentials. CAfn + and C x  are concentrations of the ionophore-metal-ion complex and its counterions. 
respectively. These concentrations were measured with FT-IR-ATR to a depth of pm range in the organic phase near the interface. 
When C,t,n+>rzCx. the observed membrane potential (AE) exhibits a Nernstian response that meets Eq. 2. When the value of CILln+ is 
snlall but still greater than IT&;(-. the anion effect distorted the log C-AE relation observed for a non-Nenlstian response. When 
permselecti~ity was completely lost. i.e.. Clcfn+ = C x ,  AE showed no Mnf concentration dependence. Hydrophilic ~ 0 ~ '  ion and 
hydrophobic S C N  ion made the observed difference. (From Ref. [I].) (View this art in color at ~v~r~t~.dekker.coriz.) 

SCWp, CIOJp; and picrate ions, salt extraction (coextrac- 
tion) rather than chasge separation results. This is called 
the anion effect, and the activity (concentration)-depen- 
dent potential changes, which are a requisite for analytical 
purposes, are not f~~ l f i l l ed . "~  

In the case o f  hydrophilic counterions. the analyte ions 
transported into the organic phase form an electrical 
double layer together with hydrophilic counterions left 
behind in the aqueous phase. The thickness o f  this double 
layer is o f  the order of 50-100 A. From the charge density 
and charge distribution (Boltzmann distribution is as- 
sumed) at this electrical double layer, the membrane 
boundary potential is obtained from the Poisson  la^.'^.^' 
In thermodynamics. this process is described as follows: 

This relation is derived from the free-energy change, 
including the term o f  the activity (aO/a,) dependent free- 
energy change. Eq. 4 sums up o f  each free energy term in 
Eq. 2: 

where AGO is the standard free-energy change. 
In Eq. 3,  E corresponds to the related electrochemical 

potential. and the standard potential Eo corresponds to 
AGO. When the observed potential with an ISE fulfills 
Eq. 4,  the response is called a Nernstian response. 

After the success o f  VM-based ISEs, a number o f  
synthetic ionophores were applied for the developlnents o f  
respective ISEs. For alkali metal ions, crown-ether 
derivatives and calixarene derivatives were employed 
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for developing excellent Li+, Na+, and Kf ion ISEs. For 
alkaline earth ions, ca2'  and recently ~ g ' +  ion ISEs wcre 
developed. These ISEs wcre applied for the analysis of 
serum electrolytes. For ISEs for heavy metal ions, thio- 
crown-ethcr derivatives comprise a major ionophore. The 
ISEs for inorganic anions, such as sulfate and chloride, are 
also available based on, e.g., recently developed ion- 
ophores based on multitopic hydrogen-bond interactions 
to these ions. For organic cations and anions, recently 
developed supramolecular chemistries helped in the 
development of many novel ISES,'~' which include ISEs 
for guanosine nucleotide with a cytosine-pendant triamine 
derivative, dopamine cation sensing with a calix[6]arcnc 
derivative, and A T P ~  - with a macrocyclic polyamine- 
derivative ionophore. The ionophore-based liquid-mem- 

EMF response 
bis(benzo-15-crown-5) / 

e 

I without TpClPB I 

I SHG response I 

brane lSEs are, in principle, applicable to any target ions, 
with the development of appropriate ncw ionophores 
continuing for many years. 

MOLECULAR MECHANISMS 
FOR ISE RESPONSES 

Liquid membranes for ionophore-based ISEs contain not 
only ionophores but also ion exchangers (ionic sites). If no 
ionic sites are added in the membrane, coextraction or salt 
extraction of ionophore/primary ion complexes with 
counterions occurs, thereby causing no chargc separation 
at the interface. 

Fig. 2 Dependence of membrane potential change AE and second-harmonic generation (SHG) response, JI(2w). on the concentration 
of addcd lipophilic anionic sites [tetrakis @-chlorophenyl) borate (TpCIPB)] (left), and the corresponding surfrice model that shows 
orientation of SHG-active Ki-ionophore complexes across the aqueous/l,2-dichloroethane (1,Z-DCE) interface in the presence of the 
added anionic sites in the membrane phasc (right). (From Rel's. [5,6].)  
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As shown in Fig. 2. the charge separation is the result 
of the occurrence of an oriented layer for ionophorel 
analyte ion complexes at the organiclaqueous interface in 
the organic side of the interface, leaving their hydrophilic 
counterions in the aqueous side at the interface. The extent 
of this charge separation is dependent on the activity 
(concentration) of respective analyte ions and is measur- 
able as changes in the membrane boundary potentials. 

The ionic sites [tetrakis (p-chlorophenyl) borate. 
TpClPB-] work to reject counterions from being coex- 
tracted into the organic phase and are, therefore. requisite 
for the generation of analyte-ion activity (concentration)- 
dependent membrane potential changes. This molecular 
mechanism for the potential response process of ISEs was 
recently revealed experimentally by simultaneous mea- 
surements of laser-induced second-harmonic generation 
(SFIG) and membrane potentials, in which it was found 
that the observed membrane potentials originate from the 
SHG-active surface-oriented charged chemical species of 
the order of a few molecular layers (Fig. 2).'5.61 

On the basis of this mechanism, a great number of 
ionophore-based ISEs were developed. 11 should also he 
noted here that polyvinyl chloride (PVC) has been used 
since the early 1970s to support liquid membranes, and the 
term "plasticized liquid membrane" has been coined to 
describe these systems. In those days, the addition of ionic 
sites was not explicitly realized, but instead. impure ionic 
sites in the PVC (anionic sites) played \lirtually the same 
role. However, the membrane including such an impurity 
does not allow quantitative control of the optimized 
amounts of ionic sites, and therefore, it was supplemented 
later by deliberately added ionic sites. 

MEASUREMENT WlTH 
ION-SELECTIVE ELECTRODES 

The perforn~ance characteristics for ISEs are evaluated 
in terms of ion selectivity, detection limit. dynamic 
range [measurable concentration (activity) range]. and re- 
sponse time. 

The selectivity and detection limit for each ISE are 
basically determined by the magnitude of formation 
constants (K f )  of ionophores with analyte ions under 
otherwise identical conditions. including cornpositions of 
respective membrane and inner-filling solutions. In many 
ionophore-based liquid-membrane ISEs developed so far. 
the lower detection limit is reported to be around lop6- 
10p7 M. 

The response time for ISEs to attain equilibrium 
potentials is around 3 minutes or less. Therefore, this 
technique is suited for high-throughput rapid analysis. The 
ion selectivity of HSEs is exemplified by one of the best 
examples involving VM-based ISEs, in which Nai ion 

mV meter 

ion-selective reference 
electrode electrode 

Fig. 3 Potentiornetric measurement with ion-selective electrodes. 
(Vi('ie~t< t11i.r art in color at ~vw>t,.dekkei-.corn.) 

interference is minimized so as to allow its coexistence in 
up to 10' times higher concentration than K+ ion. 

To ehal~rate the extent of such selectivity for each ISE, 
the selectibity coefficient defined by the following 
equation is experimentally determined: 

where E is the nleasured potential; Eo is a constant that 
includes the standard potential of the electrode. the 
reference electrode potential, and the junction potential: 
Z~ and are charge numbers of the primary ion. A, and of 
the interfering ion. B: a~ and a~ are the activities of the 
primary ion, A, and the interfering ion, B: and  is the 
potentiometric selectivity coefficient for the primary ion A 
against the interfering ion B; R, T,  and F have the usual 
meanings. If ~ r L i s  larger than 1. the ISE responds to the 
interfering ions more selectively than to the primary ions. 
In most cases, K ~ A  is smaller than 1;  which means that 
such ISES respond to the primary ions more selectively 
than to interfering ions. 

The experimental methods for measuring selectivity 
coefficients and the values of selectivity coefficients thus 
obtained are given in the references for a large number of 
YSEs developed during the past three  decade^.'^-'^' 

The measurements of ISEs are achieved by potentiom- 
etry. Potentiometry is an electrochemical method that 
measures changes relative to a reference electrode of 
observed potentials at the indicator electrode. ISE under a 
condition of no net current flow (Fig. 3). 

A PROBLEM FQW LIQUID-MEMBRANE ISES 

For comparison and better understanding of the ISE 
response, ion-channel mimetic sensing for phosphate ion 
using the receptor (I) was exa~nined."~' 
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A hydrogen bond-forming bis(ihiourea) (Compound 1) 
is strongly bound to H 2 P 0 4  (Kll=55,000 M '  for 1:l 
binding in DMSO-d6) and shows the selectivity sequence 
IFI2PO4-> 6H3COOP> C1- by formation of hydrogen 
bonds to the thiourea groups of the receptor. 

(a) without analyte anion 

with analfle anion 

The response of the ISE with receptor 1 was highest 
for C1-, not for H2PQ4-, and the selectivity sequence was 
of the order of > C H ~ C O O - > H P ~ ~ ~  
H2POJP. This leads to a high-quality C l  ISE."" The 
phosphate ion is located at the end in the Hofmeister 
series; indicating its high hydrophobicity. Pulling phos- 
phate ion out of aqueous phases and putting it into organic 
phases is therefore difficult: C l  ion has, on the contrary, 
relatively lower dehydration energy than phosphate, 
although its coinplex formation constant with host 1 is 
less than that of phosphate. As a result, the C 1  ion is 
transferred from the aqueous to the organic phase, thereby 
generating the corresponding charge separation and mem- 
brane potential. 

A receptor (1) monolayer was formed at the air-water 
interface and subsequently contacted with a highly 
oriented pyrolytic graphite electrode (Fig. 4). Horizontal 
touch cyclic voltammetry was performed with subphase 
solutions containing various electroinactive analyte anions 
and with [F~(cN)~]" as the electroactive marker. The 
binding of analyte anions to the receptor monolayer was 
found to inhibit [F~(GN)~]" oxidation. The influences of 
the analyte anions on the cyclic voltammograms were 
largest for H P O ~ '  and decreased in the order of 
HPO~'->F- --SC14'->CH3COO-->C1-, in contrast to 
the selectivity of the ISE containing the same Receptor (1) 
as described above. Because the bis(thiourea) receptor 
does not bind to all potentially hydrogen-bonding sites of 
most of these anions, it is apparent that several of the 
larger anions, and in particular, phosphate and sulfate, are 
substantially hydrated while being bound to the interfacial 
receptor layer. This distinct feature of interfacial molec- 
ular recognition seems to explain why the selectivities of 
these ion-channel-mimetic sensors differ strongly from the 
selectivities for the complete anion transfer from aqueous 
to organic phases. as represented by the ISE selectivity. 

Fig. 4 The marker oxidation at the surface of an oriented 
inonolayer of Receptor 1: (a) oxidation of [F~(cN)~] '  at the 
electrode surface coated with a monolayer of Receptor I in the 
absence of analyte anions: (b) oxidation of [ F ~ ( c N ) ~ ] ~ -  is 
hampered by the binding of the phosphate ion to the monolayer. 
(From Ref. [14].) 

The results suggest that the ionophore-based Iiquid- 
membrane JSEs are not suited for the analysis of hydro- 
philic, relatively large analyte ionq, for which hosts that 
encapsulate the analyte and remove its hydration sphere 
are difficult to ~yn thes ize . '~~ '  
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Absorption of an electromagnetic wave's energy in a 
homogeneous liquid and solid is determined by two 
thermally activated occurrences: diffusion of ions and 
reorientation of dipolar units. These are referred to as 
ionic and dipolar processes, respectively. Both contribute 
to a measured dielectric property and are regarded as part 
of molecular dielectrics. When a liquid or solid is, in 
addition. heterogeneous. and the conductivity of inclu- 
sions is ohmic. the buildup of electrical charges at the 
interface of the inclusions aiso causes absorption of 
energy. This absorption process also occurs in a poly- 
crystalline solid with abundant grain boundaries. and it is 
called the interfacial process or iMaxmrell-Wagner pro- 
cess. Finally, a further absorption of energy results from 
an accumulation of ions on the electrodes and the 
consequent foririation of a double layer that acts like an 
electrical capacitor. This process is present in all dielectric 
measurements on homogeneous and heterogeneous mate- 
rials. It is extrinsic to the liquid or solid, and its effect 
varies with the type of metal used as electrodes. 

These four processes-diffusion, dipolar reorientation, 
interfacial charge buildup, and double layer formation- 
appear in different parts of the dielectric spectra of 
materials. The frequency range in which each process 
dominates varies with temperature and pressure, as do 
their magnitudes. Several n~onographs"~" and re- 
\iewsi5.61 on dielectric properties and ~nolecular struc- 
ture provide brief descriptions of these processes and 
references to research articles on this subject. These 
overviews may be consulted and applied to the dielectric 
study of supramolecular structures. It is to be noted that 
dipolar processes are often ignored in the description of 
ionic processes in crystals and glasses, and the subject 
is treated as impedance spectroscopy.171 The formalism 
underlying this description is also useful for interpreting 
the electrical properties of highly conducting supranlo- 
lecular structures. But because only the capacitance and 
conductance are measured as a function of frequency in all 
cases, separate names for the spectroscopy seem unneces- 
sary, and only the term "dielectric spectroscopy" will be 
used here. 

Dielectric spectroscopy is now performed over a range 
of frequencies from 1 pMz to 10 THz. i.e., over 19 decades 

of frequency, which include the far-infrared region of the 
spectra.i81 The measurements yield the real and imaginary 
components e' and e", respectively. of the complex relative 
permittivity e*. The term permittivity is used for c'. and 
the term dielectric loss is used for e". Although the 
temperature and pressure can be chosen such that the 
spectral features arising from the ionic. dipolar, and 
interfacial processes and from electrode polarization 
appear in different frequency regions of the e' and E" 

spectra. these features often overlap at ambient conditions. 
These are then analytically resolved by using formalisms 
specific to a process. 

THE IONIC PROCESS 

The diffusion of ions produces flow of a direct current 
through a liquid or solid. For an applied field strength 
given by E in Voltslm and the current density, J. in 
Ampereslm, the dc conductivity is given by the ratio, 
J/E=ad,=co~oe~,,  where co is the angular frequency 
(=2~c$ with f being the frequency in Hz), eo is the 
permittivity of free space (vacuum) and is equal to 
8.8514 pFIm, and E& is the loss due to dc conductivity. 
Thus. for a given w. the magnitude of c& is directly 
proportional to ad,. For example, for water with ad,= 100 
pS/m, eiC is 1.8 at 1 MHz frequency and 1800 at 1 kHz 
frequency. and for hydrated cyclodextrin with ad,= 1 mSl 
m, E;, is 18 at 1 MHz frequency and 18 x 10' at I 
kHz frequency. 

In a wide variety of organic materials; adc arises from 
the presence of impurity ions and is. therefore, extrinsic. 
In those supramolecular structures in which it is intrinsic, 
adc arises from one or a combination of the following: 
diffusion of ions, as in hydrated crystals, gels, and liquids; 
transfer of protons along a hydrogen bond. as in the ices 
and ice clathrates, cyclodextrins, and proteins; and 
displacement of ions in a crystal lattice. Irrespective of 
its extrinsic or intrinsic origin, ad, is determined by the 
number of mobile ions tz, electronic charge on the ions e. 
and their mobility ~ i ,  according to the equation, odc=nep. 
On decreasing the temperature T, the mobility of ions 
decreases and, hence, gdc decreases. In hydrated states or 
aqueous solution. ions can also form ion pairs, thereby 
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reducing their number. This decrease is described by the 
ion-ion-pair equilibrium constant:[91 

where N is the Avogadro number; a is the ion size 
parameter; r l  and z2 are the ionic charges; e is the 
electronic charge: e ,  is the equilibrium or static dielectric 
permittivity of the medium; kB is the Boltzmann constant: 
and Tis  the temperature. The quantity Kll or, equivalently, 
the concentration of ion pairs, increases sensitively as Tin  
the exponential term in Eq. 1 decreases, because a for an 
unsolvated ion is expected to remain constant with 
changing T. The quantity n in the equation, od,=nep, 
therefore, decreases on cooling when diffusing ions 
associate to form ion pairs. Thereby, they are effectively 
removed from the material. Because K, also varies as 
exp(I/~,T) in Eq. 1 ,  a decrease in the product c,T of the 
material resulting from deviations from the Curie law (i.e., 
the product i:,Tremains constant on cooling) would lead to 
a decrease in n.  Such deviations from the Curie law often 
result from short-range interactions between the molecular 
dipoles. According to the Stokes-Einstein relation and 
Arrhenius equation. 

where Di,,ls is the diffusion coefficient of the ions; Do,ions 
is the preexponential factor; AEi,,, is the Arrhenius 
energy for ionic diffusion; and R is the gas constant. It 
follows that oCi, would decrease with T not only because 
Dions decreases but also because rz decreases. 

Studies of a n ~ t ~ n b e r  of supramolecular materials 
showed that a logarithmic plot of their ad, against 1/T 
curves downwards, particularly at low T values, i.e.. the 
decrease in gdc is much larger than expected. This means 
that ad, does not merely follow the Arrhenius variation of 
Di,,,,, with 77 other processes contribute. One such process 
is ion-pair formation, which decreases n. 

THE BIPOLAR PROCESS 

A dipolar process is described in terms of three quantities: 
the orientation polarization, the vibrational polarization. 
and the relaxation time. The first of the three is expressed 
as &=a,  - e,; where e, is as defined earlier, and e, is the 
limiting high-frequency permittivity. The vibrational 
polarization is expressed as Ae,lb=e,n,,< where no, 
is the refractive index of the material, usually at the 
frequency of the NaD line; and r~,,' is a measure of the 
electronic polarization. These properties are described in 
phenomenological terms as well as molecular structure 

terms involving the dipole moment. any short-range 
interactions between the neighboring molecules and 
motion of molecular segments of different chemical 
structures, and of whole molecules. 

The Orientation Polarization 

In the statistical mechanical theories of a dipolar orien- 
tation p r ~ c e s s , ~ ' ~ ~ ' ~ ~  

where Nd is the number of dipoles per unit volume, and p0 
is the dipole moment of an isolated molecule, i.e, 
the value in the vapor phase. The quantity g is referred 
to as the orientational correlation factor. It is given by 
the following: 

where is the angle between the i j pair of dipole vectors, 
i and j .  of the neighboring segments within a molecule or 
the neighboring molecules. It is a measure of the short- 
range interactions between the neighboring molecules that 
may represent intermolecular hydrogen bonding or strong 
dipolar forces. For a completely random arrangement of 
dipolar molecular segments and of dipolar molecules, 
g=  1. In the extreme of an antiferroelectric arrangement, 
g=O, and in that of a ferroelectric arrangement, g=m. 
From the knowledge of measured c, and c,, it is therefore 
possible to determine the dipolar alignment as a result of 
short-range interactions. For example; such an analysis 
showed that on cooling cyclodextrin undecahydrate crys- 
tals, the dipoles tend to align in an antiparallel manner."31 
Thus, variation in g  with T also indicates the occurrence of 
an ordering-disordering transformation in a supramolec- 
ular structure. Short-range interactions of this type are 
important aspects of such structures, particularly because 
electrostatic interaction often determines their stability 
conditions as well as their practical use as intercalation 
compounds and templates for chemical reactions. 

It was also possible to calculate g by first presuming a 
near-neighbor structure, as originally done for water.l14' 
and then to compare the calculated value from that 
determined from Eq. 3 by using the measured e,. This 
leads to information on the arrangement of molecules 
when intermolecular hydrogen bonding determines their 
dipole vectors, or when their dipolar segments are 
connected by flexible covalent bonds. Alternatively, g 
may be determined from the known positions of dipolar 
molecules in the crystal structure of a material. In this 
procedure, the orientation of one molecule is fixed, and 
the vector sum of all possible orientations of the 
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neighboring molecules is computed. Computation is done 
for all orientations of a given molecule and then for all 
molecules. Such cornputations for g of ice clathrates of 
Type I and Type 11, which contain foreign molecules 
confined to the cages of 0.39-0.47 nm radius in their 
structures' hydrogen-bonded  network^,"^' were provided, 
and the results were compared with the experimentally 
determined c , . ~ ' ~ '  Similar computations also yielded the 
electrostatic field strength at a molecular site arising from 
its dipolar neighbor. the magnitude of increase in the 
dipolar moment, and the Coulombic interaction energy. 
The now available faster and more elegant computational 
procedures can help in such calculations on an irregularly 
shaped supramolecule in all its possible configurations. 
This may lead to not only their configurational thermo- 
dynamics but also the relative stability of molecular 
configurations at a given T and P. 

The Vibration Polarization 
and Poley Absorption 

Contribution from vibrational polarization in a material is 
given by the following: 

where the absorptivity M at a frequency v is given by 

where I. and I are the intensities of a radiation before and 
after traversing a distance 1 in the medium. The summa- 
tion is for all absorption bands. The quantity Anvlh is more 
when the vibrational frequencies are low, which occurs 
when the structure is relatively loose or floppy, and 
intermolecular forces are weak. 

Molecules of different types confined to a regular or 
irregular cage-like structure, a doughnut-shaped, or a 
channel-like structure, undergo librations (rotational oscil- 
lations) in the THz frequency range and, hence, contribute 
significantly to An,,,,, and to At',ib. This is similar to the 
effect observed for dipolar liquids at ambient temperatures 
by ~oley,["' which was attributed to rotational oscillations 
of a molecule inside a temporary. irregular cage formed by 
the neighboring molecules-a subject recently discussed 
in relation to the so-called Boson peaks.i181 A discussion 
of the magnitude of in the supramolecular structures 
of ice clathrates may be found in Refs. [15] and [16]. 
Because BC\,,,, is the fastest dipolar process, its study 
shoald be useful in determining how configurational 

statistics of inclusion compounds, with lamellar, channel- 
like, cage-like, or toroidal structures, determine the 
chemical reactivity of its confined molecules. 

The Dipolar Relaxation 
and its Characteristics 

In general, the frequency-dependent complex permittivity 
e*(o),  and time-dependent complex permittivity e*(t) are 
related by a Fourier transform according to 

where 6 is the normalized relaxation function given by 

" ( t )  - s, 
$( t )  = 

E o  - E x  

where ~ * ( t )  describes the evolution of the apparent 
permittivity with time when a static electric field is 
removed as a step at t=O fro111 the polarized material. The 
magnitude of $(t) decays from 1 to 0, in the absence of 
any contribution to the permittivity from ionic, interfacial: 
or electrode polarization effects. Therefore, a discussion 
of the dielectric relaxation may be carried out only after 
the dipolar contributions are isolated from other contribu- 
tions. The function 4(t) is closely related to the dipole 
time correlation function, which describes the randomi- 
zation of the dipole vector in time consequent to 
molecular motions. 

The simplest form of $( t )  is a single exponential decay, 
$(t)=exp[-(th)], where T is the relaxation time. Such a 
single relaxation time decay was observed for some ice 
clathrates, hydrogen-bonded liquids and amides, and 
simple molecules at high temperatures. But. in general, 
supramolecular structures showed a variation of E' and e" 
that yielded 4(t) spread over a broader range than 
expected from a single exponential d e ~ a y . " ~ " ~ '  In such 
cases. e~npirical equations for the e:!: were used as 
described in Refs. [ 1 4 ] .  These include the following: 

* The Cole-Cole equation:['9i 

where 0 < s! < 1 

The Uavidson-Cole equation:L201 

where 0 < /3 < 1 
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The Fuoss and Kirkwood equation:1211 

where 0 < 7.12 < I 

A combination of Eqs. 9 and 10: 

where 0 < r < 1 and 0 < 0 < 1 

The shape of the e' and e" relaxation spectra was 
also described by writing 4(t) in an empirical form; 
&(t) = e x p [  ( t l ~ ) ~ ~ ~ ~ - ] .  where O<pKWW< 1 .L5.6J A wide 
variety of dielectric studies have attempted to determine 
the significance of ljKWw. It was interpreted in terms of 
hierarchically controlled dynamics of a dipolar process,'221 
i.e., the existence of a strong degree of correlations 
between the molecular degrees of freedom, and the 
occurrence of dipolar reorientation iil series, rather than 
in a parallel fashion-faster degrees of freedom succes- 
sively controlling the slower ones and: thus. generating a 
wide range of relaxation times. More recent studies 
demonstrated that the distribution of relaxation times 
arises from microscopic heterogeneity.""' and further. that 
the broadness of the spectra results from overlapping 
single relaxation time processes.[2" Thus, in supramolec- 
ular structures of ice clathrates, analysis of the relatively 
broad e' and e" spectra in terms of a sum of several single 
relaxation time processes['" seems to be reliable. The 
interpretation is that the number of dielectric relaxation 
times and the broadness of the e' and e" spectra is a 

reflection of the presence in the lattice of crystallograph- 
ically nonequivalent sites and energetically different 
orientations of the water molecules. With a decrease in 
temperature, thermal energy decreases. With the conse- 
quent increase in the number of energetically different 
orientations, the relaxation spectra are further broadened. 
Analysis of broad dielectric spectra observed for cyclo- 
dextrii~s"~' and other structures in such terms is now easily 
possible by using computation algorithms. 

In most supral~lolecular structures, the temperature 
dependence of the characteristic dielectric relaxation time 
follows the Arrhenius equation, 7 = zoexp(AEdiplRT), 
where zo is the preexponential factor that is often of the 
magnitude of the vibrational time scale; and AEdip is the 
activation energy of the dipolar process.[6~'51 The dipolar 
process of the host lattice and the trapped molecules 
follows this behavior, but AEdjp for the trapped molecules 
is less than that for the host lattice molecules. In ice 
ciathrates, the dipolar processes of the water molecules 
that form the host lattice and the guest molecules inside 
the cages of this lattice occur at widely different time 
scales. This allows for a reliable attribution of the 
dielectric spectra features to water molecules and to the 
guest molecules. As an example of the magnitude of the 
dielectric properties of suprainolecular structures, the data 
on selected ice clathrates and other inclusion compounds 
are summarized in Tables I and 2. 

THE INTERFACIAL PROCESS 

When a liquid or solid is heterogeneous. i.e.. it consists of 
conglomerates of macroscopic volume elements with 
different co and ad, and the wavelength of the frequency 

Table 1 The various properties of the dipolar processes in the two types of host lattices of some clathrate structures 

Guest moiieclnle E,  (233.2 K) E ,  (165.2 R) -c (233.2 K) aEdip (kJ/mol) PO (Debye) 

Ice Clathmte Tlpe I ctructr~les 
Cyclopropane 
Ethylene oxide 
Trimethylene oxide 
Ice Glntl?iate Txpe II structures 
Nitrogen 
Algon 

SF6 
1.3-Dlouolane 
Propylene oxide 
2,5 Dihydlofilran 
Tetrahydrofuran 
Acetone 
Cyclobutanone 
Trimeth] lene oxide 

- - 

Note: E,  is the equilibrium peumittivity: t, is the high-frequency permittivity: T is the dielectric relaxation time; AE, , ,  is the activation energy; and ,uo ia 
the dipole moment of the guest molecule in the hapor phase. 
Source: (From Ref. [GI,  Table 2). 
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used is large compared with the dimension of the 
congloinerates or inclusions, energy dissipation can occur 
by scattering of radiation at the interfacial boundaries. 
This is similar to the loss of energy by the scattering of 
light by colloidal solutions; but it occurs in the range of 
dielectric absorption frequencies.  axw well's['" treatment 
of this situation and ~ a g n e r ' s [ ' ~ l  and ~ i l l a r s " ~ ~ ~  devel- 
opment of this subject may be found in Refs. [ I ] ,  [2] 
and [28]. 

Briefly, the relaxation time and permittivity cor- 
responding to the effects arising from interfacial bound- 
aries from a heterogeneous material can be calculated 
from the knowledge of odC and of 8,  values of the two 
phases in the heterogeneous system. In a general discus- 
sion of the dielectric effect arising from interfacial 
polarization, Wagner considered an even distribution of 
spherical particles of Phase 2 material with a small 
volume fraction f2, permittivity e2, and conductivity a2 in 
Phase 1 of permittivity cl  and negligibly small conduc- 
tivity. The expressions for the resulting permittivity and 

loss are then given by the following:[21 

where 

Because x,  (I. and < are fixed quantities at a given T, 
the form of Eq. 13 corresponds to a frequency dependence 

Table 2 The various properties of the dipolar processes of the guest (or included) inolecules in the lattice of selected 
clathrate structures 

Guest moleclale T (K) (for 2 = 1.59 ps) AEdir, (kJ1mol) E,  (168 K) Em (4 K) 

Ice Clat~zmte Type I stn~ctz~i-e 
Methyl chloride 
Ethylene oxide 
Trimethy lene oxide 
Ice Clathrate Type 11 strucfl*re 
1.3-D~ouolane 
Tetrahydrofuran 
Acetone 
Cyclobutanone 
Trimethylene oxide 
8-Quinol t lathrate 
Methanol 
Acetonitrile 
Hydrogen cyanide 
Fomic acid 
Urea t lath mte  
Didodecyl ether 
77-Octadecyl bromide 
9-Heptadecanone 
Diarzin's cor~ipozlizd clatlzmte 
Methyl chloride 
Ethyl alcohol 
Acetonitrile 
Cjclodestrin clathrate 
1 1 .Water (8-form) 
p-Nitrophenol ('2-form) 
Manganese squarrlte 
Acetic acid-water 

- -- 

Note: T IS the temperature at uhich the relaxatiotl time of the guest ~nolecule is 1.59 its; AEd,, is the activation energ) of the dielectric relaxation of the 
guest n~olecules: t:, is the equilibrium permittilily: and r;, is the high-frequent) perinittivity at the indicated temperatures 
"See Table 4. Ref. [6] .  for details. 
So~crc.~(': From Ref. [6]. Tables 3 and 1. 
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of the interfacial polarization process identical to that of 
the Debye single relaxation time process. Its spectra shifts 
with change with T only in as much as the quantity i 
changes with T. 

Interfacial processes in the dielectric data obtained for 
biological systems were described by ~ e t h i g . ' ~ '  I-Ie 
sum~narized the formalisms for different shape particles 
and mixtures of particles in a medium, for porous 
heterogeneous systems, for emulsions of various types. 
and for the surface ion conductivity and counterion effects. 
Then, he compared the interfacial processes observed for 
synthetic polymers and biopolymers suspended in elec- 
trolytic solutions. In general, the E' and c" spectrum from 
an interfacial process is broadened as a result of effects 
arising from the particle shape, intra- and interparticle 
interactions, electrical and structural interactions (coa- 
lescence/division) between particles, heterogeneity of 
morphological and electrical properties of particles, and 
frequency dependence of their dielectric behavior; etc. 
This broadness at high frequencies makes e:bterfaciai 
become proportional to (m)" when oj>> I .  with the 
empirical parameter, s < l .  In contrast, s = l  when the 
dipolar process has a single relaxation time and 
oz>> 1, and when ndc of the ionic process dominates 
the c" spectra. 

The e' and  contributions from an interfacial process 
provide no molecular insight. even though such data 
contain information on e, and ndc of the component 
phases. Often. the magnitudes of e(nterfaclal and €/Aterfacial 
are overwhelmingly large.['41 and need to be subtracted 
from the measured e' and s" before attempting a molecular 
interpretation of the dielectric spectra. 

THE ELECTRODE PObARBZATlQN EFFECT 

In this process, ions migrate to the electrode surfaces. 
producing localized concentrations that increase with a 
decrease in u. If a chemical reaction between the elec- 
trode material and the ions also occurs, an irreversible, 
nonequilibrium process sets in, and the effects of the 
reaction products begin to contribute. Such effects are 
observed in liquids and solids and are relatively small at 
high o or low ad, values. But when gdc from the ionic 
process exceeds 1 ,uS/m: the electrode polarization effects 
begin to contribute significantly to the e' and e" values in 
the low-frequency part of the spectrum. and its magnitude 
needs to be determined. 

The electrode impedance, zel, resulting from this polar- 
ization is written as a complex function: z;,=zo(ito)-", 
where z0 is a characteristic of the electrode/dielectric in- 
terface. and the exponent 11 is usually taken to be 0.5.['.'~' 
This is equivalent to a constant phase element in series 
with the bulk dielectric properties of a material. The ex- 
pression for the measured conductance G,n,a, (in Sie- 

mens), for an electrode impedance zel in series with the 
dielectric sample,12.291 is as follows: 

where C0 is the capacitance of the empty dielectric cell; 
e;,,,,, is the measured permittivity; eilLix is the true (bulk) 
permittivity from the dipolar process; and Gbllik is the true 
(bulk) conductance, which is the sum of the ionic and 
dipolar processes. For frequencies when Gt,,ix >> o&'Co 
and l ~ ~ ~ l = z ~ G ~ , , ~ ~ o ~ " ,  Eq. 14 is expanded as a Taylor 
series. After truncating at the first order. it was written as 

and its transformation to 

+ { [a sin (y) ] in'fc + n'llp) C0 ( n  - 1 ,  

ei 1 
(16) 

and 

In Eqs. 16 and 17, the last term is the magnitude of 
electrode polarization. It contributes to e' and e" values. and 
its magnitude depends upon that of gdL. This term is 
evaluated by using a reiterative This polar- 
ization can also be treated empirically in terms of (oj)" the 
frequency dependence of the measured conductivity.[311 

CONCLUSION 

In practice, electrical measurements do not distinguish 
between conduction and polarization currents, because 
only the total current that appears in Maxwell's equation, 
J,,,,, = J0 + (dPldf), is measured. The conduction cunent J,, 
and the polarization cunent (DPldt) need to be separated 
into the electrode polarization, dc conduction, and dipolar 
orientation contributions by using suitable procedures. 
This is particularly the case for a majority of highly 
conducting suprainolecular structures of all types at 
ambient temperatures, with E' and e" data that do not 
show features directly attributable to a molecular dielec- 
tric process. In such cases, Eqs. 16 and 17 are used to 
determine contributions from electrode polarization and 
dc conductivity. On subtraction from the measured e' and 
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e" data. the spectrum of the dipolar process is obtained by 
an analysis described earlier.f301 

Studies of the dielectric properties will certainly 
provide greater insight into the molecular processes that 
determine the applications of supramolecular structures. 
The onset of ferroelectric and antiferroelectric behavior 
and the ordering-ordering transitions in supramolecular 
structures. as well as the dynamics of molecular segments 
in such structures, can be investigated by studying their 
dielectric spectra. 
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Ionophore (literally "ion bearer") is a name given to the 
family of compounds with the principal characteristic that 
is to "promote the transfer of ions from aqueous inediuin 
into a hydrophobic p h a ~ e . " " ~ '  The Shorter 0-xford 
Englisli Dictionary gives the following definition: "An 
agent which is able to transport ions across a lipid 
membrane, in a cell." By extension, ionophores are host 
molecules that bind ionic guests and transport them across 
a membrane, such as a bulk organic phase or a phos- 
pholipid bilayer. In the latter case, the bilayer may be 
present in a cell or subcellular organelle. 

The name was coined to describe the activity of com- 
pounds. such as valinomycin, a naturally occuning cyclic 
depsipeptide that transports K+ ions across membranes 
efficiently and s e ~ e c t i v e i y . ~ ~ ~ ~ ~  A number of natural ion 
transport agents have been identified. They regulate the 
concentrations of the predominant biological cations (Na+; 
K+, ~ g ' + .  and ~ a ' + ) . ' ~ '  Artificial ionophores were first 
prepared to serve as models for their natural but more 
complex counterparts. They now comprise a broad family 
of compounds that includes inter alia, podands, crown 
ethers. lariat ethers: and cryptands. 

The name ionophore suggests a "bearer" or carrier 
function. Cations are typically transported across a mem- 
brane by a carrier or a channel mechanism. Channel 
function is less well understood but is generally thought to 
involve the formation of a transmembrane pore through 
which ions pass. Effectively, a channel is a scaffold or 
superstructure that facilitates this process. In contrast, the 
ionophores discussed here typically f~~nct ion by a carrier 
mechanism. An ionophore is usually soluble in a hydro- 
phobic or membrane phase. The ionophore (host) captures 
the guest ion at the aqueous-hydrophobic interface. The 
complex diffuses across the hydrophobic membrane or 
barrier phase. At the opposite interface, guest release oc- 
curs, passing the ion into the second aqueous phase. The 
ionophore or host molecule then diffuses back to the op- 
posite interface. where the process is repeated until equi- 
librium is reached. 

In one sense, ionophores comprise a superfamily that 
includes all compounds that bind a charged (ionic) spe- 
cies, screen its charge so that transport across a highly 

hydrophobic phase becomes feasible, and release it at the 
end of the transport process. Taken together, the number 
of compounds that are more or less effective at transport- 
ing cations is large. We briefly describe this family below, 
but the reader is directed to other, more specific entries 
that deal with individual compound groups. 

CLASSES QF BONOPHORES 

Any classification scheme is necessarily arbitrary, but 
ionophores are often divided into two groups: naturally 
occurring and synthetic. A subclassification distinguishes 
on the basis of open-chained (noncyclic) versus cyclic. 
Examples of the latter typically exceed the former because 
binding site preorganization and geometric complemen- 
tarity are usually easier to achieve or ensure in a cyclic 
structure when the goal is to complex a spherical ion. 

Natural GycBic lonophores 

Valinomycin 

~ a l i n o ~ n y c i n ' ~ ~ ~ ~ ~  is probably the best known and charac- 
terized of the natural ionophoretic, antibiotic compounds. 
It is a K+-selective carrier molecule that is produced by 
Streptonlyces firlvissirn~is."~~ It is a dodecadepsipeptide 
comprised of 12 alternating amino and hydroxy acids to 
form a neutral, macrocyclic ionophore (Fig. 1). 

The macrocyclic ring of valinomycin contains 36 
atoms and is flexible. It is too large to complex a K' ion. 
for which it is selective, in a two-dimensional fashion. 
Instead, it wraps about the cation in what has been called a 
"tennis ball seam" conformation. Because of the confor- 
mational flexibility, this host molecule readily binds and 
releases the cation. This is a critical issue for transport 
because both complexation at one interface and cation 
release at the opposite interface must take place with rea- 
sonable rates or strong complexation and fast diffusion 
will be to little avail. 

When complexation takes place, two water molecules 
may be included in the M+ coordination sphere, giving a 
coordination number of eight. As the carbonyl groups turn 
inward to complex the cation, the nine isopropyl and three 
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Fig. 1 Chemical structure of valinomycin (left). ~ - V a l  and L-Val are the D- and L-enantiomers of valine. D-Hyi is D-hydroxyisovaleric 
acid. and L-Lac is L-lactic acid. A solid-state structure of the potassium complex is shown on the right. (View this art in color at 
www.dekker.com,) 

methyl groups turn outward to interact with the hydro- 
phobic medium. This conformation effectively creates a 
solvent gradient from the nonpolar exterior to the polar 
coordination site. As such, the complex is soluble in hy- 
drophobic membranes. and transport is effective. 

Enniatins 

Enniatins A (also called lateritiin I) (Fig. 2). B, C, D, E, 
and are antibiotics synthesized by various strains of 
the genus ~usa i . iu rn . [ '~ -~~]  Like valinomycin, they are 
cyclic compounds, but they differ in several respects. 
First, the enniatins are cyclohexadepsipeptides, so they are 
half the size of valinomycin. Second, their ring nitrogen 
atoms are methylated. In contrast to valinomycin, they 
show poor ion selectivity. The prototype of this family is 
enniatin B, a cyclohexadepsipeptide assembled by three- 
fold repetition of the L-N-methylvaline D-hydroxyisova- 
leric acid subunit. When L-N-methylvaline is replaced by 
L-N-methylphenylalanine in this repeating sequence, 
beauvericin results. 

Enniatins form 1:l and 1:2 complexes with cat- 
i o n ~ . [ ~ ' . ~ ~ '  Structures were obtained for the Na+; M+, Rbi, 
and J3a2+ complexes. Cornplexation occurs as a result of 
carbonyl donor groups interacting with the bound cation. 
The conformations of Na+- and K+-bound enniatin B 
complexes differ little in overall conformation. This fact 
may account for the poor cation selectivity. 

Nactins 

Nonactin (Fig. 2 )  is a macrotetrolide antibiotic comprised 
of four nonactic acid groups that have alternating chi- 
rality. Nonactin is of historical interest. as its potassium 
co~nplex was the first solid-state structure of an ionophore 
complex to be resolved.[231 The resulting structural in- 
sights were valuable in explaining the formation of such 

complexes and in understanding transmembrane trans- 
port. It is interesting to note that the macr~ te t ro l ides~~"~~ '  
exhibit a broad range of biological activities. including 
antibacterial, antifungal, antitumor, and immunosuppres- 
sive activity. 

Natural NoncyclCc Bonophores 

Nigericin and related compounds 

Nigericin, monensin, grisorixin, ionomycin, and many 
other compounds are structurally related and may be 
grouped into a family.[30-'71 All are carboxylic acid ion- 

enniatin A 

nonactcn 

Fig. 2 Structures of enniatin A and nonactil~. 
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Fig. 3 Structures of nigericin, monensin. and salinomycin. 

ophores that contain tetrahydrofuran and tetrahydropyran 
structural units. ~igericin. '"~ the structure of which is 
shown in Fig. 3. contains three five-membered and three 
six-membered rings in a noncyclic arsay. 

Although these compounds are acyclic,'3y1 they adopt 
semicircular conformations in which the oxygen hetero- 
atoms are focused for cation The uncom- 
plexed forms may adopt a cyclic conformation as a result 
of hydrogen-bond formation between the molecule's head 
and the tail. It is interesting to note that valinomycin 
transports cations (typically K+) into mitochondria: the 

carboxylic ionophores in this family typically transport in 
the opposite direction. The ionophores in this group are 
deprotonated at physiologic pH (7.4), so their complexes 
with alkali metal cations are ordinarily neutral. Nigericin 
has 11 oxygen atoms, all of which could potentially 
interact with a bound cation. Typically. however, only 
five to seven donors coordinate. The donor number has 
been attributed to the lack of symmetry in these 
ionophores and to conformational restrictions caused by, 
inter alia. the spiro ring junctions. 

Several other natural, acyclic carboxylic ionophores 
are known. Among these, salinomycin is notable for its 
unusual tricyclic spiroketal ring system. Further, the ester 
of salinomycin affords complexes that have a helical, 
rather than "circular," confo rmat io~~ . '~ '~  ~onomycin'"' 1s ' 

likewise notable as the first example of a dibasic ion- 
ophore to be discovered. Ionomycin has a high affinity for 
divalent cations such as c a 2 +  and cd2+ ,  owing to the 
presence of an enolized P-diketone. 

Artificial Noncyclic Bonophores 

Crown ethers are two-dimensional, cyclic, cation-com- 
plexing agents. The corresponding three-dimensional an- 
alogues are called cryptands. The open-chained (non- 
cyclic) analogues of crown ethers are generally referred to 
as podands. Like the crowns and cryptands. their struc- 
tures include oxygen. nitrogen, sulfur, or other donors 
typically separated by ethylene units. The donors may be 
part of a small ring. such as tetrahydrofuran, and the 
ethylene or other carbon spacer units may be part of other 
structures. such as a benzene ring. 

Polyethylene glycols 

Polyethylene glycols. acyclic con~pounds having the re- 
peating (OCH2CH2) units, have been known for many 

Fig. 4 Structures of open-chained '.podand" cation complexing agents 



Fig. 5 Synthetic, pyran-containing open-chained ionophores. 

years. The chains may be terminated by hydroxyl groups 
[HO-(CH2CH20),H], by one alkyl group [RO(CH2CH2- 
O),H], or by two alkyl residues [R 'o(cH~cH~~) , ,  R ~ ] .  In 
the latter case, R' and R2 may be the same or different, but 
the most common exaniples are mono- and dimethyl 
ethers. The molecular weights known for these com- 
pounds range from hundreds to millions of Daltons. The 
polyethylene glycols are commonly referred to as 
"PEGS," and the methylated derivatives as "MPEGs." 
Polyethylene glycols are available commercially under a 
variety of trade names, including "Carbowax," typically 
followed by a number indicating the molecular weight. 
For example, Cai-bowax 300 is a liquid having approxi- 
mately seven repeating ethyleneoxy units. The designa- 
tion PEG-2000 refers to a polymer mixture of the type 
HO(CB2CH20),H, in which n is about 45. MPEG-2000 
has the formula CH30(CH2CH20),H, but n remains about 
the 

Attachment of a polyethylene glycol chain to, for 
example, a protein, is called "PEGylation." The covalent 

attachment of PEG chains to drugs, peptides. proteins, and 
other substances often has the effect of increasing the 
derivative's circulation time in the bloodstream. This 
derivatization was also found to reduce the immuno- 
genicity of the conjugate in some cases.'"' 

Polyethylene glycols are similar to crown ethers except 
that they are linear rather than cyclic o l i g ~ r n e r s . ' ~ ~ '  
Accordingly, they can bind cationic species, just as do 
crown ethers."5471 An important difference is that crowns 
are preorganized in a cyclic conformation that PEGS must 
adopt with a corresponding entropy cost. Thus, a crown 
ether will typically bind a cation more strongly than will a 
PEG of corresponding molecular 

Ion-selective, open-chained ionophores 

Simon and coworkers prepared numerous novel open- 
chained compounds that exhibited cation ~ e l e c t i v i t ~ . ~ ~ ~ - ~ ' ~  
Some of these compounds were incorporated into ion- 
selective electrodes. An especially successful application 
is their use in the detection of divalent calcium cation. 
Several of the structures developed in the Simon labora- 
tory are shown in Fig. 4. 

Oligotetrahydropyrans 

Still and coworkers prepared a family of polytetrahydro- 
pyran derivatives such as those depicted in Fig. 5.'58-601 
These compounds are preorganized by virtue of their 
stereochemistries into conformations that are appropriate 
For cation binding. These conformations confer upon them 
ionophoretic abilities that sometimes exceed those of 
crown ethers containing the same number of donor atoms. 

crown ether lariat ether cryptand spherand 

carcerand sepulchrand calixarene 

Fig. 6 Structures representing major classe5 of ionophores. 



Ionophores 

Compounds such as the one shown in the bottom of 
Fig. 5 are conformationally locked; the oxygens are held 
in the same geometry observed in the solid-state structure 
of the 18-crown-6 potassium complex.1611 Most of these 
compounds are chiral and are capable of enantioselec- 
tively complexing chiral ammonium ions.[62-641 

Artificial Cyclic lonophores 

The ion-bearer concept applies to cyclic and bicyclic 
~nolecules as well as to the open-chained counterparts 
described above. Complexing agents such as crown ethers 
comprise such an enormous class. however, that they are 
usually referred to by the more specific cognomen. This 
tradition applies to lariat ethers. spherands. cryptands, 
carcerands, calixarenes, sepulchrands, and numerous other 
compounds that are dealt with separately in this Encyclo- 
pedia. Structures exemplifying these various families are 
shown in Fig. 6. 

Ionophores are ion-bearers. In order to bear or carry ions, 
they must also complex them. The complexation and 
transport of cations depends to an appreciable extent on 
the ion, the medium. the ionophore's structure, the 
counterion, and other variables. The reader is referred 
to other articles in this Encj~clopedia for information 
concerning structures that encapsulate ions. For a more 
detailed discussion of complexation and complexing 
agents, the reader should consult Ref. [65] and informa- 
tion therein. 

ARTICLES OF FURTHER INTEREST 

Cmwrz Ethers, p. 326 
Ctyptnrzcls, p. 334 
Lariat Ethers. p. 782 
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Crystal isosti-ucturality refers to identical or nearly 
identical packing arrays of chemically distinct compounds 
and is inversely related to the phenomenon of polymor- 
phism, which, instead. refers to the ability of a single 
compound to crystallize in different packing arrays.i" A 
series of isostructural inclusion compounds is typically 
based on a common host framework with voids that may 
be occupied by different guest molecules. The constant 
guest environment provided by such a series is a factor that 
facilitates interpretation of the mechanisms of processes 
such as thermal decomposition and guest exchange. 

GENERAL SIGNIFICANCE OF 
CRYSTAL lSOSBRlBCTURALlTY 

Description of Isostructura!ity and its 
implications in Supramolecular Chemistry 

"Crystal isomorphism" is a term used to indicate 
similarity in crystal morphology and, as such, is 
inappropriate for describing two or more crystals contain- 
ing essentially the same three-dimensional arrangement of 
geometrically similar structural units. For such systems, 
the term "isostructural" is appropriate.111 Crystal iso- 
structurality of organic compounds was initially recog- 
nized as an interesting aspect of the packing of 
structurally similar molecules. In recent years, with the 
explosive increase in the number of published crystal 
structures, its increasing frequency of occurrence, espe- 
cially among inclusion compounds, has generated 
renewed interest. In a strict definition, isostructural 
compounds crystallize with similar unit cell dimensions, 
the same space group, and almost identical atomic 
coordinates for common atoms. This implies that the 
entire atomic array of one crystal is virtually superim- 
posable on the array of its isostructural partner. Crystal- 
lographers have for many years used isostructurality to 
advantage in the solution of crystal structures by the so- 
called isomorphous replacement technique. 

A series of isostn~ctural inclusion compounds presents 
a unique opportunity to investigate structure and property 
relationships, because one structural degree of freedom, 

namely the host arrangement, is effectively constant. If 
the guests are volatile, thermal analysis can be used to 
establish whether the guest loss event has common or 
widely disparate thermodynamic and kinetic parameters. 
Interpretation of such data can lead to postulation of a 
mechanism for desolvation, especially if the structure of 
the resulting polymorphic form has also been established. 
In principle, two members of a series of isostructural 
inclusion con~pounds may yield the same or different 
polymorphs on desolvation. Guest exchange processes are 
most easily interpreted in the case of isostructural 
inclusion compounds; because the exchangeable guests 
in these species occupy voids or channels of virtually 
identical topology, and the complicating appearance of 
new solid phases is eliminated. 

Two isostructural inclusion con~pounds are most 
conveniently identified as such from close col-respon- 
dence between their powder x-ray diffraction (PXRD) 
patterns. Shown in Fig. 1 are representative crystal 
structures of three members of an isostructural series of 
inclusion compounds with their corresponding PXRD 
patterns.121 The angular positions of the diffraction peaks 
are dictated by the respective lattice constants, which for 
isostructural compounds frequently differ by very small 
percentages, resulting in near coincidence of peak 
positions. Peak intensity differences, however, reflect 
differences in the structures and orientations of the guest 
molecules present. These features of PXRD patterns may 
be exploited in developing a reference pattern for a series 
of isostructural clathrates, useful for identifying and 
characterizing clathrates of new guests of the same host 
unequivocally. More than one series of isostructural 
clathrates may exist for a given host, and their reference 
patterns may permit a finer level of structural character- 
ization, including space group discrimination. 

DEFINITION AND QUANTIFICATION 
OF ISOSTRUCTURALITY 

lsoslructurality and Homeostructurality 

Since the 1980s, KBlmin and his rchool have been largely 
responsible for systematizing the notion of isostructurality 
for organic compounds[31 and for developing numerical 

Enc~clopedru of Strprumoleculnr Chernzstn 
DO1 10 1081E-ESMC 120012813 
Copyright 0 2004 by Marcel Dekker, Inc All r~ghts reserbed 



Hsostructurality of  Hnclusiol~ Compounds 

atA 8.129(2) 
1 19.07'7(2) 
1 11.256(2) 
p / O  101.56(1) -. 

6 = chloroform 

Fig. B Space-filling representation of the common host framework adopted by 5-methoxysulfadiazi~le in three isostructural clathrates 
(space group P2,ic) and cavity occupation by the respective guests. Also shown are the unit cell data and PXRD patterns for the 
clathrates. (Adapted from Ref. [2] with permission from Gordon and Breach Publishing and Taylor & Francis.) 

indicesi" with which to quantify the extent of isostructur- 
ality shared by two or more crystal structures. A synopsis 
of their classification follows. Distinction is made 
between "isostructural" and "homeostructural" crystals. 
In the former, crystals are characterized by having small 
differences on the surfaces of their respective molecules. 
which are otherwise isometric ("main part isostructural- 
ism"). a pre-requisite for the formation of identical 
packing motifs. Small molecular differences include a 
substituent difference at a common site. e.g.. H-CH3 
substitution as in digitoxigenini(2 1 S)-methyldigitoxi- 
genin."] or chirality differences at a common site. The 
term "homeostructural" allows for more relaxed forms of 
isostructurality, in which substitution occurs at more than 
one atomic site on the related molecules. As regards 
molecular associates, such as clathrates with similar host 
substructures but containing different guest molecules in 
coinmon cavities, crystal pairs of this type may be iso- 
structural to a greater or lesser extent. and in the latter 
case, are included among the homeostructural cases. 
Ideally. classification can be based upon computed values 
of the various isostructurality indices available (see 
below), but this is not yet common practice. Instead, 

recent literature abounds with the term "isostructural," 
eben for systems that should properly be called "ho- 
meostructural." In the absence of quantitative data for 
most systems, the term "isostructurality" is used here 
henceforth, but the finer distinctions recommended by 
Milmin and coworkersi" should be borne in mind. 

indices of lssstruetksrallty 

Indices for measuring the extent of isostructurality of two 
or more organic crystal structures can be applied not only 
to homo~nolecular crystals but also to molecular associ- 
ates. such as inclusion compounds. A qualitative summary 
of these descriptors follows, and the reader is referred to a 
recent account for explicit mathematical  definition^.^'^ 
Earlier descriptors of isostructurality included the ""d- 
gree of isostructurality" Ii(n) (based on the distance dif- 
ferences ARi between the crystal coordinates of identical 
nonhydrogen atoms within the same section of the 
asymmetric units of two or more related structures); the 
packing coefficient increment. A(pc): and the unit cell 
si~nilarity index H. '~ '  



Isostnacturality of IncEusion Compounds 

Recently; Fibiin and KBlman highlighted certain 
limitations in the above indices. proposing that the degree 
of isostructurality of two or more structures be based 
instead on the extent of their volume overlap."] They 
accordingly defined a "volume isostructurality index" 
represented by the ratio of the volume overlap of the two 
compared fragments and their average volumes. This 
parameter, computed over the entire unit cell, has merit in 
that it can be used selectively on two or more related 
inclusion compounds to measure the levels of isostructur- 
ality between the entire crystal structures, the hosts alone, 
or the guests alone. 

OCCURRENCEANDCONSEQUENCES 
OF ISOSTRUCTkaRALlTY 

Classes of inclusion Compounds 
Exhibiting lsostructurality 

Isostructurality occurs frequently in many classes of 
inclusion compounds. Here, selected examples are drawn 
from several classes displaying this tendency, starting 
with clathrate hydrates and metal-containing inclusion 
compounds. The inherent stabilities of many host frame- 
works are conducive to the formation of isostructural 
series. At the other extreme, however, isostructurality 
may also arise in situations where the host is unstable, 
originating only within the clathrate phase, which self- 
assembles in the presence of guest molecules. 

Isostructurality among clathrate hydrate phases is 
common. the known isostructural types being based on 
different but well-defined combinations of polyhedral 
water frameworks that accommodate guest molecules of 
different sizes. From diffraction data, it is known that, 
e.g., the hydrates of N2, 8 2 ,  and air are isostructural. 
belonging to "structure Type TI" with cubic symmetry 
(Fd3m) and unit cell dimensions in the range of 17.07- 
17.24 A.'" The voids occupied by the guest molecules in 
this series are pentagonal dodecahedra and hexakaideca- 
hedra. Clathrate hydrates containing substantially larger 
guest lnolecules (e.g.. methylcyclohexane, t-butyl ether) 
belong to a different isostructural series crystallizing in 
the hexagonal system. These and other clathrate hydrates 
are known to have isostructural counterparts among the 
clathrasils (clathrates based on the Si02 host framework). 

Numerous instances of isostructurality among Hof- 
mann clathrates. M(WH3)2M'(CN)4.2G, are known. the 
high frequency of occurrence probably owing to the fact 
that this family of inclusion compounds has been studied 
extensively over a long period. In addition. isostructur- 
ality can manifest itself in different ways, e.g., with either 
M. M' fixed and guest G variable or with M, iM' variable 
and a common guest. An example in the former category 

is the pair Fe(NH3)?Ni(CN)4.2G with G=benzene and 
pyrrole'61 crystallizing in the tetragonal system with 
similar unit cell dimensions. The clathrate with the more 
symmetrical guest, benzene, crystallizes in the space 
group P4/mmm, while the pyrrole clathrate crystallizes in 
P4Im. The isostructural host frameworks, however, share 
the high symmetry of P41mmm. Isostructurality in a 
system of the second type occurs in the series 
M(N113)2Ni(CN)12C6H6, where M=Mn. Ni, Cd, and 
Cu.17] Here, a linear increase in the lattice constant a of 
the common tetragonal unit cell is observed and is 
attributed to the increasing ionic radius of M. 

Isostructurality is maintained in variants of the classic 
Hofmann clathrates, in which the host ammonia ligands 
are replaced by N-substituted ~ ~ o - d i a m i n o a l k a n e ~ , ~  e.g., 
N-methyl-l,3-diaminopropane (mtn). Thus, the host 
H=Cd[CH3NI-f(CH2)3NH2]Ni(CN)4 forms a series of 
isostructural clathrates 2H.G with no fewer than 27 
guests. Isostructurality was deduced from close corre- 
spondence among the PXRD patterns, all of which could 
be indexed as tetragonal. based on the single crystal x-ray 
structure of one member of the series (G=cyclohexane). 
When the ligand mtn is replaced by N, N-dimethyl-1,3- 
diaminopropane and 2-hydroxyethylmethylamine, the 
resulting hosts form several clathrates each, also iso- 
structural with the series based on mtn. Despite a wide 
variety of guests incorporated in the three host frame- 
works, the a and c unit cell dimensions for all of the 
clathrates are in the narrow ranges of 14.12-14.33 and 
7.69-7.85 A, respectively, suggesting that a high level of 
host isostructurality is maintained throughout. 

Werner complexes, MA4X2, and their  variant^'^' also 
form numerous series of isostr~tctural clathrates, but in 
contrast to the Hofmann clathrates, the host substructure 
comprises discrete molecules rather than being polymeric. 
In limiting cases, such host molecules may be so unstable 
that they do not exist as a separate phase but arise only 
inside the clathrate phase during its formation (the 
phenomenon of "contact s t ab i l i za t i~n ' "~~~) .  Isostructur- 
ality may also occur in such systems. A case in point is 
the isostructural pair [M(Py)4(N03)2] .2Py, M=Zn,Cd, 
and Py=pyridine. A common space group (Ccca) and 
similar unit cell dimensions were deduced for these 
clathrates from single crystal x-ray data.'lO' The existence 
of the host molecules within the clathrates as well as their 
essential structural features were infel-sed by analogy with 
the isostructural species [Ni(Py)4(N03)2].2Py on which 
complete x-ray analysis had been performed earlier. 
Isostructurality in the space group Ccca is maintained 
when the nitrate ion of the previous series is replaced by 
cyanate to yield a series of seven clathrates [M(PY)~(N- 
C0)2] .2Py, ~ = M n - ~ n . C d . ' " l  Their isostructural nature 
was deduced by comparison of space group and unit 
cell data, with those for [Ni(Py)4iWCB)2].2Py, whose 



Psostructlaraliky of Inclusion Cornpolands 

structure in space group Ccca was determined fully. These 
seven coinpounds represent the longest known row of 
isostructural clathrates of type [ M ( P Y ) ~ X ~ ] . ~ P ~  contain- 
ing the same &and X. Tntroduction of the slightly longer 
azido ligand in the hosts of the clathrates [M(Py)4(N3)2]. 
2Py. M=Ni.Co leads to a change in the crystal structure 
from space group Ccca to Pnna, which is common to this 
isostruct~tral pair.'"l This illustrates that apparently small 
chemical variations in Werner compounds can induce sig- 
nificant morphotropic shifts. The host [Ni(MePy)4- 
(NCS)2]. MePy=4-methylpyridine, is a versatile clathrate 
former giving rise to cage, organic zeolite, and layered 
structures, and including guests ranging from rare gases 
to organic molecules the size of The clath- 
rates of, e.g., benzene, p-xylene. and MePy, form a well- 
known isostructural series crystallizing in the tetragonal 
space group 141/a. Inclusion of larger molecules (e.g., 
naphthalene derivatives) by the host [Ni(MePy)4(NCS)2] 
involves a change in structure from tetragonal to triclinic 
with an accompanying change in the topologies of the 
voids occupied by guests."" The clathrates [ N i ( M e p ~ ) ~ -  
(!LVCS)~].~G, G=2-methylnaphthalene and 2-bromonaph- 
thalene are isostructural, crystallizing in the space group 
PI with similar unit cell dimensions. Not surprisingly, 
isostructurality extends even to the guest molecules, and 
this was exploited in the structure solution of the 2-bi-o- 
monaphthalene clathrate by isomosphous replacement. 

Isostructurality among inclusion conlpounds of organic 
hosts and guests occurs widely, and selected cases are 
highlighted here. An isostructural series derived from a 
specific host cocrystallizing with a range of guests rep- 
resents the most common situation. The bile acids, cholic 
acid (CA) 1 and deoxycholic acid (DCA) 2, exemplify 
such hosts."" Their inclusion compounds generally 
feature an assembly of host bilayers with the guest mol- 
ecules enclosed within cavities or helical channels. CA 
cocrystallizes with the aliphatic esters ethylacetate and 
ethylpropionate to yield an isostructural pair of I :  1 host- 
guest stoichiometry i11 the space group P21.L151 Inclusioll 
of 12-propylacetate, i-propylaceiate, and n-butylacetate re- 
sults in a rnorphotropic change to a new isostructural 
series, again crystallizing in P21 but with distinctly dif- 
ferent unit cell dimensions. The structural change in- 
volves a shift in the relative positions of the host bilayers, 
yielding channels with different cross-sectional shapes to 
accommodate the new guests. 

Synthetic diol host compounds are prolific clathrate 
formers.['61 Among these are the alicyclic diols (e.g., 3) 
that cocrystallize with a large variety of guests to form 
helical tubulate inclusion compounds."71 Here, isostruc- 
turality may occur within a series of inclusion compounds 
containing a common host and variable guests, while 
homeostructurality is evident between some clathrates in 
which both the host and the guest differ. KBlmBn used 
several of these compounds as models to illustrate the use 
of indices to quantify individually the levels of isostruc- 
turality among hosts, guests, and the entire clathrate 
structures."] The diol 4, which was used to separate close 
isomers of several organic compounds,"81 forms an 
isostructural series with guests methanol, ethanol, 2- 
propanol. and n-butanol of 1: 1 H:G stoichiometry in the 
space group PI. The host framework is a double ribbon 
inorif, and guests are located in channels formed by host 
layers. The unit cell parameter normal to the layers shows 
a steady increase from 12.9 to 14.8 A as guests of 
increasing size are accommodated. 

The host tri-o-thymotide 5 was reported to form over 
140 clathrates with guests of the most varied shapes."91 
These clathrates crystallize in about a dozen isostruc- 
tural series, the most populous belonging to space group 
P3121. For several of these series, a linear relationship 
between unit cell size and guest molecular volume 
was observed. 
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Clathrates of tetraphenylene 6 form a single isostruc- 
tural series (P42/n) with H:@ ratio 2:1, in which guests 
range in size from dichloro~nethane to ~ ~ c l o h e x a n e . ' ~ ~ ~  
Guests occupy common spheroidal cavities generated by 
the isostructural host framework. Elaboration of the host 6 
to the more bulky tetrabenzo[b,h,n,t]tetraphenylene 4 
produce, no fewer than three distinct isostructural series 
of clathrates (two triclinic, one monoclinic). 

The yellow polyphenol pigment gossypol 9 is undis- 
criminating in its formation of inclusion compounds with 
organic guests and was recently dubbed the "universal 
clathrate-forming Over 100 crystalline forms 
of gossypol, including clathrates and polymorphs, have 
been identified. Single crystal and powder x-ray diffrac- 
tion studies enabled the classification of these species into 
24 groups of isostructural crystals represented in the space 
groups P i ,  P21, P21/c, C2, C2/c, and Pbcn. Such diversity 
in the types of supramolecular associates formed by 
gossypol is attributed to the presence of several polar 
functional groups in the molecule, as well as conforma- 
tional mobility and its racemic nature. These permit the 
existence of a variety of centrosyinmetric host dimeric 
motifs from which the substructures in the various 
isostructural clathrate series are constructed. 

The prototype hexa-host 8 forms an isostructural series 
of H:G ratio 1:2 with halogenated species (e.g., CC14, 
CCI3Br) crystallizing in space group ~ 3 . [ ~ ' ]  The latter 
space group and those derived by lowering its symmetry 
are characteristic of phenolic clathates; isostructural 
series of P-hydroquinone clathrates crystallizing in R3 
and R3 are famil~ar examples.['21 

The cyclodextrins represent another group of hosts 
giving rise to numerous isostructural series of clathrates. 
Crystalline cyclodextrin complexes are generally ternary 
systems, containing host, guest, and water molecules. A 
recent survey of crystal structures of cyclodextrin 
inclusion complexes with organic guestsC2" showed that 
for B-cyclodextrin 10, at least eight isostructural series 
can be identified. This host can f o ~ m  monomeric com- 
plexes but more frequently yields dimeric complexes in 
which the guest is encapsulated within a hydrogen-bonded 
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host dimer. Three of the eight isostructural series are 
represented by sets of monomeric con~plexes (all crys- 
tallizing in space group P2, but with distinctly different 
unit cell dimeilsions). while the remaining five isostruc- 
tural series occur in P I ,  P l l ,  C2. and C222, and are based 
on distinct modes of packing of dimeric complex units. 
Reference PXRD patterns for these and other isostructural 
series of cyclodextrin inclusion complexes have been 
generated. and their utility in identifying new complexes 
has unequivocally been demon~trated.'"~ Shown in Fig. 2 
is an empty P-cyclodextrin dimer that occurs in the iso- 
structural series in space group P2,, a cutaway view re- 
vealing the topology of the channel available for guest 
accommodation and channel occupation by two different 
guests in this ~eries.~"' Assignment of a new inclusion 
compound to a particular isostructural series using PXRD 
is valuable. because this immediately defines the host 
arrangement as well as the void topology. 

Issstkucturality-Reactivity Correlations 

Although isostructurality of inclusion compounds is 
frequently identified, published accounts of its role in 

Fig. 2 Space-filling representations of (from left to right): 
empty P-cyclodextrin dimers, a sectioned view showing the 
empty channel. and sectioned views showing channel occupa- 
tion by (L)-menthol and (R)-fenoprofen guest molecules in the 
isostructural clathrates. (Prepared from data in Ref. [25].) (View 
this art iiz color crt ~~~~~w.rEekkeeco i~z . )  

reactivity (e.g.. formation. thermal decomposition, selec- 
tive enclathration; guest exchange) are generally lacking. 
Several topical aspects of isostrucrurality are illustrated 
by the following recent case studies. 

Isostructural clathrates based on certain inetal molec- 
ular complexes display different thermal properties.["1 
For the isostructural series [MPy4(NC0)2] .2Py. M=Mn- 
Zn.Cd, the thermal stability order of the first four 
members is Mn<Fe<Co<Ni, and they desolvate to give 
the host phase [MPy4(NCO)2]. The Cu clathrate, however, 
loses all four moles of pyridine in a single step, with no 
subsequent evidence for the host phase, while the Cd 
clathrate shows intermediate behavior. sometimes reveal- 
ing the host phase during incongruent melting of the 
clathrate. Consideration of similar trends occurring in 
related series led to the conclusion that the thermal 
stabilities of these clathrates depend on those of the 
coordination bonds in the host molecule and therefore 
upon the nature of the metal center. Only in cases where the 
host phase is sufficiently stable to remain intact during 
all processes is clathrate stability governed by host-guest 
complementarity. 

Nonuniform behavior during therinal decomposition 
was also reported for isostructural organic inclusion 
compounds. The "wheel-and-axle" host 11 forms 
isostructural clathrates H .  (THF)2 and H.( l ,3-dio~olane)~.  
in which one set of guest molecules is sandwiched 
between host phenyl rings.1261 Thermal desolvation of the 
clathrates is a one-step process, but despite the higher 
volatility of the pure solvent THF, the onset temperatures 
for desolvation are 116 and 87"C, respectively. It was 
argued that in the THF clathrate, there is net stabilization 
due to attractive host-guest n. . .HC(methylene) interac- 
tions that outweigh the TC. .  .O(ether) repulsive interac- 
tions. The reverse is obtained for the guest 1,3-dioxolane 
with the larger complement of oxygen atoms, accounting 
for the lower stability of its clathrate phase. 

Host-guest hydrogen bonding differences underlie the 
anomalous thermal stabilities of the isostructural clath- 
rates H .  (MeOH)o.5, H.  (EtOH)o 5, and H.  (H20)0.67. where 
H=tetroxoprim 1 2 , ' ~ ~ l ~ h e s e  likewise desoivate in a single 
step with onset temperatures in the order t(H20)<t(E- 
tOH)<t(MeOH), which is unexpected in view of the 



relative volatilities of the guests. X-ray studies subse- 
quently showed that the guest -OH group in MeOH acts 
as both donor and acceptor in hydrogen bonding to the 
common host framework, whereas for EtOH, the hydroxyl 
group acts as donor only. In the hydrate, guest disorder 
and low partial occupancy account for the weakest host- 
guest interactions. On the other hand, normalized en- 
thalpy changes for desolvation increase in the order 
H20<MeOH<EtOH relative to the enthalpies of vapor- 
ization of the pure solvents. This was attributed to the 
increasing energy required to effect diffusion of guest 
molecules of increasing steric bulk through the transform- 
ing solid phase. 

In contrast to the above cases. uniform behavior was 
observed for the thermodynamics as well as the kinetics 
of desolvation of the system shown in Fig. 1 ,  namely, the 
isostruct~lral 1 : 1 clathrates of 5-sulfamethoxydiazine 
(SMD) 13 with chlorofom, THF. and 1.4-dioxane as 
guests.12' This was ascribed to the presence of uni- 
formly weak host-guest interactions within the identical 
guest-filled cavities of the SMD framework and the 
similarities in guest steric bulk. These clathrates yielded 
the same SMD polymorph on desolvation. 

The question of the influence of isostructurality on the 
identity of the polymorph resulting from clathrate 
desolvation is an important one. because this process is 
a potential route for obtaining new polyn~orphs. One 
example is cited here, namely. that of gossypol 9 for 
which each of six isostructural groups of tubulate clath- 
rates yields a distinct polymorph on de~olvat ion. '~~ '  

Unusual control of host-guest stoichiometry in iso- 
structural clathrates of mixed guests was recently re- 
ported.'281 The diol 14 forms isostructural clathrates H.4A 
and H.4B (A=dimethylformamide. B=diinethyl sulfox- 
ide). Investigation of the selectivity of H in mixtures of A 
and B spanning the entire concentration range 0 5 xa 5 1 
yielded the stepwise competition profile shown in Fig. 3, 

leading to isolation of three intermediate clathrates 
H.3A.B.  H.2A.2B, and H.A,3B,  which are isostructural 
with those containing the pure solvents. 

Exchange of silnilarly sized guests molecules should 
be facilitated if they form isostructural inclusion com- 
pounds with a particular host. This was demonstrated 
using diol 15, which forms isostructural clathrates H . 2 6  
[G=tetrahydrofuran (THF) and thi~phene]. '~" The ex- 
change was carried out by exposing a powder of H.2TMF 
to thiophene vapor in a closed system and monitoring the 
products periodically by the DSC technique. The facility 
of guest exchange was ascribed to the isostructurality of 
the clathrates and the fact that their computed lattice 
energies are comparable. The presence of apohost could, 
however, be detected during the exchange process. Guest 
exchange via gas-solid contact also occurs in isostruc- 
tural clathrates of 16 with compositions H.(EtOH)2, 
H.(n-PrOH)2. and H.(~-P~OH)~.["]  These clathrates con- 
tain an isostructural host framework with the guests lo- 
cated in channels. Exposure of, e.g.. H.(EtOH)2 to r z -  
PrOH vapor results in gradual, but complete: replacement 
of ethanol by n-propanol. In this system, guest exchange 
does not proceed via the apohost, because pure H does not 
form these clathrates by a gas-sorptive mechanism. Guest 
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Fig. 3 Left: Results of competition experiments. The symbol XB represents the mole fraction of Guest B in the liquid mixture and ZB 
that of Guest B enclathrated in the inclusion compound. The diagonal line represents zero selectivity. Right: The five isostructural 
species isolated. H represents the host molecule (on a center of symmetry), and guest disorder is implied in H.3A.B and H.A.3B. (From 
Ref. 1281. Reproduced by permission of the Royal Society of Chemistry.) 

elimination was also observed in this system. Recrystal- 
lization of host 16 from MeOH does not yield an inclusion 
compound but rather a polymorph of the host. Accord- 
ingly, when the three clathrates containing ethanol and the 
propanol isomers were exposed to methanol vapor, guest- 
free host solids resulted in all cases. An explanation for 
guest elimination is that while MeOH molecules are able 
to enter the crystals and displace the respective guests, 
their small size prevents them from stabilizing the wide 
channel (originally "designed" for larger guest mole- 
cules), and the structure collapses to that of the apohost. 

The examples above serve to illustrate that both uni- 
form and diverse behaviors may be observed in different 
series of isostructural inclusion compounds. In the latter 
case, anomalous behavior can often be traced to subtle 

that have practical implications for crystal engineering 
and polymorphism. 
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host-guest interactions. ARTlCLES OF FURTHER lNTEREST 

CONCLUSION 

The occurrence of an isostructural series of inclusion 
compounds is informative, indicating the structural integ- 
rity of a particular type of host array but also reflecting a 
degree of flexibility to accommodate small to moderate 
structural modifications in the guest. This information can 
be carried over to the design of analogous host systems. 

The finding that a new inclusion compound has an 
isostructural counterpart is readily achieved by the PXRD 
technique and represents an enormous return in terms of 
structural information, because it immediately defines the 
host substructure and the topology of the voids. This is 
useful for crystal structure solution of the new species by 
either single crystal x-ray diffraction or high-resolution 
PXRD. Systematic investigation of the physical and 
chemical properties of isostructural inclusion compounds 
can reveal novel phenomena in supramolecular chemistry 
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INTRODUCTION 

While generally overshadowed by structure determina- 
tions and the measurements of thermodynamic stability 
constants, the determination of rate constants and 
activation parameters (AH$, AS:, AV') for the assembly 
of supramolecular host-guest complexes in solution 
provide vital information in understanding the properties 
of these ~ y s t e r n s . ~ " ~ ~  These studies, which began in the 
early 1970s involving alkali metal ion complexation by 
crown ethers and cryptands, were extended in more recent 
years to include anionic and neutral guest molecules in a 
myriad of natural and synthetic hosts. Using a variety of 
physical and spectroscopic techniques, through kinetic 
investigations of host-guest formation and dissociation 
reactions, as a function of temperature and pressure, 
several reaction mechanisms in operation were identified. 
Extensive compilations of rate and activation parameters 
for host-guest complexations. along with the cor- 
responding thermodynamic stability constants. regularly 
appeared in the l i t e r a t ~ r e . ~ ~ '  

MECHANISMS 

The ligand exchange and substitution reactions of the 
first coordination sphere of transition metal ions with 
unidentate iigands, with rate constants that span close to 
20 orders of magnitude (10- '0-1010 s -  I ) ,  were well 
studied and are understood in terms of a range of 
mechanisms from purely dissociative ( D ) ,  involving an 
intermediate of lower coordination number, to purely 
associative (A); with an intermediate of higher coordi- 
nation n ~ m b e r . ' ~ . ~ '  In a majority of ligand substitution 
reactions, no such intermediate is present, and a concerted 
interchange (I) mechanism (Eigen-Wilkins mecha- 
nism[")> with dissociative (Id) or associative (I,) activa- 
tion, is operating. For the multistep complexation 
reactions of metal ions with polydentate acyclic and 
macrocyclic ligands, the rate of the reaction and the 
position of the rate-determining step in the overall 
mechanism are dependent on Iigand properties such as 
acyclic versus cyclic. the presence and placement of 
strong donor atoms, and the degree of substitution and 

flexibility of the While a flexible acyclic 
tetraamine permits a facile stepwise substitution of 
coordinate aqua ligands on a copper(I1) ion, for example, 
the increased rigidities of the corresponding saturated 
tetraazamacrocycle and aromatic porphyrin ligands result 
in decreases of two and eight orders of magnitude, 
respectively, in complexation rate con~tan t s . '~ .~ ]  

For the complexation of guests by more elaborate 
macrocyclic ligands with preformed three-dimensional 
cavities, such as crown ethers, cryptands, calixarenes: 
etc., the Eigen-Wilkins mechanism was modified slightly 
to give the Eigen-Winkles n~echanism. '~~ In the latter 
mechanism, shown below (Eqs. 1 and 2), the macrocyclic 
ligand may undergo required conformational changes 
prior to the complexation process. With cryptands, for 
example, equilibria between erzdo-rndo, endo-exo, and 
exo-exo conformers exist, with endo-exo species (C) 
being reactive toward the solvated metal ion (MS+). A 
preassociation of the metal ion and the macrocycle 
generates a solvent-separated complex (M*--C), from 
which the first metal-ligand bond formation leads to an 
"exclusive" complex, in which the metal ion is outside 
the macrocyclic ring. The formation of the remaining 
bonds between the cation and the ligand donor atoms 
yields the "inclusive" complex. (MC)+: in which the 
metal ion resides inside the ring:"'21 

ko i l  L 2  
MST + C + M - C * MC' (MC)- (2) 

k-(1 k -  1 

The transfornlation of Mt--C to (MC)+ in Eq. 2 
may be further divided into individual elementary steps, 
MC,- +MCif ,  representing the successive replace- 
ments of the solvent molecules associated with the cation 
by the donor atoms of the ligand.Lsl As with ligand 
substitution reactions on transition metal ions, there are 
two limiting hypothetical mechanisms: dissociative and 
a~socia t ive .~ '~ '~  The first mechanism is a dissociative or 
pseudomonomolecular process with consecutive dissocia- 
tion (Eq. 3) and recornbination (Eq. 4) steps: 
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The second is an associative or bimolecular exchange 
reaction in which the dissociation of the macrocyclic 
complex is initiated by a free metal cation M''+ present 
in excess (Eq. 5). This was also identified as the metal 
cation interchange mechanism and assigned the symbol 
I :''I 
M 

An associative exchange, accompanied by large nega- 
tive entropies of activation, is primarily controlled by 
changes in the conformation of the macrocycle with a 
concerted decomplexation of one cation and partial 
complexation of the second cation (Eq. 6).1'01 

A third mechanism, a ligand associative mechanism 
(Eq. 7). may be applicable to systems where a 1:2 
guest:host stoichiometry is i m p ~ r t a n t : ~ ' ~  

The mechanisms shown above do not consider the 
possibility of ion pairing between the metal ion and the 
spectator anion, a feature observed in relatively nonpolar 
solvents.[" In solvents of low dielectric constant, the 
metal ion species available for complexation is not a 
lone solvated MS+ cation but rather a solvated ion pair 
M S f X - .  In solvents with a low Gutlnann donor 
number. the solvent competes poorly for positions in 
the first coordination sphere of the nletal ion. In these 
solvents. ion pairings of the counteranion with the metal 
cation (MX) and the resulting metal-host complexes 
become important. The complexation processes, such as 
the Eigen-Winkles mechanism (Eq. 2), must be 
modified to include ion pairing, where XM--C, 
XMC, and X(MC) are the solvent-separated, exclusive, 
and inclusive species. respectively:[11 

Xu k l  kl 
MSX + C + X M -  C + XMC * X(MC) 

X I, k- I k-2 
(8) 

TECHNIQUES 

There are two basic categories of kinetic experiments that 
may be performed on the complexation reactions in 
solution." ".'I The first is the direct monitoring of the 
approach of the system to equilibrium. involving rapid 

mixing of reagents or perturbation of an existing 
equilibrium. The second type of measurement uses 
competitive methods in which excess of a competing 
guest or host is added, and the exchange process is 
monitored. The physical or spectroscopic technique most 
conve~iiently employed depends primarily on the time 
scale of the formation or dissociation of the guest-host 
complex in solution (see Table l).[5'"191 Three of the 
most commonly employed techniques for determining the 
kinetics of complexalion of supramolecular entities are 
conventional and dynamic NMR spectroscopy,[10~'21 a 
variety of stopped-flow"" methods (condu~tivity,"~] 
variable pressure,"" etc.), and ultrasonic absorption 
relaxation spectrometry."61 Recently, techniques such as 
f luo re~cence"~~  and EPR line shape analysis,['81 along 
with appropriate guest probes; were successfi~lly applied 
to the kinetics of complexation and served to fill in the 
time domains that were not as easily accessible by the 
other techniques. Fluorescent probes, such as the 
f luora~ophores[ '~~ (with excited state fluorescence life- 
times in the 300-800 ns range), and persistent radical 
probes, such as benzyl tert-butyl n i t r ~ x i d e , " ~ ~  are ideal 
for the submicrosecond time scales commonly associated 
with guest complexation of the macrocyclic hosts 
described herein. 

CROWN ETHERS AND CRYPTANDS 

The complexation reactions of alkali metal cations by 
crown ethers and cryptands generally exhibit competition 
between the dissociative (Eqs. 1 and 2) and associative 
(Eqs. 3 and 4) processes, with the preferred mechanism 
determined by the nature of the solvent and the 
temperature of the reaction.i'0"9~20' In low dielectric 
solvents, s~lch as nitromethane (DN = 2.7) an associative 

Table 1 Some techniques for kinetic studies of guest-host 
complexation reactions in solution 

Technique 
Time 

d ~ r n a i n ( s ) ' ~ " ~ ~  References 

Classical mixing 
Stopped-flow methods 
Temperature jump 
NMR-saturation transfer 
and 2D EXSY methods 
NMR-dynamic line 
shape analysis 
EPR 
Ultrasonic absorption 
Fluorescence 
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mechanism is generally preferred, while in higher dielectric 
solvents such as acetonitrile (DN = 14.1) the dissociative 
pathway is favored.1201 Similarly, at lower temperatures 
the associative process is dominant. with an increase in 
the temperature leading to a more competitive dissocia- 
tive mechanism. This may be attributed to the importance 
of comformational changes of the ligand during the 
concerted partial decomplexation of one cation and the 
partial complexation of the second ion in the associative 
rne~han i s in . "~~  In the dissociative process. the solvation 
of the metal ion places a major role in the barrier to 
~ o m p l e x a t i o n . ' ~ ~ ~  

Cryptands are macrobicyclic or macrotricycIic hosts, 
of which the cryptands [221] and 12221 have been the 
most widely studied. The reactions of cryptands with 
metal cations are generally slower than observed with 
crown ethers because of more extensive confosmational 
changes, and are slow enough to allow for the use of 
stopped-flow kinetic methods."" The mechanism of the 
complexatio11 reactions of cryptands depends on the 
natures of the cryptand, the cation and the solvent. With 
alkali earth cations, for example, a three-step mechanism 
is reported involving an initial change in the conformation 
of the metal-free host (exo-exo to endo-endo), followed 
by a slow external binding of the cation and a slower 
conversion to internal binding in the host cavity."" For 
cryptands, the thermodynamic stability constants correlate 
quite strongly with the dissociation rate constants, with 
each dependent on the structure of cryptand, the number 
and type of macrocycle donor atoms, and the nature of the 
metal ion.121.221 It is also observed that an increase in the 
solvent dielectric constant results in an increase in the 
magnitude of kd (decrease in K ) ,  with kf being much less 
sensitive to changes in the nature of the solvent. 

Cyclodextrins (CD) are naturally occuring toroidal- 
shaped cyclic oligimers of commonly six (3-CD), seven 
(P-CD): or eight (y-CD) a-D-glucose possessing a 
hydrophobic interior cavity with hydroxyl-rimmed por- 
t a l ~ . ' ~ ~ ]  They are capable of including a variety of guest 
molecules. and the kinetics of the complexation and dis- 
sociation of host-guest systems was widely investigated 
using many different techniques. While in general the in- 
clusion of the guest proceeds rapidly (lo7- M p  ' s-  ' 
for many small anions and organic g ~ i e s t s ~ ' ~ ~ ~ ~ . ~ ~ ~  ), some 
complexation reactions are significantly slower. For the 
complexation of many guests in cyclodextrins, such as 
the well-studied aromatic azo dyes (L): a two-step me- 
chanism is evident.[251 with the formation of a transient 

complex (CD.L ) followed by relaxation to the final 
form of the guest-host speciec (CD.L), as in Eq. 9: 

The technique of variable-pressure stopped-flow kinetic 
studies, of great benefit in mechanistic investigations of 
ligand substitution reactions of transition metal com- 
plexes.i"51 was recently applied to complexation reac- 
tions of r-CD by diphenyl azo dye guest 
The inclusion of the dye in x-CD. with the sulfonate 
group passing through the wide rim exclusively, proceeds 
in the two steps, as above (Eq. 9). The rapid first step 
is attributed to the formation of an encounter complex 
between the dye and r-CD and results in partial desolv- 
ation of the sulfonate head group of the dye and a 
corresponding negative volume of activation [AV~:  = 
-24 - (-  8) cm3 mol - ' I .  In the slower second step, as 
the guest moves further through the cavity, the head 
group interacts with two internal "activated" waters, and 
their expulsion from the cavity is delayed by the primary 
hydroxyls on the narrow rim [ A V ~ '  = - 15 - (- 2) cm3 

rnol- 'I. A subsequent rehydration of the sulfonate group 
occurs as it emerges from the cavity. With more extended 
guest molecules, with bulky head groups, threading of 
the cyclodextrin by the guest leads to the formation of 
pseudorotaxanes (head groups not sufficiently bulky to 
prevent dissociation) and rotaxanes. The threadings of m- 
CD by 1,lO-0is(trimethylammonium)decane ( k l  = 1.6 x 
1 0  ' M ' s ' at 25°C) and 1,lO-bis(trimethy1phospho- 
nium)decane (k, = 2 x l o p 7  M -  ' s-- ' extrapolated to 
25°C) proceed slowly, with the latter guest formin, a rotax- 
anes, by the "slippage" mechanism. only above 50°~.1261 

Calix[n]arenes are synthetic macrocyclic oligomers 
formed from the condensation of phenol and formalde- 
hyde (11  is most commonly 4, 5, and 6). The calixarenes 
are easily modified on the phenolic lower rim to permit 
versatile recognition of cationic, anionic. and neutral 
 guest^,^^^" with the presence of aromatic groups in the 
cavity walls allowing for cation-T interactions to contrib- 
ute to guest-host binding of metal and organic cations. 
The cavities of calixarenes are less rigid than the 
cyclodextrins and the calix[4]arenes. for example, exist 
in four conformations with the interconversion of the 
conformers proceeding via the partial cone structure. 
The alkali metal cations form a complex exclusively with 
the cone conformation of the tetramethoxy calix[4]arenes, 
with cation exchange following a dissociative mecha- 
n i ~ m . ' ~ ~ ~  The low stability constants of these calixarenes, 
compared with crown ethers or cryptands, originate mainly 
in a poor preorganization of the ligand for the complex- 
ation.'" The sulfonated calix[5]arene and calix[6]arene 
are exceptional uranophiles in terms of their stability 
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constants (z loL9 M p ' )  and selectivity for the UO:+ 
cation.[2" The complexation reactions. however. are very 
slow, owing to the energy barrier between the initial exo 
(the tJo2'+ lies flat on the calixarene rim) and final endo 
conformers of the complexes. 

Cucurbit[rz]urils (CBrz. rz = 5-10) are macrocycles, 
prepared by the condensation of gycoluril and formalde- 
hyde under acidic conditions, which were only recently 
studied in detail.[2y1 The rigid cavity of CB6 (5.5 A wide 
by 6 A in depth), which is capable of including nonpolar 
guests through van der Waals interactions, is accessible 
through 4 A portals, surrounded by two rims of six 
carbonyl oxygen atoms capable of complexing cations 
through hydrogen bonding and ion-dipole interactions. 
To date, kinetic studies of the complexation of cucurbit- 
urils were limited to CB6 and a series of alkyl- and 
arylammoniurn cations; with a dissociative mechanism 
~pera t ive . '~" . "~~  The rate constants for the formation of 
inclusion complexes with alkylammonium cations [e.g., 
> lo6 M p  ' s ' for cyclopropylmethylamine1"91 versus 
8.8 x 10- % ' s ' for ~ y c l o h e x y l m e t h ~ l a m i n e [ ~  
at 40°C], but not the thermodynamic stability constants. 
correlate with the molecular diameters of the cations and 
are slower than the corresponding complexation reactions 
with cyclodextrins and calixarenes, which possess larger 
and unobstructed openings to their cavities. The rate 
constants for the reaction of CB6 with cyclohexylmethyl- 
amine exhibit a pH dependence attributed to two inclusion 
pathways. The unprotonated amine guest is able to pass 
directly through the portal into the cavity. whereas the 
protonated ammonium guest initially forms an associ- 
ation complex with the CB6? which positions the 
methylcyclohexyl group away from the portal, necessi- 
tating a slower. rate-determining "flip-flop" of the 
group through a distorted portal. With the advent of 
new methods for synthesizing and separating the larger 
CB7 and CB8 hosts (analogous to P- and y-CD, 
respectively). kinetic studies of the cucurbiturils with a 
wider range of guests are wa~ranted.~"' 

LARGE-CAVITY ENCAPSULATING HOSTS 

The efforts to synthesize host molecules with larger. 
noncollapsing cavities for specific guest molecules 
resulted in the production of several families of hosts, 
including the cavitands, hemicarcerands. carcerands, 
cryptophanes, and calixarene capsules. e t ~ . ' ' ~ '  These 
molecules have well-defined portals for entry and exit 
of the guest molecules and the possibility of functional- 
ization of the cavity interior to control the orientation and 
fluxionality of the guest, and the binding forces for 
complexation. While the cavitands provide no steric 
hindrance to complexation and decornplexation processes 

and the carcerands permanently entrap guest molecules, 
the hernicarcerands contain equatorial portals for guests to 
slowly enter and exit the host cavity.['" In addition to the 
numerous modes of noncovalent interactions between 
guest and the interior of the host cavity, an additional 
form of binding termed "constrictive binding" was 
coined by Defined as the difference between 
the activation energy for dissociation and the free-energy 
of complexation (intrinsic binding), the constrictive 
binding free-energy term represents the physical barrier 
to escape of the guest from the hemicarceplex. Constric- 
tive binding of guests to the hemicarcerands is compa- 
rable to the process of "slippage" described above for the 
assembly of cyclodextrin pseudorotaxanes.[271 

The majority of kinetic studies was performed on 
hemicarcerands and related molecular capsules in which 
the two halves of the host are joined by variable bridging 
units. The rate-determining processes of the entry and exit 
of guests in hemicarcerands rely on conformational 
changes in the bridging units to open and close the 
"gates," respectively.1341 Varying the number, length, 
flexibility, and composition of the bridging units allows 
for control of the shapes and sizes of the gates, and this 
may be correlated with the decomplexation rate con- 
s tant~ .~ '" ~"  Houk proposed two gating processes, a 
'-sliding door" (increased separation between the bridges) 
mechanism and a "French door" (bridge components 
swing open) mechanism, to account for the conforma- 
tional changes involved in guest complexation and 
decomplexation.["' For hemicarcerands containing o-xylyl 
gates, the "sliding door" pathway is important for all 
guests, while the contribution of the "French door" 
mechanism is dependent on the steric nature of the guest. 
More recently, Stoddart and Cram designed dynamic 
hemicarcerands containing diilnine bridges capable of 
reversible formationlhydrolysis allowing a "bar-opening1 
bar-closing" mechanism to provide entry and escape (with 
a decrease in the decomplexation half-life by an order of 
magnitude) of a fesrocene guest.["' 

CONCLUSION 

Several mechanisms, based on dissociative and associa- 
tive limits, were identified for the guest complexation 
reactions with a variety of cyclic host molecules. Kinetic 
studies have considerable potential for providing greater 
insight into the details of these mechanisms. Further 
investigations of the hosts described above and others, 
using a wider range of guests, will allow for a greater 
understanding of the processes that lead to the selective 
formation of the guest-host complexes and the forces that 
hold them together. The use of variable-pressure kinetic 
methods and the advent of new guest probes for accessing 
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specific time domains. along with continued design and 
syntheses of new hosts and guests, will assist in this 
ongoing endeavor. 
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INTRODUCTION 

Lariat ethers are crown-ether derivatives in which one or 
more side arms is appended to the macrocycle. The term 
'"aria1 eiher" was coined in 1980;''' but a number o f  
macrocyclic co~npounds that possessed side arms were 
prepared previously."' The purposes inherent in these 
earlier preparatiolls varied considerably. The early devel- 
opment o f  lariat ethers had a specific goal. 

Crown ethers readily complex a variety o f  metals. The 
binding o f  spherical cations generally occurs within the 
hole o f  the crown ether. The latter is "doughnut" shaped, 
i.e., essentially two-dimensional with a central void. Entry 
and egress o f  the cation are sterically unencumbered. The 
complexation process may be represented as follows: 
crown + cation f complex. The position o f  the equi- 
librium is given by the equilibrium constant, K. sometimes 
written as K,',. The value o f  K depends on the two 
rate constants that characterize the forward and reverse 
rates symbolized by the arrows. Thus, K = kflk, = k l l k  I = 

k ,,,,, ,,,lk,-,, ,,,,. Typically, the rates for crown complexa- 
tion and release are fast. Thus, the equilibrium or binding 
constant (also written as Ks) may be modest. but cation 
complexation and release may both be rapid. For three- 
dimensional coniplexing agents such as cryptands: the 
cornplexing and release rates are typically slower. As a 
result, the binding constant is greater for cryptands than for 
crowns. but the dynamics o f  the process are typically slow. 

The transport o f  cations across membranes requires 
binding at the first interfacial boundary. diffusion o f  the 
co~nplex across the barsier, and release o f  the cation at the 
other interface. If cation release is slow, transport will be 
inefficient. The natural ionophore valinomycin binds K+ 
selectively and transports it effectively. Valinolnycin is a 
cyclododecadepsipeptide. It is a 36-membered ring com- 
prised o f  amino and hydroxyacids. It seems to be too large 
to effectively cornplex Kt, but it does so by folding over 
to assume the shape o f  a tennis ball seam. Thus, K+ is 
solvated three-dimensionally by the host, but the com- 
plexation and release processes remain dynamic owing to 
the macrocycle's inherent flexibility. 

Lariat ethers were designed to incorporate a macroring 
and one or more side arms. The crown ether was expected 
to provide binding and some selectivity. The flexible side 

arm was designed to augment the complexation by 
positioning a donor group in a third dimension. This 
would miinic valino~nycin in the sense that the host is 
flexible but it can complex the cation in a three- 
dimensional arrangement. Because the side-armed macro- 
cycles resembled a looped rope in overall shape, and 
because the ring and side arm could "rope and tie" the 
cation: the name "lariat' ' ether seemed appropriate. 

When more than one arm was present, the Latin word 
for arm, i.e., brczcchiunz, was used in the name. Two- 
armed and three-armed lariat ethers were called bibrac- 
chial and tribracchial lariat ethers, respectively. These 
names were shortened to B ~ B L E ~ ' "  and TriBLEs. 

Related complexing agents for inorganic ions were also 
developed in the 1970s and 1980s. These compounds 
generally contained nitrogen atoms as donors and were 
often described as "macrocycles having pendant arms." 
Although coinage and transition metals were the com- 
plexation targets: many o f  the concepts are sirnilar to 
those developed in the lariat ether area. Kaden reviewed 
this work in 1984.'~' 

SYNTHETlC ACCESS TO LARIAT ETHERS 

Flexibility and rigidity are important elements o f  the lariat 
ether concept, and each may be used to advantage, 
depending on the situation. The means by which the side 
arms are attached is, therefore, an important consider- 
ation. For a compound such as 18-crown-6. the side arm 
can be attached only at carbon. The carbon junction is 
inherently inflexible. because carbon is noninvertable. 
Carbon is chiral so attachment o f  a side arm to the mac- 
roring's ethyleneoxy unit introduces stereochemical 
issues. The lower flexibility and the fixed stereochemistry 
may be desirable properties in certain situations. 

These two issues can be circumvented, however, by 
replacing one ring-oxygen by nitrogen and attaching the 
side asin to it. Nitrogen undergoes facile inversion. so the 
side-arm stereochemistry is not fixed. Further, side arms 
attached at nitrogen have higher overall mobility than do 
arms attached at carbon. The attachment atoms were 
called "pivots," and C- and N-pivot lariat ethers are 
shown in Fig. 1 .  

Eilcyclopedin of S~i1~i.arnoluculai- C/ler,zisrr~ 
DOT: 10.1081E-ESIbIC 120012706 
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Fig. 1 Examples of one- and two-armed lariat ethers. The wavy line in structures 1 and 2 indicates that the sidearm may occupy 
isomeric positions. 

Two types of C-pivot compounds were prominent 
during the past decades. These are shown in Fig. 1 as 
coinpounds 1-2 and 3-5. Both classes use glycerol as the 
pivot element, but in 1 and 2, the side arms are attached to 
the 1- and 2-positions, respectively. The former group was 
developed independently by Okahara and Gokel and their 
coworkers. The coinpounds represented by the 16-crown- 
5 structures 3-5 were studied extensively by Bartsch and 
his colleagues. The importance of the glycerol subunit for 
M+ binding was recently demonstrated in the 16-crown-5 
case.15' 

The earliest work by Okahara and colleagues involved 
cornpounds that possessed side arms but did not neces- 
sarily contain donor groups.r61 Okahara also developed 
approaches to N-pivot compounds at an early stageL7] and 
to C-pivot conlpounds in which the side arms bore 
geminal s u b s t i t ~ e n t s . ~ ~ . ~ ~  

The syntheses of C-pivot molecules are generally 
accomplished by opening the epoxide residue of epichlo- 
rohydrin with an aliphatic alcohol or phenol. This affords 
a substituted diol of the type RO-CHOH-CH20H. 
Reaction of the diol with, for example, tetraethylene 
glycol ditosylate, TsO(CH2CH20)4Ts. under basic condi- 
tions will afford 15-crown-5, in which one ring carbon is 
substituted by CH?OR. The carbon to which the side arm 
is attached is chiral. Both enantiomers are typically 
formed. Pentaethylene glycol. which would lead to 18- 
crown-6 derivatives, is less readily available than is 
tetraethylene glycol, the 15-crown-5 precursor. This and 

the stereochemical issue limit the versatility of carbon- 
pivot lnolecules of this type. 

Bartsch and coworkers developed an alternate approach 
to C-pivot lariats. Epichlorohydrin is treated with a 
bis(pheno1) in aqueous base to give lariat ethers in which 
a hydroxyl group is attached to the crown-ether ring."'] 
This is a single-step process in which one phenoxide opens 
the epoxide ring to form an ether, while the epoxide 
reforms on the other side. The newly formed three- 
rnembered ring is then opened by the other phenoxide to 
form the macrocycle (3). The hydroxyl group may be 
capped by an alkyl substituent (5) or by another functional 
group (4). Nearly 50 examples of this family were recently 
reported by Bartsch and  coworker^.^' 'I Synthetic and 
confornational studies on asynlmetric dibenzo-16-crown- 
5 derivatives were undertaken by Kim, Bartsch, and 
~ a m e s h . " ~ '  This group also described synthetic ap- 
proaches to a large family of dibenzo lariats having 
pendant N.N-dialkyl oxyacetamide ~esidues.~"' Marchand 
and Chong reported "cage-functionalized diaza(l7- 
crown-5) ethers" that were used to coinplex alkali metal 
picrates (see below).'14J 

One-, two-, and three-armed derivatives of azacrown 
ethers were formed by relatively straightforward synthetic 
approaches. Alkylation of diethanolainine. HN(CH2CH2 
OH)2 with an alkyl or benzyl group gives RN(CH2CH2 
OH)2. Treatment of RN(CH2CH20H)2 with TsO(CH2. 
CH20)3T~ or T s O ( C H ~ C H ~ O ) ~ T S  gives an alkylaza-15- 
crown-5 or -18-crown-6 derivative. 
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The molecule is flexible because of nitrogen's rapid 
inversion; this also obviates the potential stereochemical 
issue.'"' A sir ~g 1 e-step condensation affords two-armed, 
diaza-18-crown-6 derivatives such as 9.'" An alternate 
approach affords 1 8- and 15-membered ring B ~ B L E s . ' ~ ~ '  

Although the family of simple lariats was developed 
early, numerous variants were reported that were designed 
for a variety of purposes. The N-(2-methoxy-I-naphthy1)- 
methyldiaza-18-crown-6 BiBLEs were produced by tem- 
plated reactions and co~nplexation was confirmed by x-ray 
analy~is."~'  Pyridine side  chain^"^' and 8-hydroxyquino- 
linei'" side chains were incorporated. and binding 
strengths and selectivities as well as chromophoric prop- 
erties were studied. In another study, five single-armed. 
chiral D-glucose-substituted aza-15-crown-5 ethers having 
a phosphonoalkyl side chain were developed for potential 
use in phase-transfer catalysis.[201 

EVIDENCE FOR SIDE-ARM PARTBCBPATBON 

Early studies in the lariat ether area required confirma- 
tion of the design principles. There were several key 
questions concerning side-arm participation. The first 
was simply whether or not the side arm(s) interacted with 
the ring-bound cation in accord with the design. Second, 
if the side-arm interaction occurred. to what extent was 
binding enhanced? Third, was there evidence that this 
arrangement was more flexible than the corsespond- 
ing cryptand? 

Confirmation that the side arm participated in com- 
plexation when appropriately placed was obtained by 
comparing the complexation strengths of 8 and 9. Sodium 
cation is bound in the center of the macrocycle. The side 
arm of 8 or 9 can reach over the ring, but only 8 has 
an oxygen donor (methoxy) positioned appropriately 
to interact. The equilibrium binding constant (Ks) for 
Na' by 15-crown-5 at 25OC in methanol solution is 1860. 

Because complexation constants can be large. especially 
in less-polar solvents, they are usually expressed as 
decadic logarithms. Thus, logloKs for this reaction is 
3.24. The binding constant for 8 is 3.27, or no different 
from 15-crown-5. This appears to contradict the concept 
of side-arm participation. However, the 4-isomer (9) has 
a binding constant of only 2.90, identical to the 3- 
isomer (not shown). It was concluded[" that although 
the presence of the side arm engendered some hiu- 
drance, a side arm having an appropriately placed donor 
enhanced binding. 

An alternate demonstration of side-arm interaction 
involved ammonium cation, NH4+. In this case: the 
more flexible azacrown compounds were used. Molec- 
ular models suggested that when tetrahedral ammonium 
ion formed three hydrogen bonds to macroring donors. 
the fourth N-H bond would be perpendicular to the 
ring's plane. The three N-H to macroring bonds would 
be optimal for 18-membered crowns and poorer for the 
smaller 15-membered rings. Models suggested that the 
fourth N-H bond would interact opti~nally with the 
distal oxygen when the side arm was -(CH2CH20)2CH3. 
This is shown in Fig. 2. All of the required lariat ethers 
were prepared. and these expectations were confirmed 
by measuring ammonium ion bisiding  constant^.^"] 

Convincing as these results were, solid-state structural 
evidence was sought for confirmation.['21 Two struc- 
tures are shown in Fig. 3. At the top is the KI com- 
plex of N-(2-methoxyethy1)aza-18-crown-6, abbreviated 
CH;OCH2CH2(N1 8). The potassium cation is 8-coordi- 
nate and fonns a hexagonal bipyramid. One apical position 
is occupied by the side-arm oxygen and the other by iodide 
anion. The lower structure is of the Nal complex of N,Nr- 
bis(2-hydroxyethyl)-4,13-diaza-l8-crow11-6 (HOCH2CH2 
(N18N)CH2CH20H). In this case, Nat is 8-coordinate, 
and the side arms interact with the bound cation from the 
same side. Iodide anion. an excellent donor. is excluded 
from the cryptate-like solvation sphere. 

Fig, 2 Lariat ether compounds used to demonstrate side-arm participation in guest binding. 
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Fig. 3 Solid-state struct~~res of I -  and 2-arrned lariat ethers 
showing sidearm participation in cation complexation. (Vie>$' 
this art in color at ~vll~+r,.dekker.cowz.) 

Numerous solid-state structures are available of 1- and 
2-armed lariat ether compounds. Extensive structural data 
were obtained as part of an effort to demonstrate that side- 
arm participation occurred as inferred from solution 
~tudies."'~ More recently, structural data for the 16- 
crown-5, C-pivot lariats were reported. Liu and coworkers 
reported the preparation of a derivative of 3 in which the 
hydroxyl group (OH) was elaborated to OCH2CH2- 
O C H ~ . [ ~ "  Data showed side-arm participation in binding 
for Na and Pb complexes. 

The final issue of overall flexibility was addressed by 
use of NMR.~'" I o n  gitudinal relaxation times ('k-NMR. 
TI) were determined for C- and AT-pivot lariat ethers alone 
and in the presence of Na+, K+. and c a 2  +. Structural 
changes that occur when complexation takes place are 
reflected in the relaxation times. It was found that the 
macroring in C-pivot compounds became more rigid. 
suggesting a greater importance in cation complexation. 
The N-pivot con~pounds became more uniformly rigid, 
suggesting a nearly equal contribution to binding by ring 
and side arm(s). The dynamics of the side-arm interaction 
were also confirmed by ultrasonic relaxation studies.'261 

A single-armed lariat ether. N-heptylaza-18-crown-6, 
was crystallized as its KSCN complex. Although the side 
arm was aligned in a vertical arrangement, its lack of 
donors precluded a secondary donor in t e rac t i~n . '~~ '  The 
two dodecyl side arms of N,N-bis(dodecyl)-4.13-diaza- 
18-crown-6 were found not only to align but also to form 
an extended bilayer in the solid state when complexed to 

sodium cation. The bilayer formed could be correlated to 
the formation of liposomes by this compound in aqueous 
suspension.[281 

In recent work, x-ray crystal structures were obtained 
for La(III), Ce(1II). and Pr(II1) complexes of N,N-bis(2- 
salicylaldiminobenzy1)-4,13-diaza- 18-crown-6. The de- 
protonated host afforded a dianionic, 10-coordinate syn- 
side-armed arrangement for the cations.'"] Lariats were 
used as the experimental vehicle to demonstrate cation-x 
complexation with alkali metal ions.L301 

The key difference in applications between crown ethers 
and lariat ethers is that the side chain(s) may possess 
residues that confer unique properties on the system. The 
crown ether continues to be important as a complexation 
site, but the chemistry of the molecule may actually be 
dominated by the side-arm substituents. 

The original goal in developing lariat ethers was to obtain 
a cooperative interaction between the ring and side arm to 
enhance binding strength and selectivity. For the aza- 
crown compounds. binding was dependent on the total 
number of donors rather than on their arrangement. N-(2- 
Methoxyethy1)aza- 18-crown-6 (CH;OCH2CH2(Nl 8)) 
contains one nitrogen and six oxygen atoms that can 
serve as donors to bind a cation. 

The same nu~nber and types of donors are available in 
12-, 15-, and 18-membered rings, which have three. two, 
and one side-arm donors, respectively. The binding 
profiles for there compounds are shown in Table 1 along 
with all-oxygen crowns. Nitrogen is a poorer donor for 
an alkali metal than is oxygen. Still, the Na+ binding 
constants for all of the lariats exceed the values observed 
for the corresponding side-arm-free macrocycles. The 

Table B Cation cornplexation constants determined in CH30H 
at 25°C 

Macrocycle lag Ks Na+ log Ks R" 
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differences are generally less dramatic for K+ binding, 
but side-arm enhancement of cation complexation is 
clear. Extensive binding studies were reported for N- 
pivot lariat ether compounds.["] 

Cation binding was also studied in detail for the 16- 
crown-5 family of C-pivot lariats. Inoue and coworkers 
studied the effects of donor groups in 1,4,7,10,13-penta- 
oxacyclohexadecane (16-crown-5), which lacked benzo 
substituent~.~"~ As with some other C-pivot lariats, it was 
found that although cation extractabilities were improved 
by the presence of a side arm, stability constants showed 
less effect. Similar mixed res~ilts were observed for 19- 
crown-6 de~ivatives."~] A series of G-pivot [3,-methyl- 
ene-(3,, + 1)-crown-n (12 = 5,6,7)] lariat ethers having an 
oxyquinoline as the side-arm donor was found to exhibit 
considerable cation selectivity. As might be expected, this 
was dependent on ring size and side-arm position.'341 
Alkali metal, alkaline earth, and ammonium ion com- 
plexation selectivities were measured for nearly a dozen 
dibenzo- 16-crow11-5 compounds bearing a variety of side 
arms. These compounds were adapted for use in ion- 
selective ele~trodes.'"~'~' Two studies reported lariat 
ethers that possess Agt ion s e l e ~ t i v i t y . ~ ' ~ ~ " ~  Bartsch 
recently reviewed metal ion separations accomplished 
by use of proton-ionizable lariat ethers.['" Complexation 
thermodynamics were assessed for two-armed dibenzo- 
15-crown-5 ~ar ia ts~ '~)~ and for a~a la r i a t s . "~~  A recent 
report described the complexation behavior of lariat 
ethers in supercritical C Q ~ . ~ ~ ~ ~  Finally, urea complexation 
by lariat ethers has been studied.'"'l 

Mass spectrometry proved to be a fast and reliable 
method for assessing coinplexation by crowns when 
appropriate controls are done. This proved to be the case 
for lariat ethers as well, especially using electrospray (ES- 

MS) techniques.""451 The dibenzo-16-crown-5 com- 
pounds were the focus of these studies. Related com- 
pounds were examined by Brodbelt, Bartsch, and their 
coworkers u5ing the ES-MS method.'461 In the latter case, 
selectivity data obtained in the gas and solution phases 
were compared. A combination of FIPLC and ES-MS was 
proposed as a method for rapidly screening host metal- 
binding selectivities in various mixtures.[471 

Ionophores are compounds that transport ions. Com- 
pounds that have this capability and exhibit spectroscopic 
changes on binding are called chromoionophores. A 
cation is typically bound in the macroring that does not 
contain spectroscopically active groups. Fluorescent or 
UV-active side arms are positioned so that they may 
interact with the bound cation in a fashion that induces 
spectral change. ~ i s u m i , ' ~ ~ '  ~ o ~ t l e , ~ " " 1 a k a g i , " ~ ~  and 
~hinkai~" '  reported chromogenic crown ethers at about 
the same time. Takagi and coworkers were especially 
important contributors in this area and reviewed it in 
1 9 8 4 . ' ~ ~ ~  An example of an azalariat that exhibits com- 
plexation-induced UV shifts is shown as 11"~~ in Fig. 4. 
Recent chromoionophores include macrocycles having 
pendant phenanthridine units,lm"l-pivot lariats complex- 
ing luminescent EU(II) ,[~~'  and 2,2'-bipyridine lariat calix 
crowns that complex Eu(I1I) and T~(III).~"' 

Chemical Switching 

Chromogenic lariat ethers show cation-induced shifts 
upon complexation. The binding is often enhanced by 

Fig. 4 Lariat ethers with chromophonc and redox-switchable side arms. 
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the side-arm interaction, but this is a benefit rather than 
a goal of the design. It is possible to use the side arm to 
enhance binding. Dibenzo-lariat 4 accomplishes this by 
loss of a proton. The carboxylate group may serve as a 
donor for the ring-bound cation when it is appropriately 
positioned. If the position is inappropriate for complex- 
ation, the carboxylate may still serve as an internal 
c o ~ n t e r i o n . [ ~ ~ ~  

An alternate means for enhancing side arm binding 
efficacy is shown for 12. The nitro group of 1%. is 
positioned to interact with a ring-bound cation, whereas 
13 is not. Some binding enhancement for 12 is expected, 
but nitro is a weak donor. When reduced to the nitro- 
benzene radical anion. however: the nitro group's 
binding potential is greatly enhanced. Moreover. corn- 
plexation can be reversed on demand by oxidation. 
which restores the nitro group to its weaker. neutral 
state.i56J 

Membrane Formation 

Crown ethers are polar and are known to interact 
effectively with water. When a hydrocarbon tail is 
appended. the lariat ether becomes amphiphilic. Typi- 
cally. amphiphilic lariat ethers do not possess donor 
groups in the side arm (tail), as this would make the 
latter more polar. When a hydrocarbon tail of sufficient 
length is present. the lariats will organize when 
suspended in water. They may form micelles. vesicles. 
or other aggregates with structures that are more 
difficult to define. A miceile is typically a loosely 
organized. 100 A structure in which the hydrocarbon 
tails interact with each other, and the head groups form 
the boundary by interacting with water. Micelles are 
usually small, dynamic structures of ill-defined size and 
shape. Vesicles (also called liposomes) normally have 
diameters greater than 100 A and an aqueous compart- 
ment bounded by an ainphiphile bilayer. 

Vesicles may be characterized by light scattering, 
which gives the distribution of their sizes. by electron 
microscopy, and other methods. Once formed, vesicles 
will often be stable for significant time periods, although 
they may collapse or fuse to form larger structures. The 
membrane of a vesicle encloses space. so it is i~nportant 
to deinonstrate encapsulation. Vesicles may be formed 
in the presence of a fluorescent dye such as carboxy- 
fluorescein. Exchange of the aqueous solution in which 
the vesicles are suspended leaves only the dye present 
within the liposomes. If the dye is detected after rupture 
of the vesicles, it must have been encapsulated. Three 
examples of vesicle-forming lariat ethers are shown in 
Fig. 5.  

A wide variety of vesicles (liposomes) were formed 
and characterized to varying degrees."71 The factors that 

Fig. 5 Lariat ethers that form aggregates in water. 

control whether micelles or vesicles form, what sizes 
will result, and how stable they will be are not 
completely understood. Much remains to be explored 
in this area. 

Other Applications 

As noted above, a goal of the lariat ether work was to 
develop compounds that might f~inction in a fashion 
similar to valinomycin. A dozen crown ethers, including 
two 1.3-xylyl-21-crown-6 macrocyclic polyether 2-car- 
boxylic acid lariat ethers, were prepared and tested in vitro 
for biological activity. Several of the compounds showed 
activity and are thought to be functional mimics of 
ionophore antibiotics. 

Crown and lariat ethers formed the basis of several 
synthetic channel model systems. These involved multiple 
crown ethers separated by fixed spacers and macrocycles 
having flexible side arms. Polymers and peptides were 
also used as backbones to organize multiple crowns that 
inserted into phospholipid bilayers.'581 

Lariat ethers proved to be an effective vehicle for 
demonstrati~lg alkali metal cation-n interactions. When 
either Nai or Mi is bound in the macroring, interactions 
are possible with neutral side arms. Indole. benzene, and 
phenol were studied. because these arenes are present oil 
the side chains of tryptophan, phenylalanine, and tyrosine. 
respectively.[301 Additional studies were reported of 
cation-x interactions between neutral double and triple 
bonds with these same alkali metal cations."" lariat  
ethers were also explored as ion-regulated DNA cleavage 
agents. Monomeric propargylic sulfone-armed lariat 
ethers were found to cleave DNA. Modest increases in 
DNA cleavage efficiency were observed in the presence 
of Na+ and K+.'"] 
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CONCLUSION 

The lariat ethers are a growing branch o f  the crown ether 
family. The appended side arms may cooperate with the 
macrocycle or may perform important independent 
f~~nctions. The study o f  lariat ethers is an active area. 
and this is expected to remain the case for the 
foreseeable future. 
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INTRODUCTION 

The number of examples of functional extended solids 
based upon weaker interactions increased dramatically in 
recent years in the scientific literature. This is more of a 
reflection of a change in perception of the potential func- 
tionality of "soft" solids rather than any single chemical 
breakthrough. The predominant thinking in the past. 
certainly among inorganic chemists. equated the utility of 
a framework with its structural rigidity and thermal 
stability. The explosion of research in the domain of 
coordination assays yielded exquisite examples of extend- 
ed metal-organic networks. In this research domain, the 
"Holy Grail' ' is large1 y regarded as a permanently porous 
solid with functionality beyond that offered by a zeolitic 
analogue, whether the enhancement is in respect to pore 
size3[l  -31 chiral ~atalysis."~ or tunability.L5i The cited re- 

cent works demonstrate these properties, however, this 
science is not yet at a stage of growth where these desir- 
able qualities may be selected a priori from the compo- 
nents of a framework. 

To continue along the same avenue of thought. that 
is, extended solids based upon weaker interactions. one 
arrives at frameworks that do not possess high thermal 
stability and are not rigid in their structures. These are 
solids based on weaker metal -ligand interactions or even 
noncovalent interactions. By the criteria of, for example, 
metal oxide chemistry, these compounds would be 
described as lacking potential utility. A different frame 
of reference is required for these "softer" extended solids. 
If one considers that a living animal relies upon weak 
interactions for its abilities to grow, think, and reproduce. 
the validity of these interactions in the construction of 
functional extended architectures becomes self-evident. 

There are undoubtedly benefits to a solid with a more 
flexible structure. Prospects range from selective sorbents, 
which can be dissolved to liberate included guests, to 
networks. which swiich between distinctly different 
physical forms upon inclusion. To elaborate on the latter 
point. a flexible network may possess one form, where 
magnetic centers are in proximity, yielding a ferromag- 
netic response. This signal could then be lost upon guest 
inclusion as a result of conversion to a second struct~~ral 
form, either antiferromagnetic or simply paramagnetic.[61 
Similar prospectus may be discussed for conductivity, 

optical activity. luminescence, or any other physical 
response that may be incorporated into a solid network.[" 
Thus. extended solids based upon weaker interactions can 
be viewed as complements to highly robust inorganic 
solids, rather than replacements. 

This short review deals with supramolecular inter- 
calates. Supramolecular intercalates is a term open to 
considerable breadth of definition. Within the scope of this 
article. the author chose to focus on two-dimensional 
solids. based upon weak interactions, that demonstrate 
intercalation ability. An emphasis is placed on frameworks 
that demonstrate flexibility of structure and the benefits of 
such compounds. This short review is not meant to be 
comprehensive, as many systems that may fall under the 
broad umbrella of "supramolecular intercalates" were 
reviewed e l~ewhere . [~ - '~ '  This review is meant simply as 
an overview of some examples in this topical field that 
readily illustrate the potential of soft networks. 

ORGANIC LAYERED SOLlDS AS HOSTS 

The most extensively studied intercalation solids based 
upon weak interactions are the guanidinium sulfonate (GS) 
frameworks of Ward et a1.['4.'51 These structures are 
assembled into undulating layers, describable as cross- 
linked ribbons: via the co~nplementary charge-assisted 
hydrogen bonding between the NH2 groups of guani- 
dinium cations and the oxygen atoms of organosulfonate 
anions (Fig. 1). A structural comparison may be drawn 
between this family and metal phosph~na tes . [~~  In metal 
phosphonates; a rigid and robust inorganic backbone serves 
as a scaffolding for a wide range of organic groups, the 
pendant group of the phosphonate. In a homophosphonate 
structure. space for guest inclusion is minimal due to the 
efficient packing of phosphonate R groups. One of the main 
assets of the GS system is that the guanidiniurn cation is 
considerably larger than a metal ion, and hence. at hy- 
drogen-bonding distances. the sulfonate organic groups 
are situated in a inanner to welcome guest inclusion. Two 
framework types are typically observed in this family, a 
bilayer motif and a continuous layer, depending on the 
nature of the included guest and sulfonate R group. With 
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Fig. B A single layer of a guanidiniuin sulfonate framework showing the cross-linked ribbon motif. Also shown are the two general 
structures observed: bilayer and continuous layer motifs. Reprinted with permission from Ref. [14]. Copyright 2001 by American 
Chemical Society. 

the skeleton being maintained by noncovalent forces, the 
solid has an inherent flexibility. In general, for the GS 
networks. this flexibility is manifested as "accordion- 
like" puckering of the cross-linked ribbons and "turn- 
stile-like" rotation of the organic pillars. This is a good 
recipe for a network capable of adjusting to accommo- 
date a wide range of guest molecules. Indeed, the number 
of variations of host and guest in this family number in 
the hundreds. Remarkably, despite the dependence on 
weak interactions, in these numerous compounds. the 
basic structural unit persists. Recently, Ward reported GS 
inclusion frameworks that exhibit second harmonic gen- 
e~at ion."~ '  The optical properties of the framework result 
from orderi~lg guests within a polar channel resulting 
from "banana-shaped" sulfonate pillars. 

The most significant feature of the GS family cannot 
be ascertained from any single compound. The body of 
work illustrates the role of subtle intermolecular interac- 
tions in dictating structure, as well as how a material can 
be tuned to exploit these features to advantage. A tan- 
talizing prospect is that of a highly selective bulk 
separations agent, where the guest and host need only be 
partitioned between organic and aqueous phases for quan- 
titative separation and recovery of all components. The 
extent of structural variation was pushed to a new extent 
with the recent report of tubular GS arrays 

Secondary Ammonium/ 
Tricarboxylate Assemblies 

Keeping with organic solids, Zaworotko et al. reported a 
series of intercalate complexes based upon hydrogen 

bonding between secondary ammonium cations and 
trimesate or trimellitate In these complexes, 
the tricarboxylate anions form a layer and are linked by 
hydrogen bonds to the protons of the dialkyl amsnonium 
salts. The organic moieties of the ammonium ion are 
projected above and below the hydrogen-bonded plane to 
"pillar" an interlayer region. Guest inclusion is highly 
dependent on the nature of the organic group of the 
ammonium cation. For dibenzylammonium. the resultant 
interlayer is lined with aromatic groups, and accordingly. 
the framework has a tremendous ability to include aro- 
matic guests. ranging from nitrobenzene to pyrene. Shown 
in Fig. 2 are two views of a typical dibenzylammonium- 
trimesate assembly. As with the GS compounds, the 
flexibility of the scaffolding once again allows for the 
network to adjust to acco~nmodate different guests of 
varying steric and electronic properties. 

An analogy was made of this family of compounds to 
clays. This is a good illustration of the complementarity 
of soft networks to metal oxides mentioned in the 
introduction. Whereas clays typically consist of anionic, 
aluminosilicate layers, these "supramolecular laminates" 
represent a neutral alternative. Clays. owing to the array 
of oxygen atoins lining the interlayer, favor inclusion of 
polar species. In contrast. the Zaworotko networks 
represent a system that favors inclusion of nonpolar 
aromatic guests. For the Zaworotko structures, in the 
absence of guests, the interlayer is compacted with benzyl 
groups interdigitated. Thus, as in clays, the framework 
can swell to accommodate guests. If the benzyl groups are 
substituted for straight-chain alkyl groups, neither swell- 
ing nor guest inclusion take place, as the solid remains in 
a compact interdigitated form. This observation illustrates 
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Fig. 2 Views perpendicular (top) and parallel (bottom) to a 
single layer showing trirtleaate-arnmonium units hydrogen 
bonding in the Zaworotko clay mimics. Interlajler guests are 
shown in a space-filling representation. In the lower figure, the 
8.3 A separation is between layers. as depicted in  the upper 
figure. Reprinted with permissioll from Ref. 1191. Copyright 
1998 by American Chemical Society. 

the potential for adjustable framework properties with the 
softer network. 

A Catalytic Bisressacinol Host 

The i ~ v o  previous examples concerned orgailic frame- 
works sustained by charge-assisted hydrogen bonds. 
Aoyama et al. reported a sjrsiern of interacting neutrai 
organic illolecules chat form a layered network that 
fullctions as a catalytic l ~ o s t . ~ ' ~ . ~ ' ~  The complementary 
interaction in this case is a self-association between 
anthracenebisresorcinol units. Initially, the authors ob- 
served that this system had the ability to include different 
types of guest molecules within its cavities simultaneous- 
ly, for example, ethyl acetate and benzene. In an elegant 
extension of this work. the authors generated the same 
host network in the presence of an acrylic ester and 1.3- 
cyclohexadiene, in place of ethyl acetate and benzene, 
respectively (Fig. 3). The relevance of these included 
components is their ability to undergo i~ltermolecular 

Diels-Alder reactions. The product of the cyclization is a 
bicyclooctene isomer. where endocyclic and exocyclic 
products are possible with respect to the orientation of 
the ester group. Of major significance is that the host 
framework enhances selectivity for the endoisomer over 
the exoproduct. In the absence of the host, these reactions 
typically proceeded with a preference for the endoiso~ner 
(87: 13). but in some cases, the presence of the host would 
push the selectivity to the point where virtually only the 
endoisomer was obtained. 

LAYERED COORDBNATION 
SOLIDS AS HOSTS 

A Highly Guest-Selective 
Metal-Trimssic Acid Network 

Yaghi et al. reported a copper(I1) network with trimesate 
as the co~nter ion, '~"  isolated via a slow diffusion of 
pyridine into an ethanolic solution of C U ( N O ~ ) ~  and 
tri~nesjc acid. As might be expected with a trigonally 
symmetric building block. this co~npound adopted a 
layered honeycomb structure. The axial coordination sites 
on the Cu center, not bound to the trimesate ions, were 
ligated by pyridine and directed into the interlayer region. 
Typically, a monodentate pyridine ligand may be readily 
removed upon heating. In this example. that was not the 
case, as the stability of the pyridine ~nolecules was 

Fig. 3 A portion of a single layer in Aoyama's anthracene- 
bisresorcinol host that catalyzes Diels-Alder reactions. Note the 
stacking of two acrylic esters and the cyclohexadiene unit prior 
to cyclization. Reprinted with per~uission frorn Ref. [20]. 
Copyright 1997 by American Chemical Society. 
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desolvated network was then selectibe for the uptake of 
aromatic over structurally similar. nonaromatic guests. 

Tunable Frameworks Based upon Silver 
Organonitrile interactions 

The Lee group reported some elegant and thorough work 

solids. the silver nitrile interaction can be considered weak. 
Fig. 4 Vieu parallel to the honeycomb layers of Yaghi's 
Cu(l1) trimesic acid framework that is selective for aromatic 
inclusion. Shown is the efficient n-stacking of guests by the 
pyridine pillars. Reprinted with permission from Ref. 1221. 
Copyright 1995 by Nature Publishing Group. (Vial '  this art in 
color at u~w~v.dekker.com.) 

augmented by interpyridine n-stacking interactions. These 
supramolecular interactions served to pillar the interlayer 
and, along with the trimesate core as a spacer, generated 
cavities for inclusion of other extensively hydrogen- 
bonded guest pyridine molecules (Fig. 4). The truly 
remarkable feature of this network was that the guest 
pyridine molecules could be liberated. while the ligated 
pyridine molecules were retained. This generated a porous 
interlayer lined with aromatic groups froin the coordinat- 
ed pyridine units and the benzene cores of the trimesate 
anions. The work was extended to show that the partially 

Additional structural stability in these networks is 
undoubtedly imparted by the observed layer formation, 
which essentially functions as an extended chelate. Lee 
et al. synthesized a family of layered honeycomb 
structures with tris(nitri1e)benzene organic cores linked 
by  silver(^).'^^' Channels in these solids include a range of 
organic guests. The elegance of the Lee work is illustration 
of the variety of modifications, both with respect to the 
dimensions and functionality of the organic skeleton. 
which could be tolerated in a solid sustained by 
presumably weaker intera~tions. '~" In Fig. 5, the range 
of f~~nctionality is shown, including chiral groups for 
enantioselective separations that were incorporated into 
the honeycomb nets. Impressively. this system even 
includes an example (esterification of a pendant alcohol 
group) where functionalization of the organic skeleton was 
after assembly of the silver framework. Thus, in addition to 
thermal stability. this postassembly modification demon- 
strated that the system possessed chemical stability. In 
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Fig. 5 Designed diversity in the silver organonitrile frameworks of Lee while still rnaintainilig a honeycomb-type layered structure. 
Reprinted with permission from Ref. 1241. Copyright 1999 by American Chemical Society. 
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more recent work, Lee extended these studies to append 
longer chains of a well-defined hydroaffinity to a series 
of different organonitrile cores and used hydrophobic 
interactions to assemble different structural motifs.'*" 
This example of soft chemistry exists in a domain 
interinediate to block copolymer chemistry and surfac- 
tant-templatea inorganic synthesis. It is an excellent 
illustration of the complementary status of this science 
relative to existing materials. 

Chiosoanilic Acid Networks 

Kitagawa et al. reported layered coordination polymers 
based upon chloranilic acid which exhibit intercalation 
phenomena.i'6.271 These frametvorks have a for~nula { [M 
(CA) (M20)2](guest)} ,. where M = ~ e * ' ,  Co". Mn", 
C L I ~ ~ .  The chloroanilic acid adopted a doubly chelating 
coordination mode to the metal ions to form a one-di- 
mensio~lal ribbon. The metal ions were all six-coordinate 
and contained two sites not occupied by the CA ligands. 
These two sites were ligated by water molecules, which 
were in a cis or a tmi?s orientation, depending on the 
nature of the complex. The extension of the ribbon to a 
layer is the reason for the inclusion of this system in this 
review. The ribbons were further joined via hydrogen- 
bonding interactions between one hydrogen atom of each 
metal-bound aquo ligand and the oxygen atoms of the 
C A ~  - ligands of the adjacent ribbon, thus forming su- 
pramolecular layers. The remaining hydrogen atoms of 
each aquo ligand also functioned as a hydrogen-bond 
donor to a range of intercalate guest molecules. Guests 
that were intercalated included phenazine. dimethylpyr- 
azine (Fig. 6). and water. With regards to materials prop- 
erties, an appealing prospect is that the nletal centers in 
these structures are, for the large part. paramagnetic. Thus, 
the size of the intercalate could regulate the degree of 
interlayer interaction and, hence, the extent of ferromag- 
netism. Interestingly, using these building blocks. frame- 
ivorks of general formula. {(guest)[M (CA)2 (M20)21) x, 
were also attainable.'2x1 The ltey alteration is that the ratio 
of divalent metal to CA* . which was I :  1. is now halved, 
resulting in an overall anionic franiework. Thus, the reg- 
ulation of the structures was achievable by the variation of 
coulltercations rather than neutral guests. 

Silver Sulfonats Frameworks 

Our research group has been studying the chemistry of 
silver(1) sulfonate frameworks. These two components 
offer an interestiilg compatibiliiy with respect to structural 
pliancy. Silver(1) is noted, among transition metal ions. 
for having a flexible coordination sphere due primarily to 
its dl0 electronic configuration. Sulfonate ions can bridge 
metal centers in modes ranging from bonding to a single 

Fig. 6 Structure of a copper chloranilic acid framework 
reported by Kitagawa. The top figure shows the intercalation 
of dimethylpyrazine. and the bottom figure shows hydrogen 
bonding between Cu(CA) units to form the layers. Reprinted 
with permission from Ref. [26]. Copyright 1996 by American 
Chemical Society. 

nletal to p6. Sulfonates are largely ignored in transition 
metal coordination chemistry owing to the perception that 
they are weakly interacting ligands. While this is true. 
when this fact is coupled with their potential for multiple 
interactions: the silver sulfonate interactions have poten- 
tial as useful synthons in a supramolecular sense. With 
simple organosulfonate groups, silver sulfonates exist as 
layered solids structurally reminiscent of metal phospho- 

which typically form rigid inorganic layers 
with a broad range of R group on the ph~sphona tes . '~~  
In contrast to their divalent cousins, silver sulfonates 
hate more flexible layers. For example, going from 
R = phenyl to tolyl results in a change of the sulfonate 
bridging mode from p6 to y'. This led us to draw the 
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analogy of the sulfonate group to a "ball of Velcro" 
when considering its interactions with silver(1). 

An example of a silver-sulfonate-layered network with 
intercalation properties is that of silver triflate (CF3S03 -). 
In studies of layered metal phosphonates, intercalation 
typically requires thermal pretreatment of the solid to 
generate a site on the metal by liberating a coordinated 
solvent."01 At this stage, the cornpound is usually highiy 
air and moisture sensitive. Silver triflate. in contrast, 
underwent facile coordinative intercalation of straight- 
chain alcohols under ambient conditions in air.'"' No 
thermal pretreatment was required, and no hypersensi- 
tive intermediate was generated. This was enabled due to 
the '%dl of Velcro'' coordination ability of the sulfonate 
group. Whereas the phosphonate group is rigidly fixed in 
its bonding. the sulfonate group simply reorients to ac- 
commodate the alcohol group. This flexibility does not 
come at a sacrificial price with respect to lamellar sta- 
bility, as the intercalation of straight-chain alcohols was 
topotactic over the range from ethanol (C2) to eicosa- 
no1 ( G o ) .  

A second example of silver sulfonate ineeractions fa- 
cilitating a s~lprarnolecular intercalation event is the 
complex, Ag(3-pyridinesulfonate). This framework exist- 
ed as a dense pure conlpound and also as an acetonitrile 
i~~tercalate.~"' The acetonitrile intercalate can be viewed 
as one-dimensional 24-membered rings linked in one di- 
mension to forin layers, as represented on the left side of 
Fig. 7. Upon desorption of the MeCN guests, the frame- 
work con~erted to a dense three-dimensional structure 
shown on the right side of Fig. 7. The reintroduction of 

Fig. '7 Intercon\~ersion of MeCN intercalated (left) and the 
dense form (right) of silver 3-pyridi~lesulfonate, enabled by a 
"ball of Velcro'. rotation of the sulfonate group. Reprinted 
with permission from Ref. 1321. Copyright 2001 by Solin Wiley 
and Sons. (View this art  irz color ilt ~c;u.u~.clelefiker~.con~.) 

acetonitrile was facile. as was the reconversion of the 
network to the layered structure. In virtually all extended 
solids, this structural reversion comes with a loss of long- 
range order reflected in broadening of peaks in the pow- 
der X-ray diffraction pattern. In this fi-amework. as all the 
connectivities lost and regained were weaker contacts 
(i.e., Ag-0  bonds ranging from 2.6-2.8 A), it was a 
facile process for the network to reorient and find its 
energetic minimum. Notably, no broadening of peaks was 
observed, even after 20 sorptionldesorption cycles. An- 
other significant observation concerning this system was 
the selectivity with which the guest inclusion took place. 
It was coordinatioll of MeCN to the metal center that 
triggered the structural reorganization. Therefore, larger 
nitriles were excluded on a steric basis. while poorer 
Lewis bases, such as methanol, were excluded, as they 
likely did not displace the sulfonate group from the silver 
center. While it is difficult to describe a solid as porous 
when it never actually contains a void, this framework 
exhibits selective and reversible guest sorption. it may be 
stated that the most selective pore is. in fact. the pore that 
only exists in the presence of the guest. 

This short review has not. by any means, been meant as a 
comprehensive survey of layered solids and intercalates 
or s~lpranlolecular inclusion, as there are many studies 
that have not received mention here. Within the context of 
this review, the focus was specifically on two-dimension- 
al solids. where the structure is sustained, in whole or 
in part, by weak interactions and that exhibit some 
intercalation phenomenon. 

The incorporation of organic units into an extended 
structure cannot but bring more structural diversity. This 
point is indisputable. The cloud to this silver lining has 
always been the question as to whether frameworks 
incorporating organic moieties can possess the stability to 
enable any functionality. This point is even more poignant 
for two-dimensional architectures. as they are inherently 
less stable than their three-dimensional counterparts. The 
examples discussed in this review illustrate the potential 
utility as materials of networks based upon weaker 
interactions. These soft frameworks can be thought of as 
solids that bend but do not break. They offer more options 
for tunable diversity, and this will ultimately translate to 
greater and; importantly, different functionality. Thus. 
the point that cannot be overemphasized, is that soft 
solids should be perceived as a complement to existing 
inorganic materials rather than as an alternative. In an 
article prophesizing materials challenges for the twenty- 
first century, W. M. Tolles. the former Director of Strate- 
gic Planning for the U.S. Naval Research Laboratory. 
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is quoted as saying; "'The field of chenzistv evolved by 
~lnclerz~tarzcling the conseq~~ences  of borzdirzg forces, 
leading to a vast array of materials today. An extension 
of the .mme approach to w~eaker ,forces is envisionecl. 
Mczterials Izaving properties not lzeretofore available may 
he e~pected. '"~" 
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Light and matter interact in such a way that the electric 
field o f  the light induces ail oscillating polarization o f  the 
electrons in the constituent atoms or molecules o f  the 
matter. These i~lteractiolas cause the light to be scattered 
by the atoms or ~ n o l e c ~ ~ l e s  with and without absorption 
of  energy by the material. This scattering causes frequen- 
cy shifts, angular distribution. and changes in polariza- 
tion and intensity o f  the light, all o f  which provide 
information on the size, shape, and interactions o f  the 
material. This information. when combined with classical 
electrodynamics and statistical mechanics, provides 
details on the structure and molecular dynamics o f  the 
system. The structure and dynamics o f  a wide range o f  
systems such as  solid^,"^ liquid crystals,L21 gels,"] 
solutions o f  macromolecules,[4~ simple fluids and electro- 
lyte solutions,[" dispersions o f  microorganisms,'61 vi- 
ruses,'7' membrane  vesicle^.'^' and colloidal dispersions191 
can be investigated using light-scattering techniques. 
Light-scattering has seen a rapid increase in use and 
applicability over the last 20 years due to the dramatic 
advances in laser techilology. 

THEORY 

When a monochromatic beam o f  light is incident on a 
sample. the light is scattered at an angle 8 with respect to 
the incident beam. The volume defined by the intersection 
o f  the incident and scattered beams is called the scattering 
volume. Atoms and molecules in the scattering volume 
experience the electric field o f  the incident light. and 
charged species are accelerated due to the force they 
experience. The accelerated charge emits light, which can 
be collected by a detector placed at the scattering angle, 6'. 
The light reaching the detector is the sum o f  the light 
scattered by all the charges in the scattering volume and is 
thus dependent on the position o f  the scattering bodies 
(see Fig. 1 ) .  

Atoms or iuoiecules in the scattering volun~e are 
constantly moving. so that tlte total scattered electric field 

constantly changes and therefore l o o l ~  like noise. But, it 
contains all the information. structural and dynamic, on 
the atoms and molecules in the scattering volume. I f  the 
wavelength o f  the incident light is large compared to the 
size o f  the scattering bodies, the same electric field i s  
experienced by each body. Destructive interference o f  the 
scattered waves leads to most o f  the transmitted light 
being observed in the same direction as the incident light. 
and only very small amounts o f  scattered light can be 
observed. The intensity o f  light scattered over directions 
other than that o f  the iilcideitt light increases with 
increasing size o f  the scatterer. For scatterers o f  larger 
dimensions, this leads to the well-known Tyndall effect 
observed when light is passed through an emulsion or 
solution o f  macromolecules. 

I f  the scattering volume is composed o f  many small 
units, where each unit is small compared to the wave- 
length o f  the incident light, the total scattered electric field 
is the sum o f  the scattered electric fields from each unit. I f  
the optical properties o f  each unit are different, then light 
is scattered in directions other than forward, otherwise 
light i s  only scattered in the forward direction. 

When inonochromatic light is incident on a single 
molecule having anisotropic polarizability x, a dipole 
moment is induced that varies with time: 

A time-varying dipole moment emits light. The light 
scattered from a collection o f  molecules is simply the sum 
o f  the amplitudes o f  light scattered from each o f  the 
individual molecules, i.e.. proportional to 

E1z,(t) exp iq , rj(t) 
I 

where j indicates each individual molecule, q is the 
scattering vector, I - ~  is the position o f  the center o f  mass o f  
nlolecule j. and the ' indicates that the sum is only over the 
molecules in the scattering volume. The intensity o f  the 
scattering field is then proportional to 
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lnonochromatic 
light source 
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light, and the interior and surface of the particle are 
different, such as during crystallization. Again. exact 
solutions are available for simple model systems such as 
spheres (Mie t h e ~ r y " ~ ' ) ,  and some are available for 
cylinders. Light scattering was also used to study the 
mobility of ~nicroorganisms.'~'' The reader is referred to 
the text of Berne and ~ e c o r a , ' ~ ~ '  and references therein, 
for further details of the uses of light scattering. 

Fig. 1 Simpiified light-scattering experiment. Commonly, 
there is a focusing lens between the light source and the sample. 

where 

I(q, t )  = (d,~J;'(~,O)d~x~(q, t)) 13) 

and 

is the spatial Fourier component of the polarizability 
density, 

This approach is only approximate, because the incident 
light is directed on a collection of molecules rather than a 
single molecule. These molecules are subject to collisions 
with one another, and this causes disturbances in the 
electric field around the molecules, which persist for as 
long as it takes for the molecules to separate to a distance 
outside the influence of each other's electric fields. 

The polarizability term in Eq. 5 can be split into two 
terms: a polarizability term for the nuclear configuration 
and a term dependent on vibrations. The expression for 
intensity contains four terms: rigid molecule polarizabil- 
ity, two linear cross terms for vibrational modes. and one 
quadratic cross term for vibrational modes. The linear 
terms generally average to zero. The quadratic term leads 
to the vibration-rotation Raman spectrum. Light scattering 
is only concerned with those terms that contain the pure 
rotations and translations of molecules with the rigid 
molecule polarizability. often referred to as Rayleigh- 
Brillouin scattering. 

Difficulties arise in understanding results when apply- 
ing light scattering to complicated systems. Thus, model 
systems are used to aid interpretation. The simplest 
example of this is the use of spherical molecules. because 
the induced dipole moment is always parallel to the 
incident electric field, and exact solutions can be derived. 
Model solutions can also be derived for dilute solutions 
and low-density gases when the sizes of the particles 
being analyzed approach the wavelength of the incident 

Some recent examples of light scattering in fields of 
supramolecular chemistry are provided in the remainder 
of this article. 

M o r a d i a n - ~ l d a k ' ' ~ '  studied amelogenin proteins, 
which are hydrophobic in nature and exhibit reversible 
temperature coacervation (gel conversion from a translu- 
cent state at 4OC to an opaque form at room temperature). 
The bulk of the amelogenin is enriched in amino acids: 
Pro, Leu, His, and Gln, while the terminal region is 
composed of a sequence of hydrophilic-charged amino 
acids. Ainelogenin distribution in the extracellular matrix 
of enamel is believed to be due to alternative splicing of 
primary mRNA transcript as well as the presence of the 
proteolytic product. Interestingly, the amelogenin struc- 
ture self-assembles to generate nanosphere structures, 
which were recognized as being the main structural 
component of secretary-stage enamel matrix. The self- 
assembly of amelogenin proteins to form a supramolec- 
ular structural framework is a major extracellular event in 
enamel formation. Dynamic light scattering was used to 
study the amelogenin self-assembly process, which is one 
of the key factors in controlling some processes of the 
crystal growth of enamel. The light-scattering measure- 
ments detected nanospheres of 5-100 nm diameter.'13' 
These nanospheres are considered the basic building 
blocks of the amelogenin matrix and may be the supra- 
molecular st

r

uctures responsible for organizing this 
matrix. These measurements also indicated that the self- 
assembly process is hydrophobically driven and is 
sensitive to the pH and temperature of the solution. 

In particrtlar. temperature variation studies gave the 
following results:1141 at low temperature (525°C) and pH 
8, full-length recombinant amelogenin forms aggregates 
in a narrow size distribution between 15 and 18 nm. 
Between 27-35"C, the size distribution becomes bimodal 
and multimodal. with average particles having up to four 
times the hydrodynainic radius of those at the lower 
temperatures . At higher temperatures (3740°C), parti- 
cles are larger and better defined. suggesting that ame- 
logenin changes conformation aild reassembles in a 
new arrangement. 
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Modified amelogenins; with systematic domain dele- 
tion or substitution. were also inve~tigated."~' This work 
showed that there are substantial differences in the size 
distributions of the aggregates, depending on the mod- 
ifications made to the pure amelogenin. Time-dependent 
dynamic light-scattering ineasurements also showed that 
altering the hydrophillic B-domain in the amelogenin 
sequence results in a significant shift in the size distri- 
bution of the arnelogenin n a n o s p h e r e ~ . ~ ' ~ '  

There is increasing interest in DNA suprainolecular 
complexes for nonviral gene therapy. Nonviral DNA 
complexes may be important as alternative gene-delivery 
vectors for treating genetic disorders. Most studies of 
nonviral gene-delivery systems focus on new condensing 
agent synthesis, expression vector development, and 
characterization and structure of the supramolecular 
complex. In contrast, there have been few studies on the 
formation kinetics of this supramolecular complex. Un- 
derstanding the kinetics of the cornplexation process is 
important to achieve an optimal formulation of the DNA 
complex dispersion (i.e., having an optimal size and 
con~position). Lai and van ~ a n t e 1 1 " ~ ~  used time-resolved 
multiangle laser light scattering to measure the kinetics 
of formation of a DNAIpoly-L-lysine polyplex and to 
monitor the time evolution of the supramolecular com- 
plex. as kvell as changes in the mass and geometric size. 
The light-scattering results showed that the primary 
polyplexes of a smaller geometric size than individual 
DNA molecules in solutioil form rapidly when DNA is 
mixed with poly-L-lysine. After a certain tiine, the primary 
polyplexes then aggregate into larger structures. where the 
size is dependent on the relative conceritration of DNA to 
poly-L-lysine. It was found that at relatively high or low 
DNAIpoIy-L-lysine inass concentration ratios. the poly- 
plex Inass and geometric size remain almost constant with 
time after initial aggregation. The results also indicated 
that aggregation is rapid and yields polyplexes that remain 
stable for at least a few hours. 

Resonance light scattering (RLS) is a valuable tech- 
nique for detecting and characterizing extended aggre- 
gates of chromophores. Scattering intensities of such 
species are significantly enhanced at or near the wave- 
length of absorption when strong eiectroilic coupling 
exists a~nong chromophore units. This meails that RLS is 
extremely sensitive and selective for monitoring such 
molecular assemblies and for studying their sizes and 
shapes. However. the interpretation of data obtained from 
RLS are complicated by the large amount of abso~ption 
present. Collins et al.L171 reported an empirical method for 
making absorption corsections to RES spectra obtained 
using a 90" fixed scattering angle spectrofluorimeter. The 
supramolecular assembly of the chromophore, tetrakis (4- 
sulfonatophenyl) polyhine (H4TPPS), was studied itsing 
RLS by considering the absorption and scattering of the 

sample: thus separating the extinction measurement into 
the individual components. 

Chromic materials are present in many materials, such 
as drugs; dyes. nucleic acids, and antibodies. The driving 
force for self-association of these chromic molecules in 
aqueous solution is enthalpically driven. with attractive 
interactions occurring between n-systems leading to the 
formation of stacks of molecules. A well-known assem- 
bly of this kind is formed by certain cyanine and mero- 
cyanine dyes. also known as J-aggregates, because they 
give a sharp optical absorptioil band (J-band) shifted to 
longer wavelengths compared to the long wavelength 
absorption band of monomers. This unusrtal spectroscop- 
ic phenomenon was attributed to a stacking of the 
chro~nophores into polymer-like assemblies. The rela- 
tionship between molecular structure and the mesoscopic 
properties of these materials is complex. In addition, their 
aggregation number, geometric size, and morphology are 
not well understood. Light scattering was used by von 
Berlepsh et al."" to characterize 5,5',6,6'-tetrachlorobenz- 
imidacarbocyanine dyes with I ,I1-dioctyl and 3,3'-bis(3- 
carboxypropyl) substituents that form distinct supra- 
molecular aggregates in solution. The light-scattering 
results revealed that there was nonuniformity in aggregate 
diameter. The particles in solution were rod-shaped. 
Small-angle light-scattering measurements also showed 
that the scattering behavior was unchanged over the 
whole accessible scattering vector range down to Q of 
around 5 x lo-' n m p l .  suggesting Chat particles re- 
mained a particular length. which could be on the order 
of a few microns. 

Alloisio et al."" used light scattering to investigate a 
soluble polydiacetyiene (PDA), poly [l,6-bis(3,6-dihexa- 
decyl-N-carbazoy1)-2.4-hexadiynel. It was possible to 
create thin films of some of this polymer that have good 
optical quality. Dilrite solutions of this polymer in 
benzene and toluene were characterized using light 
scattering. which showed that this specific polymer 
behaves differently than other soluble PDAs. Specifically, 
the res~tlts iildicated that the polymer behaves as a rod-like 
chain. and it is this property that potentially allows 
preparation of thin films with good optical quality using 
spin coating. Gelatin forms a physical rather than a 
chemical gel; that is, direct chemical cross-linking of the 
polymer strands does not o c c ~ ~ r .  This process is well 
understood. but chemical cross-linking of gelatin is 
required for some applications, such as surgical absorb- 
ents a.nd drug capsule casings. In order to understand the 
effects of chemical cross-linking. Sharlna and ~ o h i d a r ' * ~ '  
used light scattering to study the interactions between 
glutaraldehyde and gelatin in aqueous solution at con- 
centrations less than that required for physical gelation or 
gelatin. The results suggest that there are two possible 
supramolecuiar structures for the gelatin-glutasaldehyde 
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complexes-a random coil with glutaraldehyde bound to 
lysine residues in the gelatin chain and also pairing o f  
gelatin molecules using glutaraldehyde bridges. 

Andjelid and ~ i c h a r d ~ ~ "  used depolarized light scat- 
tering to study the effects o f  -/-irradiation on the crystal- 
lization o f  ultrahigh nlolecular weight polyethylene. This 
material is important, as it is used for the manufacture o f  
bearings in human total joint replacements. Recentiy, it 
was shown that the method o f  sterilization o f  the joint 
replacements has a significant effect  on their wear 
characteristics, because free radicals that are produced 
can react with oxygen. leading to weakening, but i f  they 
react with each other, it call actually strengthen the 
bearing. Depolarized light scattering showed that the 
nonirradiated polymer is characterized by individual 
spherulites and their clusters, whereas for the irradiated 
samples. there was no evidence o f  ordered supramolec- 
ular structures. 

Zeng et al.f"i studied the self-assembly o f  dendrimers 
based on tetraacid systems. Eight scattering allowed them 
to determine the molecular weight o f  the dendrimers, with 
results that compared well with other methods. including 
size exclusion chromatography. mass spectroine!ry. and 
vapor pressure osmometry. 

Eecollinet et al.L231 investigated the self-assembly o f  
tetraether glycolipid analogues representative o f  those 
found in the membranes o f  archaehacteria. and they used 
light scattering to show the stability o f  vesicles produced. 

Larger Systems-CrystallIzatiQn 

Light scattering was also used to study crystal growth. In 
particular, size distributions for crystals growing in the 
nascent liquid were obtained. This is o f  particular interest 
in the pharmaceutical industry. where controlling particle 
size is often important. However, in many applications, 
dilution o f  the suspension is required, as the concentration 
o f  particles often exceeds the limits o f  conventional light- 
scattering equipment. One inethod to avoid this is to use 
spectral extinction that can cope with higher concentra- 
tions.12" One field o f  particular interest in the area o f  
supra~nolccular chemistry is that o f  clathrate (or gas) 
hydrates (for more details on clathrate hydrates. see 
the article Clothrate Nydrures and Ref.  [25]). Several 
researchers ii1 this area measured particle sizes, but the 
technique is notoriously diffic~iit to use for these systems. 
 onf fort"" used iaser iight scattering to monitor cyclo- 
propane hydrate foi-mation and observed particles in the 
6-564 ym range. p io~s i f '~ ' ]  also used light scattering, but 
olliy to detect the onset o f  crystallization. which gives rise 
to a spike in the scattered light intensity. Moh and 
~ e s t a c o i t [ ~ ' ]  also used dynamic light scattering to study 
the effect o f  chemical inhibitors on the THF hydrate 
formation process. ~ e r h e i m ~ ~ "  Iiildicated a critical cluster 
size for Structure PI hydrates in the range 3-80 nln using 

dynamic light scattering. More recently, Bishnoi and 
 coworker^'")^ used light scattering to study the nucleation 
and growth o f  ethane hydrate on latex spheres. The 
approach has the advantage that hydrate llucleates on the 
latex particles, which overcomes some o f  the difficulties 
associated with water and hydrate having similar refractive 
indices. However, it complicates the issue by having an 
extra component in the system, and more work will need to 
be performed to increase the understanding o f  this system. 

CONCLUSION 

Light scattering is clearly an important tool for studying 
the structural characteristics and kinetics o f  formation o f  
a wide range o f  materials, including proteins, polymers, 
chromophores. microorganisms. and inclusion com- 
pounds. such as gas hydrates. More specifically, informa- 
tion on particle size distributions o f  aggregates can be 
determined from laser !ight scattering. Depending on the 
system being studied, particle sizes o f  about a few nano- 
meters to a few microns can be detected as a function o f  
time, temperature. and composition. Such iilforlilation is 
important in a wide range o f  industrial and medical appli- 
cations, including self-assembly o f  amelogenin proteins, 
which is a major stage in enamel formation: crystalliza- 
tion o f  ultrahigh-molecular-aieight polyethylene, which is 
used in bearings in humail joint replacen~ents: and con- 
trol o f  crystal growth o f  gas hydrates, which is important 
in gas production and transportation. 
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Liquid Clathrates 
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Clathrates are a class of crystalline compounds formed 
from two different stable compounds that exhibit no co- 
valent bond between them. A clathrate can be obtained 
when one compound. the host, crystallizes in such a way that 
holes or cavities within the lattice trap a second compound, 
the guest. This concept of a host matrix trapping a guest 
molecule can easily be extended from solid to liquid phases. 
Since their initial discovery in 1969, liquid clathrates have 
proven to be an interesting and growing area of research."" 

In the following sections, the distinction between air- 
sensitive and air-stable liquid clathrate systems will be 

Liquid clathrate phases are formed when large regions 
of liquid order exist, in which cations and anions exhibit 
strong interactions with aromatic molecules. Aromatic 
molecules acting as guests within the salt ions serve to 
support and stabilize the structure resulting from the cat- 
ion-anion packing interactions. With too little interaction 
between aromatics and cation-anion hosts, the salts are 
simply completely miscible or immiscible with the aro- 
matics, whereas, if the ion-ion interaction5 are too great, 
then the salt will simply crystallize. Provided in Fig. 1 is a 
simplistic view of the phenomenon. 

discursed. We will also present typical synthesis and char- 
acterization procedures as well as a number of interesting 

SYNTHESIS, ANALYSIS, AND EXAMPLES 

applications for these nonconventional solvents. 
OF LiQUlD CLATHRATES 

Preparation of the First Liquid Clathrates 

BACKGROUND 
Liquid clathrates may be prepared by two different 

"Liquid clathrate" is a term coined by Professor Jersy L. 
Atwood; then at The University of ~ l a b a m a . [ ~ '  This term 
was used to describe the serendipitous discovery of the 
biphasic behavior of a wide selection of salts with 
aromatic solvents. such as toluene and benzene. These 
semiordered liquids containing complex salt hosts and 
aromatic hydrocarbons represent the most common exam- 
ples of liquid ~latbrates.[~] 

The first examples of materials that supported liquid 
clathrate phase formation, in contact with asonlatic 
hydrocarbons, were highly reactive air-sensitive salts con- 
taining alkylaluminum anions, first described by At- 
 wood.['^" Their applications for separations of aromatics 
from hydrocarbons151 and in coal liquefaction[61 were ex- 
tensively explored. However, a drawback of the initial 
systems studied was their air-sensitivity and reactivity. 

More recent research established that a much greater 
range of organic salts can form liquid clathrates when 
contacted with aromatic solvents,[31 including liquid salts 
now known as "ionic liquid."i71 Formation of liquid 
clathrates is observed most often with halide and pseu- 
dohalide anions. Regardless of cation or anion, these ma- 
terials can be expressed as "nonstoichiometric liquid 
inclusion compounds" forming complexes in conjunction 
with aromatic solvents ranging between 1.3-42.2 mole- 
cules of solvent.[31 

methods. These methods can best be illustrated by the 
preparation of K [ A ~ ~ ( C H , ) ~ N , ] . ' ~ ~  In an N2 atmosphere 
dry box, approximately 0.010 mol Al(CH3)3 was added to 
0.005 mol KN3 to give solid K[A12(CH3)6N3] (1). The 
addition of toluene (0.10 mol) to B produced the liquid 
clathrate M[A12(cH3)6N3] .3.8 C6H5CH3. 

A second method for the production of liquid clathrates 
involves the addition of 0.005 mol KN3 and 0.010 mol 
Al(CH3)3 to 0.10 mol toluene in an N2 atmosphere dry 
box. This procedure yields a liquid clathrate identical in 
composition to the one prepared in the previous method. 
Note that liquid clathrate formation is a visually dramatic 
event. As the reaction proceeds, separation of two distinct 
liquid layers becomes obvious. 

Analysis of Aromatic Stoichiometries 

iWolar miscibility and saturation point measurements 
describing liquid clathrate behavior are commonly ana- 
lyzed by the integration of NMR spectra. In most cases. 
the aromatic stoichiometries are the average of three 
preparations and integrations with an acceptable standard 
deviation result of t 0 . 2  molecules. A common feature of 
all liquid clathrate NMR spectra is the shifting of the 
entire spectrum 0.2-0.5 ppm downfield relative to the 
pure aromatic substance. 
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Liquid Clathrates 

Fig. 1 Excess aromatic molecules (top phase) with a liquid 
clathrate (bottom phase). 

Air-Sensitive Liquid Clathrates 

Since the initial discovery of liquid clathrate systems, 
hundreds of compounds having the structure M[A12R6X] 
were found to exhibit liquid clathrate b e h a v i o ~ . ~ ' , ~ ~  While 
these highly reactive air-sensitive salts are useful in such 
applications ranging from separations of aromaticv from 
hydrocarbons to coal liquefaction. their air-sensitivity and 
reactivity posed drawbacks to further study. 

Liquid clathrate systems are characterized by a 
maximum aromatic-to-parent compound ratio (A/A 
ratio). The M A  ratio has proven to be constant for each 

Table 1 Some representative alkylalu- 
minum liquid clathrates" 

Compound A/A ~ a t i o ~  

"From Ref. [2].  
"~aximurn  aromatic-to-parent compound ratio 
for benzene. 
'Maximurn aromatic-to-parent compound ratio 
for toluene. 

liquid clathrate system. regardless of the presence of 
excess aromatic. In order to illustrate three important 
trends of liquid clathrates, a partial listing is shown in 
Table 1. 

From such data as shown in Table 1 ,  Atwood suggested 
the following  observation^:^"^' 

For a given anion and aromatic. the larger the cation, 
the larger the A/A ratio. 
For a given cation and anion, the larger the anion, the 
larger the A/A ratio. 
For a given anion and cation. the larger the aromatic, 
the smaller the A/A ratio. 

These observations appear to hold for all known 
alkylaluminum-based liquid clathrates. For example, a 
selenonium ion-based liquid clathrate having the inclusion 
formula [(CH3),Se] [ClAl(CH3)2(Cl)A1(CH3)3] . (aromatic 
solvent), can accommodate 8.5 benzene molecules or 8.3 
toluene molecules per parent compound.[91 

Extensive research was conducted on liquid clathrates 
forn~ulations using crown-ether complexes of oxonium 
ions.[31 One such reaction of interest arises from the in- 
teraction of 18-crown-6 with HCl in toluene with a little 
moisture. which results in a liquid clathrate layer having 
composition [H30 .  1 8-crown-6][HC12]. 3.6 C ~ H ~ M ~ . ' " ~  
While having a "measurable" stability, these liquid 
clathrates eventually deposit crystals over hours or days, 
and crystals of [ H 3 0 ,  18-crown-61 [HC12] were iso- 
lated.ilnl Listed in Table 2 are several oxonium ion- 
liquid clathrates along with their reported A/A ratios and 
corresponding reference. 

Air-Stable Liquid CBathrates 
and Ionic Liquids 

For a rationalization of the similar physical behavior of 
liquid clathrate formation with aromatics. for a chemically 
dissimilar set of materials. Zaworotko et al.'161 suggested 
that liquid clathrate formation was chiefly dependent on 
the physical properties of the organic salts. rather than on 
their chemical natures. Thus, an approach to developing 
other systems capable of sustaining liquid clathrates 
would be to investigate organic salts with low melting 
points (or even salts that were liquid at room temperature). 
This is clearly a description of ionic 

In studies to determine the miscibility of ionic liquids 
with aromatic solvents, Holbrey et al. found that ionic 
liquid-aromatic mixtures form liquid clathrate systems.r71 
For example, ionic liquids of current interest, such 
as hydrophobic 1-alkyl-3-methylimidazolium salts ([C,- 
mim]X) with hexafluorophosphate, bis(trify1)imide. and 
tetrafluoroborate anions were observed to form liquid 
clathrates with benzene. toluene, and xylenes (Fig. 2). In 
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Table 2 Some oxonium ion-crown ether liquid clathrates 

Compound 
AIA 

Ratio Reference 

[H30 18-crown-61 [Cl-H-C11 
[H30 IS-crown-61 [CI-H-CI] 
[K 18-crown-61 [Cr(CO),Cl] 
[H30 18-crown-61 [W(CO),Cl] 
[H30 18-crown-61 [W(CO)4C13] 
[HzO bb-azn- 18.~1 ow11-6 (H)J 

[w(CQ)&1~12 
[H30 1 8-crown-6][17] 
[H30 1 8-crown-6][MoOC14(H20)] 
lHiO 1 8-crow n-61 [WOBr4(H20)] 
[H20 cr;n- 18-crown-6 (H)] 
[M0OCl4(H2O)] 
[H20 a:a- 1 8-ciown-6 
[WOCl,(HzO)l [Cll 
[H30 18-crown-61 [CrCl,(H,O),] 
[H30 18-cro~n-6]~[FT~O~ MolC19] 
[H30 18-crown-61 [WOC14(H20)] 
[HTO 18-crown-61 [TiCl,(H20)] 

"Maximum aromatic-to-parent conipound ratio for benzene 
h ~ a x i n l w n  aromatic-to-parent compound ratio for toluene. 

the system [l-butyl-3-methyliinidazolium][Dis(trifyl)i- 
imide] ([C4mim][NTf2])henzene, the upper phase is 
wholly benzene, whereas the lower ionic liquid clathrate 
phase contains ca. 1:3.5 ratio of ionic liquid:benzene, i.e., 
has an excess of aromatic solvent. 

Other air- and water-stable liquid clathrates based on 
boronic acid derivatives were also shown to possess 

n P z 3 4 

Mole Ratio (Aromatic:PL) 
In Liquid Clathrate Phase 

Fig. 2 Ratio of aromatic to ionic liquids in the lower phase 
of the liquid clathrate biphasic systems. The data shown 
for rz-alkyl-methylimidazoliuin ionic liquids is from Ref. [7]. 
Collllecting lines are a visual guide to changes in the liquid 
clathrate phase composition. 

water-dependent liquid clathrate formation.['91 These 
phosphonium cyanoborates. bis(methyltripheny1phos- 
phonium)B,B'-dicyano-B,B'-hexamethylenebis(9)-borata- 
bicyclo[3.3.l]nonane, when anhydrou5, did not dissolve in 
furan, but adding one equivalent of H1O and warming 
resulted in rapid formation of a yellow liquid clathrate 
below a colorless furan layer. Some average AIA ratios 
included benzene (0.8), o-, m-, p-xylene (all 0.3). and 
rnesitylene (0.2). 

APPLICATIONS 

Separations 

The potential appl~cat~on of liquid clathrates to separa- 
tion sclence is of continuing interest. in particular, the 
separation of closely related aromatic hydrocarbons such 
as benzene and toluene, or o. rn. and p-xylene ['I 

Organic nonquaternary clathrate salts were successfully 
appl~ed as useful materials for separating hydrocarbon 
feed st~eams into aromatics-rich fractions and aromatlcs- 
lean fractions L51 

Coal Liquefaction 

Another interesting application of liquid clathrates that 
was explored is in coal liquefaction. This patented 
application resulted in the rapid partitioning of 23% of 
the coal mass into the liquid clathrate phase of a toluene- 
based liquid clathrate system at 5 0 O ~ . [ ~ ]  It is reported that 
no chemical reaction is believed to occur between the 
liquid clathrate and the coal.i21 

The liquid clathrate phase will dissolve substances that act 
as olefin hydrogenation catalysts, creating homogeneous 
hydrogenation catalysts.i21 Polymerization catalysts com- 
prised of stable liquid clathrate aluminoxane, aromatic 
solvents. and organic. inorganic, or organometallic com- 
pounds were de~cribed.~"'.''' Liquid clathrate composi- 
tions cornprised of a metal halide, a quaternary ainmonium 
salt, a quaternary phosphonium salt. or a ternary sulfonium 
salt: an aluminum trihalide; and an aromatic hydrocarbon 
have proven useful as reusable aluminum catalysts in 
FriedelLCrafts reactions.i221 

The support for liquid clathrate formatioil under 
biphasic conditions in ionic liquid-aromatic systems is 
an important and underrecognized phenoinena. As the use 
of ionic liquids as solvents and catalyst immobilization 
phases for transition metal catalyzed reactions becomes 
increasingly commonplace, the importance of understand- 
ing liquid clathrate formation as an activation and 



Table 3 Oxonium ion-crown ether complexes crystallized 
from liquid clathrates 

Compound ReL 

separations tool will become crucial. Differences in 
chemistry can be achieved in Il-aromatic biphasic 
systems and it-hydrocarbon, or other biphasic systems, 
are almost certain, because the former example supports 
formation of liquid clathrate phases, whereas in the latter, 
the biphases are truly ionic liquid-molecular liquid. 

It was recognized that Lewis acid Friedel-Grafts 
alkylation of benzene in C1/AICl3 containing ionic 
liquids was occurring under liquid clathrate conditions. 
and that from the reactive chemistry perspective, these 
systems were identical to liquid clathrates that formed 
with higher melting alkylammonium salts. Liquid clath- 
rate formation with ionic liquids was also applied as a 
separations technique for aromaticlaliphatic hydrocarbon 
mixt~i res ,"~~ with the advantage that all components are 
liquid at room temperature, which precludes formation of 
precipitanis. Most recently, Dixneuf and coworkers de- 
scribed olefin metathesis reactions catalyzed by ruthenium 
allenylidene catalysts under biphasic ionic liquid-toluene 
systems, that is in a liquid clathrate supporting reaction 

The authors reported that the biphasic sys- 
tems formed were stable. with the ruthenium catalysts 
renlaining in the lower (salt-rich) phase, allowing facile 
product extraction by transfer of the upper, toluene phase. 
It would be interesting to compare reactivity in this sys- 
tem with an analagous ionic liquidlhexane or other ali- 
phatic upper-phase system to examine whether the 
reaction productivity and mass transport effects are en- 
hanced in a liquid clathrate system over a solely ionic 
liquid biphasic system. 

Liquid clathrates as crystallization media have resulted in 
many new structxres. Crystals of crown 
cryptand,'28.291 and tetramethylethylenediammonium and 
triphenylphosphonium'iol complexes were prepared. Pre- 
sented in Table 3 is a short list of some oxonium ion 
crown-ether crystal co~nplexes which deposited from the 
liquid clathrate mixture. Oxonium ion complexes with 
crown ethers from a liquid clathrate media were fornled of 
a suitable size and shape to crystallize lanthanides and 
 actinide^.'^" 

CONCLUSION 

Liquid clathrates represent an interesting area of supra- 
molecular chemistry. Over the years. the move from air- 
sensitive to air-stable liquid clathrate systems greatly 
simplified their handling procedures. Also, with the 
emergence of air-stable liquid clathrate systems, their 
possible applications broadened beyond early useful 
applications of coal liquefaction and hydrocarbon separa- 
tions to include aqueous separations and catalytic systems. 

The field of liquid clathrates can also aid in our 
understanding of new fields; such as ionic liquids, where 
many ionic liquid compositions are being observed to 
behave as liquid clathrates. The ionic liquid researchers 
are searching for new and varied liquid salt compositions, 
and thus, one may predict that a plethora of new liquid 
clathrate hosts will soon appear in the literature. It will be 
incumbent on researchers in liquid clathrates and ionic 
liquids to make the connections between the two fields. 
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The hock and Key Principle 

AnatoBy K. Yatsimirsky 
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More than one century ago, Emil Fisher introduced the 
lock-and-key analogy for the specificity of enzyme action, 
thus providing the first description of the molecular 
recognition phen~rnenon.[l-~] In terms of modern con- 
cepts, the lock-and-key principle describes the binding 
strength and specificity as a result of a number of com- 
plementary interactions between rigid preorganized host 
and guest molecules. Discovery of high flexibility of 
proteins and observations of significant conformational 
changes accompanying binding of ligands to proteins led 
to an extension of the lock-and-key principle by the 
induced fit mechanism, which was initially proposed to 
explain some anomalies in the catalytic action of enzymes 
transforming sugar substrates.[" Binding via the induced- 
fit mechanism may be accompanied by free energy losses 
due to the shift of the receptor conformation from that 
which corresponds to the energy minimum. On the other 
hand, the induced-fit mechanism gives a way of under- 
standing such important phenomena as allosteric regula- 
tion and cooperativity. Organic ligands also undergo 
substantial conforrnational changes upon complexation, 
which also may be energetically unfavorable due to such 
factors as restrictions of internal rotations, induced 
torsional strain; etc. These energy losses will be minimal 
if the ligand is prepared in a rigid binding conformation 
and, therefore. will interact with the receptor by the lock- 
and-key mechanism. 

PROTEIN-PROTEIN AND 
PROTEIN-LIGAND ASSOCIATIONS 

A large number of x-ray structures of proteins and 
protein-ligand as well as protein-protein complexes 
accumulated since the mid-1970s. In some cases, e.g.. 
for complexes of proteolytic enzymes with small protein 
inhibitors as well as for the first reported structure of an 
antigen-antibody the results agree with the 
classical lock-and-key principle. but in general. modest to 
strong conformational changes in protein and ligand 
molecules are observed.16371 Recent analysis of 39 pairs of 
structures of protein complexes and respective individual 
proteins revealed that the general model of binding is 

induced fit. In many cases, however, conformational 
changes are relatively small and often do not involve 
functionally important residues, so it is suggested that the 
binding can be considered in terms of the lock-and-key 
principle as a first approximation.1s1 

Detailed analysis of protein-ligand binding was per- 
formed for interaction of Fab fragments of affinity- 
matured antibody 28B4 and its germline precursor with 
hapten I . [ ~ ]  The affinity-matured antibody forms ca. 1000 
times more stable complex with 1 than the germline 
antibody: Kd = 37 nM and 25 pM, respectively. Shown in 
Fig. 1 are structures of haptene complexes with both 
antibodies. Comparison of these structures with those of 
respective unligated proteins shows only minor differ- 
ences in the case of 28B4. consistent with the classical 
lock-and-key mechanism, but significant binding-induced 
changes in the structure of the germline antibody in 
accordance with the induced-fit mechanism. However, 
lower affinity of the germline antibody probably is not due 
to a possible energetic cost of the induced fit. As one can 
see from Fig. 1, there are several mutations in the active 
site of the affinity-matured antibody that provide addi- 
tional binding interactions with the hapten. As a result, the 
hapten gains two additional hydrogen bonds to the 
phosphonate group with ~ y s 5 3 ~ ,  which substitute ~ s n 5 3 ~  
of the germline antibody, and a higher degree of stacking 
interaction with the aromatic groups of ~ r p 9 5 ~ ,  phe50H, 
and ~ y r 3 2 ~ ,  the first of which substitutes Asp9jH of the 
germline antibody. The mutation of ~ r ~ 9 5 ~  to Asp in the 
affinity-matured antibody reduces its affinity essentially 
to the level of the gerrnline antibody (Kd = 20 pM). And, 
the germline antibody with mutations ~ s n 5 3 ~ L y s l  
~ s ~ 9 5 ~ ~ 1 - p  has the affinity increased to a level that is 
only three times less than that of the affinity-matured 
antibody (Kd = 110 nM). It seems, therefore, that at least 
in this case, the number of pairwise binding interactions 
is more important than preorganization. 

The problems of optimum geometry, conformational 
rigiditylflexibility, and binding mechanism of organic 
ligands to proteins are extensively studied with respect to 
the design of new d r~gs . "~) . "~  We will discuss some of 
these aspects, taking as an example detailed studies 
reported on thermolysin phosphonamide  inhibitor^."^'"^ 
In Fig. 2, the structures of inhibitors and the dissociation 
constants of their complexes with thermolysin are shown. 
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Fig. 1 The active site of the affinity-matured 28B4 Fab-hapten I (Hapten 3 on the figure) con~plex (a) and the germline Fab-hapten 1 
complex (b).'" The backbone of the affinitli-matured 28B4 Fab is in light brown, and its active site residues are in dark brown. The 
backbone of the gerrnline Fab is in light blue. and the active site residues are in dark blue. Both haptens are shown in yellow. Reprinted 
with permission from Ref. [9]. Copyright 2001 by American Chemical Society. 

Fig. 2 Therrnolysin phosphonamide and analog inhibitors with dissociation constants of enzyme-inhibitor complexes 
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The binding site of the enzyme involves a Zn(I1) cation, 
which interacts with an anionic phosphate group, and a 
number of functional groups, which participate in hydro- 
gen bonding. In particular, the carbonyl oxygen of Ala- 
113 forms a hydrogen bond with the phosphonamidate NH 
group in 2. Substitution of this NH group with CH2 in 3 
does not affect binding, but the phosphonate 4 in which 
this group is substituted with 0 has much lower affinity. 
The structure of the thermolysin complex with 4 is the 
same as with 2. Therefore. the negative effect of oxygen 
replacement can be attributed to the repulsive interaction 
of partial negative charges on oxygen atoms of 4 and Ala- 
113. (In other cases, the replacement of an amide group of 
the ligand with an ester group leads to a misfit between 
guest and host molecules and to a strong inhibitory effect. 
For example, this was observed in the comparison of 
structures of vancomycin complexes with N-Ac-D-ala and 
~ - ~ c - ~ - l a c . ~ l ~ ~  This simple and efficient '.mutation" of 
the ligand structure is used by bacteria to develop 

resistance to the vancomycin antibiotic.) Similar stability 
constants for 2 and 3 were interpreted as a result of 
hydration effects: the methylene group of inhibitor 3 does 
not form a hydrogen bond with the enzyme or with a water 
molecule, in contrast to the NH group of 2; therefore, the 
balance of ruptured and formed hydrogen bonds is the 
same for both inhibitors. 

Cyclic inhibitor (S.S)-5 was designed on the basis of 
the structure of the enzyme complex with 2 in such a way 
that it would adopt the conformation observed in the 
crystal structure but would be conformationally rigid and 
avoid unfavorable steric interactions with the enzyme."31 
Also, chemically and conformationally similar, but acy- 
clic, inhibitor (S)-6 was prepared. Crystal structures of the 
complexes between these inhibitors and thermolysin 
confirmed the anticipated mode of binding. Tne stability 
of the thermolysin co~nplex with rigid (S,S)-5 is 2.5 times 
stronger than with 2 and, more importantly, 20 times 
stronger than with acyclic analog (S)-6. 

Single crystal structure (28.25 kcallmol) 

Protein-bound structure (23.83 kcallmol) 

Local energy minimum (9.56 kcallmol) 
(minimized protein-bound structure) 

Fig. 3 Conformational changes of methotrexate 7.i161 Reprinted from Ref. [ I  61. Copyright 1995, with permission from Elsevier 
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lit is worth noting that rigidification of a flexible ligand 
often leads to the loss of affinity,lLol but the reason for this 
is the fixing of a conformation different from the optimum 
for binding or the appearance of some repulsive steric 
interactions with fragments used for rigidification. An- 
other factor, which should be taken into account, is that 
some flexibility of the ligand and the receptor persists 
even in their complex, reducing interaction enthalpy but 
increasing the entropy.'"' For example; the binding 
constant of 2-[(4'-hydroxyphenyl)azo]benzmte to strepta- 
vidine increases from 7.3 x 10' M ' to 2.0 x 10' M-' and 
then to 1.2 x 1 0 % ~ '  on going from unsubstituted dye to 
its 3'-methyl and 3',5'-dimethyl derivatives, exclusively 
due to the increase in the complexation entropy."" High- 
resolutio~l x-ray structural studies suggest that the positive 
complexation entropy is due to two factors: displacement 
of water from the binding site and retention of ligand 
flexibility in the bound state. Therefore, rigidification is 
expected to improve the interaction enthalpy but may be 
unfavorable for the interaction entropy.["' 

Interesting results were obtained by molecular me- 
chanics calculations of co~lformational changes of small 
molecules accompanying their binding to pr~teins."~~"'  
The analysis of crystal structures of 33 small molecules as 
pure compounds and as protein-bound compounds showed 
considerable differences in their  conformation^."^' Both 
conformations are also different from the global energy 
minimum conformation. and the degree of deformation 
depends on the number of bonds around which free 
rotation exists. Tnterrelatio~ls between different structures 

of a ligand are illustrated in Fig. 3 for methotrexate (7).1'61 
Both pure compound and protein-bound compound struc- 
tures are well above the global minimum structure and 
do not correspo~ld to a local energy minimum structure. 
However, the important question is how essential are these 
differences for binding? Comparisons of minimized 
solution conformations and protein-bound conformations 
of 10 small molecules showed that if the criterion is the 
values of torsion angles, the structures can be considered 
different, but if one compares the positions of "anchor 
points" (several key atoms responsible for tight binding), 
they appear to be similar in the free and bound ligand 
conformations.'"' On this basis, it was concluded that 
despite obvious conformational changes. the binding 
essentially follows the lock-and-key mechanism, and the 
low-energy structure in solution correctly represents the 
positions of importance for binding groups. 

HOST-GUEST ASSOCBATBON 

Synthetic receptors of different types (crown ethers. po- 
dands, cyclophanes, calixarenes) possess large degrees of 
conformational mobility. The binding mode to these 
receptors is the induced-fit mechanism that. in particular, 
leads to a possibility of allosteric regulation of the ligand 
binding to these receptors. This aspect and the respective 
conforinational changes are discussed in the article. The 
Allosteric Effect. Rigidification of these receptors, usually 
considered preorganizaiton. in several instances was found 

Fig. 4 Logarithms o f  the association constants o f  some tricarboxylate anions with differently protonated for~ns o f  a macrocycle 8 .  
(From Ref. [24].) 
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to improve the binding selectivity and affinity, see, e.g., 
Refs. [I  8,191. The binding mode to such preorganized re- 
ceptors is essentially the lock-and-key mechanism. 

Cyclodextrins are an important class of rigid receptors. 
although molecular modeling predicts some degree of 
flexibility.1201 A modified mono-altro-P-cyclodextrin, in 
which one of the seven glucose units is changed to an 
altrose. was prepared to achieve the induced-fit mecha- 
nism of bindii~g. '~" Complexation of adarnantancarbox- 
ylate to this host induced a conformational change in the 
altropyranose unity. 

It was pointed out that the degree of co~nplementarity 
between interacting atoms and the losses due to restric- 
tions of internal rotations depend on the interaction 
strength, and for weak and nondirectional interactions, 
such as ion pairing and hydrogen bonding. may be 
small,L"2."l The conclusion was based on observations 
that the association constants between dicarboxylate 
dianions and diamides (hydrogen bonding) or between 
dicarboxylate dianions and diamrnonium cations (ion 

pairing) are insensitive to the rigidity of a spacer between 
the interacting groups, e.g., the difference in the associ- 
ation constants with isophthalate and glutarate dianions is 
only ca. 50% iii favor of the rigid isophthalate. Neverthe- 
less, even pure ionic binding may lead to fairly strong 
shape selectivity in molecular recognition. Shown in Fig. 4 
are logarithms of the association constants of a series of 
tricarboxylate anions with two protonated forms of 
macrocycle 8.''41 There are several points of interest in 
these results. Binding of all rigid tricarboxylate anions is 
stronger by two to three orders of magnitude than that of 
flexible citrate. The binding of rigid carboxylates is 
strongly shape dependent. in particular. for isomeric 
cyclohexanetricarboxylates. The degree of discri~nination 
increases with an increase in affinity-going from a less- 
charged tetraprotonated receptor to a highly charged 
heptaprotonated macrocycle. Apparently, for stronger 
interacting host and guest species, the geometrical 
requirements become progressively important. and the 
binding mode becomes closer to the lock-and-key model. 

Fig. 5 Chemical structures and molecular models of shape-selective receptors for recognition of amine Reprinted with 
pelmission from Ref. [25].  Copyright 2000 by American Chemical Society. 



The Lock and Keg Principle 

Shape selectivity of molecular recognition is one of the 
direct consequences of the lock-and-key mechanism. It 
may result from compleille~ltarity of interacting atoms: as 
is the case in the system described in Fig. 4, or from steric 
restrictions in the binding pocket of the receptor. The 
latter principle is illustrated by shape-selective binding of 
amines to Zn(1I) posphyrin complexes shown in Fig. 5.'"' 
The binding of three groups of ligands was studied with 
these sterically encumbered porphyrins and with sterically 
undemanding Zn(1I) tetraphenylporphyrin [Zn(TPP)]: 
aliphatic prirnary and secondary amines, alicyclic sec- 
ondary amines. and aromatic amines. Within each group 
of ligands, binding constants vary unsystematically and in 
limits of only one order of magnitude for Zn(TPP). Some 
steric discrimination is observed for Zn(Si6PP), and 
stronger selectivity is observed for Zn(SixPP): binding 
constants vary in limits of three to four orders of 
magnitude for ligands of different structures. Molecular 
models shown in Fig. 5 explain the difference in steric 
requirements for these two guests. 

CONCLUSION 

In many cases, ligand binding to proteins and low- 
molecular-weight receptors follow, at least at first 
approximation. the lock-and-key mechanism. A more 
general binding mechanism is induced fit. Binding- 
induced conformational changes in the receptor are 
important for the allosteric regulation and cooperativity, 
but they may be unfavorable for the binding free energy. 
Similarly, ligancl flexibility can be unfavorable due to 
losses of internal rotations and induced torsional strain. In 
several instances, the "freezing" of a ligand in its binding 
conformation by rigidification. e.g., via cyclization, 
significantly improves binding, which proceeds in this 
case by the lock-and-key mechanism. In general, however. 
it is difficult to give a real estimate of losses due to 
flexibility of the ligand and the receptor; in particular. 
taking into account solvent effects. It should be noted that 
the importance of the lock-and-key principle extends 
beyond the ligand-receptor complexation discussed 
above. It applies to a certain degree to all types of supra- 
molecular interactions, e.g., one easily recognizes the 
lock-and-key principle in self-assembly of synthons in 
crystal engineering."" in chiral dis~rirnination.'~~' and in 
zeolite 
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Luminescence is the emission of light from any substance 
and involves electronic transitions from excited states 
(excitons) to the ground state. Luminescence is formally 
divided into two categories, fluorescence and phospho- 
rescence, depending on the nature of the excited state.''] 
Luminescent materials are capable of performing certain 
tasks/functions via emitting light, changing the emitted 
light (intensity or energy), or converting light to other 
energy forms, such as chemical energy. There are three 
classes of luminescent materials-inorganic solids, or- 
ganic polymers, and small molecules. Supramolecular 
luminescent materials involve mostly small organic or 
coordination molecules. The most important current 
applications of supramolecular luminescent materials are 
their uses as sensors and probes for certain chemicals 
or biological molecules, and as emitters or holelelectron 
transport materials in light-emitting diodes. 

CLASSIFICATION 8 F  LUMlNESCENT 
MATERIALS BASED ON THE ORIGIN 
OF THE EMISSION 

bigand-Based Emission 

This category contains two classes of lnolecules (organic 
molecules and coordination compounds) in which the 
emission involves electronic transitions of the ligands. 
There are inanp luminescent organic molecules, most of 
which are aromatic molecules. Examples include 9:10-di- 
phenylantltracene, I ,4-bis(5-phenyloxazol-2-yl)benzene, 
perylene, acridine, and fl~iorescein."~ Many luminescent 
main-group coordination compounds are luminescent 
due to electronic transitions that involve ligands only. 
Typical examples are Alq3 (q = 8-hydroxyquinolinolato). 
Al(POP)3. (POP = 2-(5-phenyl- l.3,4-oxadiazo1yl)pheno- 
nate), BPhzq and BPh2(2-py-azain). (2-py-azain = 2-(2- 
pyridyl)-7-azaindoly1).[2,31 The common features of these 
main group complexes are that they all contain chelate 
ligands that are luminescent and that the complexes are all 

much brighter emitters than the corresponding free lig- 
ands. Enhancement of the luminescent efficiency is attrib- 
utable to the chelation of the ligand to the central atom. 
increasing the rigidity of the chromophore, and hence, the 
emission efficiency. A number of luminescent zinc(I1) 
complexes also belong to this category. 

Metal Center-Based Emission 

This category consists of two classes of molecules: I )  
molecules that emit color due to electronic transitions 
localized on one metal center; and 2) molecules that emit 
color due to electronic transitions involving more than 
one metal center: 

1. A few transition metal complexes such as ~ n ' +  and 
~ r "  complexes are known to display luminescence 
that originates from d --+ d transitions. However, the 
most important class of luminescent lnolecules 
involving a single metal center-based emission is 
that of lanthanide compounds. Many lanthanide ions 
with a partially filled 4f shell are emissive due tof + f 
transitions. Depending on the lanthanide ion, blue, 
green, or red emission can be achieved. Lanthanide 
luminescence is usually weak due to the forbidden 
nature of the f + f transitions. In order to achieve 
relatively bright luminescence, ligands that can func- 
tion as activators for lanthanide emission are re- 
quired.['' The role of the ligand is to harvest photons 
and transfer the energy of the photons to the lan- 
thanide center. The requirement for the ligand is that 
its band gap be greater than the band gap o f f  + f 
transitions of the lanthanide ion, and the triplet energy 
level of the Iigand should be comparable to that of the 
excited state of the lanthanide ion. Many lanthanide 
complexes that display bright luminescence, facili- 
tated by ligands, are known. Two well-known 
examples are E~( t t a )~ (phen) ,  a red emitter and 
Tb(benzoate)?, a green emitter. 

2. Luminescent complexes that involve multiple metal 
centers are most well-known for dinuclear and 
multinuclear Au(I) complexes, where weak metal- 
metal bonding interactions are present.[5' Examples 
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are [ ~ u ~ ( d ~ p m ) ~ ] " .  where dppm = bis(dipheny1- 
phosphino)inethane. and [ ~ u ~ ( d m m p ) ~ ] ' + ,  where 
dmr.izp =bis(dimethylphosphinomethyl)methylphos- 
phine, both of which have emission bands in the 
570-590 nm region that were attributed to the 
transition of Au-Au o'" (d-d)+Au-Au o (p-p). A 
number of dl0-d8 mixed metal complexes, such as 
[ ~ u I r ( ~ E I ~ ~ ~ ) ~ ( d p p m ) 1 ' + ,  display a similar lumines- 
cence due to the Au-lr a'" (d-rl)+Au-Ir o (p-p) 
transition.16' The most impressive are heteronuclear 
molecules that involve both 5d'O and 6s' metal 
ions:171 two examples are [T1(OPPh3)2][A~~(C6F5)2] 
and A ~ ~ ~ P b ( m t p ) ~ ,  where rntp = (CH2P(S)Ph2) - .  
While neither of the molecular components in 
[T1(OPPh3)2] [ A U ( C ~ X ; ~ ) ~ ]  are emissive. the linear 
solid-state aggregate with alternating T1. . .Au units 
is luminescent. a consequence of weak TI, . .Au 
bonding interactions. The luminescence of Au2- 
P b ( m t ~ ) ~  changes dramatically from solution ( h  = 
555 nm) to the solid state ( h  = 752 nm) due to 
the formation of infinite one-dimensional Au. . .Pb. . . 
Au chains in the solid state. A trinuclear Au(I) 
complex, [Au3(MeN = C O P V ~ ~ ) ~ ] ,  was recently dem- 
onstrated to exhibit an unusual phenomenoin termed 
solvoluminescence. When the solid of the complex is 
irradiated with near-UV light, it appears to undergo a 
charge separation. When contacted by a solvent in 
which the complex is soluble, the separated charge 
recombines. and a yellow light with h " 560 nm is 
emitted. It is cusrently unclear, however, exactly 
where the emission ~riginates. '~ '  

lntramoiecular Charge-Transfer Emission 

Charge-transfer emission refers to luminescence origi- 
nating from electronic transitions from one center to 
another. This can occur within a molecule (intramolecular 
charge transfer. ICT) or between molecules (e.g.. 
exciplexes and excimers).'" Compounds that display 
intramolecular charge-transfer emission belong to two 
categories: 1) charge transfer within the ligand and 2) 
charge transfer between ligand and metal centers. Many 
organic molecules that display charge-transfer emission 
belong to the first category. The well-established 
examples include (4-dimethy1amino)benzonitrile. arylani- 
lines, carboxa~nide quinoline derivatives, and biaryls. ICT 
emissions are often solvent dependent. Charge-transfer 
emissions that involve a metal center and a ligand can 
originate from metal-to-ligand transitions (MECT) or 
ligand-to-metal transitions (LMCT), depending on the 
relative energy levels. The most well-known examples of 
MLCT emissions are [ ~ u ( b ~ y ) ~ ] ~ + a n d  [~u(bpy ' )~ ] '+  
complexes, where bpy = 2,2'-bipyridine, bipy' = deriva- 
tives of 2,~'-bipyridine."' The highest-filled orbital in the 

Ru(II) complexes is mostly d character, while the lowest 
unoccupied empty orbital is ligand-based n.' orbital. A 
number of Pt(II) diimine complexes also display MLCT 
emi~sion.~" Cp2TiX2: c ~ " ~ T ~ x ~ ,  CpTiX3, and C@';T~X~,  
where Cp = cyclopentadienyl anion, CI-" = substituted 
cyclopentadienyl anion: and X = halide known to display 
charge-transfer transitions from the filled Cp or Cp" n 
orbital to the empty d orbital of the Ti(IV) center.r101 

lntermoleculaa Charge-Transfer Emission 

Two commonly used terms for intermolecular charge- 
transfer emission materials are exciplex and excimer. The 
former refers to an excited state charge-transfer complex 
and the latter to an excited state dimer. For example, 
anthracene and diethylaniline form an exciplex that has a 
broad emission band at 3L " 485 nm. The best-known 
excimer is pyrene, which displays an intense excimer 
emission band at 7. " 470 nm in a relatively concentrated 
solution M). Excimers formed by aromatic 
molecules such as pyrene typically display a stacked 
dimer stnicture.'"' Exci~ner and exciplex emission are 
useful for probing nlorphology and intermolecular inter- 
actions of luminescent molecules. 

APPLlCATlOMS OF 
LUMINESCENT COMPOUNDS 

Luminescent compounds have versatile applications in 
many different areas of materials sciences. Below is a 
brief summary of some of the important applications of 
luminescent compounds. 

Intense research efforts for the past two decades were 
devoted to the development of light-emitting diodes 
(LEDs). The ultimate goal of LEDs is their use in display 
devices, such as computer and TV monitors. LEDs are 
based on electroluminescence, where excitons are created 
through electron and hole injections and charge recom- 
bination processes. LEDs are devices that convert 
electrical energy to light and typically have a three-layer 
structure, i.e., hole-transport. emitter, and electron- 
transport layers. Traditionally, inorganic semiconductors 
(Group 14 elements, Group 13/15 compounds) were used 
for this purpose. Small luminescent molecules (organic or 
coordination conlpounds) and organic polymers were 
recently demonstrated to be useful emitters in  LED^."""^ 
The display devices based on molecular compounds 
(small molecules or polymers) can be fabricated readily 
and relatively cheaply in comparison to semiconductor- 
based devices. In addition, large and flexible display 
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devices, which are difficult to achieve by using inorganic 
semiconductors, are possible by using molecular com- 
pounds. Alq3. E~( t ta)~(Phen) ,  and I ~ ( p p y ) ~  @,PI = 2- 
phenylpyridine) are among the most widely used molec- 
ular emitters in LEDs. The structure of a typical three- 
layer light-emitting device is shown in Fig. 1. 

Sensors and Probes 

Luminescent sensors and probes (see also fluorescent 
sensors and luminescent probes) are based on the change 
of luminescent signal upon interaction with an analyte 
(Fig. 2). Analytes can be metal ions, oxygen molecules. 
organic molecules, or biomolecules, and the change can 
be intensity or energy. The intensity change can be an 
increase or decrease of emission intensity. The increase of 
emission intensity is often observed in lanthanide com- 
pounds, where the analyte enhances the energy transfer 
to the lanthanide center via specific interactions with the 
coordination sphere of the lanthanide ions, and, hence, 
increasing the emission intensity from the lanthanide 
center. This type of interaction was used for the detection 
of benzene by lanthanide compounds.r'" The more 
commonly used strategy in chemical sensing is fluores- 
cent quenching by the analyte via direct or indirect 
interaction of the analyte with the chromophore. Direct 
nonbonding interactions between benzene molecules and 
an aromatic chromophore in a trinuclear Zn(I1) complex 
were demonstrated to be responsible for the highly 
selective detection of benzene.['51 Similar nonbonding 
interactions were also used for probing the structure of 
DNA molec~rles and for fluorescent labeling of DNA 
m~lecules.~'"."~ Many examples of indirect interaction of 
the analyte with the chromophore that results in the 
quenching of luminescence involve photoinduced electron 
transfer (PET). The commonly used system for sensors 
based on PET involves a chromophore that is attached to a 

transport 

hole transport 

Fig. I A typical three-layer light-emitting d e ~ i c e .  (View this 
art in color at iv~~~~t..deklter.com.) 

Fig. 2 Luminesce~lt sensol~slprobes. (Weir this art in color at 
niv+i'.dekker. coin. ) 

nonemissive macrocyclic or multidentate ~ i g a n d . [ ' ~ ~  The 
binding of a metal ion or a proton to the nonemissive 
ligand induces the PET process and fluorescent quench- 
ing, hence the detection of the metal ion or protons. Long- 
range PET processes were also used in the investigation 
of DNA structures by using Ru(11) complexes as the 
probes.[191 The change of emission energy upon interac- 
tion with the analyte is a common occurrence when the 
analyte forms a covalent bond or a coordination bond 
with the chromophore, due to the change in energy levels. 
Formation of an exciplex or excimer between the chro- 
mophore and the analyte is also known to lead to a 
dramatic change of emission energy. Due to the large 
separation of excitation and emission energy in Eu(II1) 
and Tb(lI1) compounds and their persistent luminescence 
in aqueous solutions, Eu(II1) and Tb(TI1) compounds were 
demonstrated to be usefill probes, stains. and markers for 
biological systems.[201 When Eu(II1) or Tb(II1) com- 
pounds are used as reagents for luminescent imaging of 
tissues, the background fluorescence from the tissue can 
be readily eliminated. For example, several classes of 
Tb(I1I) complexes were demonstrated to be effective 
contrasting reagents in the fluorescent imaging of cancer 
tissues.["' Luminescent co~npounds are also widely used 
as imaging reagents for mechanical structmes such as 
airplanes and for the study of fluid-flow 

Switches 

Molecular switches based on luminescence are devices 
that change the luminescent signal reversibly by an ex- 
ternal input, such as change of pH, variation of redox po- 
tential. or illumination (Fig. 3) (see also molecular 
switches and molecular logic gates).[2" A typical molec- 
ular switch contains a control unit that exists in two states 
of comparable stability. which can be interconverted re- 
versibly by an external input. Each state interacts to a dif- 
ferent extent or in a different manner with another active 
subunit of the system via bonding interaction/isomeriza- 
tion; of electron or energy transfer processes. The different 
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system, several key components are required, such as a 
chroinophore for electron-hole creation, antennae for 
harvesting and transferring photons. and redox couples, 
etc. The most well-known example is the photochemical 
splitting of water using derivatives of [ ~ u ( b ~ y ) ~ ] ~ +  as the 
catalysts."" A number of derivatives of Pt(II) complexes 
of diimines and dithiolates were recently shown to be 

chromophore promising candidates for photochemical rea~tions.~" The 
research in effective photochemical systems remains to 

Fig. 3 Luminescent switches. (View this art in color at be one of the most challenging and potentially most 
+vw+v.dekker.conz. ) rewarding areas in sciences. 

extent or different manner of interaction between the 
control subunit and the active subunit in each state pro- 
vides the onloff function of the molecular switch. Redox 
switches modulate the luminescence by changing the oxi- 
dation state of the metal ion, an example of which is a 
Wi(II) complex of a naphthalene-containing macrocyclic 
ligand. The complex undergoes a reversible one-electron 
reduction process that switches the fluorescence of the 
naphthyl component off and on via electron transfer.r241 
Switches modulated by illumination were demonstrated 
by a phosphorus(V) porphyrin compound with an axially 
bound azobenzene subunit. Irradiation by light causes a 
reversible Z-  E isomerization of the azobenzene subunit, 
which leads to the modulation of the fluorescence from 
the basal porphyrln c h r o n ~ o ~ h o r e . ~ ~ ~ ~  

CONCLUSION 

In summary, the combination of luminescence and 
supramolecular structures gives lunlinescent supramolec- 
ular materials many advantages over other types of 
materials. By controlling the supramolecular structures. it 
is possible to achieve selective and highly effective 
guest-host interactions that can be recorded or monitored 
by luminescent signal change. Using supramolecular 
interactions, it is possible to assemble luminescent 
molecules or charge transport molecules to form the 
desired inolecular layers and architectures on an appro- 
priate substrate so that the resulting surface can perform 
the desired optoelectronic or photonic functions effective- 
ly. These are perhaps some of the most exciting and most 
challenging tasks in supramolecular materials research. 

PHOTOCHEMICAL REACTIONS 

Numerous luminescent compounds were demonstrated for 
their potential uses as centers/catalysts for photochemical ARTICLES OF FURTHER INTEREST 

syntheses-syntheses catalyzed by light (see also photo- 
chemical techniques and supramolecular photochemistry). Se~zsors, p. 572 

Catalysts for photochemical reactions and syntheses are Lz"n?inesce'2t Pmbes* p. 821 

devices that convert photon energy to chemical energy M o l e c ~ ~ l a r  Logic Gates. p. 893 

(Fig. 4). In order to achieve a working photochemical Molec"la' S1.l'itc'zes, p. 917 
Si~pranzolecular Plzotochemistry. p. 1434 

REFERENCES 

I Lakowlcz, J R P~zncrples of Flz~otescelzce Spectroscop\. 
2nd Ed . Klu\+er Academ~c/Plenum Publ~shers Ne\\ York. 
1999 

2 Chen. C H , Shl J Metal chelate? as elnittnlg matel~als for 
organic electroluminescence Coord Chern Rev 1998 
171. 161 

chramophsse 3. Wang, S. Luminescence and electroluminescence of 
AI(III), B(III). Be(II) and Zn(1I) complexes with nitrogen 

Fig. 4 Photochemical reactions. (Viebt. this art in color crt donors. Coord. Chem. Rev. 2000> 215. 79. 
+s>~w.rlekket-.  con^.) 4. Crosby, C.A.; Whan. R.E.: Alire. R.M. Intramolecular 



Luminescent Materials 

energy transfer in rare earth chelates. Role of the triplet 
state. J. Chem. Phys. 1961, 34. 742. 
Forward, J.M.: Fackler. J.P., Jr.; Assefa, Z. Photophysici~l 
and Plzotocherlzical Properties of Gold(1) &bnzl~le.xes in 
Qproelectronic Properties of Inorganic Compounds; 
Roundhill, D.M., Fackler, J.P., Jr.. Eds.: Plenum Press: 
New York, 1999. chapter 6. 
Balch, A.L.; Catalano. V.J. Ligation-induced changes in 
metal-metal bonding in luminescent binuclear complexes 
containing gold(1) and iridium(1). Inorg. Chem. 1991, 30, 
1302. 
FernBndez. E.; Laguna, A,: Lbpez-de-Luzuriaga. J.M. 
Luminescent gold-heterometal complexes. Gold Bull. 
2001. 34. 14. 
Fung, E.Y.; Olmstead. M.M.; Vickery, J.C.: Balch. A.L. 
Glowing gold rings: Solvol~~minescence from planar tri- 
gold (I) complexes. Coord. Chem. Rev. 1998. 171. 15 1 .  
Paw, W.; Curnniings, S.D.; Mansour. M.A.: Connick, 
W.B.; Geiger. D.K.: Eisenberg, R. 1,uminescent platinum 
complexes: Tuning and using the excited state. Coord. 
Chem. Rev. 1998. 171. 125. 
Kenney, J.W., 111: Boone. D.R.; Striplin, D.R.: Chen, Y.H.: 
Hamar. K.B. Electronic luminescence spectra of charge 
transfer states of titaniuin(1V) n~etallocenes. Organome- 
tallics 1993. 12, 3671. 
Winnik, F.M. Photophysics of preassociated pyrenes in 
aqueous polymer solutions and in orther organized media. 
Chem. Rev. 1993. 93. 587. 
Sibley. S.: Thompson, M.E.: Burrows, P.E.; Forrest, S.R. 
Electrolun~inesce,~cr iiz Moleclilnr Materials in Optoelec- 
troizic Properties uf hor;paiiic Cofnpounds; Roundhill. 
D.M., Fackler. J.P.. Jr., Eds.: Plenum Press: New York, 
1999. chapter 6. 
Tsutsui, T. Progress in electroluminescent devices using mo- 
lecular thin films in. Mater. Res. Soc. Bull. 1997, June. 22. 
39. 
Mortellaro. M.A.: Nocera. D.G. A turn-on for optical 
sensing. Chemtech 1996, February. 26; 17. 
Pang, J.; Marcotte. E.9.-P.; Seward. C.: Brown. R.S.; 
Wang. S. A blue luminescent starburst Zn(I1) cornplex that 
can detect benzene. Angew. Chemie.. Int. Ed. Engl. 2001, 
40. 4042. 

Arkin. M.R.; Stemp, E.D.A.: Turro. C.; Turro, N.J.; 
Barton, J.K. Luminescent quenching in supramolecular 
systems: A comparison of DNA- and SDS micelle- 
mediated photoinduced electron transfer between metal 
complexes. 9. Am. Chem. Soc. 1996, 118. 2267. 
Davies, M.J.; Shah. A,; Bruce. I.J. Synthesis of fluores- 
cently labeled oligonucleotides and nucleic acids. Chem. 
Soc. Rev. 2000, 29, 97. 
de Silva, A.P.: Gunaratne. H.Q.N.; Gunnlaugsson. T.; 
Huxley, A.J.M.; McCoy, C.P.; Rademacher. J.T.: Rice, 
T.E. Signaling recognition events with fluorescent sensors 
and switches. Chem. Rev. 1997. 97, 1515. 
Jenkins, Y.: Friedman. A.E.; Turro. N.J.: Barton, J.K. 
Characterization of dipyridophenazine complexes of ruthe- 
niuin(I1): The light switch effect as a function of nucleic 
acid sequence and conformation. Biochemistry 1992. 31, 
10809. 
Richardson, F.S. Terbium(II1) and europium(II1) ions as 
luminescent probes and stains for biomolecular systems. 
Chem. Rev. 1982. 82. 541. 
Bornhop, D.J.; Hubbard, D.S.; Houlne. M.P.; Adair, C. 
Fluorescent tissue site-selective lanthanide chelate, Tb- 
PCTMB for enhanced imaging of cancer. Anal. Chem. 
1999, 71. 2607. 
Pang. Z.;  Gu. X.; Yekta. A,; Masoumi, Z.; Coll, J.B.; 
Winnik, MA.:  Manners, I. Phosphorescent oxygen sensors 
utilizing sulfur-nitrogen-phosphorus polymer matrixes. 
Adv. Mater. 1996. 8, 768. 
de Silva. A.P.; Gunaratne, H.Q.N.; Gunnlaugsson, T.: 
Huxley, A.J.M.; McCoy. C.P.; Rademacher. J.T.; Rice, 
T.E. Supramolecular photonic devices: Photoinduced 
electron transfer (PET) systems with switchable lumines- 
cence output. Adv. Supramol. Chem. 11997. 4. 1. 
Fabbrizzi. L.; Licchelli. M.: Pallavicina, P. Transition 
metals as switches. Acc. Chem. Res. 1999. 32, 846. 
Reddy. D.R.: Malya, B.G. A molecular photoswitch based 
on an 'axial-bonding' type phosphorus(v) porphyrin. 
Chem. Commun. 2001, 1 17. 
Miller. D.S.; Bard, A.J.: McLendon, 6.; Ferguson, J. 
Catalytic water reduction at colloidal metal "microelec- 
trodes". 2. Theory and experiment. J. Am. Chem. Soc. 
1981, 103, 5336. 



Luminescent ProQes 

Dmitri B. Papkovsky 
TOBPP~S C. O'Riordan 
University College Cork, Cork, Ireland 

INTRODUCTION 

Luminescent probes represent a substantial segment of 
supramolecular structures. They are widely used in the 
design and investigation of physicochemical and structur- 
al properties of supramolecular compounds and in various 
bioanalytical applications based on luminescence detec- 
tion. In general, a luminescent probe contains a lumino- 
phoric structure, functional moiety, ancillary units (such 
as linkers connecting these fragments), and peripheral 
groups used to adjust properties of the probe as a whole. 
Such a probe produces a traceable luminescent signal, and 
it may also respond to certain events involving the probe 
or its environnlent, such as the presence of particular 
compounds, recognition processes, conversion into dif- 
ferent conformations, chemical and spectral forms, 
changes in environment, etc. 

The main advantages of luminescent probes and 
detection include the following: 

High selectivity due to efficient wavelength discrim- 
ination (excitation and emission). which can be further 
enhanced by lifetime discrimination: potential for 
multiplexing. 
High sensitivity, down to single-molecule detection, 
and a broad range of concentrations measurable by 
luminescence spectroscopy. 
Multiple detection formats, including spectral, inten- 
sity, lifetime, polarization. quenching, energy transfer, 
time-resolved, and phase-resolved measurements. 
Imaging capability with submicrometer spatial reso- 
lution. two- and three-dimensional (with confocal 
optics); sensitive visual detection. 
Temporal resolution spanning from picosecond to 
second scale for studies of inter- and intramolecular 
dynamics and processes. 
Bnloff switching by means of an excitation source. 

* Low hazard, chemical stability, robustness, low cost. 

Below we describe the basics of luminescence and 
examples of some common types of luminescent probes, 
their organization and functioning, applications, and 
information obtainable with such probes. A general out- 
line of a luminescent probe is given in Fig. 1. 

PRINCIPLES AND PARAMETERS 
OF LUMINESCENCE 

The photophysics of photoluminescence (other types of 
luminescence are outside the present scope) is represented 
in Fig. 2, commonly called a Jablonski diagram."' The 
absorption of light by a molecule promotes its electrons 
from the ground singlet state So to the vibrational levels of 
excited singlet states (S1, S2,. . .). In this excited state, the 
molecule will quickly lose its energy to the lowest 
vibrational level of the first singlet state. Some molecules 
can change their spin to the triplet state ( T I )  by the process 
known as intersystem crossing. These processes are rapid 
and proceed on a scale of 1 0 " - 1 0  l 2  s. At this point, 
nonluminescent molecules will lose energy nonradiatively 
by internal conversion to vibrational levels of the ground 
state overlapping with excited state levels or as heat in 
collisions with solvent ~nolecules (external conversion). 
For luminescent molecules, a substantial energy gap 
between the excited and ground states limits radiationless 
deactivation pathways, such that return to the ground state 
partly occurs via the emission of photons: as fluorescence 
(SI+S,) or phosphorescence (T~IS,).'~' 

Excitation and Emission Spectra 

These allow for the identification of luminophores and 
their selective detection in complex mixtures using 
spectral discrimination. Main spectral characteristics are 
location, shape, width, peak wavelength of excitation and 
emission bands, and spectral integrals. For simple molec- 
ular structures, excitation spectra are close to their 
absorption spectra, while emission spectra resemble a 
mirror image of the excitation spectrum (Frank-Condon 
rule)'" and are independent of the excitation wavelength. 
Because some energy is lost before a molecule can emit 
light (see Fig. I ) ,  the emission spectrum is shifted toward 
longer wavelength (Stokes' shift). For more complex 
structures, spectra of individual chromophoric moieties 
usually superimpose and reflect photophysical interac- 
tions between them, such as internal quenching, complex 
formation, and energy transfer. Spectral changes may 
indicate chemical or physical transformations occurring 
with the luminescent probe or changes in its environment. 

Erzrjclopeilin of S~~prnii~olec~clnr Cheriristn 
DOI: 10.1081lE-ESMC 120012875 
Copyright 1 2004 by Marcel Dekker. Inc. All right5 reserved. 
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Fig. 1 General outline of a luminescent probe, showing 
luminescent (L) ,  functional (F). and ancillary (A)  groups and 
various sensing mechanisms. (Vievt, this art in color at 
~v>v~' .dekker .  coin.) 

Luminescence Intensity 

Luminescence intensity (IL) is the main measured param- 
eter that depends on a number of factors related to the 
instrument, measurement conditions, luminophore char- 
acteristics, and sample properties. In dilute solutions, its 
relationship with the concentration of luminophore is 
as follows: 

where I,, = intensity of excitation: k  = instrumental fac- 
tor; o = emission yield: E = molar absorptivity: 1 = op- 
tical path; [C] = concentration; and Ib = background 
signal on the photodetector ( i t . ,  without the lumino- 
phore). Luminescence intensity is measured in arbitrary 
units, but measurements performed on different instru- 
ments can be easily compared using appropriate standards 
or relative values. The product of E and is called the 
"absolute spectral sensitivity." and it estimates the 
efficiency of different luminophores.r" 

Emission Yield 

The emission yield (h) defines the quantum efficiency of 
luminescence: the ratio of the number of emitted and 
absorbed photons (O< o < 1). Changes in emission yield 
can indicate quenching and other photophysical and 
chemical processes occurring with the luminophore. 

Luminescence Lifetime 

The luminescence lifetime (r) is a kinetic characteristic 
that gives an estimate of Iuminescence duration and time 
profile once the excitation source is switched off: 

where t is the time after the excitation pulse. Lumines- 
cence lifetime relates to the structure of the luminophore 

and the presence of other processes (quenching. RET, see 
below). Compared to the steady-state (averaged) lumines- 
cence intensity, lifetime measurements provide additional 
information about luminescent supra~nolecular structures 
and their intra- and intermolecular interactions. Most flu- 
orescent dyes have nanosecond lifetimes. Phosphores- 
cent dyes have millisecond lifetimes and even longer. 
Such long-lived excited states are prone to nonradiative 
deactivation and quenching processes, and for many dyes; 
phosphorescence vanishes at room temperature. A few 
compounds have bright long-decay luminescence at 
room temperature. including transition-metal complexes 
(lanthanides, ruthenium(Il), osmium(I1)) erythrosine, 
metalloporphyrins, with lifetimes 1 11s-1 ms. Probes on 
their basis are becoming increasingly popular, as they 
allow sensitive time-resolved luminescence detection and 
some special applications.14' 

Luminescence Quenching 

This originates from various internal and external process- 
es involving luminescent probes and other molecular struc- 
tures called quenchers. Changes in molecular organization, 
dynamics, environment affecting the luminophore-quench- 
er interactions; or chemical transformations can cause lu- 
minescence quenching. Physical quenching encompasses 
two mechanisms. Static quenching includes formation of a 
dark complex between the quencher and the luminophore. 
Dynamic quenching proceeds via collisions of quencher 
molecules with luminophore excited states deactivating 
them and also quenching the emission lifetime. Both 
processes are described by the Stern-Volmer equation: 

For static quenching. K,-, corresponds to the binding 
conrtant. whereas for dynamic quenching. K, - , = k ~ , ,  
where k is the bimolecular quenching rate constant. and T ,  

Singlet Excited States Triplet Excited State 

Fig. 2 Jablonski diagram showing transitions giving lise to 
absorption. fluolescence. and phosphorescence spectra 
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is the emission lifetime in the absence of the quencher. 
Long emission lifetime, high temperature, and low solvent 
viscosity favor dynamic quenching but not static. The 
opposite process, luminescence enhancement, is usually 
associated with the elimination of quenching or with the 
transfer of energy from other specie to the luminophore. 
Quenching facilitates the study of various nonluminescent 
structures with luminescent probes. 

Polarization of Luminescence 

This is the consequence of photoselective excitation of 
luminophores by polarized light, which selectively excites 
a population of molecules oriented with respect to the 
electrical vector of excitation. Emission also occurs with 
the light polarized along a fixed axis in the luminophore. 
The angle between these moments determines the max- 
imal polarization of fluorescence.['] Luminescence polar- 
ization is defined as follows: 

where I , ,  and 1- are the intensities of the vertically and 
horizontally polarized emission, respectively. Rotational 
diffusion occurring during the lifetime of the excited state 
is the most common cause of depolarization of lumines- 
cence. Even short-lived fluorescent probes of small size 
are almost completely depolarized in solution; but their 
binding to macromolecules or translocation to viscous 
environments, such as lipid membranes, can partly restore 
their polarized emission. For these reasons: fluorescence 
polarization is widely used to study (bio)molecular 
interactions and molecular and conformational dynamics. 

Resonance Energy Transfer 

From the excited state of a luminophore, resonance 
energtransfer (RET) can occur as a result of dipole-dipole 
interaction with another chemical structure (acceptor). 
The RET proceeds without the emission of a photon 
by the donor, and its efficiency is determined by the 
spectral overlap between the donor emission and ab- 
sorption of the acceptor and by the distance between 
them.16' Distance dependence of RET efficiency is as 
follows:171 

where R, is the distance at which RET efficiency is 50%? 
called the Forster radius. Remarkably. for the majority of 
donor-acceptor pairs, R, is about 30-50 A. which is 
comparable with the size of molecules including DNA and 
proteins. The steep distance dependence of RET facilitates 
its use as a "spectroscopic ruier"[*' with which to 

measure distances between chemical and molecular 
structures and to monitor intra- and intermolecular 
interactions, molecular dynamics, etc. 

These features provide luminescent probes with versa- 
tility and a broad range of applications. A variety of 
luminescent dyes and probes were described (e.g., 
Moleci~lar Probes) and the number continues to grow 
rapidly. A small cross section of common luminescent 
structures is given in Table 1 and Fig. 3. Examples of 
typical luminescent probes, their organization, and their 
properties are discussed below. 

MAIN CLASSES OF LUMINESCENT PROBES 

Natural FBuors 

The majority of naturally occurring compounds are 
nonluminescent, including nucleic acids (DNAIRNA), 
mono- and polysaccharides, lipids, and most of the small 
biomolecules. Proteins contain in their structure three 
amino acids-phenylalanine, tyrosine, and tryptophan- 
that fluoresce in the UV range. Due to its long-wave 
emission and relatively low abundance, tryptophan is 
comlnonly used as an intrinsic luminescent probe to study 
proteins. Tryptophan also exhibits phosphorescence at 
room temperature. 

Some natural pigments, including chlorophylls, por- 
phyrins. riboflavin. bilirubin, carotene, NADH: and 
FAD. have strong fluorecence in the UV and visible 
ranges. They were exploited for studies of enzyme ac- 
tive sites (NADH, FAD), enzyme kinetics, photosynthe- 
sis, and electron-transport processes (chlorophylls. 
porphyrins). 

Luminescent Labels 

Fluorescent compounds are commonly used as labels, 
which allows other molecules and structures to be traced 
and quantified by luminescence spectroscopy. Such 
labels, which usually do not change their luminescent 
characteristics during the assay, are conjugated to the 
molecules of interest via functional groups of the latter, 
such as -NH,, -OH. -COOH, and -SH groups. To facilitate 
the conjugation. the fluorophore is often f~~nctionalized 
with reactive groups: aldehyde, isothiocyanate, sulfony! 
chloride, N-hydroxysuccinimide for labeling via amino 
groups; and iodoacetamide and malemide for labeling via 
sulfhydryl residues. Other groups such as carboxylic acids 
may require additional activating or condensing reagents 
for conjugation.[91 Fluorescently labeled reagents are used 
for the detection of DNA. proteins, hormones; cells, etc., 
in applications such as binding assays (immuno, hybrid- 
ization, and receptor based): fluorescent microscopy, 
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Table I Some common luminescent structures and their properties 

Probes h Abs ( n m )  E ( m ~ l c m  I )  A E m  ( n m )  Quantum yield (9%) T (nsec) 

Natural 
Tyrosine (amino acid) 
Tryptophan (amino acid) 
NADH (enzyme cofactor) 
FAD (enzyme cofactor) 
Chlorophyll (pigment) 
Allophycocyanin (protein) 
R-phycoerythrin (protein) 
Fluorescent proteins 
Green (GFP) 
Blue (BFP) 
Cyan (CFP) 
Yellow (YFP) 
Red (RFP) 
Fluorescent 
Urnbelliferone 
ANS 
DNS-Cl 
Pyrene 
Fluorescamine 
FITC 
Alexa family 
Bodipy family 
Cy family 
Long-lived luminescent 
Tryptophan 
EL[-Bipy3 cryptate 
Pt-coproporphyrin 
Ru (11)-tris-bipjrridine 
Erythrosin 

fluorescence in situ hybridization (FISH). and fluores- 
cence-activated cell sorter (FACS). 

For complex samples. the presence of proteins and 
other fluorescent compounds results in high optical 
background, basically in the range of 2 5 0 4 0 0  nm. Probes 
working in this spectral region are prone to interference 
and limited sensitivity. Therefore. research focused on the 
design of luminophores with long-wave spectral charac- 
teristics (above 500 nm). large Stokes' shifts, and long 
luminescence lifetimes. Such Iabels can overcome inter- 
ference by scattering and autofluorescence and provide 
higher selectivity and sensitivity. 

Fluorescein isothiocyanate (FITC) and dansyl-chloride 
were among the first extrinsic fluorescent labels for 
proteins used for immunofluorescence microscopy and 
polarization meas~rement s .~ '~ . ' "  Fluorescein and rho- 
damine labels were extensively employed due to their 
bright emission in the visible range. These probes have 
drawbacks: including hydrophobicity, small Stokes' shifts, 
and sensitivity to pH and photobleaching, which led to the 
development of new dyes such as Alexa, Bodipy, and cy- 
anine dye families (see Table 1).  These dyes cover a broad 

spectral range and are represented by derivatives with 
various functionalities and physical chemical propesties 
suitable for conjugation to various molecular stsuctures. 

The phycobiliproteins are a group of light-harvesting 
proteins derived from algae and composed of a polypep- 
tide chain enclosing the chromophoric bilin (open-chain 
tetrapyrrole) groups. The R-phycoerythrin and allophyco- 
cyanin, which display large extinction coefficients and 
emission yields, long-wave absorption and emission, and 
high photostability, were exploited as labels in immu- 
n o a ~ s a ~ s " ~ ]  and flow cy to~ne t ry . "~~  

Green fluorescent protein (GFP) is a conserved 
polypeptide fragment isolated from the bioluminescent 
jellyfish Aequoren IGctosia. It displays bright visible 
fluorescence upon processing of the polypeptide structure, 
where a P-sheet conformation encloses a central cc.-helix, 
which forms the fluorophore. Such polypeptide labels can 
be produced by recombinant techniques and used as 
"intrinsic tags," both in vivo and in vitro. The sequences 
encoding the polypeptide can be incorporated into donor 
DNA. which is then translated to a protein-bearing GFP 
tag. Several variants of GFP were developed, giving a 
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Fig. 3 Chemical structures of some fluorescent and phosphorescent compounds. 

color palette of fluorescent proteins (see Table 1) avail- 
able as labeling reagents and tags. They are actively used 
to study gene expression, synthesis and localization of pro- 
tein markers, co-localization using FRET pairs, and multi- 
color 

Probes for Micro- and Macroenvironments 

The complex photophysics of luminescence makes lurni- 
nophores sensitive to their immediate and macro-envi- 
ronments, so they can change emission characteristics in 
response to minor changes in the environment. Intrinsic 
3uorescence of amino acids was used to monitor the 

conformational dynamics and protein folding in vitro. 
Hydrophobic tryptophan residues tend to be buried within 
the core of folded proteins, thus shielded from an aqueous 
environment. Unfolding exposes tryptophan residues to an 
aqueous environment, which quenches their emission. 
These effects may be augmented by the presence of 
quenchers located within protein structures, e.g., a 
methionine residue, or a second tryptophani1" or external 
quenchers present in or added to the sample.i171 The 
dynamics of protein folding, conformational change, or 
interactions with other molecules can be monitored in this 
way by measuring intensity, lifetime, or polarization of 
tryptophan fluorescence. 
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Similarly, 1-anilinonaphthalene-8-sulfonic acid (ANS) 
only emits in a hydrophobic environment, being almost 
completely quenched in aqueous solution. ANS and somc 
other dyes, including 6-@-toluidiny1)naphthalene-2-sulfo- 
nate, pyrene, 1,6-diphenyl- l,3,5-hexatriene, fluorescein, 
and rhodamine derivatives attached to long acyl chains or 
to fatty acids that localize in the cellular membranes were 
used as probes for hydrophobic sites in protcins, protein 
folding, imaging of membranes of the cell, and solvent 
polarity. Pyrene-labeled fatty acids wcrc used to detect the 
fusion of two membranes. When prcscnt in a membrane at 
sufficiently high concentrations, pyrene excimers (excit- 
ed-state dimers) are formed that emit at 470 nm. Upon 
fusion with other membranes, probe concentration 
decreases, and excimer fluorescence is replaced by 
monomer fluorescence at 400 nm. This process can be 
monitored by ratiometric detection of pyrene  label^."^' 

The dyes that alter their emissions on binding to 
nucleic acids have high utility in molecular and cell 
biology. The mechanism of binding is intercalation of the 
planar aromatic dye structure into double-helical DNA, 
which is favored and stabilized by multiple electrostatic 
and hydrophobic interactions between the two matching 
chemical structures (see Fig. 4). Such an interaction has 
significant impact on thc electronic structure of the dye, 

Fig. 4 X-ray crystal structure of DAPI intercalating with DNA. 
The image was obtained I'rom the Protein Data Bank 
(www.rc.sh.org/l,dh, Nucleic Acids Res., 2000. 28, 235-242, 
no. PDR lD30) with permission. The original structure was 
described in J. Biomol. Struct. Dyn, 1989, 7, 477. (View this art 
in color at www.delcker.com.) 

its microenvironment, and its availability to quenchers, 
thus causing changes in luminescence. Ethidium bromide, 
a common fluorescent DNA stain, displays weak fluorcs- 
cence in solution. On binding to double-stranded DNA, 
there is a 30-fold increase in intensity, with an increase in 
lifetime from 1.7 ns to approximately 20 ns. Some other 
fluorescent stains for DNA, RNA (acridine orange, 
Hoechst, DAPI), proteins (MDPF, SYPRO), and specific 
proteins (albumin blue 580) have found use for the 
detection and imaging of these biomolecules, e.g., in 
electrophoretic gels under UV excitation and in fluores- 
ccnce microscopy. 

Luminescent indicators 

Luminescent indicators were used for a quantifying va- 
riety of biological and chemical specic and also ions such 
as Hf, ca2+ ,  K+, Ip,  ~ g ~ + ,  Cl

p

, and Na+. The basis of 
such probes is a change in luminescence properties in 
the presence of the analyte, which affects the lumino- 
phoric moiety. 

Fluorogenic dyes are used as probes and reagents for 
particular chemical compounds. Nonfluorescent fluores- 
camine: when reacting with frce amino groups, gives 
highly fluorescent products. A variety of fluorogenic 
enzyme substrates were also developed, such as 0- 
mcthylumbelliferryl-B-D-galactopyranoside, which is 
cleaved by P-D-galactosidase enzyme, releasing highly 
fluorescent umbelliferrone. Such probes are employed in 
the detection of amino acids, proteins, sugars, and enzyme 
activity, with high sensitivity. 

Thc ion-selective probes usually exist in two inter- 
changeable chemical and spectral forms (free and 
bound) having different luminescent charactcristics. By 
detcrmining the ratio of the two forms by luminesccncc 
measurements, the analyte concentration in a sample 
can be quantificd, based on the known binding constant 
and probc concentration. Such indicators usually have 
limitcd dynamic range, which is detcrmincd by thc 
binding constant: 

O.l"K,l < [C] < 10':K,l 

Fluorescent pH indicators are bascd on the protonation 
of some dycs. The phenolic moiety of fluorescein 
derivativcs, such as 2', 7'-his-carboxyethyl-S(6)-carboxy- 
fluorescein (pH range 6.5-7.5) is in the anionic form at 
highcr pH, resulting in a longer wavclcngth absorbancc 
band. On protonation of this group, the absorbance 
maximum is shifted to lower wavelengths. Other fluores- 
cent pH indicators, such as the seminaphthorhohafluors 
and scminaphthofluoresceins (pH ranges 6.0-8.0 and 7.2- 
8.2, respectivcly), display changes in absorption and 
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emission maxima on protonation. Fluorescent pH indica- 
tors respond to minor changes in pH within the range of 
protonation ( p ~ a ) . f 1 9 1  

Fluorescent indicators for ions are based on corres- 
ponding chelators. The Ca2+ indicators usually mimic the 
structure of ethyleneglycol-bis(P-aminoethy1ether)- 
N.N,N',N1-tetraacetic acid (EGTA), which also contains 
an adjacent fluorophore moiety affected by the binding. 
The most popular intracellular Ca2+ indicator, Fura-2, 
displays a shift in excitation maximum between 300-400 
nm when monitoring emission at 510 nm, thus allowing 
ratiometric measurements. Calcium Green displays an 
increase in emission at 530 nm on addition of calcium but 
displays no spectral shift. Other fluorescent calcium 
indicators with different affinities and spectral character- 
istics are available that allow for the measurement of Ca2+ 
from nano- to submillirnolar con~entrations.[ '~ 

Long-decay luminescent dyes and probes that are 
effectively quenched by molecular oxygen can be used for 
its quantitation. Examples of such probes include ruthe- 
nium(l1)-tris(dipheny1 phenanthroline) and phosphores- 
cent platinum(I1) porphyrins. Their long emission 
lifetimes facilitate quantitation by lifetime or intensity 
measurements.[201 Other chemical specie, such as heavy- 
metal ions and heterocyclic compounds, can be quantified 
by luminescence quenching, according to Eq. 3. 

Molecular Switches 

Some probes containing luminophoric fragments may be 
switched into "on" or "off" luminescence modes in the 
presence of certain analytes. such as H+, Cu2+, and ca2+ ,  
by a process termed photoinduced electron transfer (PET). 
This sensing mechanism of such molecular switches uses 
the ability of certain chemical structures to quench the 
excited states of adjacent luminophoric moiety by electron 
transfer. On the recognition and binding of the analyte, the 
PET process may be curtailed, resulting in fluorescence 
off-to-on switching, or initiated, resulting in on-to-off 
switching. Molecular switches bearing two recognition 
sites for the same analyte facilitate production of off-on- 
off switches. Where PET is initially occurring, low con- 
centrations of analyte terminate the process, and higher 
concentrations cause it to resume.i211 Potential applica- 
tions for such probes include molecular electronics, com- 
puting, and data storage systems. 

Polyfunctional and Long-Decay 
Luminescent Probes 

A luminescent probe may contain more than one 
luminescent. functional, or chemical moiety in its struc- 

ture. For example, for monitoring chemical specie intra- 
cellularly, it is essential to have a cell-permeant probe that 
can easily be loaded into the cell and then stay inside it. 
This is achieved with acetoxymethyl derivatives of the 
fluorescent indicators (AM-esters), which are nonlumi- 
nescent and hydrophobic and tend to accumulate in cell 
membranes. where the ester groups are cleaved by cellular 
esterases, producing a water-soluble fluorescent probe that 
is trapped inside the cell."21 

Dual-labeled luminescent probes contain pairs of dyes 
attached to a functional chemical or biological structure, 
such as specific oligonucleotide or peptide sequence. The 
detection is based on the monitoring of close-proximity 
quenching of the reporter dye, which is dependent on the 
probe conforination. Chemical or biological recognition 
or transformation alters the effective distance and the 
degree of interaction between the dyes, thus producing 
positive or negative luminescent response. 

The molecular beacon probe contains an internal 
oligonucleotide sequence specific to target DNA, short 
self-complementary sequences at both 3'- and 5'-ends, and 
the donor and quencher dyes attached to these ends. Such 
a probe exists in two main conformations. In the absence 
of a target, it forms a hairpin structure ("dark" complex), 
with the dyes close to each other. The self-hybridization 
and quenching can be eliminated by the target sequence, 
which hybridizes to the probe with greater affinity, or 
by exposing the probe to high temperatures (melting). 
Opening the hairpin structure increases the distance be- 
tween the two dyes, thus eliminating proximity quench- 
ing. Such probes were coupled with DNA amplification in 
polymerase chain reaction (PCR), so that they produce a 
luminescence response proportional to the amount of a 
target DNA. Such closed-tube format is called real-time 
P C R . ' ~ ~ '  Mechanism of action of these probes is shown 
in Fig. 5. 

Similar principles are employed in the fluorogenic pep- 
tide substrates and TaqManR DNA probes; in which 
the luminescent label is quenched due to close proxim- 
ity of the other dye. Enzymatic cleavage of the probe 
during the assay separates the two dyes. thus causing 
enhancement of the luminescence of the reporter. Pairs 
of single-labeled RET probes are used for sensing mo- 
lecular interactions in solution, such as immuno, recep- 
tor, or DNA-binding assays.i2" Similar approaches 
were used for cell-based assays for proteases, such as 
proapoptotic caspases. where the fluorphor and quencher 
are conjugated on opposite sides of a specific amino acid 
recognition sequence. Upon cleavage, energy transfer ter- 
minates. and the signal is enhanced. Luminescent labels 
employed for these schemes include xanthene dyes (FITC, 
rhodamines, TAMPRA), coumarin derivatives, and lan- 
thanide chelates. 
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Fig. 5 Two RET-based sensing schemes. A molecular beacon structure with a fluorescent donor (D) and a quenches (Q) enhances 
emission upon target hybridization. A protease substrate with donor and acceptor conjugated to an amino acid recognition sequence 
(DEVD) enhances emission upon enzymatic cleavage. (View this art in color at +t.w)v.dekker.com.) 

Probes based on long-decay luminescent complexes 
of lanthanides (EU'+, ~ b ' + ,  ~m") and transition metals 
(Itu2+: Os2+) usually contain a central metal ion respon- 
sible for luminescence but with weak intrinsic absorbance; 
aromatic ligands serving as "light antennae" that absorb 
UV-light and transfer its energy via their excited triplet 
states to the metal ion; ancillary chemical groups and 
ligands shielding the luminophore from quenching by 
water and other molecules; and a linker arm, a functional 
chemical group for covalent attachment, and a chemical or 
biological moiety that recognizes the target a r ~ a l ~ t e . ' ~ ~ ~ ~ '  
In contrast, the luminescence of metalloporphyrin dyes 
originates from the tetrapyrrolic macrocycle, but it is 
greatly affected by the nature of the central metal ion 
coordinated by the porphyrin ring and by axial l i g a n d ~ . ~ ~ ~ '  
pt2+- and ~ d ~ + - p o r p h ~ r i n s  are particularly interesting 
because of <heir bright short-decay phosphorescence at 
room temperatures, and practically no fluorescence. They 

were used as sensitive labels for binding assays based on 
time-resolved luminescent detection

r2" and as probes for 
oxygen sensing.[201 Other porphyrin complexes can be 
fluorescent (metal-free, IMg2+), fluorescent and phospho- 
rescent (zn2+, ~ l ' + ) ,  or nonluminescent (I3e3+, co2+, 
lVi2+). Structures of lanthanide chelates and metallopor- 
phyrins are given in Fig. 3. 

CONCLUSION 

Overall, luminescent probes provide a powerful and 
versatile tool for studying supramolecular structures and 
their practical uses. Multiple intrinsic and extrinsic param- 
eters of chemical and biological samples are measurable 
by their means. Accompanying multiple detection formats 
facilitate the collection of large amounts of information 
about supramolecular structures, their macro- and micro- 
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environments, and their interactive processes. Such probes 
allow for a variety of (bio)analytical applications, and 
they are actively being exploited in many areas of research 
and human practice. 
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INTRODUCTION 

Over the past decades, the number of macrocyclic com- 
pounds have increased in an explosive manner. This fast- 
growing phenomenon is due to the discovery of an im- 
pressive number of new macrocyclic families of natural. 
seminatural, or artificial origins: porphyrins. phthalocya- 
nins, cyclodextrins, calixarenes, coronands, cryptands, 
spherands. etc. Special mention has to be given to the 
impressive number of natural bioactive macrocycles 
isolated from soil bacteria and, more recently, from 
marine organisms. The importance of these metabolites 
may be illustrated by their medical applications as anti- 
biotics (nonactin, erythromycin), immunosuppressants 
(cyclosporin, FK506), and an anticancer agent (cytovar- 
icin), to mention just a few. Thus. the macrocyclic type of 
structure is constantly supplied by two main sources: 
1) the supramolecular chemistry field. for which the 
macrocyclic arrangement is of fundamental importance 
and which still plays a major role in the design of spe- 
cific (macrocyclic) targets; and natural sources: which 
give access to new macrocycles, usually exhibiting com- 
plicated chemical skeletons and requiring sophisticated 
tools for elucidation of their structures. The most extrav- 
agant and the a priori most complicated target mole- 
cule will invariably fascinate some (high-rank) chemists 
who do not hesitate to rush in the gambling of total 
synthesis. As an almost general rule in macrocycle syn- 
thesis, the methodology consists of a step-by-step building 
of a linear precursor, followed by the macrocyclization 
event, which usually takes place in one of the final seeps. 
The necessity of obtaining a high yield in this crucial step 
has been, and still is. the major stimulus for efforts to 
improve existing macrocyclization methods or to discover 
new ones. 

In this article, we will first present some general 
considerations of cyclization and then concentrate on 
some of the various synthetic approaches. The synthesis of 
macrocyclic families will not be covered here. as this 
topic is treated in detail in other entries of this Encyclo- 
pedia (see articles on calixarenes. cyclodextrins, porphy- 
rins, etc.) 

The emergence of ~nacrocyclic chemistry came surpris- 
ingly late and was beset with difficulty, because for a long 
time, it was a common belief that macrocyclic compounds 
did not exist. The story of the macrocycle started at the 
beginning of the nineteenth century when Walbaum 
isolated from natural musk the odor principle, which he 
called muscone: and then a few years later, Sack isolated 
the odor principle from civet (civetone). But elucidation 
of the chemical constitutions of these compounds was 
accomplished only in the mid-1920s by L. Ruzicka, who 
presented in his Nobel Lecture a description of the 
difficulties he encountered: "I was hindered less by the 
caprices of the substance itself than by the general 
prejudice, shared by myself, against the probability of the 
existence of a 15- and a 17-membered ring."i11 The 
above-mentioned compounds were indeed identified as 
being 15- and 17-membered macrocyclic ketones. 

Shortly after these investigations. he described a meth- 
od for the synthesis of macrocyclic ketones by thermol- 
ysis of thorium or cerium salts of dicarboxylic acids. 
Unfortunately, the yields were poor. Between 1930 and 
1950: several efficient methods were devised: the use of 
high dilution conditions (K. Ziegler); depolymerization 
methods (W. H. Garothers); and acyloin condensation 
(V. Prelog, M. Stoll). With the start of the supramolecu- 
iar chemistry field in the 1960s, and the simultaneous 
growing interest in natural macrocyclic compounds, a 
large ~litmber of new synthetic methods were developed. 
A select and, due to space limitations. restricted number of 
procedures will be described here. 

GENERAL CONSlBERATlONS 

For the past 70 years or so. the cyclic compounds have 
been divided into four families depending on the number 
(n) of atoms in the ring: small rings ( iz  = 3,4); normal rings 
(n = 5.6,7); medium rings (n = 8-1 1 ) ;  and large rings or 
macrocycles irz2 12). This classification is the result of 
several empirical and experimental facts. The ease (or 
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Fig. B First macrocycle synthesized in 1912 by the high 
dilution method. 

difficulty) of cyclization as a function of ring size was 
recognized a long time ago, and the first classification was 
based on these results. More elaborate is the classification 
established from the heats of cornbustion of cycloalkanes 
per CH2 group. with cyclohexane acting as the reference. 
These values reflect the ring strain, which is maximum for 
small rings (angular strain) and high for medium rings 
(transannular repulsive interactions). It should be noted 
that in macrocycles, there is no more ring strain, and the 
difficulty of the syntheses rests on other factors, as will be 
shown below. 

The story of this fundamental technique used in many 
macrocycle syntheses is odd. In 1912, P. Ruggli was 
interested in the synthesis of cyclic compounds containing 
a triple bond in their ring. He realized that because of the 
intrinsic properties of a triple bond, the ring had to be 
large. He estimated that a 12-membered ring would be 
appropriate to fulfill his expectations. So, trying to afford 
such a 12 membered ring, he discovered that operating in 
"normal conditions" leads essentially to an insoluble 
polymer, and that in order to obtain the target molecule, 
the reaction should be carried out in high dilution 
~onditions"~ (Fig. 1). This publication came too early 
and did not attract attention, mainly because at that time. 
nobody was interested in macrocycles. 

Elegantly, in a large footnote of one of his publications 
K. Ziegler admitted that he "rediscovered" the high 
dilution principle 20 years later.i31 

In the reaction described in Fig. 1. the reactants are 
bifunctional, and the first step is intermolecular and does 
not present any difficulty. The problems arise in the second 
intramolecular step (see Fig. 2a). The long chain formed by 
the first connection between X and Y can be assumed to 
exist in a large number of shapes, but the specific con- 
formations required for ring closure are limited. Expressed 
in another way, one has to assume that in a long chain there 
exists only a low probability of encountering the two 

remaining reactive centers X and Y. Therefore, in order to 
allow this reaction to occur, the competitive intermolecular 
reaction should be avoided. This can be achieved by 
operating in high dilution conditions, i.e., leaving the 
reactive molecule "alo~le" for the time necessary for the 
intramolecular encounter of the reactive ends X and Y. This 
type of high dilution reaction involving bifunctional 
reactants was largely used, for example, for the first 
cryptand synthesis. The one-component cyclization (Fig. 
2b) is another common alternative that was used, for 
example, in the amide formation from a carboxylic acid 
and a terminal amine. Tnis is the type of reaction mainly 
used in the synthesis of the elaborate natural compounds. 
Here again, high dilution will favor the intramolecular re- 
action between X and Y ,  thus affording a single macrocycle 
and minimizing the intermolecular reactions leading to a 
dimes or various oligomers. A schematic summary of the 
two major types of macrocyclization methods requiring 
high dilution conditions is given in Fig. 2. 

One may note that in both methods, valuable side 
products can be obtained (formation of larger rings by 2 + 2  
or 1 + 1 condensations in Fig. 2a and 2b, respectively). In a 
more practical viewpoint, several comments have to be 
made. In the one-component cyclization the two reactive 
centers are present on the same molecule. What arises, 
therefore, is the need to hide the reactivity of the two 
centers (or at least one of the centers) until the ultimate 
moment. This is usually realized in the following way: 1) 
one end of the reactive center is activated, while the other 
center is maintained in an unreactive form; 2) then, a 
solution of the linear precursor is slowly added to a well- 
stirred solution containing the substance that is able to 
activate the protected site (bases often play this role). For 

Fig. 2 Two-components (a) and one-component (b) cycliza- 
[ions. 
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Fig. 3 Intramolecular cycliration and intern~olecular reaction 
between two model reactants-the effective molarity (EM) 
definition. 

the two-components cyclization. the procedure is simpler: 
solutions of the two reactants are introduced into two 
precision dropping funnels, and the two solutions are 
added very slowly to a well-stirred large volume of sol- 
vent. As noticed above, the two-components method 
becomes, after the initial intermolecular reaction, a one- 
component reaction with its specific requirements. We 
will, therefore, concentrate our attention on this type 
of reaction. 

Going more deeply into the subject, the first question 
we can ask is: what is really a reaction conducted in high 
dilution conditions? Rigorous studies are rare, so we will 
mention one of the most studied, developed by Mandolini 
and Illurninatti. in which they introduce the concept of 
effective molarity.'" They defined the effective molarity 
(EM) as being the concentration at which the rate of 
intramolecular reaction is similar to the rate of intermo- 
lecular reaction (Fig. 3). 

Thus, at this concentration equal amounts of cyclic and 
open products are formed. A significantly more diluted 
solution will, therefore, give predominantly the desired 
macrocycle. Con\rersely, a solution that is too concentrated 
will afford almost exclusively polymers. This rigorous 
procedure is, in practice, not used, and the cyclization 
reactions are conducted on the basis of more empirical 
considerations that, nevertheless, respect the necessity to 
operate in low concentrations. 

Several other factors also play a role: the presence of 
heteroatoms (oxygen, nitrogen, sulfur) in the chain or the 
presence of rigid groups (aromatic ring) usually favors the 
formation of macrocycles. 

We will turn our attention toward the synthesis of 
macrocyclic lactones, macrocyclic lactams, cyclopeplides, 
and macrocarbocycles, which are abundant in nature. 
Retrosynthetic cleavage of the lactone f~~nction,  lactam 
function, and cycloalkanes provides an o-hydroxy-acid. 
an o-amino-acid: and an open-chain hydrocarbon deriv- 

Fig. 4 Retrosynthetic cleavage of (a) rnacrocyclic lactone, (b) 
rnacrocyclic lactam, and (c) macrocarbocycles. 

ative, respectively, which can therefore be considered a 
good precursors for the formation of the parent cyclic 
compounds (Fig. 4). 

The intramolecular esterification of simple o-hydroxy- 
acids (for example, those containing only a saturated 
hydrocarbon chain) or of its o-halogeno derivative can be 
realized easily (Fig. 5 ) ,  but the harsh reaction conditions 
are not compatible with the numerous sensitive functions 
present in the seco o-hydroxyacids of natural origin. The 
necessity to perform the lactonization in a smoother way 
has been an efficient motor for progress. The same 
considerations apply for the macrolactamization or the 
formation of macrocarbocycles of natural origins. 

The development of activating groups for acid and 
alcohol functional groups led to great advances in 
macrolide chemistry.[" Many such activating groups for 
acids or alcohols were developed to improve macrocycli- 
zation. Some examples of activating groups for carboxylic 

Fig. 5 Lactone synthesis from (a) o-hydroxy- or (b)o-bromo- 
acids. 
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acids are given in Fig. 5: thiol esters (B,2): 2-acyloxypyr- 
idinium or 2-acyloxybenzothiazolium (39): and mixed 
anhydrides (5,6). One may be surprised by the large 
number of activating groups. But, the screening of total 
synthesis of natural macrolides reveals that in each case. 
one group is the most efficient. This may be due to the 
stereochemistry of the linear precursor, which plays a 
crucial role. The best conforination of the linear precursor 
is the conformation that brings the two reactive sites in 
close proximity. Nevertheless. the confonnation is an 
intrinsic propesty of the precursor. on which the operator 
has little influence (by change of solvent, for example). 
Also important are the relative orientations of the 
interacting sites, the steric hindrance, the lipophilicity, 
etc. The prolific production of activating agents has been 
realized by talented chemists such as Corey, Nicolaou, 
Mukaiyama, Masamune. Roush, and Yamaguchi among 
many others. 

Two other important methods are described in 
Fig. 7. The first is a macrolactonization mediated by 
the Mitsunobu reaction. In this case, in contrast with 
the preceding examples. the hydroxyl functional group is 
activated, and the carboxylate group behaves as a nu- 
cleophile. The reaction of the hydroxy acid with diethyl 

Fig. 6 Activating groups for an acid functional group: 1 and 
2, thiol esters; 3, 2-acyloxypyridinium; 4, 2-acyloxybenzothia- 
zolium: and 5, and 6 ,  mixed anhydrides. 

i- A 
R-N M-R 

H 

Me 

R = cyclohexyl LACTONE 

Fig. 7 Macrolactonizatio~~s mediated by (a) the Mitsunobu 
reaction; (b) the Steglich esterification run in the presence of 
DMPA, which gives only an urea derivative; and (c) high yields 
of lactones, which are obtained in the presence of a proton 
source (DMPA, HC1). 

azodicarboxylate and triphenylphosphine leads to ring 
closure via an alkoxyphosphonium carboxylate interme- 
diate (Fig. 7a). 

The second example is based on Steglich esterification, 
for which it was shown that the yield of esterification 
reaction using dicyclohexylcarbodiimide is greatly in- 
creased by the addition of 4-dimethylarninopyridine 
(DMPA). However, in the case of w-hydroxyacids under 
these reaction conditions, the N-acylurea derivative is 
formed almost exclusively (Fig. 7b), with almost no 
lactone formation. The reason for this failure appears to 
lie in the proton-transfer steps. By operating in the 
presence of a proton source (DMPA-HCl), the lactoniza- 
tion occurred in excellent yield (Fig. 7c). 

Many other activating groups have been elaborated. 
and further examples can be found in a review on 
synthesis of natural macrocyclic compounds.r6' 

The lactam functional group is encountered in numer- 
ous macrocyclic lactams like, for example, the inacrocy- 
clic polyamine alltaloids and the ansamycin antibiotics. 
Lactam formation can be achieved by intramolecular 
reaction between acyl chloride and amine functional 
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Fig. 8 Macrolactam slnthesis by intramolecular reaction of an 
w-acyl chloride-amine 

groups. Tne reaction can be carried out by slow addition 
of the precursor 1 into a large volume of benzene 
containing triethylamine (Fig. 8). 

Several methods of activation of the acid functional 
group have been described (hydroxypiperidine, thiophe- 
nol, thiazolidine-2-thione.).L7' Mixed anhydride methods 
(phosphonic, phosphoric. sulfonic, carbonic anhydrides) 
have been used in the final steps of many impressive total 
syntheses (rifainycin S for example). 

The biological ilnportance of cyclopeptides is widely 
knouln (oxytocin. vasopressin: cyclosporin, etc.). During 
the sy~ltheses of these compounds. several problems were 
encountered. In particular, good protecting groups are 
needed for the amino acid side chain functionality, and 
efficient coupling methods are needed.[81 The general 
principles governing macrocyclization, which were 
covered extensively above, can be applied in this case 
(Fig. 9). The methodology consists of constructing the 
linear precursor step by step. At this point, the acid 
moiety is activated using classical reagents for peptide 
synthesis, while keeping the amine moiety protected (by 

Y - NH - CHR - 60- NH - CHR' - CO - 'T 

Y - N H - C H R - C O  -ALL NH - .H R - C O O H  

Y - N H - C H R - c o  L N H - m R - c o - x  

I c) 
-t 

ZDW3N - CHR - 60 
i 

N H - C H R - C O - X  
I 

I 
CO - CHR' - NH 

Fig. 9 Macrocyclopeptide synthesis: Y, Y are protecting groups; 
X i s  an activating group. (a) Deprotection of the carboxyl group; 
(b) activation of the carboxyl group: (c) acidic deprotection of 
the terminal arnine; and (d) cyclization in a basic medium. The 
high dilution conditions are obtained by the slow addition of the 
protonated amine into a large volume of pyridine. 

Fig. 10 Formation of carbomacrocyles by oxidative coupling 
of diacetylenes. 2: [ la]  annulene: 3. 4, and 5, macrocyclic- 
oligoacetylenes. 

protonation) after ren~oval of Y. The cyclization reaction 
takes place during the slow addition of the activated 
precursor to a basic medium (pyridine, for example). 

Among compounds containing only carbon atoms in 
the macrocyclic framework, the macrocarbocycles, we 
will first mention the annulenes that were important 
synthetic targets in the 1960s. An important method 

d O E E  
(TMS), N Na 

Fig. I1 (a-d) Natural macrocpcles syntheses via carbon- 
carbon bond formations. 
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allowing the preparation of macrocarbocycles relies on the 
oxidative coupling of terminal diacetylenes in the pres- 
ence of copper acetate (Fig. 10). Thus, the coupling of the 
hexadiyne gave the cyclic tri~ner 1, which on reanange- 
ment and partial hydrogenation afforded 2. This method 
was extended to the formation of many annulenes. In 
recent years, the field of macrocyclic oligoacetylenes has 
exploded. Hundreds of these compounds have been 
synthesized by carbon-carbon bond formation often using 
the oxidative coupling described above or closely related 
reactions'9-"' (3. 4, and 5 ,  in Fig. 10). The interest in 
these compounds rests on their potential applications as 
advanced materials. 

In the field of synthesis of natural macromolecular 
carbocycles, macrocyclization through formation of 
a carbon-carbon bond has been intensively investigated. 
We will give just a few examples: the alkylation of 
carbanions (Fig. 1 la,  I lb); the addition of allylstannane to 
aldehyde (Fig. l l c ) ;  and the intramolecular Wittig 
reaction (Fig. 1 1 d).16 9-' 'I  

Powerful methods make use of metal-catalyzed macro- 
cyclization. We mention the following: the allylic alkyla- 
tions catalyzed by palladium['21 (Fig. 1221); the reductive 
coupling of dicarbonyl compounds'"' (Fig. 12b); the 
Stille coupling['" (Fig. 12c); and ring closing metathe- 
sis[151 (Fig. 12d). 

SOLID-PHASE SYNTHESIS 

The macrocyclizations using the high dilution method 
described above were casried out in an homogeneous 
medium. Heterogeneous conditions have also been ex- 
plored. A long-known example is the acyloin cyclization 
developed by Prelog and Stoll. The diester was added to a 
suspension of liquid sodium in boiling xylene and was 
efficiently stirred (Fig. 13a). The high yields were 
attributed to coordination of the diester to the surface of 
the metal, hence, isolating the molecules from each other 
and bringing the chain ends in close proximity. 

b) 
0 

TiCl, 1 Zn- Cu 
H / \ 

Sn-Bu, 0 

Fig. 12 (a-d) Examples of metal-catalyzed macrocyclizations. 
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Solid-phase synthesis[161 offers a more rational ap- 
proach toward high dilution in a solid-liquid heteroge- 
neous medium by using a polymer support to bind the 
reactant, which leads to site isolation on a solid matrix 
(Fig. 13b). The loading of the beads should be accom- 
plished in order to ensure real site isolation. Solid-phase 
synthesis was initially designed for peptide syntheses, and 
the solid-phase methodology was largely used in the 
preparation of ~ ~ c l o ~ e ~ t i d e s . [ ~ ~  The principle of the 
procedure is illustrated in Fig. 13c. The first step consists 
of binding amino acid 5 (which had to be trifunctional, 
such as glutainic acid: asparagine, tyrosine, serine, and 
cysteine) onto the polymer. By using the amine and 
carboxylate functional groups of 5 ,  two linear chains are 
elaborated in parallel to afford polypeptides having amino 
acids 1 and 9 at the two chain ends as end-products. This 
is followed by cyclization and then cleavage of the 
cyclopeptide from the polymer support. 

The necessity to have practically quantitative coupling 
is required, because the separation of the target peptide 
from the side products is almost impossible when the 

number of peptide residues becomes large. This require- 
ment is still a significant problem in the synthesis of the 
numerous existing cyclosporins which are characterized 
by a large number of N-methyl amino acids that have 
weak reactivity toward activated acids due to their steric 
hindrance. One may note that in this series of compounds, 
the cyclization was not accomplished on the resin but on 
the linear undecapeptide precursor after its cleavage from 
the resin.[17] 

In recent years, combinatorial synthesis has become a 
powerful tool in organic synthesis, in particular; in the 
field of drug research.['81 This methodology has also been 
efficiently applied on solid-phase support. Two examples 
make use of the intramolecular Heck reaction, and large 
libraries of peptides or nonpeptides have been prepared. 
The first example (Fig. 14a) concerns the synthesis of 
various derivatives containing the Arg-Gly-Asp (RGD) 
sequence-a biologically important tripeptide unit.[lgl In 
the second example, a large number of macrocycles of the 
type described in Fig. 14b were obtained in good 
yields.['01 In both cases, the libraries were elaborated by 

Fig. 13 (a) Acyloin cyclization, an example of macrocyclization in an heterogeneous medium: (b) scheme for cyclization on a polymer 
support; (c) and synthesis of a cyclopeptide on a polymer support. 
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Fig. 14 (a,b) Intramolecular rnacrocyclizat~ons on a 5olld support using the Heck reaction. 
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Fig. I5 Examples of cyclorelease: (a) ring-closing metathesis (this reaction afforded several macrocycles, among which we describe 
only one) and (b) Stille coupling. 

the introduction of various substituents in the positions 
indicated by arrows. 

To  complete this short treatment on solid-phase 
synthesis, let us be mention the efforts made by several 
groups to obtain methods that allow a cyclorelease (also 
calied cyclative cleavage) of the macrocycle; in other 
words. the cyclization reaction and the release from the 
polymer support occur simultaneously. The methods 
developed so far involve the metathesis reaction 
(Fig. 15a);'"' the Stille coupling (Fig. 15b):1221 and sulfur 
ylides (Fig. 1 6 a ) . ' ~ ~ '  

In the strategy described in Fig. 16b, the linear 
precursor is not built on the polymer, but the final 
cyclization reaction using the Suzuki-Miyaura coupling 
takes place on a polymer. The aryl boronic acid is 
captured on a Dowex ammonium hydroxide resin. leading 
to the polyrner ionically bonded borate, which is subse- 
quently treated in the appropriate conditions to give the 
final macrocyle. This methodology is called "resin 
capture-release.. ~ 1'"1 

PHASE-TRANSFER CAPALYSiS 

In classical phase-transfer catalysis (PTC), the catalyst 
(often a quaternary ammonium salt) transfers the reagent 

(the associated anion) from the aqueous phase into the 
organic phase containing the substrate. Another alter- 
native is the solid-liquid phase-transfer catalysis in 
which the insoluble salt incorporating the active anionic 
species is in suspension in the organic solvent containing 
the substrate and the phase-transfer catalyst. This method 
has been applied to the synthesis of macrolides. The 
catalytic cycle affording various lactones is shown in 
Fig. 17. 

It should be noted that this reaction is a special case 
of solid-liquid catalysis, because the anionic species, 
solubilized by the catalyst, is both reactant and substrate. 
Also of importance is the fact that because the 
tetrabutylammonium salt is used in catalytic quantities, 
the concentration of active species (the tetrabutylammo- 
nium carboxylate) remains very low throughout the 
reaction, which is therefore conducted in high dilution 
conditions. As expected, the yields are excellent.r251 
Another type of PTC is the triphase catalysis.'261 having 
as a peculiar feature, the catalyst immobilized on a 
polymer (solid phase), which is in contact with the 
aqueous and organic phases containing the reactant and 
the substrate. respectively. This method presents the 
major advantage of avoiding the problem of catalyst and 
product separation. Various macrolides have been 
synthesized by this procedure. 
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a) 
TfO- 

0 DBU 

F) 

Pd catalyst 
b 

Fig. 16 (a) macrocyclic lactone synthesis by cyclorelease via a sulfur ylide and (b) lnacrocyclization via intramolecular Suzuki- 
Miyaura coupling: an example of resin capture-release. 

HIGH PRESSURE 

High-presrure chemistry has been applied in many fields, 
including organic synthesis. The method is based on the 
volume of activation BVF that characterizes each reac- 
tion. Depending on the type of reaction. AVF can be 

positive, negative, or close to zero. Reactions occurring 
with a negative volume of activation are favored by an 
increase of pressure. Formation of a quaternary ammo- 
nium salt from a tertiary amine and an alkylating agent 
is a reaction with a negative AV=. Jurczak et al. made 
use of this property in the synthesis of cryptands 
(Fig. 18a). The yields of diquaternary salts are very high 
(80-100%), and the demethylation step occurs in lower 
yields (50-90%).[~~] High-pressure conditions were ap- 
plied more recently to the synthesis of chiral macrocyclic 
tetraamides (Fig. 18b). These compounds are obtained in 
various yields (7-61%) by reaction of chiral diesters with 
3.w-diamines under 10 kbar pressure."81 

The Diels-Alder reaction has a negative Bv'. and 
high-pressure conditions are particularly well adapted for 
this reaction. Using these conditions, Stoddart et al. 
synthesized, by successive Diels-Alder reactions, a['41 
cyclacene derivative (Fig. 1 9 ) . [ ~ ~ '  

Tol-uENE FB r TEMPLATEB MACROCYCLE SYNTHESIS 
LIQUID PHASE 

The synthesis of a macrocyclic ligand in the presence of 
a metal cation has been used since the mid-1960s. N.F. + - 

M OOC(CH2),Br 

SOLID PHASE 

( n = 5 t o  15) Curtis and D.H. Busch should be mentioned as pioneer 
workers in the field.'301 The so-called "template effect" 
is simple to understand. The presence of a metal cation 
leads to positioning of the reactants (by virtue of the 

Fig. 17 Lactone synthesis by solid-liquid phase-transfer presence of coordinating sites) such that macrocycliza- 
catalysis. tion is highly favored (Fig. 20).["' 



Ph3P 1 DMF 
B- 

Fig. 18 High-pressure synthesis (a) of cryptands and (b) of chiral macrocyclic tetraamides. 

Fig. 19 Synthesis of a [12]-cyclacene derivative by a series of Diels-Alder reactions performed under high pressure 

Fig. 20 Metal-templated cyclization using two subunits X-X and U-U. The free macrocycle ]nay be obtained by demetallation (which 
can be difficult in some cases). 
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Cs2C03, I-CH2-(CH20CH2)5-CH2-I , DMF ,6O0C 

Fig. 21 (a) Principle for the synthesis of a [2] catenane. (b) Key-steps of the formation of the metallocatenane. (c) Principle for the 
synthesis of a trefoil knot. (d) Key-steps of the formation of the trefoil knot: formation of the double-helix 3, and cyclization by reaction 
of the diido compound-the coupling should occur between the phenol functions 1 and 4. 2 and 3. respectively. (The author thanks J.-P. 
Sauvage and C.O. Bucheclter-Dietrich for supplying these figures.) 
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An elegant extension of the template effect is cate- 
nane (interlocked macrocycles) synthesis, which is based 
on the formation of a stable tetrahedral precursor com- 
plex between Cu(I) and the diphenolic derivative of 
I ,lo-diphenylphenanthroline. This property has been 
used in the construction of a catenate, as shown in the 
synthetic scheme of Fig. 21a. 

The key step in this approach is the formation of the 
precatenate 1 frorn the diphenolic derivative of 1,lO- 
diphenylphenanthroline in presence of Cu(1). It can be 
seen that in structure 1, the four phenol groups are in good 
position for subsequent attack and hence cyclization by 
the diiodo coinpound giving the catenate 2 (Fig. 21b). The 
Cu(I) ion can be easily removed by treatment with 
potassiurn cyanide, affording the catenane.'"] The tridi- 
mensional teinplate effect induced by Cu(I) was extended 
to the formation of a trefoil knot (Fig. 21c,d). 

Finally, dynamic combinatorial chemistry (DCC) 
opens new perspectives for templated syntheses. Early 
work was accolnplished by the late M. Nelson, who 
studied in detail the condensations between di- 
amines and 2.6-diacetyl-pyridine in the presence of 
various metal cations. To conclude, he found that 
the macrocyciic compounds formed depend on the 
overall proportions of the reactants and the type of 
cation used as the template. Related studies were ac- 
complished using pyridine dialdehyde and several di- 
amines (Fig. 22).["j 

The ~nacrocyies formed depend on the overall 
proportions of 1 and 2, the diamine chain length and 
the type of cation used as the template. Of impor- 
tance is the fact that the imine fortnation is a reversible 
reaction. Expressed in the DCC sense, one can say that 
all products. the macrocycies and the nonrepresented 
oligomers and polymers. are in constant equilibrium. 
and that all the species represented in Fig. 22 consti- 
tute a virtual combinatorial library (VCL). From this 
library, the high proportion of a specific macrocycle 
can be obtained by the use of the appropriate con- 
ditions (type of metal template, relative proportion of 
reactants).r321 

To conclude this part on dynamic combinatorial 
chemistry, we will mention the use of a polymer bound 
N-methyl ammonium ion as a template. The library is 
generated from the pseudopeptide building block mPro, 
which gives a dynamic library of hydrazones (Fig. 23). 
Depending on the conditio~is, the following will be 
for~ned at equilibrium: in the absence of a template, 85% 
of the cyclic di~ner and 7% of the cyclic trimer: in the 
presence of the template BTA, 47% of the dimes and 
50% of the trimer; and in the presence of the im- 
mobilized template. 40% of pure trimer can be isolated 
by washing the 

Fig. 22 Condensation of diamines with a dicarbonyl com- 
pound. The size and nature of the macrocycles thus obtained are 
strongly related to the relative overall proportion of the two 
reactants, the chain length of the diamine, and the template 
cation used. 

Before concluding this limited survey of macrocyclic 
synthesis, the author would like to mention a few other 
aspects. For several important purposes. the syntheses of 
isotopically labeled macrocycles have been described.[341 
Strategies leading to very large macrocycles were devel- 
oped.["' And, promising perspectives can be expected by 
elucidation of the biosynthetic mechanisms of the numer- 
ous natural macrocyclic ~ o m ~ o u n d s . ' ' ~ . ~ ~ ~  
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INTRODUCTION 

Recent breakthroughs in catalyst synthesis resulted in the 
development of a number of novel methodologies for the 
preparation of mesoporous inorganic materials with 
extremely high surface areas and ordered mesostructures. 
These "nanostructured" materials are of great interest to 
scientists in many disciplines, wlth potential applications 
as catalysts, separation media. and advanced electronic 
materials. Although improvements and new variations 
continue to be developed for all of the methods described 
below, the range of applicability and pace with which new 
mesoporous mater~als were described in the past decade 
are evidence of Interest in this area as a continuing source 
of new, technologically relevant materials. 

BACKGROUND 

Briefly reviewed in this article are the current method- 
ologies available for preparing mesoporous inorganic 
materials other than silicon oxides and their properties. 
Currently. the most important general synthetic approach 
~~t i l izes  mixtures of aqueous surfactants or amphilic blocli 
copolymers to create high-surface-area solids containing 
organized arrays of mesoscopic channels. This method, 
commonly referred to as "surfactant templating" or 
"liquid crystal templating" is the main focus of this 
article. A brief survey of mesoporous materials other than 
oxides is also included at the end of this article. For more 
comprehensive overviews of this area, the reader is 
directed to several reviews and monographs that recently 
appeared." -51 

The preparation of mesoporous silicas and aluminosil- 
icates using aqueous mixtures of surfactants and solgel 
chemistry was first described by scientists at Mobil 0i1.'~' 
The essence of this new methodology involves the use of 
molecular assemblies of surfactants or related substances 
as structure directors during formation of oxides. The 
mechanism for the organization of such mesostmctures 
involves electrostatic interactions and charge matching 
between micellar assemblies of quaternary ammonium 
cations and anionic silicate oligomer species.i" Complex 
mesoscopic silicon oxides are produced by fluctuating 

chemical affinities and local perturbations of self-assem- 
bled surfactant molecules at the organic-inorganic inter- 
face during oxide formation processes. Here, the surfactant 
assemblies are used as scaffold-like templates to direct 
mineralization along. around, and between the organic- 
inorganic interfaces through "organized reaction fields." 
Illustrated in Fig. 1 is a simplified view of the original 
mechanism for synthesizing mesoporous silicon oxide 
based on this method.[71 From this mechanism, it can be 
seen how the principal methodology can be extrapolated to 
prepare mesophases with different metal oxides. as long as 
there is an interacting complementarity between the 
inorganic ions in solution and the surfactant head groups. 

Stucky and coworkers proposed a general model for 
surfactant templating based upon the cooperative organi- 
zation of inorganic and organic molecular species into 
three-dimensional mesoscopic arrays.17] They divided the 
global surfactant-directed ordered porous material syn- 
thesis process into three reaction steps: multidentate 
binding of the inorganic oligomers to the cationic sur- 
factant assemblies, preferential polymerization of the in- 
organic species in the interface region. and charge density 
matching between the organic and inorganic interfaces. 
The interaction between inorganic precursors and organic 
surfactants is not limited to electrostatic interactions 
but also includes hydrogen and dative bonding interac- 
tions or may be mediated by countercharged ions. The 
surfactants used in synthesis can be cationic, anionic, 
or neutral, depending on the charge of the inorganic 
precursors. Basic guiding principles in rationally synthe- 
sizing mesoporous metal oxide materials were devel- 
oped.17] In general, there are six main methodologies 
for synthesizing high-surface-area mesoporous metal 
oxide materials: 

1 .  I-S', where positively charged surfactant (S+)  in- 
teract witli negatively charged inorganic ( I

p

)  oxide 
precursors via coulombic interactions. 

2. I+S  - , where negatively charged surfactant interact 
with positively inorganic oxide precursors via cou- 
lcmbic interactions. 

3. I+X S + ,  where positih ely surfactant molecules inter- 
act with positively charged inorganic oxide precursor, 
through a negatively charged mediator (X

p

).  

Eizcjclopc.dia of S~lprarizolec~rlur Chenzistn 
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rod-li ke silica encapsulated 
micelle rnicelles 

Fig. I Simplified illustration of the process of surfactant 
ternplating of silica based sol-gels. (Vielv t l~is art in color at 
n~,t),v.clekker.com.) 

4. T c S .  where inorganic precursors interact via dative 
bonds with surfactant templates. 

5. I ~ S ~ ) ,  where neutral template molecules such as amine 
and block copolymer surfactants interact with inor- 
ganic oxide precursors via hydrogen bonds or 
coordination bonds. 

6. Phase transforination from a larnellar materials. 

The as-synthesized mesostructures obtained from these 
six methods consist of spatially and chemically well- 
defined asrays containing inorganic species and organic 
template molecules which are not porous. Ordered pore 
structures result when the surfactant templates are 
removed from the channels between metal oxide domains. 
Removal of the surfactant templates is commonly 
achieved by calcination at 400-800°C or by extraction 
with solvents that have high solubilities for the 
corresponding surfactant templates. When porosity is 
maintained, calcination provides a measure of the 
chemical and thermal robustness to the matrix. 

The ordered structures formed in the case of metal 
oxides other than silica are more susceptible to the 
collapse of pore structures with high-temperature treat- 
ments. This destruction of the ordered mesoscopic 
structures was ascribed to the crystallization of the 
metastable anlorphous metal oxide phase, frequently 
leading to solids with no ordered mesophases. Although 
a majority of the inetal oxides can be prepared in high- 
surface-area mesoporous forms with the above method- 
ologies, few robust. ordered mesoporous materials with 
crystalline wall structures have been obtained to date. 
Accordingly, one of the remaining challenges in this area 
is to develop generally applicable synthetic approaches 
that yield thermally and chemically robust mesoporous 
metal oxides. 

A second synthetic challenge is to make the walls of 
mesoporous materials out of mixed oxides (binary and 

ternary oxide systems). The key difficulty associated with 
syntheses in this case lies in control over different 
hydrolysis rates of the different metal species, which may 
cause the sequential precipitation and phase segregation. 
In addition to the mixed oxides, the mixed valent 
mesoporous metal oxides are also interesting because of 
their unique semiconducting and catalytic properties. So 
far, these oxide materials are derived from the 
corresponding parent mesoporous metal oxides through 
redox reactions. 

In all of the methodologies listed above, the basic 
components of each system consist of a metal oxide 
precursor, similar to those used in solgel syntheses, a 
surfactant templating agent, water, and frequently a 
cosolvent. The size and organization pores in the final 
material can be predicted and controlled through a 
consideration of the molecular properties of the surfactant 
and its phase diagram in aqueous solutions. The size of 
the micelles is the most important factor defining the 
position of the pore size maximum. Within a series of 
similar surfactants having different tails, the pore size 
maximum increases with tail length. The addition of 
nonpolar, "swelling" reagents provides one means of 
adjusting the pore size maximum over significant ranges 
without changing s~rfactant ."~ 

The most commonly observed ordered pore arrange- 
ments are lamellar and hexagonal close packed, both of 
which have nonintersecting mesopores (Fig. 2), and a 
cubic arrangement of intersecting pores that has overall 
cubic symmetry. Less-ordered "wormhole" arrange- 
ments of mesopores are sometimes observed in systems 
involving nonionic surfactants. It should be borne in 
mind, however, that surfactant-templated solids do not 
display the same order as crystalline microporous zeolites. 
The walls of the pores, whether crystalline or amorphous, 
frequently exhibit significant microporosity, presumably 
due to the presence of cracks and defects in the walls that 
can connect inesopores within the solid. Furthermore, the 
diameter along the length of the mesopore may have 
irregularly spaced bottlenecks or bulges, which effect 
access and transport in the matrix. 

Fig. 2 Illustrations of mesoporous M41S materials: (a) 
hexagonal MCM-41, (b) cubic MCM-48. and (c) lamellar 
MCM-50.'" (View thij art iiz color at >v~.w.dekker.conz.) 
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Although fundamentally the same approach is used to 
prepare mesoporous silica and aluminosilicates, what 
distinguishes the synthe~es of mesoporous metal oxides 
from silicas is that the hydrolysis and condensation rates 
involved in the formation of the oxide phase are much 
faster and thus more difficult to control. Developing 
methods and adjusting conditions (e.g., amount of water 
present, pH. complexing agents) that bring these two 
processes under control so that continuous, robust oxide 
matrices are formed around the micelles was a "rate- 
limiting" step in the general development of mesoporous 
metal oxides. In the following. we try to summarize the 
recent results in using the above six methodologies to 
synthesize nonsiliceous mesoporous materials. 

SYNTHESIS METHODOLOGIES 
FOR MESOPOROUS NONSBLlCEOUS 
METAL OXIDES 

NonslBiceous Mesoporous Materials via 
Cationic Surfactanas (8-S') 

As is clear from the suggested mechanism, the interacting 
inorganic precursors should be negatively charged. 
Accordingly, the reaction pH values involved in this 
methodology should be above the isoelectric points of 
the corresponding oxides.1s1 The hydrolysis reactions 
under these conditions are usually very fast, so that only 
powder morphologies are obtained. The most common 
cationic surfactants used in this inethodology are alky- 
lainmonium salts such as cetyltrimethyl ammoniurn hal- 
ides (C16H33NMe3)X (X = C1, Br). An earlier example of 
synthesizing nlesoscopic metal oxides using cationic 
surfactant templates is the work by Stucky and co- 
workers."] They showed that anionic metal oxide clusters 
[e.g.. ammonium metatungstate (NH1)6H2W12040] can 
interact with cationic surfactant templates to form the 
hexagonal mesoscopic composites. The metal oxide pre- 
cursors usually do not form a connected oxide framework. 
Accordingly, removal of the templates by calcination 
usually results in the collapse of the mesopores, as found 
in the case of tungsten oxide. Su and coworkers'" recently 
successfully obtained mesoporous zirconium oxides with 
the I

P

S +  methodology. consistent with an earlier in- 
vestigation by Knowles and ~ u d s o n . [ ' ~ ]  The calcined 
mesoporous zirconium oxide exhibits mesopores with 
wormhole-like channels. Thermally stable zirconia (sul- 
fate and oxophosphate) was also prepared through the use 
of cationic ammonium-based surfactants.'"] Mesoporous 
iron oxide was prepared using CTAB and sonochemical 
acceleration of the reaction.['21 Sayari and coworkers 
succeeded in preparing the mesoporous hafnium oxide in 
the presence of a cationic surfactant (CTAB).[ '~~ 

Suib and coworkers demonstrated that a mesoporous 
mixed-valent manganese oxide can be successfully 
synthesized by the direct precipitation of manganese 
hydroxide precursors in basic ~ o n d i t i o n s . " ~ ~  The ordered 
mesoporous structure with crystalline pore walls was 
retained after calcination: as confirmed by powder x-ray 
diffraction (XRD) and transmission electron microscope 
(TEM). Such mixed-valent mesoporous oxides are 
semiconducting and possess catalytic activity in the 
oxidation of alkanes. The mixed oxidation states of 
manganese (IIIIIV) in these materials were introduced by 
the direct oxidation of the metal precursor [Mn(II)]. Both 
hexagonal and cubic phases of such mesoporous materials 
can be synthesized. 

Ozin and coworkers recently extended the supra- 
molecular I

P

S +  assembly into the synthesis of 
binary mesoporous yttrium oxide-stabilized-zirconium 
oxide  material^."^^ These materials were synthesized by a 
modified sol-gel method under basic conditions. where 
zirconium ethoxide and yttrium acetate were used as the 
precursors for the transition metal oxides. and CTAB was 
used to form the supramolecular templates. The use of 
ethylene glycol with coordinating capability as a cosolvent 
may play a role in controlling the hydrolysis rate and sol- 
ubility of zirconium(1V) and yttrium(II1). This synthesis 
strategy is similar to that of so-called polymerizable- 
complex method, which was widely used to prepare mul- 
ticoinponent single-phase oxides.[161 The yttrium content 
in these binary materials can be tuned from 12-56 wt%. 
and no phase segregation of yttrium and zirconium ox- 
ides was observed. These materials could be applied in 
designing new solid oxide fuel-cell electrode materials. 

Nonsiliceous Mesoporous Materiais via 
Anionic Surfactants (ICS-) 

In contrast to the above methodology. pH conditions 
used in this synthesis methodology should be below the 
isoelectric point of the corresponding oxides and above 
the pK, of the anionic surfactant for strong interaction 
on the interface between the anionically charged 
template and the developing positively charged oxide. 
Because most of the oxides have significant solubilities 
in low pH conditions. this methodology requires inore 
control over synthesis conditions. Typical surfactants 
used in this methodology are dodecyl sulfate[171 and 
phosphate.'181 Huo et al. synthesized ~nesostructured lead 
and iron oxides by the supramolecular assembly of iron 
and lead polycations and anionic surfactants (dodecyl 
~ulfate) . '~]  Mesoporous zirconium oxide. yttrium ox- 
ide,[19' and rare earth oxidesi201 were synthesized using 
dodecyl sulfate and dodecyl phosphate as templates. In 
several cases. however, no ordered mesostructures were 
observed via TEM and XRD studies after calcination. 
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This destruction of the ordered mesostructures can be 
attr~buted to the crystalli7ation of drconium oxide in the 
calcination step. 

Nonsiliceous Mesoporous Materials via 
Mediated Colournbic Interaction ( I + X  S+) 

Stucky and coworkers
r7' proposed that under certain 

conditions (usually strongly acidic), an electrical double 
layer develops between the surface of the oxide and 
surfactant head groups (i.e., I'X-S'). The templates used 
in this synthesis methodology can be cationic surfactants or 
neutral surfactants with hydrophilic head groups that can 
be charged through protonation under strong acid condi- 
tions. Syntheses are, therefore, conducted below isoelcctric 
points, and the rate of hydrolysis reactions can be tuned to 
be slow so that thin films or other morphologies (e.g., 
monoliths) can be synthesized via this methodology. 
Because the surface charge on the oxide is balanced by 
the presence of the mediating anion ( X  halide), removal 
of thc surfactant does not require replacement by a new 
cation. Therefore, the surfactant template can be effective- 
ly removed by simple leaching with solvent rather than 
calcination, but both methods arc used. 

There arc many well-documented examples of the 
methodology having been applied to nonsiliceous meso- 
por~usmaterials. For example, mesoporous aluminophos- 
phates using CTAB in acidic media were de~cribed. '~" 
Recently, Bhaurnik and lnagaki successfully used a 
similar methodology to prepare ordered mesoporous 
titanium phosphates.r22i The ammonium-based surfactant 
ternplates were removed via ion-exchange processes. The 
unique property of the resulting mesoporous materials is 
their ion-exchange capability. Similar mesoporous mate- 
rials can also be synthesized by the S-1' methodology. 

Onc of the most versatile methodologies for the 
preparation of nonsiliceous ordered mesoporous materials 
involves the use of nonionic, block copolymer surfactants 
in alcoholic or mixed solvent systems under highly acidic 
conditions. This general procedure is thought to involve a 
combination of electrostatic, H-bonding, and van der 
Waals forces as the forces behind the self-assembly and 
templating process. Stucky and coworkers described that 
over 25 nonsiliceous, ordered mesoporous metal, and 
main group oxides were prepared using this approach.'231 
In general, inetal chlorides or metal alkoxides were used 
as metal oxide precursors that, when contacted with 
alcoholic soluticlns of a variety of block copolymers, 
formed mesostructured solids. To limit the rates of 
hydrolysis and condensation, the above mixtures were 
simply allowed to stand in air for variable tirncs (1-30 
days), whereby moisture was absorbed, thus providing a 
"controlled" source of water. High surface area (100- 
800 m2/g), thermally robust, mesoporous (3- 12 nm pore 
diameter maxima) samples of pure and mixed metal 

Fig. 3 TEM image of mesoporous TiOz synthesized at ORNI,. 
(View this art in color at www.dekkc~r.com.) 

oxides were obtained using this method. All retained 
mesoporosity and long-range order in their mesopore 
structures after calcination. Shown in Fig. 3 is a TEM 
image of a typical mesoporous titanium oxide prepared by 
this methodology. 

This methodology enjoys the merits of other ap- 
proaches and exhibits several additional advantages: 1) it 
has proven applicable to a wide range of transition metal 
and main group oxides; 2) the metal precursors studied so 
far are readily available, being either alkoxide or halide 
complexes; 3) in many cases, syntheses can be run in 
alcoholic solvents in essentially nonhydrolytic conditions, 
which aids in controlling hydrolysis and condensation 
rates; 4) the critical micelle concentrations required for 
polyethylene-oxide-polypropylene-oxide di- and triblock 
copolymers are usually much lower than the concentra- 
tions needed for ionic surfactants;'" and 5) because of the 
neutral, nonaqueous conditions used in these prepara- 
tions, control of pH is not required, and the surfactant can 
be removed from the mesostructured material by 
calcination or milder solvent extraction methods with 
nonpolar solvents. 

Two recent variations of this methodology are the 
synthesis of single crystals of mesoporous niobium and 
tantalum oxidesr24' and the rapid preparation of titanium 
dioxide solids using ~ o n o c h e m i s t r ~ . ' ~ ' ~  

Nonsiliceous Mesoporous Materials 
via Complexing Surfactants (I+-S) 

An approach that does not rely on electrostatic interac- 
tions between charged groups at the oxide-surfactant 
interface involves precomplexing surfactant ligands to the 
oxide precursors before exposing them to water. The 
metal precursors arc generally alkoxidc complexes [e.g., 
Ti(Oi - Pr)4, Nb(OEt),] that are typically mixed with the 
surfactant in alcohol solution. Control of the mesostruc- 
ture phases can bc accomplished by adjusting the 
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surfactant:metal ratio. while the rate of hydrolysis can be 
controlled by regulating the vapor diffusion rate of water 
into mixtures. Both neutral (aliphatic amines such as 
dodecylamine) and charged (e.g., alkylphosphates) 
amines proved successful in this "ligand-assisted" 
methodology for preparing mesoporous oxides of titani- 
um, niobium, and t a ~ l t a l u m . ~ ~ ~ - " ~  Although amine 
surfactants are usually preferred due to the ease with 
which they can be rernoved cleanly by simple solvent 
extraction. carboxylate surfactants were also used with 
sonication to shorten reaction t i n ~ e s . ~ ~ ~ '  

Nonsiliceous Mesoporous Materials 
via Neutral Surfactants (l'~') 

The interactions between surfactant and oxide responsible 
for inesostn~cturing are primarily hydrogen bonding or 
simply hydrophilic/hydrophobic interactions between the 
various polymer blocks of the copoly~ner. An important 
drawback of this methodology is that the mesostructures of 
the resulting materials frequently exhibit long-range order. 
Instead, they have mesopore assemblies that reseillble 
disol-dered, interconnecting, wormhole-like channels. Ex- 
amples of this ~nethodology include the preparation of 
mesoporous alumina,L301 aluininopl~os-phates,'211 and tung- 
stated~irconia.'"~ 

Tilley's group recently showed that this method of 
surfactant templating can be extended to high-temperature 
pyrolysis of organometallic silicates to produce mesopo- 
rous, high-surface-area, metal-silico~~ oxides with narrow 
pore size 

Nonsiliceous Mesoporous Materials via 
Phase Transformation from a Lamellar Phase 

Neeraj and Rao demonstrated an interesting lamellar-to- 
hexagonal-to-cubic phase transformation for an as- 
synthesized zirconium oxide ternplated by a neutral amine 
surfacta~lt.'"'] This methodology is based on the facile 
precipitation synthesis of the lalnellar oxides in basic 
conditions and subsequent removal of some of the 
surfactant templates. The latter process induces the 
curling of the surfactant bilayer in order to minimize 
the surface/interface energy, as shown in Fig. 4. This 
mechanism is similar to the formation of mesoporous 
silica FSM-16."" The curled surfactant bilayers gradually 
change to cylindrical rods, which f~trther assemble to the 
ordered hexagonal mesostructures. 

This elegant methodology can be exploited to synthe- 
size other nonsiliceous mesoporous materials. In fact. 
Yada et al. observed several similar transformations of 
lamellar yttrium-based mesophases teinplated by dodecyl 
sulfate to the correspo~lding hexagonal 111 this 
case, no cubic inesophases were observed. even after long 

Fig. 4 Schematic representation of lamellar 4 hexagonal phase 
transforination (a through d )  and the hexagonal 6 cubic 
transformation (e and f ) .  The shaded circles around the 
surfactant aggregates represent the inorganic species (generally 
metal alkoxides or other metal-oxo species).'"' (Vielt this art in 
color. at li,ct.~t,.clekker.cor?z.) 

reactlon tlmes Mesoporous magnetic materials based on 
rare earth oxides'201 and a blnaly me$oporous yttrium 
alum~nlum o x ~ d e " ~ '  wele also successfully synthesized 
through this phase transfoimat~on methodology 

MESOPORBUS MATERIALS OTHER THAN 
METAL OXIDES 

The micellar template approach to mesoporous oxides 
was generalized to make nonoxide mesoporous materials. 
Attard et al. prepared mesoporous metals with hexagonal 
ordered structures, where redox reactions and the general 
mesoscopic templating synthesis were employed to 
generate the metallic mesosti-uctures. The materials are 
typically obtained as powders composed of nanoparticles. 
Attard et al. also succeeded in adapting the above 
methodology to synthesize mesostructured metallic thin 
films through the electrodeposition under liquid-crystal 
 environment^.'^'^ More recently, a high-surface-area 
graphitized carbon with uniform mesopores was synthe- 
sized by the group of Jaroniec through a colloidal 
imprinting methodology."6.'71 

A recent approach that uses mesoporous silicas to 
produce mesoporous replicate templates of other materials 
appears to hold some promise as a general methodology 
in this area. In essence, a precursor to the desired material 
is diffused into the pores of ordered mesoporous silica 
and then chen~ically transformed into a homogeneous 
solid filling the pores. The silica is then removed by ex- 
posing the solid to HF or NaOH solutions. leaving a po- 
rous solid that is an "inverse replica" of the original pore 
structure of the silica. Mesoporous carbon solids were 
prepared via this method using a ~a r i e ty  of simple pre- 
cursors. silch as sucrose. furfuryl alcohol, or in situ 
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polymerized phenol resins as the carbon precursors.13s~411 
Carbonation is accomplished by heating the filled pore 
silicas to -- 1000°C. The mesoporous carbon replicates 
exhibit surface areas; pore size distributions, and pore 
orderings that closely resemble those measured in the 
original silica matrix. as long as the original silica pore 
system is interconnected though pore intersections or via 
micropore channels between mesopores. A sin~ilar ap- 
proach starting with platinum and other metal precursors 
led to intertwined platinum and other metal wire assem- 
blies, r ~ 2 - 4 4  

CHARACTERIZING 
MESOPOROUS MATERIALS 

The general characteristics of a material's porosity and 
pore ordering are determined via three types of measure- 
ments: isothermal gas adsorption behavior, small-angle 
x-ray scattering (SAXS) experiments, and electron 
microscopy. The overall surface area of the solid, the 
pore volume, and pore size distribution information are 
provided by gas adsorption m e a s ~ r e m e n t s . ' ~ ~ '  After 
removaI of the surfactant, templated, mesoporous solids 
exhibit well-defined maxima in their pore distribution 
curves between 2-50 nm with widths (half-height) 
typically less than 1 nm. Mesoporous metal oxides 
usually have total surface areas from 100 to over 1000 
m2/g. When the pores of a templated inaterial are ordered 
(e.g.. hexagonal or cubic ordering): SAXS data will show 
Bragg diffraction peaks that characterize the ordering and 
can give values for the interpose separation. SAXS 
measurements can be done on mesostructured material 
before renloval of the templating surfactant to determine 
if pore ordering survives calcination. Finally. because of 
the size range for mesopores, TEM was used extensively 
to image pores in ternplated materials and can provide an 
independent measurement of pore ordering and wall 
thickness. Simultaneous electron dispersive x-ray (EDX) 
measurements can also be used to provide spatially 
resolved elemental analysis data on these solids. 

The general field of nonsiliceous mesoporous materials is 
still in its infancy. A variety of surfactant-templating 
approaches were developed that can be used to prepare a 
wide variety of mesoporous metal oxide solids. Early 
problems concerning the thermal stability of these porous 
materials are slowly being overcome but remain obstacles 
in some cases. Promising replicate-templating procedures 
where the pore systems of ordered. mesoporous silicas are 
used to produce mesoporous carbons and metals were 
recently described. Although few applications of non- 

siliceous mesoporous materials have appeared to 
date,[i J6 171 the field is young and holds great promise. 
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Since the breakthrough discovery o f  the so-called M41S 
family o f  silica ~nesophases some I0 years ago.'" re- 
search on periodic mesoporous inaterials grew so dra- 
matically that it developed into a distinct field. During 
this short period o f  iiine, remarkable progress was 
achieved in many directions, including synthesis sti-ate- 
gies. materials diversity. and innovative applications. The 
original work described three silica mesophase structures, 
nar~nely. MCM-41 (hexagonal, p6nzrrz). MCM-48 (cubic, 
Ia34, and MCNI-50 (lamellar). They were syilthesized 
via a supramolecular templating mechanism under basic 
conditions using long-chain alkyltrimethylammonium 
surfactants. Currently. periodic mesoporous silicas may 
be readily synthesized under a wide range o f  pH and 
temperature conditions. in the presence o f  a large varietji 
o f  anlphiphiie molecules, including cationic, anionic, 
neutral. zwitterionic, bolaa~nphiphile, geinini. and diva- 
lent surfactants. as well as many corninercially available 
oligo~ners and block copolymers. This effort led to the 
discovery o f  numerous new silica mesophases includ- 
ing SBA-I and SBA-6 (Pr713rz). SBA-2 and SBA-12 
(P63/r1zriz~), SBA-8 (cmril), SBA-11 (Pm_??-rz), SBA-16 
(1rn3in),'~~ disordered MMS.~"  MSU-n,'" and MSU-V. 
Extensive work was also carried out to develop strate- 
gies for controlling the pore size. the morphology. the 
surface properties, and the hydrothermal stability o f  
such materials. In addition to si!ica-based lnesoporous 
materials, the suprainolecnlar templating approach was 
extended to numerous other materials, including tran- 
sition inetal oxidesi" and chalc~genides.'~~ organosiii- 
~ates, '~." metallophosphates.191 metals. alloys,["" and 
zeolite i~anocr~stals.~"-"~ Furthermore. silica meso- 
phases were. in turn, used as teinplates for the synthesis 
o f  a variety o f  other materials. such as llanoporous car- 
bons'"' and polymers. and aild serniconduc- 
tor1I5' nanowires. This extensive effort in the area o f  
synthesis was paralleled by the develop~nent o f  innovative 
applications. not on!p in conventional areas such as ad- 
sorption, separation. and catalysis,"" -'"I but also as ad- 
vanced materials such as electrodes for solid oxide fuel 
c e l ~ ~ . ~ ~ ~ '  or as hosts lor quantum dots and sensing species 
for electronic and optical 

The short review will be limited to periodic mesopor- 
ous silica and silica-organic hybrids. Because o f  their 
relevance to the subject o f  the current Erzcyclopecliu, the 
supramolecular templating mechanisms leading to or- 
dered mesoporous materials will be one o f  the main 
thrusts o f  this contribution. Authoritative reviews on 
nonsilica periodic lnesoporous materials are available in 
the l i t e ~ a t u r e . ~ ~ . ' ~ . ' ~ ~  

SYNTHESIS MECHANISMS OF PERIODIC 
MESOPOROUS MATERBABS 

Synthesis of Periodic Mesoporous Silica 
Under Basic Conditions in the Presence of 
Alky$%rimet&ylammonium Surfactants 

The synthesis mechanism o f  M41S silica mesophases 
was originally referred to as the liquid crystal telnplating 
~nechanism. This may erroneously suggest that silica 
mesophases are simple replicas o f  preexisting liquid 
crystalline phases. While direct transcription o f  existing 
liquid crystals may occasionally take place under high 
concentrations o f  su~factant.~"~ in practice. this is sel- 
dom the case. The following observations are consistent 
with the fact that the occurrence o f  a liquid crystalline 
phase is not a prerequisite for the formation o f  the 
corresponding silica mesophase: 1 )  it is possible to 
synthesize any o f  the three M41S silicas only by 
changing the relative amount o f  silica precursor. every- 
thing else being the same: 2) mesoporous materials may 
be prepared using surfactant concentrations well below 
those required for the formation o f  liquid crystals, and 
even below the critical concentration for the formation 
o f  rod-like micelles; 3 )  iMCM-41 silica inay be synthe- 
sized in the presence o f  short-chain surfactants, such as 
C12H2sN(CH3)30FI, that do not form rod-like micelles in 
water: 4 )  MCM-41 and MCM-48 silicas may form at 
temperatures above 70°C. where rod-like micelles are 
not stable. 

Stucky et a1.'2'1 provided compelliilg evidence that in 
addition to amphiphile molecules. inorganic species play 
a key role in driving the supramolecular assembly 
process to take place. As shown schelnatically in Fig. 1 ,  
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(A) Precursor Solutions 

micelies 8 isolated cationic inorganic silicate anions 
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Fig. P Cooperative ternplating mechanism. (From Ref. [24].) 

this so-called cooperative organization mechanism is a 
three-step process. The first step, driven by electrostatic 
interactions, is the displacement of the surfactant 
counterions by polydentate and polycharged inorganic 
anions leading to organic-inorganic ion pairs. The latter 
then self-organize into a liquid crystal-like mesophase 
with a structure that depends ultimately on controllable 
synthesis parameters such as the composition of the 
mixture. the pH. and the temperature. The final step is 
the cross-linking of the inorganic species, giving rise to 
a rigid shell with a structure that is a replica of the 
underlying liquid crystalline phase. The structure of 
such a mesophase is determined by dynamic interplay 
among organic-inorganic ion pairs: the charge density, 

coordination. and steric requirements of organic and 
inorganic species at the interface are the main con- 
trolling factors. 

As a first approximation, the mesophase structure can 
be linked directly to the packing factor g = Vlaol, where 
V is the total volume of the surfactant chain plus any 
cosolvent organic molecules between the chains, a. is 
the effective head group area at the micelle surface. and 
1 is the kinetic length of the surfactant tail. As the g 
value decreases. transitions to higher curvature meso- 
phases occur at the following critical values: g = l 
(lamellar mesophase), 112 < g < 213 (cubic. Ya3d),  
g = 112 (hexagonal, p6fiziiz). and g = 113 (cubic, Priz3n). 
This factor was introduced earlier to rationalize the 
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aggregation behavior of ainphiphile molecules in water. 
Despite its simplicity. the concept of packing factor 
proved to be very useful not only to explain experimental 
findings but also; more importantly. to design mesoporous 
materials via direct manipulation of the g factor. For 
example, the addition of cosolvents or polar molecules 
was found to increase the volume V of the hydrophobic 

In turn. this decreases the packing factor and 
affects the nature of the mesostructure obtained. Another 
simple and effective way to fine tune the packing factor is 
through the use of surfactant blends. In a recent study, Kim 
et prepared high-quality silica mesophases having 
two-dimensional hexagonal (pbmm),  three-dimensional 
hexagonal (PG31r?zmc). and cubic (h7~3m) structures 
through systematic variation of the effective head- and 
tail-group sizes via appropriate mixtures of amphiphilic 
block copolymers. 

Generalization sf Electrostatically Driven 
Synthesis Mechanisms 

The cooperative organization mechanism driven by 
electrostatic interactions described above is not limited 
to ion pairs between cationic surfactants ( S + )  and 
anionic inorganic species (I-.). but can be generalized 
to include three other routes.L271 Pathway SpI '  involves 
direct electrostatic interaction between anionic surfac- 
tants and cationic inorganic species. The synthesis of 
mesostructured antimony or tungsten oxide under acidic 
conditions is a typical example for this pathway. In the 
two other routes. the interactions occur between 
similarly charged organic and inorganic species with 
the mediation of small counterions of opposite charges. 
These pathways are referred to as S'XpI' ( X  = Cl-., 
Br

p

)  and S p M + I p  ( M +  = Na+, K+).  The synthesis of 
silica mesophase at pH < 2, and that of lnesostructured 
zinc oxide at pH>12.5, are examples of these two 
routes, respectively. 

Other Skspramolecaa!ae 
Ternplating Mechanisms 

Pinnavaia et al.'"41 introduced a neutral (MOP) and a 
nonionic (PI") templating mechanism using alkyla~nines 
and polyethyleneoxide surfactants, respectively. The 
obtained silicas. referred to as HMS and MSU-n. 
respectively, exhibited nonordered systems of cylindrical 
nanopores with narrow size distributions. Instead of the 
electrostatic interactions. in the presence of neutral 
surfactailts, hydrogen bonding becomes the predominant 
factor in pairing organic and inorganic species. As seen 
in Fig. 2. the neutral species formed by partial 

Fig. 2 Neutral templating mechanism. (Frorn Ref. [?I].) 

hydrolysis of tetraethyl orthosilicate interacts with the 
surfactant amine head group via hydrogen bonding. The 
obtained organic-inorganic complex may be considered 
as an amphiphile with a bulky head group leading to a 
small packing factor. As mentioned earlier, decreasing 
the g value increases the likelihood for the forination of 
high-curvature micelles such as rod-like micelles. which 
exhibit a natural tendency to self-assemble into a 
hexagonal lyotropic mesophase. This is follo~led by 
condensation of silanol groups and formation of rigid 
silica walls. 

For completeness, it should be mentioned that in 
addition to the electrostatically driven cooperative 
assembly pathways, and the nonionic routes based on 
van der Waals interactions, Antonelli and ~ i n g ' ~ ~ '  
introduced the so-called ligand-assisted templating mech- 
anism to explain the formation of a number of periodic 
mesoporous transition metal oxides. This mechanism is 
based on the formation of a covalent bond between 
organic and inorganic species. Using the synthesis of 
mesoporous Nb205 for illustration (Fig. 3), it is seen that 
the initial step, which takes place in the absence of water. 
is the formation of a Nb-N covalent bond between 
Nb(OEt)5 and the long-chain ainine surfactant. This is 
followed by intermolecular condensation of these 
species in the presence of water with simultaneous 
self-organization into micelles. and ultimately into a 
mesophase (Route a', b' in Fig. 3). Alternatively. the 
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Fig. 3 Ligand-assisted ternplating mechanism. (From Ref. 1281.) 

formation of the micelles may precede the condensation 
step (Route a,  h in Fig. 3). The key feature of this 
mechanism, i.e., the formation of a covalent M-N bond, 
was inferred from nuclear magnetic resonance (NMR) 
studies on 100% "j~-enriched dodecylamine niobium 
ethoxide precursor in [ns]toluene and the corresponding 
as-synthesized Nb2O5 ~ n e s o ~ h a s e . ' ~ ~ '  

CHARACTERIZATION OF PERIODIC 
MESOPOROUS SILICA-BASED MATERIALS 

Characterization of periodic mesoporous silicates in- 
volved a wide range of techniques. One of the first 
realizations made was that despite their long-range 
order, these materials were amorphous in nature. as 
conclusively demonstrated by Raman spectroscopy, 
solid-state NMR; and other techniques.".'71 As a result, 
their x-ray diffraction (XRD) patterns were dominated 
by a limited number of peaks at low angles (Fig. 41, 
often providing insufficient illformation with regards to 
the structure of the inaterials under iilvestigation. In this 

respect, transmission electron microscopy (TEM) (Fig. 5 )  
and, more importailtly. electron crystallography'291 played 
a key role in elucidating the structure of various silica 
mesophases. Because they are readily available to most 
researchers, adsorption techniques were, along with XRD, 
the most frequently used methods for characterizing 
periodic mesoporous  material^."^^ This simple technique 
provides essential infomation regarding structural and 
textural properties of mesoporous materials, such as the 
surface area, the pore volume, the pore size distribution, 
the occurrence of micropores, the surface hydrophobicity, 
etc. Moreover, in  combillation with XRD data, nitrogen 
adsorption measurements provide an estimate for the pore 
wall thickness. I11 Fig. 6. a representative example of 
nitrogen adsorption-desorption isotherlns for a MCM-41 
silica is shown. Such isotherms are usually of Type TV in 
the IUPAC classification and exhibit characteristic steps 
on both branches, corresponding to the condensation and 
evaporation of the adsorbate from mesopores with narrow 
size distributions. They are ~tsually reversible for MCM-41 
silicas with mesopores Less than ca. 4 nm in diameter and 
exhibit hysteresis loops of different shapes for two- 
dimensional hexagonal (p6nzm) silica with pores larger 
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Fig. 4 X-ray diffractograms for typical silica mesophases. (From Refs. [ l ,  251.) 

than 4 nm, me<ocelluiar cllica foamc. ac well as the three- 
d~men<ional hexagonal (P6?lmmc ) and the cubic (Im3m), 
wch as SBA-2 and SBA-16, re<pect~vely, which both 
exh~bit   age-l~ke mesopore\ 

PERlODiC MESOPOROUS 
SILICA-ORGANIC HYBRIDS 

Combining organic and inorganic <pecies within the same 
periodic mesoporous material offers added flexibility to 

control an extended range of surface properties such as 
catalytic activity, hydrophobicity, and hydrophilicity, as 
well as bull< properties such as density, dielectric 
constant, hardness, and mechanical strength. Sayari and 
~ a m o u d i ' ~ '  divided these materials, based on their 
structures, into five categories, namely: I )  as-synthesi~ed 
amphiphile/silica mesophases; 2)  expanded mesoporous 
silicas; 3) mesoporous silicas with organically modified 
surfaces; 4) mesoporous organosilicates; and 5) mesopor- 
ous silicas with occluded organic materials such as 
polymers. This contsibution will deal only with surface 
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Fig. 5 TEM image and the corresponding electron diffraction Fig. 6 Typical nitrogen adsorption-desorption isotherm and 
pattern for a typical MCM-41 silica. pore size distribution for MCM-41. (From Ref. 1171.) 
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and framework organically modified silicas, i.e., Classes 
3 and 4 silica-organic hybrids. As for the other categories 
of hybrid materials, the reader rnay refer to two recent 
 review^.'"^' 

Periodic Mesoporous Silicas with 
Organically Modified Surfaces 

Surface modification of periodic mesoporous silicas via 
covalent bonding of organic molecules inay be achieved 
using a postsynthesis procedure or directly via cocon- 
densation procedures. In addition to the obvious changes 
in chemical properties of the inaterials upon surface 
modification with organic functionalities, improvement 
of physical properties may also occur. It was reported that 
surface silylation of inesoporous silica improves not only 
the chemical stability of the hybrid materials against 
moisture, but also enhances mechanical stability com- 
pared to their pure silica counterparts. Moreover; 
incorporation of -CH2-CH2- groups within the walls 
of the silica mesopores was found to increase the Young's 
modulus and hardness of the material, and decrease its 
dielectric constant. 

The two-step method was described in the Mobil 
g r o ~ p ' s  early work."' It consisted of coupling a suitable 
organosilane reagent with the silica surface hydroxyl 
groups using an appropriate solvent under reflux. This 
could be followed by higher-order modifications that 
involve further reactions to create new functionalities. 
To achieve selective functionalization of the internal 
surface. it was suggested to first passivate the external 
surface using dichlorodiphe~lylsilane Ph2SiCi2, then carry 
out the prafting process. In some instances. surface- 
functionalized mesoporous silica may also be prepared 
using the as-syntl-iesized silica mesophase by simulta- 
ileously removing the surfactant and grafting the organic 
species. The two-step approach to organically surface- 
modified mesoporous silica was used to incorporate 
many functionalities. including alkyl groups, amine. 
thiol, and sulfonic acid functions, as well as more 
elaborate structures such as coordination complexes and 
chiral ligands. 

As an alternative to the two-step approach, mesoporous 
silica with organic moieties covalently linked to their 
internal surface could be obtained in a single-step 
cocondensation of siloxane and organosiloxane precursors 
using similar supramolecular templating techniques as 
those for the synthesis of pure silica. Successful one-step 
syntheses of MCM-41 silicas modified with alkyl, phenyl, 
vinyl. cyanoethyl. amine. thiol, and propylsulfonic acid 
moieties were reported in the l i te~ature. '~ '  Similar pre- 
parations were extended to MCM-48 silica and to meso- 

porous materials prepared via nonionic and polymeric 
surfactants. i.e., MMS. MSU. and SBA-15 silicas. 

Surface-functionalized mesoporous materials were 
characterized using numerous techniques. Solid-state 
29 . Si-. "c-, and 'H-MAS-NMR (MAS = magic angle 
spin) measurements were used to investigate changes in 
the local environment of silicon atoms and to determine 
the degree of surface functiollalization of mesoporous 
silicas. infrared spectroscopy. someti~nes in combination 
with 'H-NMR. was used to monitor the consumption of 
silanoi groups and the functionalization of the silica 
surface through the development of characteristic vibra- 
tions. Thermogra\~irnetric analysis was used to probe the 
thermal stability as well as the hydrophobic or hydrophiiic 
character of the hybrid materials. Structural ordering of 
organically modified mesoporous silicas was character- 
ized by TEM, XRD: and nitrogen adsorption measure- 
ments. These studies revealed that postsynthesis surface 
modification had limited effect on the periodic structure 
of the starting material. However, the structural ordering 
of hybrid mesoporous silicas synthesized in a single step 
via cocondensation, was found to decrease progressively 
as the relative amount of the organic precursor present in 
the synthesis mixture increased. The upper limit for the 
organosiloxane-to-tetsaethoxysilane (TEOS) ratio in the 
synthesis gel, above which no structural ordering oc- 
curred, was typically 10-25%. 

Periodic Mesoporous Okganoslllcates 

Unlike surface-fiinctionalized silica. in periodic mesopor- 
ous organosilicates (PMOS). the organic component is 
built in the pore walls instead of protruding from the 
surface into the internal channels. This recent develop- 
ment in the area of periodic nanoporous materials opens a 
wide range of new and exciting opportunities for 
designing materials with controlled surface properties at 
the molecular level. The fact that the organic moieties 
constitute an integral part of the inesoporous framework 
allows the formation of pure silica-organic hybrids using 
bridged silsesquioxanes without addition of any other 
source of silica. This is in contrast with surface-func- 
tionalized mesoporous silica prepared via cocoildensation. 
which requires large amounts of silica precursor, such as 
TEOS for the formation of rigid walls, to take place. In 
the latter case, the TEOS to organotrialkoxysilane is 
typically higher than 75%. 

Mesoporous organosilicates are synthesized using 
similar self-assembly approaches as pure silica meso- 
phases: the main difference being the silicon-containing 
precursors that consist of bridged silsesquioxanes, 
(RO)3Si-R'-Si(OR)3. Different types of amphiphile 
molecules, including cationic (alkyltrimethylammonium), 
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anionic (dodecylsulfate), nonionic (Brij-56), and block 
copolymer (PI 23) s~lrfactants were used as supra~noiecular 
templates. Successful syntheses of periodic nlesoporous 
organosilicates with organic spacers R' originating from 
methane. ethane. ethylene, acetylene, butene, benzene, 
toluene, xylene, dimethoxybenzene, thiophene, bithio- 
phene, and ferrocene were reported in the literature. 
Similar to silica mesophases, the formation of rnesoporous 
organosilicates was found to occur under acidic and basic 
conditions. The renloval of the ternplating surfactants was 
generally performed by acid solvent extraction. iVaost 
organosilicates reported in the literature exhibited cubic, 
and two- or three-dimensional hexagonal structures. 

X-ray diffraction, nitrogen adsorption, SEM, TEM, 
and solid-state NMR are some of the techniques used for 
characterizing periodic mesoporous organosilicates. Of 
particular importailce was the role of NMR spectroscopy 
in confirming the preservation of the Si-W'-Si unit's 
integrity during the precipitation process, thus providing 
direct evidence that the organic-inorganic moiety 
constituted the building block of the mesoporous channel 
walls. For instance, ""s-MAS-NMR for ethane-silica 
mesophases showed mainly two peaks at 8 z - 57.0 and 
- 66.0 pprn attributable to T~ [CSi(OSi)?(OH)] and T' 
[C5'i(OSi)3] Si species covalently bonded to carbon 
atoms. Similar chemical shifts were also obtained for 
the methylene-silica material. The T' resonance was 
observed at 7 5  and 7 1  ppm. for ethylene and 
phenylene-silica mesophases, respectively: whereas the 
corresponding T' resonances occurred at 8 3  and 7 8 . 2  
ppm, respectively. In all cases. no Qn [Si(OSi),,0H4.,] 
species were observed. indicating that no Si-C bond 
hydrolysis took place. Likewise. '"c-CP-MAS-NMW for 
surfactant-free materials were consistent with these 
conclusions. For example, the ethane-silica mesophase 
exhibited a peak with cheinical shift at ca. 5-6 ppin 
assigned to nlethylene convalently bouild to Si as in Si- 
CH2CH2-Si. The ethylene-silica materials exhibited a 
strong resonance at ca. 145 ppm, while the phenylene- 
bridged system gave rise to a 'k resonance at 133.4 ppm. 
The methylene-containing material generated a single 
peal< at ca. 0 ppm. All these data indicate that the Si-R'- 
Si units were preserved during the organic-inorganic 
rnesophase forll~ation. 

APPLICATIONS OF PEW16DIG 
MESOPOWBUS SILICA-BASED MATERIALS 

These materials were found to be useful in many 
pote~ltial applications. particularly in the areas of 
c a e a l y ~ i s . ~ ' ~ ~ ' "  Catalyt~cally active acid sites were 
generated using different approaches, including frame- 

work modification with trivalent cations as in alumino- 
silicates; surface modification. for example. with 
propylsulfonic acid; and addition of acid ingredients 
such as heteropolyacids. More recently. highly stable 
mesoporous materials were prepared via supra~nolecular 
templating of strongly acidic zeolite Y, P, and ZSM-5 
nanocrystals. All these types of materials were found to 
be effective acid catalysts. A1-MCM-41 was used in 
oligomerization of propene, alkylation of bulky aromatic 
molecules, cracking of cumene, and straight run naphtha, 
as well as in hydroisomerization and hydrocracking of 
n-hexadecane. Phosphotungstic acid containing meso- 
porous aluminosilica was found to be more efficient 
than H2S04 or bulk phosphotungstic acid in liquid- 
phase alkylation of 4-tert-butylphenol by isobutene and 
styrene. Similarly, sulfonic acid containing MCM-41 
silicas exhibited excellent performance in acid-catalyzed 
reactions involving large molecules. such as esterifica- 
tion of glycerol with fatty acids. Materials with SAB-15 
structure prepared via assembly of MFI aluminosilicate 
nanoclusters were also found to be powerful catalysts 
for the cracking of culnene and 1,3,5-triisopropylben- 
~ e n e . ~ ' "  Similar progress was made in the area of base- 
catalyzed reactions. Mesoporous materials with basic 
properties were prepared via Na+ or Cs+ ion exchange 
using MCM-41 aluminosilica as starting materials, or 
via grafting of organic moieties containing basic func- 
tions such as amines. Such materials were found to be 
effective catalysts in esterification: Knoevenagel con- 
densation, and Michael reaction. 

Like their zeolitic counterparts, mesoporous titano- 
and vanadosilicates were also found to be excellent 
catalysts for selective oxidation of organic substrates, 
such as alkenes, ketones, aromatic or aliphatic hydro- 
carbons, and fatty esters, using dilute hydrogen peroxide 
or tert-butylhydroperoxide, under mild conditions. Be- 
cause of their large pores. they had the added advantage 
of being able to accommodate bulky molecules. Further 
silylation of periodic mesoporous titanosilicates was 
found to iillprove their activities and selectivities. Another 
important catalytic application of funcctionalized meso- 
porous silica is chiral catalysis. For example, optically 
active secondary alcohols. often used for the manufacture 
of drugs and other biologically active compounds, were 
obtained in very high yield via asymmetric addition of 
diethyl zinc to benzaldehyde using MCM-41 and SBA-15 
silica modified by prolinol-based ligands. In many 
instances. capping unreacted surface siianol groups with 
hexamethyldisiiazane was found to improve the catalyst 
selectivity .['I 

In addition to catalysis, mesoporous silicas were 
used as hosts for a wide variety of advanced materials, 
such as rnetallic and semiconductor nanoparticles and 
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nanowires with unique optical and electronic properties. 
They were also employed as templates for the 
synthesis of porous polymers and carbons. Another 
important area of application, particularly for surface- 
functionalized mesoporous materials, is protection of 
the environment. For example, mercaptopropyls bearing 
MCM-41. HIVIS, MSU, and SBA-15 silicas were suc- 
cessfully tested for scavenging heavy-metal cations 
such as mercury and lead from wastewaters. Likewise, 
mesoporous silicas with appropriate functionalities were 
used to adsorb harmful metallic anions and organic 
pollutants from water. 

ARTICLES OF FURTHER INTEREST 

Channel Inclusiorz Cor7zpoundr, p. 223 
Crystal Growth Mechanisms. p. 364 
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Micelles and Vesides 
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Surfactant molecules are made up o f  two moieties that 
have antagonistic properties, a polar or electrically 
charged hydrophilic moiety and a hydrophobic moiety, 
most often an alkyl chain. In aqueous solution, most 
surfactants self-assemble and form micelles when their 
concentration becomes larger than the so-called critical 
micellization concentration (CMC). In micelles (from the 
Creek nzicci, which means "grain"), the alkyl chains are 
in contact and form an oily core that is coated by the polar 
head groups. The outer layer that contains head groups, 
counterions (in the case o f  ionic surfactants), water and 
the first methylene group o f  the alkyl chain is called the 
palisade layer. The formation o f  rnicelles is a cooperative 
process that is spontaneous and reversible. Micelles are 
thermodynamically stable species that are in chemical 
equilibrium with free surfactants. 

Some surfactants self-assemble into closed bilayers 
called vesicles (or liposornes when formed from phos- 
pholipids). Vesicles are often spherical but can take other 
shapes and can be unilamellar or multilamellar. In 
contradistinction to micelles, vesicles may not be ther- 
modynamically stable. Another inlportant difference 
between vesicles and micelles is that vesicles have an 
inside that encloses some o f  the aqueous phase and an 
outside. The existence o f  a critical vesiculation concen- 
tration, above which some surfactants would form 
vesicles. is sometimes mentioned. This is probably 
incorrect. At very low concentrations3 surfactants always 
start forming micelles that inay turn into vesicles at higher 
concentrations. Given in Fig. 1 are schelnatic representa- 
tions o f  a ~nicelle and a vesicle, both o f  spherical shape. 

Micelles are important in many uses o f  surfactants for 
their capacity to solubilize water-insoluble compounds. 
Vesicles are model systems for biological cells and can be 
used for entrapping active compounds in their insides. 
Besides. vesicles and micelles are used as microreactors 
for performing chemical reactions and preparing solid 
nanoparticles o f  varied shapes. 

Reviewed in this article are some important properties 
o f  micelles and vesicles: formation and stability. size and 
shape. internal organization. dynamics, and vesicle-to- 
micelle transition. Only few of' the most significant papers 
in the immense literature dealing with micelles and vesi- 

cles are cited due to the lack o f  space. Also due to lack o f  
space, this article presents no mathematical development. 

FORMATBON OF MiCELLES AND VESICLES: 
EXPERIMENTAL ASPECTS 

Micelles are obtained by solubilizing a surfactant in water 
at a concentration C>CMC. The CMC is the most im- 
portant property o f  a surfactant. It is not a single con- 
centration but rather a narrow range o f  concentrations. I ts  
value slightly depends on the method o f  determination, 
reflecting differences in the way each method weighs 
micelles and free surfactants. The CMC decreases by a 
factor o f  2 for ionic surfactants and 3 for nonionic sur- 
factants for each additional methylene group in the sur- 
factant alkyl f ha in."^" For ionic surfactants, the CMC 
also decreases upon increasing concentration C, o f  an 
added electrolyte having a common ion with the surfac- 
tant, according to: logCMC =A - Blog(CMCo + Cc). Terins 
A and B are two constants, and CMCo is the CMC in the 
absence o f  salt.i" The value o f  B is close to the degree o f  
counterion association to the micelle. Thermodynamic 
studies showed that the formation o f  micelles is entropy 
dri~en. '~ '  The large positive value o f  the entropy o f  mi- 
cellization reflects a change affecting the water molecules 
surrounding the surfactant alkyl chains when the chains 
are transferred from the aqueous phase to the micelle core. 

Aqueous vesicles are cornmonly observed with phos- 
pholipids and with their synthetic analogues, which are 
two-chain surfactants having alkyl chains with 10 or more 
carbon atoms. Different methods were used to prepare 
 vesicle^.'^' For instance, dispersions o f  appropriate spar- 
ingly water-soluble surfactants or phospholipids give rise 
to vesicles upon sonication. Vesicles may also be obtained 
by solubilizing an appropriate amphiphile in an organic 
solvent, depositing the solution on a glass plate. evapo- 
rating the organic solvent; and exposing the resulting film 
to water. Vesicle-forming surfactants can also be solubi- 
lized in an aqueous solution o f  a hydrotrope or o f  a mi- 
celle-forming surfactant. Dilution o f  this solution with 
water gives rise to vesicles. Sonication, extrusion through 
Millipore filters. and other methods were used to transform 
large multilamellar vesicles into small unilamellar vesi- 
cles. Vesicles prepared by these methods can have long- 
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Fig. B (A) A micelle (diameter: 5 nm): and (B) a vesicle 
(diameter: 20-1000 nm. thickness: 4-5 nm) of spherical shape. 
The alkyl chains were represented in a disordered state 
reminiscent of the liquid-like structure of the aggregate core. 
Such a representation is closer to reality than that where the 
alkyl chains are represented straight and normal to the as- 
sembly surface. 

term stabilities. Nevertheless, vesicles made of a single 
surfactant or phospholipid are unstable and revert to liquid 
crystalline aggregates after a time that can be long. 
Unilainellar vesicles obtained by mixing aqueous solu- 
tions of two surfactants of appropriate structure and of 
different electrical charge may be different. Such vesicles 
appear to for111 spontaneously and reproducibly and can 
have long-term stabilitie~.'~' 

FORMATBON OF MICELLES AND VESICLES: 
THEORETICAL ASPECTS 

The driving force for surfactant self-assembly into 
micelles or vesicles is the so-called hydrophobic (attrac- 
tive) interaction between surfactant alkyl  chain^.'^." The 
origin of this interaction lies in the strong attractive 
interaction that exists between water molecules. When 
alkyl chains are immersed into water, some water- 
molecule-water-molec~~le contacts are replaced by alkyl- 
chain-water-molecule contacts. Even though interactions 
between water molecules and alkyl chains are attractive; 
they are energetically less favorable than interactions 
between water molecules. As a result. the system tends to 
minimize its free energy by eliminating contacts between 
alkyl chains and water molecules. This is achieved by 
having the alkyl chains get together. With surfactants, this 
results in the formation of micelles, where the alkyl chains 
are bunched together forming the micelle core. The 
hydrophilic head groups remain at the surface of the core, 
further reducing alkyl-chain-water-molecule contacts. 

The main repulsive interactions involved in micelle 
formation are the electrostatic interaction between head 

groups, steric interactions arising from the packing of 
head groups at the micelle surface and of the alkyl chains 
in the micelle core, and an interaction associated with 
residual alkyl-chain-water-molecule contacts at the mi- 
celle surface. The balance between attractive and repul- 
sive interactions results in micelles of finite size. 

The molecular thermodynamic theory for micelle 
formation was worked out with increasing sophistication 
following the pioneering work of Israelachvili, Mitchell, 
and ~ i n h a r n . ' ~ '  The most comprehensive reports on 
micelle formation are those of Ruckenstein and Nagar- 
ajanL7' and of Blankschtein et al.'sl Many other theoretical 
approaches were used in recent years to account for the 
forination of micelles and their properties: thermodynam- 
ics of small systems, self-consistent field lattice model, 
scaled particle theory, Monte Carlo simulations, and 
molecular dynamics (MD) simulations.[91 The last two 
approaches are presently much in favor due to the 
increased calculating capacity of modern computers. A 
common prediction of all of these theories is that micelles 
represent a therinodynamically stable state, and that 
micellar solutions are single-phase systems. Many of the 
recent results of MD and Monte Carlo simulations are in 
agreement with experimental results. 

The consensus about the existence of thermodynami- 
cally stable vesicles remains to be reached. A surfactant 
monolayer takes a curvature equal or close to its spon- 
taneous curvature. which is determined by the surfactant 
chemical structure and the interaction between surfac- 
tants. Considerations based on the bending energy of a 
surfactant monolayer led to the conclusion that only flat 
(zero curvature) bilayers can be thermodynamically 
stable.['01 The curvatures of the inner and outer layers 
of a vesicle are finite. Their values are nearly equal in 
value but opposite in sign. Thus, vesicles (curved bilayers) 
formed from a single surfactant or phospholipid cannot 
be thermodynamically stable."01 The situation may be 
different for vesicles made from a binary mixture of 
surfactants. Safran et al.'"] sbowed that for mixtures of 
two interacting surfactants forming lnonolayers with large 
bending constants. the free energy of the system can be a 
minimum for vesicles with different concentrations of the 
two surfactants in the inner and outer monolayers. The 
spontaneous curvatures of the two layers are then equal 
but have opposite signs. Systems containing such vesicles 
would be single-phase systems, like micellar solutions. 
However, ~ a u g h l i n [ ' ~ ]  pointed out that binary mixtures of 
surfactants are complex. because they contain up to five 
components. He concluded that the phase behavior of 
binary mixtures of water and cationic surfactants, which 
are made of two oppositely charged surfactant ions, in the 
absence of other sinall ions, must be investigated before a 
conclusion can be reached on the stability of vesicles 
forrned in such mixtures. 
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SEE AND SHAPE QF MICELLES 
AND VESICLES 

The technique of transmission electron microcopy at 
cryogenic temperature (cryo-TEM) allowed for the direct 
visualization of micelles and vesicles of all shapes 
described 

At a concentration close to the CMC, the micelles are 
generally spherical or close to spherical (see Fig. 2). As 
the concentration is increased. the micelles may re~nain 
spheroidal or grow and become oblate (disk-like) or 
prolate (rod-like). The giant worm-like or thread-like 
inicelles represent an extreme case of growth into 
elongated micelles. The worm-like micelles can be linear 
or branched (see Fig. 2). The hemispherical end caps of 
thread-like micelles have a larger diameter than the 
cylindrical body,"" a result correctly predicted by theory. 
Micelles can also be ring-1ike.'l4l 

At moderate surfactant concentration. the micelle 
shape is determined by the value of the surfactant packing 
parameter P=vlaol. where 11 and 1 are the volume and 
length of the hydrophobic moiety (alkyl chain), and no is 
the optimal surface area occupied by one surfactant at the 
micelle-water interfa~e.~"' It is important to realize that 
the value of a. is determined by the cross-sectional area of 
the surfactant head group and also by the various 
interactions at play in micelle f~rmat ion. '~ '  Surfactants 
characterized by values of P <  113 give rise to spherical1 

Fig. 2 Cryo-TEM micrograph of a 0.62 wt% solution of the 
gernini surfactant 12-2- 12 that shows spherical ruicelles (black 
dots) and thread-like micelles. A branched thread-like micelle 
can be seen at the right side of the micrograph. Bar= 100 nm. 
Reproduced from Ref. [I41 with permission of the American 
Chemical Society. 

spheroidal micelles. Surfactants with 1/3<P<1/2 tend to 
form elongated micelles. Surfactants with 1/2<P< 1 form 
disk-like micelles that can be viewed as precursors of 
surfactant bilayers. Last. surfactants with P > 1  forin 
reverse micelles. The packing parameter concept is 
extremely powerful and useful. In particular. it permits 
one to understand or predict changes of micelle shape 
induced by changes of experimental conditions. It can also 
be extended to surfactant n~ixtures. Besides, the packing 
parameter is related to the curvature of the surfactant 
m o n o ~ a y e r . " ~ ~  

The micelle size increases with the carbon number nz of 
the surfactant alkyl chain. For conventional surfactants, 
the aggregation number of the maximum spherical rnicelle 
can be estimated from ~ ~ = 4 ~ 1 ~ 1 3 v  using the reported 
expressions of the length 1 and volume v of the 
hydrophobic moiety.'21 The micelle growth with the 
surfactant concentration is well explained by different 
rnodels that assume that the free energy of a surfactant in a 
spherical micelle is higher than in a cylindrical or disk- 
like m i ~ e l l e . ' ~ - ~ . ' ~ ]  The free energy difference @Gcs per 
surfactant is small, -0.2-0.5 kT per surfactant, as 
compared to a free energy of rnicellization of about 
- 15 kT per surfactant with a dodecyl chain. The larger the 
value of @Gcs9 the steeper the irzcrease of micelle size 
with increasing surfactant co~~centration. '~-~'  Surfactants 
with P >  113 show micelle growth. Tonic surfactants with 
P< il3 may show moderate micelle growth, because the 
ionic strength of the solution and. in turn. P increase 
slightly with the surfactant concentration. The size 
polydispersity of spherical micelles is small. while that 
of prolate and oblate ~nicelles can be very large. 

 heo ore tical"^' and studies demon- 
strated the existence of rapid ( lO 'O-lO-\ )  and im- 
portant iluct~iations of micelle shape. Substantial shape 
deformatio~~s can take place at a low cost of free energy. 
For instance. a spherical n~icelle of diameter 4 nm can be 
distorted into a prolate rnicelle 4.8 n n ~  long and 3.6 nm 
wide at a cost of about 1 k ~ . ' ' ~ '  Surfactants giving rise to 
vesicles are also those giving rise to disk-like micelles, 
that is, surfactants with 1/2<P<1. Such values of P are 
easily obtained with phospholipids or two-chain surfac- 
tants for which 1 and no are nearly the same as for the 
corresponding one-chain surfactants, whereas v is two 
times larger. A disk-like n~icelle can be thought of as a 
fragment of a surfactant bilayer having its edge coated by 
a half of a cylindrical micelle. Disk-like-shaped micelles 
become rapidly energetically unfavorable as they grow in 
size and may turn into vesicles (or liposomes when 
formed from phospholipids) where the edge is eliminated. 
when some mechanical energy is provided to the system. 
Vesicles can be large (diameter of several microns) or 
small (diameter of 20 nm) and unilarnellar or multi- 
lamellar. An extreme case of large rnultilamellar vesicles 
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Fig. 3 1:rcc~c-fracture TEM of thc onion phase in the systeni 
tetradecyltrimethyla~ri~rioniurn bromide-tetradccyldirnethyl- 
aniincoxidc-hexanol, showing largc multilamellar vesicles 
(bar= 1 ym). Kcproduced horn Rcf. [I81 with pcr~nission of 
Acadcrnic Press. 

(I,MV) is encountered in the so-called onion phase, where 
each LMV includes tens to hundreds of concentric 
vesicles and whcrc the LMVs arc in contact, as seen in 
Fig. 3.'lXi The onion phase is used in slow-release for- 
mulations of active compounds. Vesicles and liposomes 
zre often spherical, particularly those of small size. How- 
ever, faceted and tubular vesicles were rcportcd."'l 

INTERNAL BRGANIIZATION OF 
MICELLES AND VESICLES 

It is now generally accepted that the alkyl chains forming 
the miccllc core are in a quasi-liquid statc. Three types of 
results support this conclusion. First, the viscosity of the 
corc (microviscosity) is only slightly larger than that of 
a l k a n ~ s . ~ ~ ~ ' ~  Second, the order parameter of the alkyl-chain 
carbon atoms cfccreascs from a finite value for the r- 
carbon atom (mcthylenc group adjacent to the head group) 
to a value closc lo zero for the w-carbon atom (terminal 
mcthyl group) (see Fig. 4). This variation reveals the 
progressively increasing disorder in alkyl-chain packing 
as one goes from the micclle surface to its center.r2" Last . ,  
extensive chain looping occurs in the core, thereby per- 

mitting tight packing of the chains. Any rnethylcne group 
or terminal mcthyl group in an alkyl chain has a finite 
probability to be found at a given distance from the 
lnicelle center.'171 In fact, a few terminal methyl groups 
are present closc to or at the micellc surface. 

Another important feature of the rniccllc corc is that it 
is practically devoid of water. Thus, the corc of sodium 
dodecylsulfate micelles contains less than one water 
molecule per dodecyl chain."71 Nevertheless, extensive 
contacts between alkyl chains and water still occur at the 
micelle surface or in the micelle palisade layer due to 
three features of miccllcs. First, surfactant head groups 
cover only part of the micclle surface. A typical head 
group covers about 0.25 nm2, whereas the surface area 
available per head group at the surface of a spherical 
micelle may be of about 0.7 nm'. The uncovered parts 
constitute "fatty patches" that arc in contact with water. 
Sccond, the surfactants making up a micelle have a radial 
motion that makes them move out of the miccllc and 
temporarily protrude in the aqueous phase (see next 
paragraph). Although thcsc surfactants may not leave the 
micclle, protrusion favors alkyl-chain-water contacts. 
Third, the penetration of water in the core, even over a 
relatively small length, results in the wetting of a 
significant fraction of the methyl and methylene groups 
making up the corc. For instance, water penetration over a 
length equivalent to one carbon-carbon bond results in the 
wetting of 20% and 14% of the core of a spherical and a 
cylindrical micelle, respectively, made with a surfactant 
with a dodccyl chain. 

Fig. 4 Variation ol'the order parameter S with the position of 
the carbon atom on the alkyl chain of decylammoniurn chloride 
for spherical (s) and elongated (s) micelles. Reproduced from 
Kcf. 12 11 with permission of thc Anicrican Chemical Society. 
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Packing is tighter in vesicles than in micelles. It is thus 
likely that water penetration in vesicles is even less than 
that in micelles. The viscosity reported by various probes 
solubilized in vesicles is not significantly larger than in 
micelles when the measurements are performed at above 
the transition temperature of the system.1221 Disorder 
within bilayers and vesicles was evidenced.i2z1 

Micelles are not frozen objects. They are in dynamic 
equilibrium with the free (nonmicellized) surfactant. 
Surfactants are constantly exchanged between micelles 
and the intermicellar solution (exchange process), and the 
residence time of a surfactant in a micelle is finite.[2d1 
Besides, micelles have a finite lifetime.[251 They con- 
stantly form and break up via two identified pathways: by 
a series of stepwise entrylexit of one surfactant A at a time 
intolfrom a micelle (Reaction 1) or by a series of frag- 
mentation/coagulation reactions involving aggregates Ai 
and A, (Reaction 2).1261 

The reaction of entry of a surfactant in a micelle is 
controlled for conventional surfactants with an alkyl chain 
containing up to 14 carbon  atom^."^.^^^ This means that 
the rate of entry is essentially determined by the number of 
collisions between micelles and free surfactants. The 
values of the entry rate constant k' are all around lo9 
M - I s - l  . , irrespective of the surfactant nature and length of 
its alkyl chain.12" I n  the contrary, the exit rate constant k-- 
is an exponentially decreasing function of the alkyl chain 
carbon number m (hydrophobicity), as expected from 
theoretical  consideration^,[^" whereas the surfactant res- 
idence time TR=NIkP increases exponentially with m 
(N=micelle aggregation number; see Fig. 5). The approx- 
imate relationship: TR= ~O-~NICNIC holds for conven- 
tional surfactants. The micelle lifetime is relatively long 
(milliseconds and more) when micelles form and break up 
via reactions (1)  but can become much shorter when 
reactions (2) dominate the kinetics. 

For conventional surfactants with a long alkyl chain 
(m> 16) and diineric (gemini) surfactants with m>8, the 
entry of a surfactant in a micelle is slower than for a 
diffusion-controlled process.r261 The surfactant residence 
time and the micelle lifetime can become long with respect 
to the values found for conventional surfactants.["' 

Vesicles also exchange surfactants or phospholipids 
with the surrounding solution. These exchanges are much 
slower, probably by several orders of magnitude, than in 
micellar solutions. essentially because the surfactant or 

Fig. 5 Residence time TR of surfactants in micelles. Variation 
with the carbon number nl of the surfactant alkyl chain for 
sodium alkylsulfates (A), potassiuin alkylcarboxylates (0). and 
alkylpyridinium chlorides (a). Reproduced from Ref. [26]. 

lipids making up vesicles are much more hydrophobic 
than those giving rise to m i c e l l e ~ . [ ~ ~ '  Besides, because the 
number of surfactants making up a vesicle are 10 to 1000 
times larger than for a micelle, the lifetime of a vesicle 
must be extremely long, and vesicles can probably be 
considered frozen on the laboratory time scale (month 
to year). 

Many studies investigated the kinetics of the process of 
vesicle break up upon addition of a micelle-forming 
surfactant and the reverse process of vesicle formation 
when a system containing a micelle-forming surfactant is 
appropriately p e r t ~ r b e d . ' ~ ~ - ~ ~ '  In most reports, the kinetics 
is complex and involves several steps. Also, the rates of 
the processes are dependent on the system investigated, 
stretching from fractions of seconds to hours or days.126-2x' 

VESICLE-TO-M%CELLE AND MICELLE-TO- 
VESICLE TRANSITIONS 

In most instances, the vesicle-to-micelle transition is 
induced by the addition of a micelle-forming surfactant to 
a vesicular ~ y s t e r n . ' ' ~ . ' ~ ~  The micelle-to-vesicle transition 
is often induced by mixing two oppositely charged 
~ u r f a c t a n t s ' ~ ~ ' ~ ~ '  or removing a micelle-forming surfactant 
or a hydrotrope from a mixed micellar solution of this 
surfactant and of a vesicle-forming surfactant. The 
transitions can also be induced by a change of pH, 
temperature, or ionic strength of a micellar solution or of a 
vesicular system, or by shearing the system.'291 

Various ~tudies"~. '~ ."~ suggested the existence of 
structures intermediate between micelles and vesicles. 
These structures-perforated vesicles, bilayer fragments, 
giant worm-like micelles, ring-like micelIes, and disk-like 
micelles, depending on the investigated systern-were 
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visualized by C ~ ~ O - T E M . " ~ . ~ " ~ ' ~ ) '  Some of these structures 
are shown in Fig. 6. However, some systems show no 
intermediate structure.'"'The course of the vesicle-to- 
micelle and micelle-to-vesicle transition has obviously 
much to do with the packing parameter of the mixture of 
the two surfactants and its variation with composition. In a 
study where the vesicle-to-micelle transition was induced 
by an increase of the temperature, the vesicles gave rise to 
giant worm-like micelles.12" The increase of vesicle size 
induced by the addition of a micelle-forming surfactant to 
a vesicular system, at low content of surfactant, was also 
visualized by c r y o - ~ ~ ~ . " 9 1  

CONCLUSION 

Our knowledge of micelles is presently satisfactory thanks 
to a huge number of experimental studies and increasingly 
sophisticated methods of investigations. Molecular dy- 
namics and Monte Carlo simulations of the self-associa- 
tion behavior of surfactants into micelles are becoming 
increasingly accurate. Hopefully, these simulations will 
become useful tools for predicting micellar properties 01 
new surfactants in the coming years. The situation is still 
not satisfactory for vesicles on a theoretical level. The 
problem concerning the thermodynamic stability of 
vesicles is still unresolved and is the topic of much dis- 
cussion in the recent literature. However, vesicles continue 
to be actively investigated, particularly those made from 
surfactant mixtures. Many of these studies aim at 
discovering vesicular systems that are nontoxic and have 
a long stability for future use in drug delivery. The onion 
phase (see Fig. 3) holds much promise in this respect. 
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Mineralsmimetis Structures 

Toschitake lwamoto 
lwaki Meisei University, Iwaki, Fukushima, lapar? 

A number of natural minerals have structures co~nprised 
of infinite linkages of coordination polyhedra building up 
multidimensional arrays, as exemplified by chains. net- 
works, and frameworlis in silicate minerals. Clays and 
zeolites are, respectively, typical two-dimensional (2D) 
and three-dimensional (3D) materials and give supramo- 
lecular systems with organic or inorganic guests, systems 
that might have played important roles in the generation of 
well-organized assemblies of prebiotic compounds in the 
earlier stages of tenestrial evolution. The linkage structure 
of inorganic coordination polyhedra, mainly that of 
cyanometallate tetrahedra, mimics the behavior of silicate 
or other tetrahedral moieties in natural minerals. Counter- 
cations of the cyanometallate; mainly octahedral Cd'+, 
also mimic the behavior of octahedral moieties in min- 
erals. The mineralomimetic crystal engineering strategy, 
applied to the systems of cadrniuin cyanide. tetracya- 
nocadmate, polycyanopolycadmate, polycyanopolycu- 
prate(1). secoildary ligands other than the primary CNp, 
and organic guest and ligand molecules gave a number of 
self-assembled mineralomimetic crystalline structures 
under ambient conditions. In comparison with the multi- 
dimensional silicate structures. appropriate guest and 
secondary ligands are necessary to stabilize the whole 
crystal structures of these mineralomimetic systems by 
filling the void generated owing to the longer M-CN-M' 
span length (ca. 5.5 A), cornpared to Si-O-Si (ca. 3.2 A). 
The term mineralornirnetic was used as the counterpart of 
biomimetic. The term rnineralomimetic chemistry was 
proposed to denote the chemistry of the building-up of 
mineral-like structures using materials that never give 
stable rninerals in nature. The concept extended to a new 
aspect of inorganic coordination chemistry developing 
novel compounds comprised of infinite linkages of coor- 
dination 

GENERAL CONCEPT 

One of the group I4  elements silicon. placed just below C 
in the conventional periodic table. plays an important role 
in the lithorphere of the Earth's crust, just as carbon does 
in the biosphere. The composition of the Earth's crust may 

be denoted to SiOz to the zeroth-order approximation. The 
relative abundance of O is 6.47 as the exponent normal- 
ized to log(abundance of Si) = 6.00; 6.30 of O is formally 
spent to form S O z .  Both Si and C share an ability to make 
multidimensional structures by catenation. but the mode is 
different (the term catenation is used to denote linking the 
same moiety repeatedly: not for "catenane'. formation). 
Carbon makes -C-C-, -C=C-. and -C=C- linkages in 
bio- and organic materials, but Si forms -Si-0-Si- in 
minerals. In the multidimensional silicate structures, S i04 
tetrahedra share some portion of O atoms to extend one- 
dimensional (lD) chains, 2D networks, 3D frameworks. 
etc. Silica, S O 2 ,  is formed by the limiting extension of the 
3D framework of SiOJ tetrahedra in the same way as the 
diamond skeleton results from the succeeding replacement 
of H atoms of quarternary CnH2r,+2 by CH3 groups. 
Indeed. the high-temperature-phase cristobalite (H-cristo- 
balite), one of the polymorphs of silica, has a diamond- 
oid structure. 

The structure of cadmium cyanide Cd(CN)2 is com- 
parable to those of silica SiOL and ice HzO (=OHz) 
with respect to the ABI composition, A taking a tetrahedral 
position linked infinitely by B to form a 3D frame- 
work (Table 1). In addition, polycyanopolycadmate [Cd,- 
(CN),] ' +2x resembles polyoxopolysilicates Si , ,O,  2?'f 4" 

in its catenation behavior to form multidimensional 
infinite structures. Hence. silicate and other mineral 
structures are mimicked by cadmium cyanide and 
polycyanopolycadmates: in the latter, the tetrahedral Cd 
can be replaced by such tetrahedral centers as Cu(I) to 
extend infinite catenation structures with cyanide anions. 

The skeletons of the mimicked structures are combined 
through coordination and covalent bonds. The accommo- 
dation of bulky guest species or ligands in the void is 
essential to stabilize the crystal structures in several cases. 
The field of mineralomirnetics does not include merely 
copying, imitating, or reproducing natural minerals; it also 
excludes modifying the structures of natural minerals by 
using compositional materials identical or similar to those 
of natural minerals. A number of structures were found to 
have no counterparts in natural minerals but comprise 
unprecedented inultidimensional fraineworks made of 
infinite linkages of coordination polyhedra. The chemistry 
of coordination polyhedra linkages forms a key part of 
mineralomimetic chemistry.'" 
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Table I Structural similarities among ice, silica. and cadmium cyanide host 

Space group Hz0 Si02 C C ~ ( C N ) ~  host 

~ ~ 1 3 r l z  1, 3-cristobalite [Cd(CN),I . C(CH3)4 
P4,2,2  L-cristobalite [Cd(CN)?] . CHCl2CH2C1 

111. IX heatite 
P631nzi~rc 11, H-tridymite [Cd(CN)2]. 0.5(11-B~1~0. H20) 
C222,, etc. L-tridymite 
P62(6~)22 H-quartz 
R31(32)21 L-quartz 
~ m 3 m  Clathrate hydrate I" ~ e l a n o ~ h l o g i t e ~  
F ~ ~ V I  Clathrate hydrate 11' 
pi131n VII. VIII (Cu20: cuprite) Neat Cd(CN)2 
P42/rn~7nr Stishovite [ c ~ ' ~ ' { c ~ ( c N ) ~ ( H ~ ~ ) } ~ ]  . G~ 

"General formula: 1 6 H 2 0 .  [6X.  2Y]. 
"General formula: 1hSi02.  8 6 .  
"General formula: 136H,O. [8X.  16YI. 
" ~ i m  = iniidarole. G = p-xylenc. 

CADMIUM CYANIDE AND 
ANALOGOUS HOSTS 

Cadmium cyanide has an anticuprite (cuprite: Cu20; 
space group Piz3i7~) structure of doubly interpenetrating 
diamondoid frameworks. in which one framework appears 
to be the host of another as the guest forming a self- 
clathrate structure. The formal replacement of the guest 
framework by appropriate guest (6) molecules affords 
a clathrate; with a structure that is isomorphous to 
H-cristobalite (Fig. 1 ) .  A group of clathrate compounds 
was obtained with the chemical formula [Cd(CN)2].G, 
which is the simplest formula of the clathrate com- 
pounds so far 

The thermal phase transition observed for silica was 
mimicited cheinically by appropriately choosing the 
geometry of the guest molecules. Tetrahedral and pseu- 
dotetrahedral guests select the H-cristobalite-like host 
(space group ~ d 3 n z ) . ' ~ ~ '  However. guests that have a 

lnolecular shape considerably distorted from tetrahedral, 
such as CHC12CH2Cl. (CH3)2CHBr, and (CH3)2CHCN, 
deform the host to an L-cristobalite-like structure (P41212: 
isonlorphous to the low-temperature phase of cristobal- 
ite). Aliphatic long-chain guest molecules, such as {CH3- 
(CH2)3)20. are included by the ti-tridymite-like host 
( P 6 3 / ~ ~ 1 ~ ~ z ~ :  high-temperature phase of tridymite) with 
channel cavities.'" 

Mixed metal cyanide hosts. [CdHg(CN)?] and [CdZn 
(CN)4]5 are also isomorphous to H-cristobalite, but the 
formula unit is effectively doubled, e.g., [CdHg (CN)?]. 
~ C C I ~ . ~ "  When one tetrahedral center is replaced by 
Cu(l), the host acquires a negative charge that is neu- 
tralized by an accompailying cationic guest, such as 
N(CH3)4+. along with a neutral guest as observed for 
[N(CP-I;)?] . [ C ~ C U ( C N ) ~ ]  . CCI~."] The assembly of small- 
er secondary ligands such as (H20)3 plays the role of guest 
in [Cd5(CN) 0(M20)1] . ~(C? 'C/O-C~M I OI-T).'~' Four of the 
five Cd" are five-coordinate with an aqua ligand. four of 
which form a tetrahedral hydrogen-bonded (H20)? assem- 
bly in one of the five cavities per formula. The cyclohexanol 
guests in the four cavities surro~tnding the cavity tetra- 
hedrally accommodating (M20)4  extend OH groups to the 
tetramer to form hydrogen bonds. Such spanning of g~test 
molecules between two cavities was also observed for the 
two H-cristobalite-like host clathrates [Cd(CN)2] 4 . 5  
(i-C4H9)20 and [CC~(CN)~]  .O.S(i-C5H1 1 ) 2 ~ , ' 3 1  and others. 

LINKAGE OF C00RD%NAT10N POLYHEDRA 

Fig. 1 Doubly interpenetrating diamondoid lattices (self- Cadmium(I1) and copper(1) are typical central atoms with 
clathrate) of Cd(CN), (left) and the clathrate structure of tetrally coordinated cyanide groups. giving not only a 
[Cd(CN),l. C(CFI3)4. discrete tetracyanornetallate anion but also several kinds 



Mineralominnetis Structures 

o f  polycyanopolymetallate anions analogous to those ob- 
served for natural silicate minerals. Silicate structures are 
roughiy classified into neso-silicates with a discrete or iso- 
lated Si04 (orthosilicate) units: soro-silicates or coupling 
silicates with a dimeric Si207 (pyrosilicate) or trimeric 
Si3OI0 unit: ino-silicates or chain silicates extending a 1D 
(Si03),, (metasilicate) chain: cyclo-silicates or ring sili- 
cates with a ring unit o f  (Si03),,: phyllo-silicates or layer 
silicates extending a 2D layer; and tecto-silicates or 
framework silicates extending a 3D framework; ionic 
charges were neglected. All o f  these structures were 
mimicked in the (poly)cya~lo(poly)cadinate structures, as 
shown in Fig. z ; ~ ~ - ~ ~ ) ~  topologically, the same structures 
were also seen for cyanocuprate(l)." " 

A spinel (A12Mg04)-like K2[Cd(CN)?] contains a dis- 
crete tetracyanocadmate, although spinel is not a silicate. 
It appears there is not a particularly strong interaction be- 
tween the N-end o f  [ C ~ ( C N ) ~ ] '  and K' [N-K: 2.930(2) 
A], in contrast to the spinel in which no isolated MgOd 
units exist.["] 

In the other linking structures, almost always the 
te~minal N-ends o f  CN groups coordinate to other oc- 
tahedral centers, mainly o f  Cd2' (=Cd'"'). The way o f  
linking lo the Cd'"' center is eifher similar to that observed 
in silicate structures, for example, to ~ g " .  ~ e ' + ,  etc.; or 
different. depending on the components involved with the 
whole structure. 

Pyrosilicate-like C C I ~ ( C N ) ~ ,  eclipsed and staggered 
forms, and trimeric C C ~ ~ ( C N ) , ~  moieties are seen as the 
building blocks o f  several host structures that were clas- 
sified into clay-like layers, zeolite-like cages, and other 
3 0  fi-ameworks,~1~~~7~1001~l anion o f  [P(C6H5)dl3- 

[Cd2(CN),] is discrete, taking a staggered form.i141 A 
ietraphenylstibini~i~n salt [Sb(CbH5),]-, [Cd(CN)3]2 (there 
are two cystallographically independent chains and cat- 
ions, respectively, in the unit cell) is p y r o x e n e ( ~ l T ~ l '  
Si206)-mimetic, but the ino-silicate-like chain is corn- 
prised o f  a dimeric unit in a staggered form in comparison 
with the eclipsed form in pyroxenes.'"' 

A tetrameric ring o f  [Cd(CN),],, like the cyclo-silicate 
ring in tetramellite Ba2(Fe,Ti,Mg)2(OH)2(m12), is 
found as the building block in the 319 host o f  [ { ~ d ( " ) -  
( p i p e r a ~ i n e ) } ~  (Cd(CN);}a]  .4C6H50Hd clathrate' ' I  and 
others. A beryl(A12Be3Si601,)-mimetic host [Cd("'- 
( W ~ I ~ ) ~ { C ~ ( C N ) ~ ) ~ ]  (Him = imidazole) involving the 
hexameric ring o f  [Cd(CN)3]b accommodates HI-xylene as 
the guest in its channel cavity, similar to the water 
molecules o f  crystallization in beryl.''] The rrwrzs-bis 
coordination o f  Him iigands to the Cd("' makes it a square 
planar four-hand linkage builder in place o f  the tetrahe- 
dral Be in beryl. However, i f  the guest is p-xylene in the 
host o f  the same composition. the host skeleton changes 
its topology and coordination structure to a rutile(Ti02)- 
mimetic [c~("){c~(cN)~(H~I~)).~].'~~' The Him ligands 

Fig. 2 Silicate-mimetic arrays of Cd(CN)4 and Cd(CN)3 
moieties in mineralomimetic structures. From top left to bottom: 
discrete Cd(CN)4, dimeric Cd2(CN)7 in a staggered form. 
dimeric Cd2(CN)7 in an eclipsed fonn, [Cd(CN)31,, chains, 
tetrameric [Cd(CN)314 ring, hexameric [Cd(CN)3]6 ring, and 
pentarneric [Cd{Cd(CN)I}I] tetrahedron.'"' 

move to the tetrahedral Cd, which mimics the three- 
coordinate 0" in rutile. As exemplified for these 
structures, the structural variations are complicated and 
delicate in mineralomimetic structures as well as in 
natural minerals. 

A number o f  clay- and zeolite-mimetic structures also 
show some differences from the natural ones. Layers o f  
the clay-mimetic structures are comprised o f  the unit o f  
tetrahedral (T), octahedral (O) ,  and tetrahedral ( T )  Cd 
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atoms linked successively by CN, Cd-CN-Cd(")-NC-Cd. 
similar to the T-0-T unit linkage sharing oxide anion in 
natural clays. However, the -CI'd (or -OM2, -OH, -el)  
vertices o f  the tetrahedra are arranged on the surface o f  the 
layer instead o f  the tetrahedra! faces in natural clays.'71 
Although few natural zeolites involve octahedral coordi- 
nation centers in their skeletons, the zeolite-mimetic 
structures are built up o f  the T-0-T units as well as the 
clay-mimetic ones.'7"" T o  avoid misunderstanding, it 
should be noted that in zeolite chemistry, "T-0-T" is 
generally used to denote the connection o f  tetrahedral 
centers sharing an oxide anion. Some clay-mimetic 
structures have intralayer cavities. that is, the layer itself 
generates a void to accommodate guest species as a 
layer zeolite. 

MISCELLANEOUS 

The Mofmann-Td-type host (see Hofiann-Type Clath- 
mte )  [Cd(NH3)2~M'(CN)4] (M1=Cd, Hg) has a skeleton 
topologically the same as that o f  cooperite (PtS), for 
which the square planar Pt is mimicked by trans- 
[ C C ~ ( N H ~ ) ~ )  and the tetrahedral S by [Cd(CN)4]. 

The solid acid with apparently a curious cornposition 
313CN. Cd(CN)2. 2CuCN. 14H20 should be formulated as 
[H3(H20),,]. [ c ~ ' " ' { c ~ ~ ( c N ) ~ } ]  according to its cubic 
crystal structure isostructural to pyrite (FeS2) with the 
same space group Pa3."" The dimeric anion C U ~ ( C N ) ~  in 
a staggered form mimics the S2 moiety in pyrite. Three 
terminal CN groups are linked to three different Cd(") 
corresponding to Fe in pyrite, respectively. The octa- 
hedral coordination o f  the ~ d ( " )  is accomplished by six 
N-terminals from six different dimeric anions. Fourteen 
H20 molecules, three o f  which should be protonated, 
extend a 3D hydrogen-bonded framework with a 
topology the same as that o f  rutile (Ti02) .  A crown 
ring o f  the 12 H20 molecules encircles the -Cu-(CN)- 
Cu- axis o f  the dimeric C U ~ ( C N ) ~  to form a rotaxane 
structure. Six H20 inolecules in the dodecameric ring 
are connected to another kind o f  six H20 molecules, 
respectively, which extend the hydrogen bond to three 
different rings o f  the dodecamer. The ring mimics Ti, 
and the three-hand H20  minlics O in the rutile structure. 

Finally, an experimental problem should be noted for 
the discrimination o f  C and N atoms in x-ray crystallog- 
raphy. The C and W in ordered structures are clearly 
discriminated through the processes o f  structure refine- 
ment when the applied space group is appropriate. In some 
cases, inappropriate space groups are selected by assum- 
ing that discrimination is possible without any supporting 
evidence; the systematic absences o f  reflections should be 
carefully checked. In general, the CW group coordinates to 
a tetrahedral center at C and an octahedral center at N in 

the link. The CN link between a couple o f  tetrahedral 
centers is usually disordered. Solid-state NMR o f  the 
coordination center nucleus, e.g., " ' ~ d , ' ~ '  is u s e f ~ ~ l  to 
judge whether the disorder is real or apparent due to the 
space group applied-a determination which is often ruled 
by the arrangement o f  heavy metal coordination centers. 

CONCLUSION 

Precise molecular chemistry has developed based on the 
structures o f  Avogadro molecules, which are discrete 
chemical species comprised o f  definite numbers, as small 
as H2 or as large as DNA, o f  atoms belonging to distinct 
elements regardless o f  electronic charge. Biomimetic 
chemistry is essentially the chemistry o f  Avogadro 
molecule. albeit some with polymeric structure. On the 
other hand, many inorganic solid materials are substan- 
tially nonstoichiometric with an infinite range o f  struc- 
tures. A relatively simple chemical composition o f  a 
species never necessarily means that the species has a 
simple and unique structure o f  Avogadro molecules, as 
exemplified by C2H60. The inorganic chemistry o f  a non- 
Avogadro molecule, paid less attention to in comparison 
with that o f  an Avogadro molecule, has yet been less 
explored as precise structural chemistry. Mineralomimetic 
chemistry is a spike struck artificially into the lithosphere, 
apparently with a hoary look, in order to reveal another 
harmony o f  nature. For more details, refer to a few 
comprehensive works in the literature.".x-"" 
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Fig. B Four-dimensional extension of the reciprocal space. 

the higher dimensional space, i.e., the superspace. The 
reciprocal vectors to .as3* are identical to al* to a3:>, 
respectively. whereas vector as4* includes two parts and is 
equal to q + e42:. In this 4D example, we classify a 
reflection as a main reflection if its coefficient h4 is 0. 
Otherwise, it is called a satellite reflection. In this model, 
the observed diffraction pattern (line R* in Fig. 1)  is 
interpreted as a 3D projection of the superspace. 

Now that we learned how to extend the dimension of 
the reciprocal space, it is legitimate to ask the following: 
What is the direct space description of a crystal that 
corresponds to the extension of the reciprocal space? 
Illustrated in Fig. 2 is the concept of embedding a crystal 
structure in a space of higher dimension.'" The basic 
principle behind this embedding is that the 3D crystal 
observed in the world in which we live, is a 3D cut out of a 
higher-dimensional periodic arrangement called super- 
space. In Fig. 2, a,, and as refer to the lattice parameters 
in superspace. Atoms are characterized by atomic mod- 
ulation functions that repeat periodically in all dimen- 
sions. In this particular 4D case, each atom is represented 
by a string. In five-or six-dimensional superspace, atoms 
are represented by surfaces and volumes, respectively. In 
our figure, the line indicated by R represents the 3D space 
in which the atoms are located (A, B, and C in this 
example). In general, this cut is not periodic (AB # BC), 
and in this case. the resulting structure is aperiodic. From 
Fig. 2,  we can also see that the atoms are displaced along 
the modulation function relative to an average position 
(vertical dotted line in the figure). If this is the case, the 
structure is called modulated. If at least one of the 
components qi is irrational, the structure is incommensu- 
rately modulated, whereas in the other cases, the structure 
is commensurately modulated. 

With this model in hand, the challenge of the dif- 
fraction specialist is to fully characterize the structure, in 

other words, determine the shape of the modulation curve 
on the basis of the experimental observations. For clas- 
sical periodic crystals, the determination of the periodic 
crystalline structure consists, in a first step, of locating 
each atomic position in the unit cell, i.e., the unit volume 
repeated periodically in the three spatial dimensions and 
determined by the three basis vectors. The diffracted 
intensities of a crystal structure are related to the atomic 
positions by the structure factor expression. For aperiodic 
crystals, the structure factor FH includes a term describing 
the modulation and is given by the following relation: 

The summation is over all the y atoms in the unit cell 
with atomic scattering factor f lLH. The modulation up 
describes the individual atomic displacement relative to 
its basic position rK. The integration variable t is related to 
the fourth dimension by the expression x4 = q . r + t (see 
Fig. 2).  The first line of this expression corresponds to the 
structure factor of a conventional crystal (h4 is equal to 
zero, and thus H = %a). The second line of the expression 
is specific to aperiodic structures and contains the in- 
formation related to the atomic modulation function in 
superspace. In addition to a displacement parameter, the 
modulation can also be affected by a variable occupation 
parameter piL. 

Fig. 2 Four-dimensional extension of a crystal in direct space. 
(View this art in color at w~v+v.dekker.corn.) 
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EXAMPLE OF AN INCOMMENSURATELY 
MODULATED ORGANlC STRUCTURE 

In order to illustrate the principles of superspace exten- 
sion, we will present one exa~nple of an organic aperiodic 
structure that was recently studied. Quininium (R)-man- 
delate, CzoHzsN202+ . C8H7O3-, (Fig. 3) is an organic salt 
that exhibits a complex x-ray diffraction pattern schemat- 
ically illustrated in Fig. 4.r61 All the satellites can be 
uniquely associated to main reflections with the modula- 
tion vector q. Without entering into the details of the 
structure solution, we will describe in this context only 
some specific stereochemical features of the resulting 
aperiodic structure determination. 

Shown in Fig. 5 is a selection of electron-density maps 
related to N13 and C10, with the vertical axis represent- 
ing the x4 coordinate. We observe that the nlodulation 
function is specific for each atom. For N13, the atomic 
modulation function is continuous along the x4 axis with 
extrema lying approxi~nately 1.8 A apart in the b direc- 
tion. This deviation indicates that the departure from the 
average structure is particularly important throughout 
the crystal structure. The modulation of C10 describes 
another aspect of the diversity of aperiodic structures. 
In the crystal, this atom exhibits two stable positions 
a and b which are best represented in superspace by 
slightly modulated crenel functions. Thus, the domain of 
existence of ClOa and ClOb is colnplementary and 
mutually exclusive. 

Once the refinement of the structure in superspace 
converged to a satisfactory solution, the nonperiodic struc- 
ture can be obtained from the appropriate 3D cut. Illus- 

Fig. 3 Quininium (X)-mandelate with oxygen atoms (red, 
indicated with "0") and nitrogen atoms (magenta, indicated 
with ''IT.'). Mandelic acid is the entity containing 0 2 6  and 027 .  
(View t1zi.r ar t  in color a t  w+t:w.dekker.con1.) 

'9 

Main Reflections @ 
Satellites . 

Fig. 4 A reciprocal layer of quininium (R)-mandelate. (Viekc 
this art  in color a t  www.iiekker.conz.) 

trated in Fig. 6 are some of the features deduced from the 
structure solution. As an example, the orientation of the 
quinoline double ring varies continuously in space. This is 
not the case for the vinyl part that exhibits essentially two 
different orientations if we neglect the wavy modulation. 

What are the essential features of the refined modulated 
structure? Most of the effect of the modulation is observed 
in the H-bond network. The most significant change 
concerns the alternate intermolecular bonds 029-H . ,N13 
and 029-H . ,827. These bonds are mutually exclusive 
and are equally distributed in space. Obviously, the dis- 
placement of the quinoline illustrated above is directly 
linked to the H-bond formation with N13. The modulation 
with the shape of a crenel f~~nct ion is associated to a weak 
H-bond Cl l-W. . ,023.  The two H atoms bonded to C l  1 of 
the vinyl group form alternatively a link to 023. which 
explains the two conformations observed in Fig. 6. 

We should stress at this point that the existence of pairs 
of possible H-bonds should not be assimilated with any 
type of disorder. The sharp peaks observed in the dif- 
fraction pattern indicate long-range ordering, which 
means that the distribution in space of one or the other 
bond satisfies strict rules. 

SIMULATION OF 
MODULATED STRUCTURES 

The origin of the modulations is mostly due to competing 
interactions at the atomic level. The crjrstal attempts to 
resolve this frustration by favoring, alternatively. each 
type of interaction. The periodicity of the alternating in- 
teractions is, in general, independent of the 3D periodicity 
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Fig. 5 Electron density of atoms C 10 and N 13 in the (x2, n4) plane. (See Fig. 3). (L7iept, this art in coior at w~t~~~.r lekker .co~n.)  

of the structure and. therefore, is inconlmensurately mod- 
ulated. It often varies with pressure or temperature. 

In this context, we propose to illustrate the formation 
of modulated structures by molecular dynamical simula- 
tion. As an example, we will consider a molecular crystal 
structure under various temperature conditions. As non- 
bonded pair potentials. we apply the Lennard-Jones (LJ) 
9-6 potential and the Coulombic potential. Bonded 
potentials include terms to describe bond stretching. bond 

angle bending, torsional rotations, and out-of-plane 
deformations. All potential parameters are taken from a 
second-generation force field. the consistent force field 
(CFF~~) . ' "  This force field is commonly used to maintain 
proper ~ntramolecular geometry coupled with van der 
Waalr and electrostatic interactions between atoms. It was 
used to successfillly predict lattice parameters, root-mean- 
square (rms) atomic coordinates, and sublimation energies 
for crystals. 
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Fig. 6 Sequence ot ldentlcal elements of the stlucture along a particular direction Euamples of the o~~enta t ron Tallatlon of the 
quinoline and the vinql parts 

Big. 9 Simulated diffraction patterns of the high-(340 M) 
and low-temperature phases (98 R) of DCPS resulting from 
the MD calculations. 

The organic compound 4.4'-dichlorodiphenyl sulfone 
(DCPS) presents an incommensurate structure below 150 
K. The structure is periodic above this ternperat~re."~ 
The MD simulatioll starts with an equilibrated system 
that was first optimized under NVT conditions (constant 
number of atoms, volume, and temperature) from x-ray 
data at 90 K. In order to compensate for the imperfec- 
tions of the CFF and match the MD results with the 
experimental lattice parameters. a pressure tensor is 
introduced in the calculation. The evolution of the 
temperature dependence of the system is obtained by 
NPT conditions (constant pressure). The results of the 
simulation are best illustrated by simulating the diffrac- 
tion pattern of the structures at specific temperatures. 
Illustrated in Fig. 7 are the phases of DCPS above and 
below the phase transition. At 340 K, the diffractogram 
indicates that the structure is periodic. Moreover. it also 
indicates systematic absences pointing to the presence of 
specific symmetry characteristics in the crystal. The 98 K 
diffractograms reveal the presence of satellite reflections, 
indicating the existence of a modulated structure from 
which the modulation vector q can be deduced. Note that 
in this structure, its nonperiodicity requires the use of a 
single-unit cell containing more than 100.000 atoms, the 
magnitude of which is only limited by the capacity of the 
high-performance computer. 

Hence, the method of MD simulations is able to 
reproduce the characteristic modulations that occur in 
DCPS under specific temperature conditions. The modu- 
lation vector obtained by MD exceeds only slightly the 
experimelltal value measured by x-ray diffraction. This 
method was also successfully applied to other organic 
crystals results,'" reinforcing the results obtained by dif- 
fraction and confirllling them by an independent method. 

Modulated crystal structures are by no means a rarity. Since 
the Calaverite mineral. Inany other examples of modulated 
structures and more generally aperiodic crystals were and 
continue to be discovered. They occur in all types of 
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crystalline structures, from metals to alloys, from minerals 
to organic materials, covering the full range of crystalline 
structures. They often occur in pressure-or temperature- 
induced phase transitions with variable ranges of stability. 
As mentioned above, these phases should not be consid- 
ered as disordered material as was often the case in the 
past. The discrete nature of their diffractograms, i.e., the 
presence of sharp peaks is a direct proof of the long-range 
ordering of the atoms in the crystal. Of course, disorder 
can occm- as well in aperiodic as in periodic structures. 

The structural study of aperiodic material is a field that 
is still evolving. Their detailed study at the atomic level 
will possibly deliver the origin of the mechanism leading 
to aperiodicity rather than periodicity. We can also expect 
to use the structural properties of incoinmensurabilities as 
a probe to improve our knowledge of the chernical and 
physical aspects of atomic interactions. In addition, we 
can also expect to discover and take advantage of some 
specific properties associated with the aperiodicities of 
crystalline material. A series of studies on the NMR and 
NQR properties of incommensurate crystals already 
revealed some specific  characteristic^"^' of these systems. 

At this point, one may wonder why the studies on 
modrdated structures only recently acquired some mo- 
mentum. One obvious answer lies in the availability of the 
tools required to perform these studies. The discovery of 
the 3D space groups that are fundamental for the 
symmetry description of crystalline material preceded by 
a quarter of a century the discovery of x-ray diffraction by 
crystals. Shortly after, a selected number of crystal 
structures were described for the first time by W.H. and 
W.L. Bragg. For aperiodic crystals and, in particular, 
modulated ones, all the tools and methodologies necessary 
to study chis new type of materials had to be developed 
before further progress could be made. The development 
of the mathematical theory of superspace was instrumen- 
tal for further success. After more than three decades of 
development, the availability of good performing tools is 
just starting to appear and explains the relatively belated 
development of this speciality. 
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The idea of nature as engineer is an old one. but only 
recently have its engineering principles begun to be 
ullcovered at the molecular and supran~olecular scales. 
The cell is now imagined as a production plant in which 
molecular machinery works in precise orchestration to 
generate complex products from raw materials. This 
mechanism is self-assembling, self-repairing, and self- 
replicating. Meanwhile, advances in microfabrication 
have made us accustomed to the idea that engineering 
can be conducted at microscopic scales while employing 
principles familiar from the macroscopic world. 

Reviewed in this article are some of the consequences 
of this convergence in scale and perspective of biology 
and engineering. Many of nature's principles and practices 
at the molecular and nanometer scales can be adapted for 
developing synthetic chemical and materials systems 
sharing the kind of superior properties and special 
functions that natural systems exhibit. 

NANOSCALE MECHANISMS 

Catalysis 

With thousands of enzyme structures now solved and the 
number growing daily, Emil Fischer's "lock and key" 
mechanisin of enzyme action is embroidered with ever 
more elegant detail. Fischer's idea. that the enzyme has a 
cleft at the active site within which its substrate makes a 
good geometrical fit, is basically sound but in need of 
refinement in some important ways. At least as important 
as the considerations of a good geometric fit is the nature 
of the rnicroenvironment inside the binding cavity. 
Carboxylic acid groups that will be wholly ineffective at 
hydrolyzing polysaccharides in aqueous solution are 
adequate for the job within the active site of lysozyme. 
because they are not solvated and screened as they are in 
water. Thus, the active site can provide an effectively 
different (often hydrophobic) solvating medium that 
profoundly alters the reactivity of its functional groups 
relative to their behavior in aqueous solution. In the same 
way, the internal space of the microporous aluminosilicate 

zeolites is superacidic-hydroxy groups attached to the 
silicate framework will protonate alkanes-even while 
zeolites can be handled safely. 

One aim of supramolecular chemistry is to devise 
molecules that bind substrates according to exacting 
geometric requirements, through the precise placement of 
interacting groups. For example, water-soluble cyclodex- 
trins possess hydrophobic cavities reminiscent of enzyme- 
binding pockets, within which small hydrophobic mole- 
cules can be bound strongly. Breslow et al. developed a 
cyclodextrin-based mimic of the enzyme ribonuclease 
(which breaks down RNA by catalyzing the selective 
hydrolysis of a cyclic phosphate) based on a cyclodextrin 
molecule functionalized with imidazole groups."' There 
is now a broad range of cyclodextrin-based mimics of 
b iomole~ules . [~~ 

Hydrogen bonds often play a role in the binding of 
substrate to enzyme and are particularly valuable for 
shape-selective binding because of their directional 
nature. The use of hydrogen bonding in artificial receptor 
molecules was studied by Hamilton and  coworker^,'^] who 
reported receptors exquisitely sculpted to bind their 
targets and stabilize a particular transition state during 
catalytic transformation (Fig. I).  

Antibodies can provide tailor-made molecular catalysts 
(although so far lacking enzyme-like rate enhancements) 
by using transition-state analogues as the antigens.'" The 
same kind of sculpting of an active site around a small- 
molecule template affords catalytic activity via molecular 
imprinting of polymers.'51 

Self-Assembly 

Self-assembly and replication, the paradigms of molecular 
and cell biology, are being increasingly seen as desirable 
goals for engineering. The alternati\le-laborious fabrica- 
tion of individual structures "by handu-is still the way 
that electronic and micromechanical devices are made 
today. by a sequence of deposition. patterning, etching or 
mechanical manipulating that becomes harder as the 
scales shrink and the device areal density increases. 

To build a structure as complex as the Golgi appa- 
ratus, the chloroplast or the chromosome-charged mitotic 
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Fig. I The use of hydrogen bonding for enzyme mimicry. The intramolecular Diels-Alder reaction n is catalyzed by b, which has 
hydrogen-bonding functionality disposed to stabilize the transition state c. 

spindle. the cell programs its molecular components with 
the information needed to bring them together in the right 
configuration. This is proof of the principle of the kind of 
"informed chemistry" advocated by ~ e h n . ' ~ ]  

Thus. the hydrophilic head group and hydrophobic tail 
of lipids ensure assembly into the oriented bilayer array 
of cell membranes. The amphiphilic sheet, bilayer, and 
vesicle are now familiar mofits in biomimetic materials 
and structures. Synthetic liposomes are employed as 
biocompatible, biodegradable drug-delivery vehicles. 
Arnphiphile assemblies may serve as templates: mono- 
disperse nanoparticles are synthesized inside reverse 
micelles, and inorganic structures and materials such as 
ceramic tubulesL7' or mesoporous silica'81 are formed 
around tubular micelles, rather as inorganics are pat- 
terned by vesicles in the formation of the exoskeletons 
of radiolarians and diatoms. 

A more sophisticated self-assembly process in nature 
is the folding of a protein to its native state. The linear 
polypeptide chain is preprogrammed to adopt and main- 
tain its compact, three-dimensional form. One of the 
principal programmed motifs of protein folding is the P- 
sheet. a secondary structural component that was designed 
into some synthetic  molecule^.^" As well as providing a 
model system for making molecules with well-defined 
higher-order stnictures, understanding P-sheet formation 
might lead to new antibiotics and treatments for diseases in 
which this process plays a role. 

Using noncovalent interactions to guide the assembly 
of many molecules into organized structures is the major 
focus of supramolecular chemistry. Hydrogen bonding is 
used extensively for s~~pramolecular organization; but so 
are metal-ion coordination chemistry, donor-acceptor 
interactions, x-n stacking, and other forces that might 
guide the recognition process. Metal ions, for example. 
were deployed by Sauvage and coworkers as organizing 
centers around which ligands are draped in geometries 
characteristic of the metal's oxidation state, so as to pre- 
arrange the organic components for forging into supra- 

molecular topologies such as linked rings (catenanes) or 
knots.L101 Donor-acceptor interactions furnished a differ- 
ent breed of catenanes and threaded molecular assemblies 
called r~taxanes.~" '  

One self-assembly strategy much used in biology is 
templating. The idea of using noncovalent supramolecular 
interactions to assist co~vilent synthesis is inherent in the 
formation of proteins on messenger RNA, catalyzed by 
the ribosome, as well as the formation of mRNA on DNA 
(transcription) and the replication of DNA. In all these 
cases, a template molecule helps to bring the components 
of the product into the right juxtaposition via base pair- 
ing. Liu et al. used the same principle-DNA templating- 
to catalyze the reactions between small 
Here the DNA strands provide exquisite recognition 
groups that plug the reactants together, holding them in 
close proximity. 

More dramatically. biology reveals how templating is 
the key to chemical replication, which is now achieved in 
a number of synthetic systems."31 Templating must be 
exploited catalytically, requiring eventual separation of 
the product from the template, so that the bonds holding 
the two together while assembly takes place must 
eventually be broken. In the same way, if molecular 
recognition and self-assembly are the agents of some 
dynamical process such as ion transport [for example, 
when ionophores such as valinomycin selectively bind 
metal (potassium) ions and carry them across a cell 
membrane (see below)], then the substrate must be able to 
leave the receptor as well as to bind to it. This need for 
reversibility is common in biological self-assembly and 
recognition: it is characteristic of cell-surface signaling, 
neurotransmission, and the mechanisms of the immune 
response. High binding affinities favor strong selectivity 
but at the expense of reversibility. In proteins such as 
hemoglobin, a confornational change might alter the 
substrate binding affinity, highlighting the relationship 
between rigidity and selectivity on the one hand, and 
flexibility and reversibility on the other. 
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Energy Conversion 

The conversion o f  photonic to chemical energy is what 
powers nearly every ecosystem on Earth. because it drives 
primary production. And yet this ubiquitous process is, at 
face value. not obviously one that warrants mimicry in 
solar-energy research. Even commercial solar cells 
based on polycrystalline silicon exceed the efficiency (at 
most 8-9%) o f  the chloroplast. the light-harvesting or- 
ganelle o f  plants. 

But this does not mean that nature's design for solar 
cells is poor. The rate o f  pri~nary production is generally 
limited by the availability not o f  solar energy but o f  
nutrients such as phosphate and iron. Moreover, com- 
mercially viable solar energy is not about achieving 
record-breaking energy-conversion figures but about 
lowering the unit cost o f  solar cells. I f  devices could be 
produced as cheaply as green leaves, they would have no 
need o f  outstanding efficiency. So in asking whether 
solar-cell technology can usefully learn from nature, the 
right question is whether there are aspects o f  photo- 
synthesis that might be gainfully employed to create 
cheaper devices? 

Oile o f  the key differences between the chloroplast and 
a silicon solar cell is that the former is modular, and the 
latter is more or less monolithic. Tasks that are performed 
by different molecular entities in the chloroplast are 
subsumed into a single silicon matrix in the artificial 
devices. In the chloroplast, this division o f  labor reduces 
the possibility of  recombination o f  charge carriers: a 
molecular relay produces quick, long-lived. and long- 
distance charge separation across the thylakoid mein- 
brane. It is a trick that was exploited in the nanocrystalline 
solar cells developed by Gratzel and coworkers,['" in 
which charge generation takes place in ruthenium-based 
dye molecules, while charge transport is effected by the 
titania nanocrystals on which the dye i s  bound. The 
electronics company Toshiba is now aiming to commer- 
cialize these cells. 

Other systems may, like the chloroplast. be concerned 
not with the generation o f  electricity per se but with the 
use o f  solar energy to drive a chemical reaction. Moore, 
Gust. and their coworkers developed a biomimetic system 
that derives a kind o f  artificial metabolism from sunlight 
(Fig. 2). Photon absorption by a porphyrin-containing 
molecular triad embedded in a liposo~ne membrane 
stimulates the shuttling o f  an electron into the interior, 
accompanied by the simultaneous transmeinbrane move- 
ment o f  a proton. Thus, the pH inside the liposome 
decreases, just as it does within the thylakoid membrane in 
photosynthesis. The resulting electrochemical potential is 
used to power the enzyme ATP synthase, incorporated 
into the liposome wall.[''' 

Fig. 2 A biomirnetic system for solar-energy conversion. A 
molecular triad embedded in the bilayer membrane allows 
photoexcited electrons to be transported across the membrane to 
acceptor species in the interior. This charge transport is 
accompanied by the transmembrane flow of hydrogen ions. 
leading to a decrease in pH inside the compartment. This proton- 
motive force is then used to drive ATP synthesis by the mem- 
brane protein ATP synthase, as it is in photosynthesis. 

Light-harvesting in the chloroplast's photosystems is 
not reliant on absorption by chlorophyll alone. Several 
accessory photopigments increase the absorbing area and 
the wavelength sensitivity while channeling the energy 
o f  absorbed photons onto the photosynthetic reaction 
center down an energy gradient. This concept o f  an 
"antenna" system that acts as a funnel for captured 
energy was mimicked in  synthetic light-harvesting sys- 
tems, such as the dendrimers prepared by Shortreed et al.''61 
The arms o f  these highly branched macromolecules are 
made o f  rod-like conjugated groups that absorb visible 
light. A progressive shortening o f  the arms in successive 
generations o f  the dendrimer's structure blueshifts their 
absorption maximum; so that the energy captured by all 
the light-absorbing groups is funneled into the dendri- 
mer' s center. 

For storing and transmitting captured photochemical 
energy, the molecular engineer cannot but be inspired by 
the elegance o f  ihe scheme used by photosynthetic 
bacteria. The light is absorbed by a toroidal protein 
complex called LH2. which stores the energy before 
passing it on to the similarly shaped but larger LHI 
complex, where it is used to create an electrochemical 
potential. The LH2 complex is a supra~nolecular storage 
ring in which 18 porphyrin groups are stacked face to 
face around the circun~ference (Fig. 3a).i'71 The energy. 
passing freely between the porphyrin groups, can be 
tapped o f f  at any point around the ring. This elegant 
structure inspired the synthesis o f  porphyrin rings that 
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Fig. 3 (a) The light-harvesting LH2 complex of photosynthetic 
bacteria is a molecular "storage ring" i n  which absorbed energy 
is dclocali~ecl around a ring of 18 stackcd porphyrins. (Frorn 
Ref. [ 171.) (b) Such a supramolcc~~lar ring structure was mim- 
icked i n  a hcxa~neric assembly of porphyrin ciirners. (From Ref. 
1191.) (Virw this trrt irz color a /  www.d~kkrr.corn.) 

might act as antenna arrays or as energy-storage systems. 
For example, Li et al. made an oligomcric ring of three 
free-base porphyrins and three zinc porphyrins and saw 
photoinduced transfer of energy and charge carriers from 
the former to the ~at tcr ."~ '  Takahashi and Kobuke made a 
4 nm ring of 12 ~ i n c  porphyrin units from six overlapping 
dimcr units (Fig. 3b).""' 

Sensing and Transduction 

Essential to any sensing device is the process of trans- 
duction or signaling. In engineering, this is typically 
conducted electronically or, increasingly, optically. But it 
is rare in biology for electrons to represent the charge 
carriers of electrical signaling, at least in the sense of their 
being mobile in extcndcd electron states. Electrons are 
typically passed between molecules in a series of redox 
reactions. Attempts to develop molecular wires-mole- 
culcs such as polyacetylene and carbon nanotubes that 
transport electrons through con.jugatcd systcms-are, 
therefore, still bascd firmly in the electronics paradigm 
rather than in the biological. 

Electronic signals in nerve cclls travel by means of 
metal-ion transport laterally in and out of the axon. Such 
transmembrane transport of ions is fundamental to ccll 
biology, and attempts to mimic it artificially laid the 
foundation of supramolecular chemistry. Early studies in 
molecular recognition by Lehn in the 1970s explored the 
use of crown ethers as mimics of cyclic pcptide 
ionophores like valinomycin, which bind cations selcc- 
tively in their internal cavities. Natural ionophores act as 
antibiotics by upsetting the ionic balance across bacterial 
ccll walls. 

Another way to transport ions is to provide them with a 
polar channel-in cells, a protein pore embedded in the 
membrane with a lipophilic outcr face and a hydrophilic 
inner face. Artificial mimics of ion channels include 
peptide nanotubes-cyclic peptide inolecules designed to 
stack into cylindrical channels by the suitable placement of 
hydroger?-bonding groups around their edges (Fig. 4).1201 
Thcsc pcptidcs induce transmcmbrane ion transport at 
ratcs comparable to those of natural ion-channel pro- 
teins, such as gramicidin A, and show considcrablc 
promise as antibiotics. 

Natural ion-channel proteins were used in single- 
molecule sensors, where the change in transmembrane 
ion current due to molecules partially blocking the 
pore provides a signature of the obstructing species. 
Bayley and coworkers used a-hemolysin as a molecular 
sensor, its pore neck tailored with a cyclodextrin "collar" 
to recognize various hydrophobic m o l e c ~ l e s . ~ ~ ' ~  Branton 
and coworkers use the same pore protein for single- 
molecule DNA sequencing: as cach of the four types of 
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Fig. 4 Riomirnctic and natural pore-forming systcms for transferring ions across membranes. Tubes assembled from hoop-shaped 
molecules, such as cyclic peptidcs (a); mimic tubular ion channels such as the protein gramicidin A (h). 

nucleotide is pulled through the pore, it has a distinct 
effect on the ion current.[221 

In macroscale engineering, transduction is often con- 
ducted mechanically. The generation of linear mechanical 
force and torque is widespread in the cell too: in the rotary 
motors of bacterial flagella, the rotary head of ATP 
synthase, and the ratcheting motion of the ribosome along 
mRNA during protein synthesis, for example. The par- 
adigmatic examples of molccular force generation in 
biology are the molecular motors myosin, which powcrs 
the contraction of muscle tissue, and kinesin and dynein, 
which drive motion along cytoskeletal microtubules. 

Controllcd molecular motion was achieved in several 
synthetic including DNA machines that use a 
conformational change of the double helix to devclop 
torque, and propeller-like molecules that can be rotated in 
a specific direction on a molecular axle by a sequence 
of chemical transformations. The hybridization and dis- 
sociation of DNA strands was also used to make DNA 
motors that extend and contract like pistons in response to 
DNA "fuel." One such device, unlike many artificial 
molecular motors, is capable of free running rathcr than 
requiring intervention at different points in the duty 

Materials 

The extraordinary properties of natural materials, and 
their mimicry in artificial ones, have been amply 

What are the guiding principles that, in 
determining the properties of natural materials at the 
nanoscale, are regarded as attractive targets for the 
materials chemist'? 

While optimizing a particular material parameter tends 
to involve thc fine-tuning of a specific feature or the 
structure, thc combination of several desirable properties 
is typically a matter of controlling structure and organi- 
zation across several different length scales. That is why 
natural materials generally display hierarchical structure, 
as cvident in bone, wood, tendon, cartilage, and silk. 

Iielatcd to the idea of hierarchy is the use or modular 
structure: building up materials through the assembly of 
identical smaller units. The stcpwise unfolding of the 
muscle protein titin is due to a kind of modular domain 
structure and gives it a sawtooth stress-strain curvc, very 
different from a purely elastic filament. Similar rorce 
curves were measured for the polymeric filaments that are 
pulled out from the organic binder between the aragonite 
plates of nacre as the plates are separated (Fig. s) . '~" '  This 
gives the composite a high work of fracture. 

Spider capture sill<, which can withstand extensions of 
up to 1000%, shows analogous behavior. The threads 
dissipate energy strongly as they stretch, minimizing the 
risk that a captured flying insect will be catapulted free 
again on thc rebound. The capture silk proteins collapse 
into more or less helical coils that act as "molecular 
springs" (perhaps cntropic). The jumps in the force curvc 
presumably reflcct hydrogen-bond breaking as these 
springs are progressively extended. 

Biological materials are, almost by definition, self- 
assembling-which generally also implies that there are 
active control systems to provide sclr-repair, self-rein- 
forcement, and disassembly when needed. Self-assembly 
has become an objective of much of materials chemistry: 
for example, in the formation oC mcsoporous silica and 
of colloidal crystals with potential uses in photonic tcch- 
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Fig. 5 Thc proteinaceous filaments that arc pulled out of the 
organic binding layer between separated sheets of aragonitc in 
nacre (a) cxtend in a stepwise manner, as revealed by force 
measurements with the atomic force microscope (b). The 
sawtooth stress-strain curve creates a greater work of fracture 
(area below the curve) than that for either a short, stiff adhesive 
strand or a long. smoothly elastic one. (After Rcf. 1261.) (Virw 
lhis art in c-olor clt w~w.dekkc~r.com.) 

nology. The sequence-specific ligation of DNA strands 
was used to create topologically complex sell-assembling 
molecular  architecture^.'^^' 

Materials synthesis in biology is oltcn conducted in 
compartments that delimit the extent of growth as well as 
provide a rnicrocnvironment in which parameters such as 
supersaturation of a precipitating phase can be delicately 
controllcd by active transport of ions. This is how many 
biomineralization processes take place-for example, the 
formation of exquisitely patterned mineral plates in the 
soft tissues of coccolithophores. Mimesis of this principle 

is exemplified by the formation of monodisperse iron 
oxide nanoparticles inside the iron-storage protein ferritin, 
and the casting of inorganic particles inside thc empty 
protein coats (virions) of viruses. 

While the use of natural systems as guides to design at the 
molecular scalc will surely continue to be exploited in 
creative ways in the coming years, biomimetic molecular 
engineering is also starting to employ a somcwhat dif- 
ferent philosophy in which "learning from nature" be- 
comes a matter of adapting nature's existing machinery 
lor tcchnological ends. There need be no sharp distinction 
between the natural world and artificial mimics of it; 
instead, a hybridization of the two might reconfigure the 
cell's machinery to serve subtly different ends. There is 
a potential synergy in combining the natural with the 
artilicial to achieve engineering objectives at the molec- 
ular scale. 

For example, the rotary motion of ATP synthase was 
commandeered by Montemagno and coworkers to drive a 
nanoscale metal propeller at a rate of around five 
revolutions per second.12s1 Protein engineering was used 
to insert a zinc-operated chemical switch into the enzyme 
to turn it on and off (Fig. 6). 

Vogcl and coworkers transported microtubules di- 
rectionally across a surface, propelled by rows or linear 
channels of surface-bound k i n e ~ i n . ~ ~ ~ ~  Nanoparticle "car- 
go" was propelled in this way, and the motion was 

Nickel propeller 

Fig. 6 A molecular-scale propeller representing a hybrid of 
the synthetic and the natural: the enzyme ATP synthase was 
attached to a metal post and modified to allow the attachment 
of a nanoscale "blade" of nickel metal. 
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switched on and off photochemicaliy using "caged" ATP 
as the fuel. 

Phage transfection was used to transfer DNA into a 
wholly synthetic polymer vesicle containing the appro- 
priate docking protein in its wall.L30i Modified phages 
might be used as "nanomachines" for loading genetic 
material into synthetic polymer nanoparticles used as 
vectors in gene therapy. 

Biomirnetics has become so popular a buzzword that 
there is a risk of it becoming its own justification, as if 
mimicking biology will undoubtedly turn out for the good. 
Yet nature offers little guidance for designing many 
technological processes and products, which operate 
under extreme conditions using materials alien to the 
living \vorld. This article has illustrated, however, that the 
benefits accrue when our aim shares more in common 
with the exigencies of nature. If we wish to conduct 
chemistry at room temperature in aqueous media or to 
make organic compounds with complex architectures and 
precisely defined stereochemistry, nature reveals an 
astonishing repertoire of useful tricks. The materials 
engineer who requires a combination of low cost, light 
weight, and toughness, will probably already be using 
nature's fabrics in more or less modified forms, such 
as wood, leather, and paper. And as chemistry's syn- 
thetic targets become more sophisticated, embracing 
many-molecule supramolecular assemblies rather than 
simple srnall molecules, they often share features in 
common with the multi-molecular nanoscale structures 
of the cell. 

A nanotechnology based on a literal downsizing of 
mechanical engineering. with every nanoscale device 
fabricated from hard moving parts, fails to acknowledge 
that there may be better, more inventive ways of 
engineering at this scale-ways that take advantage of 
the opportunities that chemistry and intermolecular 
interactions offer. Traditional engineering is often about 
trying to eliminate chemistry. At the inolecular scale, we 
shall make life easier by ernbracing it. On the other hand, 
the cell's objectives are not necessarily the engineer's. For 
cellular information processing, accuracy is more impor- 
tant than speed. "Cost" to the cell does not equate with 
"cost" to manufacturing through a tidy conversion table. 
The materials of the cell need not be prescriptive. And 
perhaps most importantly, there is no justification for 
assuming that nature is optimized for any particular 
function. Biomin~etics, at the nano- or any other scale, 
cannot afford a rose-tinted view of nature. 
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The phenomenon of molecular recognition has been 
studied through a number of synthetic hosts of various 
shapes and sizes-hosts being chosen to exhibit comple- 
mentarity to various guests on the bases of size, shape, and 
specific, directional, molecular  interaction^.["'^ One class 
of hosts is the molecular tweezers, defined by Whitlock as 
receptors in which two, flat. generally aromatic "pincers" 
or chromophores are linked by a rigid spacer to provide an 
approximately two-dimensional cleft into which a guest 
can bind.[" This guest is generally a flat, aromatic system, 
but the term "molecular tweezer" was applied to other 
hosts that can bind other types of guests. 

A more general class of receptors is called molecular 
clefts. These are hosts, that have pockets or indentations 
in a molecular surface, into which a guest can fit but is not 
completely encapsulated. They are often, if not always, 
characterized by convergent functional groups directed 
toward each other but separated by a spacer. The space 
between the functional groups provides the cleft into 
which a guest can bind. Molecular tweezers are examples 
of molecular clefts. Binding in molecular clefts may 
be mediated by a number of interactions, including dis- 
persion forces, stacking, hydrogen bonding, and salt 
bridging, among others. 

ACHlRAL MOLECULAR TWEEZERS 

Perhaps the most critical factor associated with the design 
and synthesis of a molecular tweezer is the nature of the 
spacer separating the two aromatic chromophores that 
play a key role in guest binding. The molecular tweezers 
introduced by Whitlock were constructed from caffeine 
molecules linked by a diyne linker. An example is shown 
in Fig. 1 .  This linker provides for a space between the 
caffeine moieties of about 7 A, an ideal size for the 
inclusion of another .n system. This compound and related 
species demonstrated binding in aqueous solution to 
theophylline derivatives that exceeded that based on 
simple additivity. Analogues with spacers that consisted 
of simple aliphatic chains bound the guests with rnuch 
lower binding constants. 

While this seminal work set the stage for further de- 
velopments in the area, one problern was that the linker, 
despite its rigidity, still afforded the possibility of con- 
formational isomerism such that the caffeine moieties 
were free to adopt orientatio~ls in which they were not s j i z  

and did not create a cleft into which binding could occur. 
The entropic demand associated with producing con- 
formers with a syn orientation of binding elements 
certainly lowered the efficiency of molecular tweezers 
of this type. 

This problem was addressed by Zimrnerman and 
coworkers, who introduced a class of molecular tweezers 
in which a sgn orientation between the binding elements 
was enforced by the nature of the spacer and the linkage 
between the spacer and the binding elements."' The 
spacer used by the Zimmerman group was based on 
dibenz [c,h]acridine. This was linked at the 2 and 12 
positions to various aromatic systems like anthracene and 
various heterocyclic analogs to produce a class of 
molecular tweezers represented by Compound 2, shown 
in Fig. 2. While these species are largely constrained, 
rotation about the bonds connecting the chron~ophores to 
the spacer is possible, but they can readily adopt a 
conformatio~l in which both chromophores are parallel. as 
shown. Further. such rotation actually provides for slight 
changes in the distance between the chromophores, 
providing the opportunity for finding an optimum fit for 
a guest through rotation about carbon-carbon bonds. 
Such tweezers have high affinity for polynitro aromatic 
spe~ies . '~ ."  In fact. a stationary phase based 011 a 
molecular tweezer in this class was developed for the 
separation of n i t roar~mat ics .~~ '  

The binding potentials of molecular tweezers of this 
class were enhanced by the incorporation of a carboxylic 
acid functionality within the cavity of the molecular 
tweezer. Such species were used to bind llucleotide bases 
with extremely high affinities. Studies as to the origin 
of the strength and selectivity of the binding were 
conducted.[""' 

Another class of rigid molecular tweezers introduced 
by Mlarner and coworkers is represeilted by Structure 3. 
shown in Fig. 3.'".'" This compound was shown to bind 
certain secondary ammonium salts. viologen analogues, 
tropylium ion. and other electron-deficient n: systems. 
Two possible mechanisms for the binding process were 
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Fig. 1 Two- and three-dimensional representations o f  a 
molecular tweezer prepared by Whitlock and co\vorkers. (From 
Refs.  [l-31.) (\'ie,i. this art in color at u~\t~iv.clekker.coi~z.) 

identified, in which a guest enters through the holes on the 
open sides of the molecule or through the gap between the 
pincers of the tweezer. Studies involving the effect of 
temperature and pressure on the binding process were 
conducted."'] This molecular tweezer was also incorpo- 
rated into a stationary phase and shown to be effective in 
separating n-deficient aromatic systems.['51 

Another class of inolecular tweezers based on the 
trans.tra~zs,trrrns-perhydronapththacene spacer was pre- 
pared by Nemoto and coworkers and was shown to bind to 
x-deficient aromatic guests.[''] 

Notwithstanding the good res~rits obtained with rigid 
molecular tweezers, the synthesis of more flexible 
systems continues to be of importance, as such systems 
offer adaptability not found in rigid systems. A recent 
example comes from the work of Fukazawa, who showed 
that polyether systems such as 4 in Fig. 4 could bind 
electron-deficient .rc systems in solution and in solid 
state.'I7' The distance becween the binding chromophores 
of the molecular tweezer shown containing tetracyano- 
quino~nethane as a guest was 6.54 A. It was postulated. as 
in studies conducted on derivatives of Kagan's ether (vide 

Fig. 2 Two-  and three-dimensional represntations o f  a 
~nolecular tweezer prepared by Zimmerman and coworkers. 
(From Ref.  [S].) (View this art in color a f  ~t,~~w.dekker.colrz.) 

Fig. 3 Rigid molecular tweezer prepared by Klarner and 
coworkers. (From Refs. [12.13].) (View t h i ~  art in color at 
~.v~vw.dekkel:conz.) 

infra), that x-stacking and edge-face interactions were 
important in the binding process. 

Warrener and coworkers developed an approach to 
molecular tweezers that are largely rigid but contain a 
hinge or hinges to allow limited flexibility, which might 
prove important in providing a better fit to guest 
molecules."81 This approach is a part of the so-called 
"Lego" approach to the construction of rigid and flexible 
molecular tweezers and clefts.['91 

Recent work by Reed. Boyd. and coworkers led to the 
development of a series of tweezers, called "jaws 
porphyrin" hosts, that can bind f~~llerenes.["] 

GHIRAL MOLECULAR TWEEZERS 

Among the first ~nolecular tweezers. which were also 
chiral, were those prepared by the Karmata group. This 

Fig. 4 Flexible molecula~ tweeze1 synthesized by  Fukazawa 
and cowoikeis (From Ref [17] ) ( V z e ) ~  t h r ~  art zn color at 
VIIIIL dekXer Lorn ) 
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Fig. 5 Three different classes of chiral molecular tweezers 
prepared by Harmata and coworkers. (From Refs. [?0-231.) 

class of molecular tweezers was based on the framework 
provided by Kagan's ether, a C-2 symmetric structure 
built upon a dibenzobicyclo[3.3.l]octadiene skeleton. 
Two classes of tweezers thus far were reported, and these 
are shown in Fig. 5. It was reported that the smallest 
tweezer ( 5 )  did not form complexes with various n acids 
but formed a relatively stable clathrate with ethyl acetate 
in the solid state.'201 This demonstrated that the depth of 
the cleft is an i~nportant variable in the design of 
functional molecular tweezers. 

In support of this idea. both 6 and 7 showed binding to 
1.3.5-trinitrobenzene (TNB). in the solid state and in 
solution. as evidenced by shifts observed in the proton 
nuclear magnetic resonance (NMR) spectra of mixtures of 

Fig. 6 Crystal structures for the '7ITNB and 81TNB inclusion 
complexes. (View this art iiz color at iv~~~cv.delzker.com.) 

the hosts and TWB.""~" Titration experiments indicated 
that 7 bound TNB more strongly than 6 by more than an 
order of magnitude. Enantiomer recognition with 7 was 
examined via variable temperature high-perforiuance 
liquid chrornotography (HPLC) studies using a Whelk-Q 
1 chiral HPLC colurnn. The results demonstrated that 
discrimination of the two enantioiners of 7 was possible; 
with binding of the two species differing by 0.5 kcallmol, 
differences in enthalpy changes being the exclusive basis 
for the binding differences. 

The tweezer 8 was introduced as an analogue of 
echinomycin (vide infra). As such. the distance between 
the two binding chromophores is 20.4 A. large enough to 
accominodate two x systems. It was shown that in the 
solid state. two 7c systems can be bound in the cleft of 
8.124i Shown in Fig. 6 are crystal structure data for the 
inclusion complexes of 7 and 8 with TNB. Both n- 
stacking and edge-face interactions between guest and 
host are evident from these structures. The 8ITNB 
complex indicates clearly that two n systems can be 
accommodated within the cleft of 8. 

Other chiral inolecular tweezers are known. including 
one based on Triiger's base. which is exactly a~lalogous to 
5.[2'1 as well as several based on a steroidal spacer to which 
are appended aromatic acids via an ester linkage."6."' 

NATURAL MOLECULAR TWEEZERS 

Nature "beat mankind to the punch" with respect to 
molecular tweezers. For example, echinomycin (Fig. 7) is 

Fig. '7 A ielect~on of natural molecular tueerers 
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the first representative of a growing class of cyclic 
depsipeptide antitumor antibiotics that includes the 
octadepsipeptides triostin A. the synthetic drug TAN- 
DEM, UK-63502 and BE-22179, the decadepsipeptides 
sandramycin, and the luzopeptins (Fig. 7), as well as the 
decapeptide quinaldopeptin.i28-"71 These compounds 
exhibit a variety of interesting biological activities, in- 
cluding antibacterial, antiviral, and antitumoral. 

The solid-state and solution structures of echinomycin 
and triostin complexes of DNA were studied.["8301 These 
indicate that the drugs interact with DNA by "tweezing" 
two base pairs in GC-rich regions of double-stranded 
DNA. In the solid state and often in solution with an 
oligonucleotide target, this results in a twist of the helix to 
give Hoogsteen base pairing in base pairs flanking the 
binding site. 

Other studies showed that binding affinity and 
specificity involve the octadepsipeptide and chromo- 
phores of echinomycin. One key to affinity and 
selectivity are hydrogen bonds between the N3 nitrogen 
and N2 amino of guanines in the CpG step and the NH 
and CO of the alanines of the octadepsipetide backbone 
of echinomycin. Replacement of G by hypoxanthine (G 
minus 2-amino) obliterates binding between echinornycin 
and a normally bound DNA fragment.[311 The 
synthetic intercalator TANDEM prefers AT regions of 
DNA, because its alanine C 0  groups are not available for 
hydrogen bonding with the 2-alnino groups of gua- 

Further, the bias of echinomycin for the CpG 
step can be changed by substituting of adenine by 2- 
aminop~rine.[~" The bottom iine is that the spacer of a 
his-intercalator can be significant in strong and selective 
DNA binding. Other work suggests that the chromo- 
phores of the intercalator are of some significance. 
Theoretical studies conclude, in particular, that the 
chromophore interactions with the DNA contribute at 
least 50'1% to the binding of the drug and that the 
electrostatic interactions between the chrornophores and 
flanking base pairs are important.'451 A balance between 
repulsive and attractive interactions involving the spacer 
and chromophores is important to the selectivity observed 
and, as important, can be changed by appropriate 
structural modifications. 

Solution NMR and footprinting studies of DNA-drug 
interactions for some other naturally occurring Dis- 
intercalators led to a grossly similar picture for the event: 
minor groove binding mediated by hydrogen bonding and 
van der Waals interactions. with stacking interactions 
involving dispersion. and electrostatic interactions no 
doubt being of i~n~or tance ."~."~ In all cases, two base 
pairs are "tweezed," but the hydrogen bonding motif 
varies, as might be expected due to changes in the 
depsipeptide backbone. 

ACHlRAL MOLECULAR CLEFTS 

Molecular clefts that bear convergent functionality are of 
major interest. In systems of this type, a rigid spacer is 
used to create a scaffold onto which functional groups can 
be placed. These functional groups are often, but not 
always, directed toward each other but are held apart by 
the spacer. Guest binding takes place in the space between 
the functional groups, and selectivity is determined in part 
by the size of this aperture. 

Many examples of molecular clefts of this type come 
from the labs of ~ebek.'"' Many other structural types are 
known, inchding terpyridyl systems introduced by 
~e11'"' and the "molecular clips" from the group of 
~ o l t e . ' ~ ~ '  

CH%RAL MOLECULAR CLEFTS 

There are a number of examples of chiral molecular 
clefts. Among the most interesting are those introduced 
by Wilcox and coworkers, which involve derivatives of 
Troger's base.i".52i Such systems were used as hosts for 
various guests and as tools for the evaluation of edge- 
face interactions between .n systems. Related molecular 
clefts are 

NATURAL MOLECULAR CLEFTS 

Large biological molecules contain indentations, cavities, 
and pockets. Essentially all proteins and polynucleo- 
tides possessed of even cimple tertiary structures have a 
portion of their structure that forms a gully into which 
a molecule might fall and bind. The major and minor 
grooves of DNA corne to mind as obvious and impor- 
tant examples. Many enzyme-active sites andreceptor-bind- 
ing sites are essentially molecular clefts.[551 Our attempts 
tomimic these structural types are responsible for a great 
dealof the development of bioorganic and molecular 
cleft chemistry. 

Design and application of molecular tweezers, particular- 
ly those that are chiral and those that can bind multiple n 
systems within their clefts, are only beginning to be 
explored. Molecular tweezers and other molecular clefts 
have the potential to dimerize to produce molecular 
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capsules; which are currently of great interest. Chiral 
species with reactive functionality directed toward the 
inside of the cavity still offer opportunities for creating 
new catalysts. drug-delivery systems, and perhaps materi- 
als for molecular electronics and computing. New 
directions for rnolecular recognition and supramolecular 
chemistry remain to be fou~ld or invented in this area, and 
new breakthroughs are to be expected. 
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INTRODUCTION 

The forces that drive research in ~nolecular logic gates are 
identified as neural science and computer technology. The 
longest established design relies on chemical (usually 
ionic) inputs and fluorescence outputs. This design also 
incoqorated chemical input-transmittance (or absorb- 
ance) output situations. Light and chemical input- 
fluorescence (or absorbance) output situations involving 
chemically switched photochromism can also be a 
valuable design approach. All-optical methods involve 
electron transfer or two-photon absorption. After decades 
of discussion and effort; ail-electronic methods are 
recently making the transition from wires and switches 
into logic gates. Examples are provided for each design. 
This article illustrates all of the single-input logic gates 
and a substantial number of the double-input family. 

WHY BOTHER WITH MOLECULAR 
LOGIC GATES? 

None of us are i~nmune to the effects of the modern 
information technology rev~lution. '~ '  Nevertheless; how 
many of us as chemists helped to start or even drive it? 
Very few, would be the answer. Chemists were behind the 
purification of silicon to the exacting levels required for 
the construction of semiconductor devices, but most of 
these developments essentially laid in the hands of 
physicists. mathematicians, and engineers. 

T'nere is. however. an arguably more vital and far oider 
illformation revolution: the one still functioning in our 
genes, nerves. and brains.r21 Chemical processes start and 
drive it. even though the complexities are best examined 
by biologists. Chemists eel-tainly played their role here. 
This role is set to grow as the semiconductor revolutio~l 
ruils out of space. After all. molecules gladly go to spaces 
where semiconductors fear to tread. It therefore falls on 
chemists to explore the information-handling capabilities 
of molecules. As far as this article is concerned. i~lforination 
processing is what we are after. That is where molecular 
logic gates come in. 

HOW ARE MOLECULAR LOGIC 
GATES DESIGNED? 

Logic gates are the workhorses of modern information 
technology. because computation relies on arithmetic and 
logic units. Arithmetic units can be dissected into simpler 
logic gate al~ays.[" So, the challenge is to pass on these 
properties and capabilities to molecules. This challenge 
has been accepted with increasing frequency since 1993. 
when we demonstrated that ~nolecular fluorescence 
signals can be switched under the influence of simple 
chemical species.[" Chemical inputs and fluorescence/ 
optical outputs (photoionic schemes) circumvent prob- 
lems of wiring bet~veen molecular and macro worlds. The 
ease of detecting fluorescence output allows for the 
operation of such devices at the single-molecule limit."] 
Optical inputs are also useful. High and low signal levels 
are taken as binary 1 and 0, respectively. whether chem- 
ical concelltrations or light intensities are under discus- 
sion. Of course. the same applies when electric voltages 
are used as input and output signals. A huge amount of 
effort was expended to miniaturize existing electronic 
devices, where the semiconductors \%rere replaced by mol- 
ecules or at least molecular ensembles. Different logic 
gates produce different output signal patterns as a small 
set of input signals are applied. So. let us begin at the 
beginning, however trivial it may seem at first. For one 
thing, valuable generalizations emerge early on. For an- 
other, the field is young. and consolidation of early 
material is necessary for progress. 

SINGLE-INPUT LOGIC GATES 

Shown in Fig 1 ale the truth tables of all possible 
output patteiils tr~ggered by a single Input These four 
ale now discussed In turn. with the emphasis laid on 
~nolecular implementation 

PASS O 

Pass 0 is an instance where the output remains switched 
"off." whatever the input situation. In the electronic case. 

Ellcyc/o,i~ec~iu of S~cpi~nnzolecul~iv Chernis t r j ,  
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OUT OUT OLT OUT 

PASS8 YES NOT PASS? 

Fig. I Truth tables and physical electronic representations of 
the four single-input logic gates: PASS 0. YES, NOT. and PASS 1.  
(View this art irz color- or ~c,cv~t,.dekker.conz.) 

all chis requires is an earthed output unconnected to the 
input. The same outcome can be arranged by employing 
common digital electronic components-NOT and AND 
gates (see below)-as shown in Fig. 1. A molecular 
implementation with chemical input and fluorescence 
output would be any nlolecule without a i-luorophore or 
observation at a wavelength remote froin the emission 
band of a fluorophore. say 1. If transmittance of light 
(during an absorption experiment) is employed as output 
instead of fluorescence. the ~nolecular inlplementation 
would require observation at a wavelength near the 
absorption band maximum of a simple chromophore 
devoid of receptors. P ivould fit the bill. 

PASS 1 

Pass I would be the opposite extreme. where the output 
stays switched "on," uncontrolled by the input. Again in 
the electronic case, a live output unconnected to the input 
line would achieve this result. Common electronic logic 
gates-NOT and OR (see below)-can be wired together, 
as shown in Fig. 1. to give PASS i action. A simple 
fluorophore devoid of receptors would be a molecular 
implementation. Say that 1 would give a high fluores- 
cence signal if observed within its emission band, while 
being excited within its absorption band(s). whether or 
not. say. H' was present. If the emphasis is on trans- 

mittance rather than fluorescence. the ~nolecular imple- 
mentation requires observation well away from absorption 
bands. Better still. one can avoid using a chromophore. 

YES 

YES requires the output to follow the input. In fact, the 
electronic case simply corresponds to any point along a 
wire. Single molecular electronic implementation of a 
wire[51 was neatly accomplished by planting 2 via its 

thiol moiety at a grain boundary of a self-assembled 
monolayer of 3 on a gold surface and then contacting the 
distal ter-minus with the tip of a scanning tunnelling mni- 
~ r o s c o p e . ' ~ ~  Photoionic implementation can be illustrated 
by 4['] and many other ion sensors (both fluorometric 
and absorptiometric). We discuss such systems in more 
depth within a companion article.is1 The choice of 4 is 
driven by its structural relationship to 1 and by the 
general utility of its photochemical design. The straight- 
forward observation concerning 4 is that the presence of 
high levels of H +  triggers strong fluorescence, whereas 
there is almost no emission if Hf concentrations are 
kept low. All this happens because the fluorophore (9- 
chloroanthracene. in this case) leads to photoinduced 
electron transfer (PET) from the amine lone electron pair 
to the fluorophore. Thus; fluorescence is not an option. 
The arrival of high enough levels of H' blocks the lone 
electron pair of the amine and lets fluorescence reassert 
itself. The switching behavior of 4 hinges on the re- 
ceptor action of the amine toward the H+ input. Such 
fluorophore-spacer-receptor systems and relatives often 
appear in molecular logic implementations, as the fol- 
lowing pages will show. A particular feature of these is 
the switching "on" or "off" of the fluorescence output 
right across the range of observation wavelengths. Thus, 
the logic type is robust with respect to variation or fluc- 
tuation of observation conditions such as wavelength. 
Furthermore. fluorescent PET systems are designable 
with a substantial degree of quantitative predictability.[91 
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NOT 

NOT logic naturally has the output behaving opposite to 
the input. Now the electronic case takes on significance, 
even having its own (and much used) symbol (Fig. 1). 
Such inversion of a voltage signal received a molecular 
implementation recently within a single bundle of carbon 
nanotube~."~] Avouris' teain treats part of this intrinsi- 
cally p-doped bundle with potassium metal to leave it n- 
doped. This forms the twin hearts of connected. but 
complementary, field-effect transistors, which produces 
NOT logic behavior in the same way as currently seen in 
common semiconductor devices. While this achievement 
has been quite rightly feted,["] we must not lose sight of 
the fact that the full NOT gate occupied an area about 1 

i.e. about the size of current semiconductor gates. 
The low-budget photoionic approach is represented by 
5,'12' which is a fluorescent PET fluorophore-spacer- 
receptor system like 4 but with opposite characteristics. A 
key difference is that 5 contains a pyridiile receptor for 
Hi that becomes more reducible when bound, whereas 4 
had an amine receptor that becomes less oxidizable upon 
protonation. So. 5 galvanizes fluorescence-quenching 
PET from the tluoi-ophore to the pyridine receptor only 
when Hi arrives. On the other hand. PET was oilly seen 
in 4 when Hi was absent at the amine receptor. 

We could work our way systematically through all 16 of 
the double-input logic gates. except that space restrictions 
on this article will stop us well short of that objective. 
Instead. we will consider six types frequently enco~lntered 
in the computer literature. 

AND 

AND is the logic type many people recognize, perhaps 
because its humail analogy embraces those universal 
values of cooperation and unity. Any one input is 
powerless to fire the output. But, the output comes alive 
when both inputs are applied at the same time (Fig. 2). Our 
6 is a molecular photoionic implementation and is a 
fluorophore-spacerl -receptorl -spacer2-receptor: sys- 
tem relying on PET.[" In fact. each receptor can engage 

the fluorophore to quench the fluorescence. As in the case 
of 4, each receptor needs to he blocked by its own target 
species before the fluorescence can be switched "on." Hi 

is the input chosen by the amine group. while Nai is 
selected by the benzo- 15-crown-5 ether moiety. Eight and 
ions can serve as mixed inputs for AND gates. An 
example by Pina. Balzani, and colleagues is 7, where ul- 
traviolet light allows isomerization of 7 to its cis-form.'13' 
Hi then cyclizes the latter to a fluorescent product. 

All-optical examples of AND logic recentiy became 
even though an old clairn of this kind in 

the conference literature seems not to have crossed into 
the refereed ~ i t e ra tu re . "~~  Due to the teains of Wasiele- 
weki and Levine. 8 and 9, respectively, achieve their 
objectives by very different means. Compound 8 shows a 
tetrachromophore system held together by 172-substituted 
benzene rings. The 4-amino-1 ,8-naphthalimide is initially 
pumped at 420 nm to cause PET from it to the 1.4:5.8- 
naphthalenediimide. The other chrornophores become 
involved only if the naphthalenediimide radical anion is 
~ ~ u ~ n p e d  at 480 nm. Now, the extra electroil within the 
napthalenediilnide is passed to the 1.8-naphthalirnide and 
then on to the 1,2:4.5-benzenediimide. So. the absorption 
signature of the benzenediimide radical anion at 720 nm 
(the output) is only observed if the two femtosecond laser 
pulses at 420 nm (INI) and at 480 ilin (INz) are applied 
sequentially (2 ns separation). It is notable. however. that 
coilventional AND gates require simultaneous. and not 
sequential. application of inputs (a 2 ns delay would 
matter in devices running near gigaHertz rates). Never- 
theless. 8 is a fast gate. because it resets in 25 ns. 

Levine noticed that two-photon processes in general 
could be candidates for two-input AND logic. especially 
when the output of the process is a detectable fluorescence. 
This has additional utility. as discussed later. if the 
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OUT OUT OUT OUT OUT OUT 

AND OR NOR NAND INHIBIT XOR 

Fig. 2 Truth tables and physical electronic representations of six of the 16 double-input logic gates: AND, OR. NOR. NAND, 
INHIBIT. and XOR. (View this art in color nr ~r,ir~ir.dekker.com.) 

fluorescence is from an upper-level excited state. A 
fundamental photochemical generalization-the Vavi- 
lov-Kasha rule-stands in the way of this requirement, 
though thankfully it makes a few The 
comnlon laser dye 9 is a suitable example. where a 
relatively low-intensity laser beam at 532 nm (IN,) 
would allow one-photon absorption to the lowest excited 
state. Another laser beam of siinilar intensity (and color) 
(IN:) is then directed onto the sample such that the 
combined intensity enables two-photon absorption that 
populates the next higher excited state. This obviously 
requires judicious choice of the beam intensities. Now. a 
weak but detectable fl~lorescence is seen at 430 nm. AND 
and all 15 other two-input logic gates are recently 

described by Zhang et al., with bacteriorhodopsin as the 
active medium; two laser beams (blue and yellow) as 
inputs, and a chosen transmittance as the output.[181 
Another laser beam is required for biasing purposes. The 
rich photochemical cycle of bacteriorhodopsin is the 
source of this versatility. 

Conventional semicond~ictor logic gates, such as AND, 
are produced by wired arrays of simpler switches, such as 
diodes or (in newer systems) transistors. Molecular elec- 
tronic implementations can therefore do the same with a 
good chance for success. Heath, Stoddart, and colleagues 
use a monolayer of BO sandwiched between metal and 
metal oxide layers and outer metallic contacts to produce 
diode behavior,"" several of which are 
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These diodes can now be wired conventionally to give 
logic behavior. AND logic arises when a power supply 
leads via a resistor to the output unless diverted through 
two diodes, each of which would co~lduct only if the 
inputs applied to their distal end are zero. If both inputs 
are high, both diodes cease to conduct, and the output 
takes on the voltage of the power supply. 

OR logic gates (Fig. 2) also receive a ~nolecular electronic 
implementation in Ref. [19], with a conventional wiring 
of diodes. OR logic happens when two diodes lead to the 
output. Each of the diodes conducts only if the inputs 
applied to their distal ends are high. If both inputs are 
zero, the output takes on zero, the value of earth to which 
it is also connected via a resistor. Our 11 shows the 
photoionic approach to OR logic. Ca2+ and NIg2+ inputs 
are sufficiently unselective to produce essentially identi- 
cal extents of switching "on." Scheme 11 shows a fluo- 
rophore-spacer-receptor PET system, where the aromatic 
amino acid receptor acts as an electron donor toward 
the excited diarylpyrazoline fluorophore. resulting in 
negligible emission. c a 2 +  or ~ g ' +  binding blocks the 
electron-rich sites of the receptor and cuts off PET. It is 
notable that a single-receptor system is sufficient in this 
case to achieve a two-input logic gate. 

NOR 

Though NOR logic (Fig. 2) is ar legitimate as any of the 
other 15 double-input logic gates. common computer 
literature represents it as a particular integration of NOT 
and OR gater (as its name also suggests). Such physical 

integration requires additional wiring that throws more 
obstacles toward molecular implementation. This chal- 
lenge can be mitigated by remembering that even OR gates 
(already implemented at the molecular scale) are com- 
monly physical integrations of wires, resistors, and diodes 
(or transistors), as mentioned in the previous paragraph. 
Furthermore, a functional integration of NOT and OR log- 
ic operations would be sufficient to achieve the same ob- 
jective. In a fluorescent photoionic context, we can argue 
as follows. NOT logic represents the switching "off" of 
fluorescence when an ionic species arrives. Two-input OR 
logic represents unselective switching "on" of fluores- 
cence when either of two ionic species arrive. So, NOR 
logic corresponds to the switching "off" of fluorescence 
when either of two ionic species arrive. Our 12"" fits the 
bill if the two ionic species are Hf  and FIg2+. Hf  kills the 
fluorescence of this internal charge transfer (ICT) fluo- 
rophore, a 1,3-di(2'-pyridyl) pyrazoline, by launching a 
transfer of electronic excitation into vibrational quanta of 
N . .H-O bonds. The latter are formed when H30f  docks 
into the bay region with its three nitrogen lone electron 
pairs. ~ g ' +  quenches the fluorescence of 12 in a different, 
but equally efficient, way. HE2+ binds to the 2.2': 6'. 6" - 
terpyridyl look-alike, and the excited state of the complex 
takes on a ligand-to-metal charge transfer (LMCT) char- 
acter verging on a PET process. 
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NAND 

NAND logic (Fig. 2) can be discussed in much the same 
way as NOR logic was considered in the previous 
paragraph. While several nlolecular NAND gates ex- 
ist,[D32j] we highlight Akkaya and Baytekin's 13'~" here. 
because the entire experiment requires no new syntheses. 
Because 13 is a well-known fluorescent reagent in DNA 
research, it even binds to a single mononucleotide pair, 
such as the one involving adenine and thymine bases. In 
fact, it is likely that 13 stabilizes the Watson-Crick base 
pair via two amidine-phosphate interactions as well as 
some degree of aromatic n-n stacking. Nevertheless. the 
experiment requires substantial dilution of water with 
dimethylsulfoxide in order to be successf~ll. Then, a 
significant drop in the intensity of the fluorescence 
spectrum is seen at 455 nm. No such drop is found if 
the mononucleotides are applied singly. Several other 
delights await readers of Ref. [25]. 

INHIBIT logic is another type that can be viewed as an 
integration of NOT and AND operations. though in a 
different connectivity than seen with NAND logic. The 
NOT operation is only applied to IN2 (Fig. 2) .  So, IN2 is 
really a disabling input that kills the output, irrespective 
of the state of INi. Tho~igh three-input INHIBIT logic is 
known."21 a two-input case comes froin the work of 
Gunnlaugsson and colleagues that is based on the ~ b ~ +  
complex of 1 4 . ' ~ ~ '  O2 is the disabling input IN2. tvhich 
quenches the delayed, line-like emission. The role of IN,  
is taken by H+,  which tunes the absorption spectrum into 
the range of the excitation wavelength. Once excited. 
strong emission arises only if O2 is barred. 

XOR 

XOR logic (Fig. 2 )  received a higher than normal amount of 
attention. because it is an essential part of semiconductor 
numeracy. Arithmetic units within computer5 are corn- 
posed of XOR and AND gates running in parallel. Though 

an earlier example of a fluorescent ~nolecular XOR gate 
driven by chemical inputs is available.[271 we put the 
spotlight on a recent fluorescent case driven by optical 
 input^.'^" Compound 15 shows a close structural and 
functional analogue of 7. One novel twist introduced by 
Pina, Balzani. and colleagues is that [Co(CN),]' costars 
alongside 15. While 15 rapidly leads to a fluorescent 
cyclized product under the influence of light and H'. 
[ @ ~ ( c N ) ~ ] '  slowly hydrolyzes and ties up H' in the forin 
of HCN. So when suitably high photon numbers are 
absorbed. the fluorescent cyclized product is turned back to 
15 in the alkalinized solution. The second novel twist is the 
design of an experiment with two light flashes such that 
either flash alone produces a large amount of fluorescent 
product, whereas the flashes together lead to the alkalinized 
solution where the amount of the fluorescent product is very 
low. The latter situation of low fluorescence almost 
corresponds to the preirradiative condition. i.e., XOR logic 
applies. Ref. [28] contains more information. 

Our photoionic approach to XOW logic uses Ca" and 
B' inputs applied to 16,i2y1 while transinittance is 
monitored at a wavelength close to the ion-free 
absorption band maximum. The chromophore within 16 
is of the ICT type and has the two ion receptors attached 
at the opposite ends. The excited-state dipole arising from 
the cha

r

ge transfer will suffer opposite energetic influ- 
ences when each ion arrives. The monitored transmittance 
rises in each case, because the absorption band moves 
away from the nlonitori~lg wavelength. These two ionic 
influences virtually cancel each other when simultaneous- 
ly applied. So. the monitored transmittance falls again to 
the original ion-free level. This XOR gate can be run in 
parallel with an optically and ionically compatible AND 
gate to produce a numerate molecular system for the first 
time outside of our  brain^."^' Such a half-adder can 
"comprehend" the decilnal numbers 0. 1 ,  2 but no higher. 

Compound 9. discussed above with respect to AND 
logic, also contains an XOR logic gate ~ i t h i n . " ~ ]  
Whereas the fluorescence output at 430 nm from the 
second excited state produced AND logic from two 532 
nm inputs, the emission output at 571 nm from the lowest 
excited state corresponds to XOR logic. The latter is 
naturally zero when both inputs are absent. Provision of a 
relatively low-intensity laser beam at 532 nlll leads to 
strong fluorescence at 571 nm. A combination of input 
beams gives sufficient intensity to kiclc-start two-photon 
absorption to populate the second excited state at the 
expense of the lowest. So. the 571 nm emission is less than 
might have been expected (on the basis of one-photon 
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INTRODUCTION 

The evolution of computational chemistry, facilitated by 
the development of ever more powerful computers in 
conjunction with more efficient con~putational methods, 
has increasiilgly contributed to a better understanding of 
structural and thermodynamical features of chemical 
 system^."^ In this context, computational studies of 
supramolecular systems became increasingly popular in 
order to interpret processes of molecular recognition and 
supramolecular organization.'" 

Typically, supramolecular systems incorporate nonco- 
valent interactions, such as hydrogen bonding, electrostat- 
ic. van der Waals. and donor-acceptor interactions-all of 
which are amenable to simulation. Thus, even though 
norrnal characterization by physical methods may lead to 
supramolecular systeins that are chemically well defined, 
coinputational studies often provide the means with which 
to obtain additional complernentary structural and elec- 
tronic information about the system. This, in turn, can help 
rationalize experimental data and lead to predictions 
concerning the outcomes of future experiments. 

Generally, nlolecular modeling studies provide deeper 
insights into conformational and recognition properties 
and enable questions concerning preorganization. comple- 
mentarity, and binding selectivity to be addressed. In addi- 
tion to the countless calculations of individual molecules 
in the gas phase, increasingly. the influence of solvent and 
environinental effects oil the precise structure and dynain- 
ics of molecular systeins has been considered. 

MOLECULAR MODELING-THE 
MAIN TECHNIQUES 

Several co~nputational methods are routinely employed 
for the study of molecular sys t e i~~s .~ '  '-51 Hornever. due to 
limitations of space, i t  is not povsible here to discuss each 

of these in detail. Rather, a brief overview is presented of 
the common techniques employed in computational 
studies, with some important features of each type 
highlighted. Reviews covering the use of computational 
methods, in particular, supramolecular applications, have 
appeared. These include studies concerned with sulf~tr- 
containing host-guest systeins,'" cy~lodextrins~'~ (in each 
case using methods that range from molec~~lar mechanics 
to ab initio quantum mechanics), macro cycle^,^^." calix- 
a r e n e ~ " ~ ~  and anion-binding receptors1"' (all mainly 
molecular mechanics), cyclophanesi'21 (Monte Carlo 
methods). and siinulations of the complexation dynamics 
and phase-transfer behavior of synthetic ionophoresi"' 
(molecular dynamics). 

Molecular Mechanics (MM) 

Molecular mechanics or force field methods are empir- 
ical procedures widely used for studying molecular 
structure-particularly of medium-sized molecules, al- 
though the technique was also employed for larger sys- 
tems; including supramolecular host-guest design. One 
important advantage of this meihod is its high calcula- 
tion speed. 

A force field is a set of energy functions that describes 
the potential energy surface of the investigated system. It 
includes functions for bond lengths and angles. torsion 
angles. out-of-plane coordinates, van der Waals interac- 
tions, and electrostatic interactions. Typically, parameter- 
ization based on a large amount of experiinental data is 
required for the development of a reliable force field. 
Although different force fields frequently involve differ- 
ent potentials. reflecting differeilces in their calibration 
procedures, they, nevertheless. usually give rise to similar 
calculated geon~etries. Allinger's MM2 and MM3 force 
fields. AMBER, GHARMM, and MMFF, are examples of 
widely used force fields, although a number of others also 
exist.'" It needs to be noted that the calculated energies 
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from MM have no direct physical meaning but are useful 
in a relative sense. 

MM calculations involving metal-containing species 
are usually not as straightforward as those for organic 
species.['4' especially when transition metals are involved. 
Special care needs to be exercised when considering the 
'elative energies of such species, as these can be force 
field Where possible, in such cases, it is 
prudent to interpret any result in the context of appropriate 
experimental data for the system. 

energies. and spectral characteristics of a wide range of 
molecular systems can accurately be predicted. The 
advantage of DFT over ab initio calculations is that 
calculations for systems of up to c. 100 atonls are pos- 
sible. The DFT approach is based upon a strategy of 
a node ling electron correlation via general functionals of 
the electron density instead of a wave f~inction. There are 
now many different f~lnctionals. each containing a 
f~lnctional for exchange and a functional for correlation. 
Currently, the B3LYP hybrid functional is commonly 
used for inolecular calculations. 

Quantum Mechanics (QM) 
Hybrid Methods (QMIMM) 

An objective of quantum mechanical methods is to 
describe the positions of all electrons and nuclei that 
occur in a molecular system.['] Using these methods, the 
calculation of ~nolecular geometries. electron density 
distributions, and some other ~nolecular properties is 
possible. with electrons and nuclei treated explicitly. The 
starting point and basis of quantum mechanics is the 
Schrodinger equation, which can be solved using the 
Hartree-Fock formalism. Quantum mechanical methods 
include ab initio and semiempirical procedures. Ab initio 
methods range from the simplest Hartree-Fock, self- 
consistent field inethod to methods that include some 
treatment of the effects of electron correlation, such as 
those based on Moller-Plesset perturbation theory, with- 
out ignoring or approximating any of the integrals or 
terms in the Hamiltonian operator. 

Semiempirical nlethods, for example, MNDO. AMI. 
and PM3. are simplifications of ab initio molecular 
orbital theory and employ empirically determined param- 
eters; in essence, they only differ in the approximations 
being made. These methods involve adjustable param- 
eters associated with molecular properties that are 
calibrated against experimental data. The chief advantage 
of seiniempirical calculations over ab initio calculations 
is that they are several orders of magnitude faster. Thus, 
calculations for systems of up to c. 200 atoms are 
currently possible. whereby with ab initio methods, the 
limit is a moderately sized molecule (about 50 atoms at 
the time of writing), if rational results are to be obtained. 
Frequently, semieinpirical methods have proved to be the 
computational procedures of choice for studying rela- 
tively large molecules. 

Density Functional Theory (DFT) 

Density functional theory is now an established alterna- 
tive to conventional ab initio methods. It is well docu- 
mented that with DFT calculations. geometries, bonding 

An interesting approach used for the treatment of par- 
ticular systems has been to employ a combination of MM 
and QM methods. In such a case. the information about 
~nolecular structure and therinodynarnic properties 
obtained by MM. and on the electronic behavior. bond 
breaking. and bond fornlation resulting from QM, can 
be brought together. Hybrid methods have been employed 
to investigate chemical processes in large molecular 
systems and in condensed phases. For example. in such a 
study. a solute molecule is treated quantum mechanically. 
while the solvent moiecules are approximated by a force 
field procedure. It is noted that hybrid methods of the 
present type have the potential advantage of being able to 
describe the role of the electrons as a natural part of the 
overall simulation. 

Molecular Dynamics (MD) 

Molecular dynamics siinulations emerged as an important 
tool for the study of rnotion in inolecular systems. During 
a MD sirnulation. the classical Newtonian equations of 
motion for interacting atoms are solved interactively. The 
force on an atom is given by the negative gradient of the 
potential. which is derived from the same force field 
employed in MM calculations. The solution of the 
differential equations gives the position of each atom at 
each time step over a total time interval limited by the 
computational speed of the computer. the force field, and 
the size of the molecular system. Trajectories can be used 
to investigate time-dependent phenomena, as in confor- 
mational transitions, and thermodynamic averages. Fur- 
ther. use of the method gives a high probability that a 
given conforinational search will be complete. Because 
MD is capable of overcoming the energy barriers between 
different confor~nations, it is possible to locate local 
minima. protided the simulation time and temperature 
protocol are appropriate. 
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The application of MD to liquids or solvent-solute 
systems allows for the computation of properties such as 
diffusion coefficients or radial distribution functions for 
use in statistical mechanical treatments. 

Monte Car%o (MC) Methods 

Monte Carlo ~imulations are inherently of a statistical 
nature and provide an alternative to MD. They involve the 
generation of a sequence of molecular configurations 
showing a Boltzmann distribution in the potential energies 
of the selected configurations. The calculation starts with 
an optimized structure, and new Cartesian coordinates are 
assigned randomly. The resulting conformation is then 
minimized using MM, and this procedure io repeated. The 
minimized conformation obtained is compared with the 
previously generated one and only saved if it is unique. 

Table B Comparison of commercial computational packages 

This method can be employed to treat most molecules. 
however, for larger, highly flexible species, the confor- 
mational space may be too large for convergence to occur. 
Ab initio MD simulations (Carr Parinello, CPNID), which 
are based on Newtonian dynamics and where the 
interaction potential is handled quantum me~hanical ly ,~ '~ '  
tend to be important for the treatment of large systems. 

MC simulations (as for MD simulations) are often 
more difficult than running single-molecule calculations. 
The input must specify not only the molecular structure 
but also the temperature, pressure, density, boundary 
conditions, time steps, and more. 

Conformational Analysis 

Molecules are not rigid, with the atoms in a molecule 
moving continuously. The conformational space of a 

Programs 
Possible types of 

MM MG MD QM DFT Graphicinterface calculations 

GAUSSIAN + - 

http://208.192.129.32/index.htm 
GAMESS - - 

http://www.msg.ameslab.gov/ 
GAMESS/GAMESS.html 
ADF - - 

http:/lwww.scn~.com/ 
AMBER 6.0 + - 

http://www.amber.ucsf.edu/ 
amber.htm1 
MOPAC 2000 - - 

http:llwww.fqspl.con1.p1/ 
mopac2000/ 
SPARTAN + - 

http:llwww.\vavefun.com/ 
HYPERCFIEM + + 

http://www.hyper.com/ 
MATERIAL EXPLORER + - 

http://www.addlink.es/product/ 
fujitsu/MaterialExplorer.htm 
SUBYL + - 

http://ww\v.tripos.com 
MOMEC 97 + - 

http://www.chemcad.fr/en/produits/ 
chemische/momec.html 
CHEM3D + - 

http://w\vw.camsoft.com/ 

GAUSSVIEW NMR chemical shifts, 
MOLDEN nonlinear optical properties. 
CERIUS transition structures. IRC, 

frequency. etc. 
MOLDEN Transition structures; reaction 

coordinates. vibrational 
frequencies, etc. 

CERIUS Transition structures. IRC. 
frequency, electrollic 
excited states, etc. 

VMD MM studies in solution 

+ Molecular properties 

Transition structures, 
conformational searches. etc. 
Transition structures, 
vibrational frequencies, 
electronic excited states, etc. 
MM studies in solution 

+ Conformational searches, etc. 

HYPERCHEM Inorganic compounds 

Transition structures, dipole 
moments, population analysis, 
polarizability. etc. 
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Fig. 1 (a) Formula. (b) x-ray structure. and (c) calculated conformers of the 1.4.7-trithiacyclononane 9S3 using a systematic search. 
(View this art in color at ~vwi.i'.dekkei-.coili.) 

system can be caiculated using QM or iMiM methods. 
However, because QM calculations are so time consum- 
ing, they are normally not employed for conformational 
analysis of large and flexible molecules. In such cases, 
MM, MD, and MC methods or a syste~natic search of 
conformational space may be more appropriate tools for 
undertaking conformational analysis. In the latter case. 
torsion angles are systematically varied in order to 
generate all possible configurations. The number of 
generated structures depends on the chosen step size and 
the number of rotatable bonds n (with the number 
increasing with the nth power). 

the respective RMS values) of the calculated structures 
from the corresponding crystal stru~ture."~'  It is clearly 
shown that the force field MMFF, the ab initio method 
MP2 [basic set 6-3 1 lG(2d.p)], and the DFT method BP86 
[basic set GGA-IV(TZ+P)] lead to comparable results in 
this case. 

A coilformational analysis using the MM or MD 
techniques allowed the identification of 11 conformers 
with small energy differences separating them (Fig. lc). 
For the structure ca!culation of the corresponding Ag(I) 
and Hg(l1) complexesiG1 with 9S3. only the DFT method 
using the BP functional yielded satisfactory results. 

COMMERCIAL PACKAGES FURTHER CONSIDERATIONS 

Most of the computational techniques so far discussed are 
available as commercial software packages. which differ 
in cost, functionality. efficiency, ease of use, and autorna- 
tion. Some widely used computational chemistry software 
packages and their Internet addresses are listed in Table 1. 

COMPARISON OF SELECTED METHODS 

The relative quality of structure calculations by different 
computational techniques was assessed using the sma!l 
macrocycle 1,4.7-trithiacyclonona~~e 9S3 (Fig. 1a.b)-a 
ligand showing a complexation preference for soft 
transition and post-transition metal ions.i61 @i\en in 
Fig. 2 is a compilation of the deviations (represented by 

Each of the methods discussed has its strengths and 
weaknesses (Table 2). and one needs to be careful when 
selecting (he calculation method in order to ensure the 
validity of the results. Indeed. it seeins as important to 
know the limitations of a method as it is to know its 
capabiiities. Further, it is also ilnportant to be aware of the 
theoretical basis underlying the procedure as well as the 
nature and role of the type of paramete

r

ization used. 
A comlnon problem in many calculations revolves 

around obtaining adequate sampling of the possible 
configurations accessible to a ~nolecular system under 
investigation. Similarly. there are often difficulties asso- 
ciated with correctly evaiuating the potential energies of 
these configurations. For a given system, there usually 
needs to be a comprolnise between the chosen level of 
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RMS 

0.15 

- I I I I - 
MM I semiempirical 1 ab initio DFT 1 

N is thc number of atoms over which thc Root Mean Square is measured; 
x, y and z are the Cartesian coordinates of the calculated and the X-ray structures. 

Fig. 2 Compilation of the dev~atlons of the calculated structures of 9S3 from the corresponding crystal structure using MM, QM, and 
DFT methods. 

computation employed and the available computer ing" structures for computer simulations. In this context, 
resources. In practice, such a consideration may effectively it is noted that the relevance of solid-state structural data 
limit the size of a molecular system that can be investigated to solution behavior is often not straightforward, because 
by a given technique, if the results are to be meaningful. the statistical presence oP conformers and of various host- 

While X-ray diffraction studies of supramolecular guest species (and their associated time-dependent dy- 
systems yield solid-state structures directly, they are namic processes) may then come into play. As already 
frequently of additional utility by providing the "start- mentioned, these features are amenable for investigation 

Table 2 Comparison of methods 

Method Advantage Disadvantage 

MM Modeling of giant molecules (proteins, segments 
of DNA) 

QM-semiempirical Good for predicting molecular geometry and 
energetics, predicting vibrational modes and 
transition structures (but does so less reliably than 
ab initio methods) 

QM-ab initio Very good qualitive results 

DFT Ides, computat~onally lntens~ve than ab 

Many chemical properties not defined (electronic 
excited states) 
Poor results for van der Waals and dispersion 
intermolecular forces (lack of diffuse basic 
functions) 

Expensive (computer CPU time, memory and 
disk space) 
Some classes of problems not yet explored 

initio (similar accuracy), optimal accuracy versus 
CPU time 
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by computational means, even though the situation in 
solution is usually different from that in the gas phase and 
in the solid state. For example. MD or MC simulations 
may be employed to provide statistical representations of 
the solvent shell around a solute. Such studies met with 
various degrees of success: in many cases, they were 
successful in providing insight into explicit solvation 
behavior, as well as in yielding a microscopic view of 
host-guest complexes and their solvation. However, the 
inclusion of solvation (either implicitly or explicitly) 
increases the computational expense, and this, in turn. 
may limit the level of sophistication of the solvation 
model that can be employed. 

SOME CASE STUDIES 

Examples of molecular modeling studies that exemplify 
the use of individual calculation types will now be 
discussed in order to further illustrate the manifold 
applications of such calculations. 

An MD Study 

Although variable temperature line-broadening NMR 
investigations are frequently employed to obtain confor- 
mational and dynamic information for supramolecular 
systems, for a number of reasons. such measurements 
are not always possible. As an alternative, dynamic pro- 
cesses of this type can sometimes be investigated using 

to search calculations. Different ground-state conforma- 
tions for the ligands and their Pt(II) complexes were 
obtained, where the exodentate orientation of the S atoms 
proved to be preferred. Sulfur inversion was observed 
at 500 K for [PtC12(mm-15S203)] and at 373 K for 
[Pt@12(mn-P8S204)]. The localization of the transition 
state proved difficult, because simultaneous changes of 
more than one dihedral angle were involved in the search. 
The semiempirical (PM3) energy barriers were found to 
be about 5 kcallmol (21 kJImol). These calculated low 
barriers are in accordance with the high flexibility of the 
ring systems and with the experimental results. 

An MC Simulation Study 

In order to obtain insight into the conformational 
influences affecting the stronger e a 2 +  selectivity of p-t- 
butylcalix[4]arene-ethyleneoxydiphenylphosphine oxide 
1 relative to p-t-butylcalix[4]arene-methyleneoxydi- 
phenylphosphine oxide 2 (Fig. 3), MC conformational 
searches in conjunction with Merck Molecular Force 
Field calculations were From these studies, 
it appears that the selectivity of B toward ~ a ' +  lies in the 
adoption of a unique eight-fold coordinate complex that 
involves close interaction of all four phenoxy and four 
phosphine oxide oxygen atoms with the e a 2 +  ion. In 
contrast, for 2, the closeness of the phenoxy oxygen 
atoms and the phosphine oxide oxygen atoms appears to 
allow a number of metal ions to form stable eight- 
coordinate complexes. 

computational techniques. An example is given by an 
investigation of the maleonitrile-dithiacrown ether mn- Computational Studies of Host-Guest 
S28,+p ( n = 1 4 )  (Fig. 3) ligands and their interaction Complexation in Solution 
with P~(II)."" Simulations using molecular dynamics of 
processes involving the mn-S20,+l (n= 1-3) ligands and The behavior of a hexaprotonated a~ninocryptand 3 (Fig. 3) 
their Pt(II) complexes were performed at different toward 1: l  halide inclusion in aqueous solution was 
temperatures. and these investigations were also coupled investigated using MD sin~ulations. Structural aspects, 

O\R 

Fig. 3 The host compounds discussed in the text. 
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hydration properties, and status of external halide counter- 
ions were probed in order to gain n~icroscopic insight into 
the host-guest complexes and their  environment^.'^'^ This 
represented the first reported study of spontaneous ion 
binding by a polycyclic ligand. 

The nature of the 1: 1 iilclusion complexes of 3 with the 
fluoride or chloride ion in water were described and 
compared with the X-ray structure of the relevant 
compound. Furthermore, simulations involving the 
uncomplexed ligand and both anions led to the experi- 
mentally observed F- over C l  binding selectivity. which 
was reproduced cluantitatively by free-energy perturba- 
tion (FEP) calc~~lations. '~" The latter provide a thermo- 
dynamic measure of the relative interaction and binding 
free energies in solution, these are, of course. of particular 
interest in supramolecular chemistry, where lnolecular 
association is of paramount importance. 

FUTURE PROSPECTS 

Molecular modeling is an essential tool in supramolecular 
chemistry. A significant number of computational studies 
of macrocyclic compounds continue to be directed toward 
~lnderstanding molecular structural features in the gas 
and liquid phases. These include the geometry. charge 
distribution, lipophilicity pattern. energetics of host-guest 
binding, as well as an assessment of the structure and 
dynamics of individual host-guest complexes. Such data 
are often useful for explaining observed molecular 
recognition behavior. for predicting the structure of a 
flexible receptor in solution, for assessing the binding and 
extraction properties of a given ionophore, as well as for 
understanding the self-assembling properties of monomer 
units. The computational tools used are typically both 
quant~iin mechanical and force field based. 

With the further development of hardware and 
irnproveinents in theory and algorithms, molecular model- 
ing will undoubtedly be employed increasingly as a useful 
tool for solving problems in supramolecular chemistry in a 
rapid and effective way. Clearly. it will increasingly aid in 
the interpretation of experimental results as well as allow 
for the prediction of an extended range of supramolecular 
properties and behavior. 

What is the prognosis for the future of computational 
chemistry? Computing hardware is nowadays stellar. 
Even commonplace computers are capable of handling 
calculations of systems containing thousands of particles 
and simulation times in the range of nanoseconds on a 
single processor. As the power of modern computers 
continues to grow. it is only a matter of time before 
computational techniques are used more routinely for 
problems of interest to supramolecular chemists. Calcula- 

tions that are more accurate and able to handle a wider 
range of cornpounds will be possible. 

ARTICLES OF FURTHER INTEREST 

Calixnretzes: Syrzthesis ntzd Nistoricul Per=cpectives, p. 153 
Crown Ethers, p. 326 
Crjptnnds, p. 334 
Cyclodexfrirzs. p. 398 
Cyclophanes: Erzcloncidic, E~zdobusic, and Endolipophilic 

Ca~>ities. p. 424 
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INTRODUCTION 

Molecular squares, boxes, and cubes featuring transition- 
metal corners are the focus of tremendous activity in 
contemporary synthetic coordination chemistry. Their 
design and study comprise a promising subfield of 
inorganic and organometallic supramolecular chemistry. 
The interest in these objects is partly aesthetic: they are 
beautiful high-symmetry assemblies. The interest is also 
functional: the assemblies contain cavities that are 
capable, in principle, of encapsulating, and then sensing, 
processing, or transporting useful molecules or atomic 
ions-in other words, all the functions associated with 
organic host-guest chemistry. 

Why coordination chemistry? And why discrete mole- 
cules? Actually. metal-free squares and boxes exist, albeit, 
without the ubiquity of the metal-containing systems. 
Notable examples include the various viologen-derived 
cyclophanes or boxes of Stoddart and  coworker^,['^-clear 
antecedents of many molecular squares. What metal ions 
offer are a readily accessible range of angles for ligand- 
metal-ligand subunits (including right angles, which is 
difficult to achieve with carbon chemistry), structural 
predictability based on well-known metal-ion coordination 
motifs (linear. octahedral. square planar, etc.), a range of 
charges, a range of ligand-binding capacities, and, perhaps 
most importantly, a propensity to engage in highly 
efficient directed assembly. Metals, of course, can also 
usefully expand the range of redox, photophysical, and 
catalytic properties displayed by supramolecular assem- 
blies. In principle, squares and other structures can be 
assembled not only as discrete molecules, but also as 
porous two- and three-dimensional arrays or coordination 
polymers. While the array strategy clearly worksr2' a 
common complication is the formation of interpenetrating 
grids that eliminate most of the void volume associated 
with isolated cavities. Preassembly of discrete squares 
and related structures avoids the problem; indeed, to date 
there are no examples of extended catenation. the 
molecular equivalent of grid interpenetration. 

An important idea suggested by the chemistry of 
coordination polymers is higher-order assembly of squares 
and other structures into large void-volurne, high-porosity 

molecular materials. This can be done surprisingly easily 
using van der Waals interactions (which, of course, are 
large for large molecules), although more elaborate and 
controllable strategies are emerging. In any case, the 
notion of porous molecular materials and the stacking of 
cavities to make uniformly sized channels is one that is 
receiving increasing attention as supramolecular coordi- 
nation chemistry evolves from a mainly synthetic effort 
toward one that also strongly focuses on function. 

Finally, the connection to nanotechnology cannot be 
overlooked. The cavity sizes of existing molecular 
squares, boxes, and cubes extend from about 0.4-5 nm, 
as measured along the cavity edges. These, of course, are 
the right dimensions to couple to other nanoscale objects 
or simply to function as building blocks for periodically 
nanostructured thin films or other materials. In these 
contexts, descriptions of functional suparamolecular as- 
semblies as nanoreactors, nanofactories, nanogates; nano- 
templates, and so on, are appropriate. 

MOLECULAR SQUARES 

Some Early Examples 

The first metal-containing molecular squares appeared in 
1983.L'1 They featured hf(C0)4 (M=Cr, W, or Mo) 
corners and P(OCM2)3P ligand edges, 1 (Fig. 1). While 
these compounds are potentially capable of behaving as 
hosts for small molecular guests, interest in squares as 
receptors or hosts really did not take hold until 1990 when 
an ethylenediamine Pd(II) square featuring 4,4'-bipyridyl 
edges, 2, was shown to function as a hydrophobic host for 
organic guests in water as Aqueous solubility 
was engendered by the square's 8+ charge and by the use 
of nitrate as a counterion. Nuclear magnetic resonance 
(NMR) titrations revealed association constants on the 
order of lo2 for planar, electron-rich aromatic species. 
while aliphatic compounds showed little propensity to 
associate. The difference was attributed to the ability of 
the electron-rich, aromatic guests to form charge-transfer 
complexes with the bridging bipyridine ligands of the 
molecular square. Extension of the chemistry to Pt(I1) was 
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1, M = Cr, W, Mo 

2, M = pd2+ 

Fig. 1 Two of the earliest examples of tetrallletallic ~llolecular squares 

followed by the observation that for longer edges. closely 
related square and triangle structures can coexist in 
dynamic equilibrium. The equilibrium is concentration- 
dependent, with entropy favoring triangles, because they 
assemble from fewer  component^.'^^ A related transfor- 
mation, observed with a Pd(1I) square and a pair of 
dimeric Pd(1I) loops in D 2 0  as solvent. is formation of two 
copies of a nonsquare catenated assembly.[71 The driving 
force for catenation is primarily the enhancement of 
dispersion interactions accompanying van der Waals 
contact of pairs of l i gand~ . [~ '  Formation of the catenated 
species should occur most readily in solvents that offer 
comparatively little stabilization via dispersion interactions. 

Another early approach, since generalized to more than 
70 different squares, triangles, prisms, rectangles, and 
dodecahedra, also relies upon Pd(II) and Pt(I1) as corners 
but with chelating diphosphine ligands in place of 
ethylenediamine to provide solubility and enforce subse- 
quent cis coordination.[" The combination of corner units 
with difunctional imine edges leads to octa-cationic 
squares. The variety of ligand edges used ranges from 
porphyrins, luminescent perylene diirnide~,"~)' and redox- 
active ferrocene  derivative^.'^' to chiral linkers, such as 
phosphine-functionalized b i n a p h t h o l ~ . ~ ~ ]  With chiral 
squares, one c o ~ ~ l d  easily envision applications such as 
enantioselective catalysis, separation, or sensing. Indeed, 
several examples of moderately enantioselective sensing 
with a chiral-ligand-containing square were reported." 'I  

Elaboration of squares via functionalization of the phos- 
phine ligands is also possible. In one instance. squares 
featuring pendent crown ethers were prepared.'91 

What about neutral squares? By using acetylides or 
phenylides as edges. and forming metal(I1)-carbon lin- 
kages, squares lacking net charges can be formed."21 
Other routes to neutral squares are described below. 

Assembly Principles 

Why has the square rnotif proven so popular in supramo- 
lecular coordination chemistry? First. with the right set of 
ancillary ligands. octahedral and square planar coordina- 
tion geometries provide pairs of ligation sites oriented at 
90" with respect to each other. Second, square for~nation 
is typically accomplished with high efficiency, usually in 
a one-pot reaction. The one-pot forination process is often 
termed "self asseinbiy," although a more accurate term 
might be "directed assembly." which is the combination 
of cis coordination sites and edge-ligand rigidity. provid- 
ing the necessary initial directions or instructions. 

There is more to the process. however. In nearly every 
case. the square represents a thermodynamic rather than 
kinetic product. The reasons are several. The open ligation 
sites that characterize dimeric. trimeric, and noncyclic 
oligomeric species are temporarily filled by weakly 
coordinated solvent molecules; this, in turn. tends to keep 
these intermediates in solution. In addition. coordinate- 
covalent bonds tend to be labile, at least at elevated 
temperatures. Mistakes in the assembly process can be 
corrected, and assembly can continue ~mti l  formation of 
the desired square molecule is complete (Fig. 2).'"' If the 
completed tetrainetallic cycles are less soluble than open 
oligorners (often the case), precipitation of the cycles can 
pull the reaction toward completion. Also favoring 
reaction completion (i.e., high yields) is the enthalpy 
released upon replacement of a weak metal-solvent bond 
with a somewhat stronger metal-ligand (edge) bond. For 
several reasons, therefore, the choice of solvent is 
important in square synthesis. 

Ignoring occasional complications due to triangle 
formation, the directed assembly approach works well 
with rigid dif~l~lctional ligands. What about flexible 
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M = square planar or 
octahedral metal A 

X = lab~le counter Ion 
'M-LL-M- 

S = coord~natlng solvent S 
LL LL - A LL LL 

molecule 

LL = b~dentate llgand 

Fig. 2 Proposed mechanism of molecular square formation 

ligands? If the ligands are long. the standard assembly 
approach tends to yield cyclic dimers instead of squares. 
consistent with simple entropy considerations. While no 
examples were reported, presumably, in some cases, 
te~nplating methods could be used to generate flexible- 
walled squares. 

Other Structural Motlfs 

Squares can also be obtained by linearly coordinating bent 
(right-angle-containing) difunctional ligands. A metal ion 

then occupies the center of each edge, and the bent ligands 
comprise the corners. One example is trans coordination 
of Pt(I1) by 5,lO-pyridyl-porphyrins, 3 (Fig. 3).[14' Nota- 
bly, construction of the square in this way configures the 
four porphyrin ligands in a coplanar fashion. The al- 
ternative assembly featuring linear ligand edges (5.15- 
pyridyl porphyrin species) and cis-coordinated metal ions 
as corners configures alternating pairs of porphyrins in 
a nominally cofacial arrangement. 4.[91 The two mo- 
tifs obviously suggest different applications and dif- 
ferent ways of assembling inultisquare structures. 

& / \ / N\ /N - N p p t  pEt, - 1 " '" 
- - N ' ' ' PEt, ' ' bEt, - - N 

/x\ \ / 

\ \ \  \ ' \  \ 

3, X = H,, Zn 

Fig. 3 Two examples of porphyrinic molecular squares. In 3. the cis orientation of pyridyl groups, combined with the tmns binding of 
the Pt metal units, leads to a coplanar orientation for the four porphyrins. The trans configuration of dipyridyl porphyrins in 4 leads to a 
nominally cofacial arrangement of opposing pairs of porphyrins. For the particular example shown, however, steric demands force the 
porphyrins to fold in to yield an almost flat structure. 
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Another alternative square motif is based on carbox- 
ylate coordination of triply and quadruply bonded dime- 
tallic corner units."51 The coordination geometry requires 
the metal-metal bond axis to be oriented normal to the 
plane of the square or, in some cases, triangle. An 
interesting consequence is that monodentate ligand coor- 
dination sites at the ends of the dimetallic units can often 
be accessed, permitting squares to be linked "\~ertically" 
in extended structures. Examples of squares based on 
~ o $ + ,  IS?", and Rh2" were reported. In solution, sev- 
eral show multistep metal redox reactivity that is revers- 
ible on an electrochemical time scale. Unfortunately, on a 
longer time scale. the ease of oxidation together with 
further chemical reactions renders some of the squares 
structurally unstable in air or in oxygen-containing 
solutions. 

A third alternative simply uses ferrocenes as walls in 
cyclophane-like The ferrocenyl units typi- 
cally are linked via flexible hydrocarbon chains appended 
to cyclopentadiene ligands. In other words, covalent 
carbon-carbon bonds rather than coordinate-covalent 
metal-nitrogen, -carbon, -oxygen, or -phosphorous bonds 
are used. 

Porous Molecular Soilds 

Remarkably, almost all ~nolecular squares crystallize 
as one-dimensional channel-containing materials, with 
square cavities defining the channel width. For smaller 
squares, microcrystallinity typically persists when the 
squares are cast as thin films. For larger squares, such as 
porphyrin squares, thin films are more typically amor- 
phous. Films of both kinds, however, can display good 
microporosity. Obviously, facilitating porosity for neutral 
squares is the absence of potentially channel-blocking 
counterions. Many charged squares, however, also feature 
open channels with counterions positioned above and 
below metal corners rather than within cavities. (An in- 
teresting idea yet to be examined is that the cavity fields 
generated by the spatially separated charges may engender 
catalytic activity in a fashion reminiscent of many 
reactions in zeolites.) 

An important characteristic of molecular materials 
based on squares is their ability to withstand solvent 
removal without cavity collapse or loss of porosity. The 
stability reflects the strength of coordinate-covalent bonds. 
These bonds are often four to 10 times stronger than typical 
hydrogen bonds. 

Explored in most detail with respect to porosity were 
molecular materials based on neutral tetrarhenium squares 
{[Re(CO)3C1(p-diimine)]4 species) as described further 
below. One step beyond strictly molecular materials are 
ones composed of covalently or coordinatively linked 
square units. Interesting examples here are the dimetallic- 

cornered squares mentioned above, although their behav- 
ior as porous materials has yet to be explored. Another 
approach involves liquid-liquid interface polymerization. 
Acid-chloride functionalized linkers (short alkane chains) 
in one phase react with hydroxyl-functionalized porphyrin 
squares in another phase to generate high-porosity thin- 
film polymers.r'71 Film growth is self-limiting (a few 
microns), and the density of pinhole defects that fully 
penetrate the films is low. A third approach uses phos- 
phonate-functionalized porphyrin squares and makes use 
of the enormous affinity of Zr(1V) for phosphonates. 
Layer-by-layer porous film assembly can be done on glass, 
conductive glass, or ceramic platforms. The approach pro- 
vides exceptional control over film thickness and yields 
films with channels strongly preferentially oriented in the 
direction normal to the platform.L181 

Functional Squares 

Thin films of tetrarhenium squares {[Re(C0)3Cl(p-dii- 
mine)14 species} can function as molecular sieves, in 
the form of coatings on macroporous membrane supports 
or as overlayers on electrode surfaces. Sieving can be 
followed by spectrally observing the passage of dye 
molecules, via the coated membrane, from a reservoir 
solution to a receiving solution or by monitoring the 
electrochemical cunent produced by passage of a redox- 
active probe molecule through a porous square coating."91 
Sharp size cutoffs for probe molecules are observed, with 
the cutoffs corresponding to the sizes of cavities for iso- 
lated squares. Quantitative studies with films as thin as 20 
nm show that molecular flux scales inversely with film 
thickness. demonstrating that rates of transport in these 
cases are limited by film-based diffusion rather than 
solution-to-film partitioning. For small- and medium- 
sized squares, known to form microcrystalline films, the 
observed molecular transport rates exceed by 20- to 50- 
fold rates of transport through related amorphous metal- 
lopoly~ners featuring similar size cutoffs. These observa- 
tions point to the importance of the one-dimensional 
channels created by alignment of squares and their 
cavities. Films of larger squares featuring metallopor- 
phyrin walls are amenable to cavity functionalization via 
axial ligation of porphyrin-embedded metal ions. Exten- 
sions of this kind readily permit size cutoffs for film 
sieving to be rationally altered. In principle, chemical 
selectivity could also be engendered in this way. 

Facilitated transport of sodium tosylate across a 
chloroform solution separating two aqueous phases was 
demonstrated. The carrier was a Pt(I1)-bipyridine square 
featuring calixarene receptors as corner appendages.f91 

Advantage was taken of the luminescence of small- and 
medium-sized rhenium squares to accomplish chemical 
sensing: anions in ~ o l u t i o n ~ " ~  and volatile aromatic 
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Fig. 4 Two examples of inolecular squares designed for enhanced host-guest binding interactions. Structure 5 is able to bind Ag+ ions 
between adjacent alkyne ligands via a n-tweezer effect. The corner receptor groups in 6 allow for enhanced binding of various amides 
through hydrogen-bonding contacts. 

compounds in the vapor Quartz crystal mi- 
crogravimetry and modulated visible-light diffraction 
schemes were also used to report on selective uptake of 
analytes by porous molecular square films.1221 By expand- 
ing the number of potential host sites available, porous thin 
films of squares offer sensitivity advantages over simple 
monolayers of host compounds. Nevertheless, squares are 
usually of limited effectiveness in sensing schemes. Few, 
if any, candidate guest molecules (analytes) are square 
shaped, ruling out efficient sensing based on shape com- 
plementarity, and simple squares lack the requisite func- 
tionalities to bind analytes in a highly cheinically selective 
fashion. (The exainples described above depend on com- 
paratively weak and nonspecific electrostatic, donorlac- 
ceptor, and dispersion interactions.) 

Interesting exceptions are Pt-acetylide-based squares 
such as 5, that bind Ag' strongly based on specific 
interactions with pairs of ethynyl groups (Fig. 4).[93231 
Another involves a square featuring Os04 units as two 
diagonal comers and pyridine-2,6-dicarboxamides as the 
other corners (6). This assembly selectively binds appro- 
priately sized ainides via multiple hydrogen-bonding 
 interaction^.^"' 

A potentially more general solution is to decorate the 
interiors of large molecular squares with receptor ligands, 
for example. by anchoring them to metal ions embedded 
in porphyrins (Fig. 5). More than 100 cavity-modified 
squares were described. Nevertheless, only a handful were 
exploited for selective chemical sensing (e.g.. iodine 
sensing with tethered thiols, alkali metal ion sensing with 
cavity-confined crown ethers, and zinc ion sensing with a 
cavity-confined poly amine ligand).L'51 

Encapsuiation of metalloporphprin-based epoxidation 
catalysts by a polphyrin square was described.r261 By 

largely preventing the catalysts from destructively en- 
countering other catalyst molecules, the square substan- 
tially extends catalyst lifetimes. At the same time, it 
creates a spatially restricted reaction environment that 
translates into substrate size selectivity in the epoxidation 
reaction. In one case, a dipyridylporphyrin catalyst was 
encapsulated within a Zn(I1)-containing square. leaving 
two of the four porphyrinic zinc sites available for further 
ligation. By binding sterically demanding ligands to these 
sites, the substrate size selectivity was shown to be tun- 
able. The degree of selectivity engendered in this way, 
however, is limited, because the putative cavity-modify- 
ing ligands are apparently sometimes bound to the 
square exterior. 

MOLECULAR BOXES AND CUBES 

In contrast to the vast assortment of molecular squares 
now in existellce; relatively few examples of molecular 
boxes or cubes were synthesized, unless one views 
squares having tall edges (for example, porphyrinic 
squares) as open-ended flexible boxes. As defined here; 
molecular boxes are right-angle-containing complexes, 
where the metal coordinatio~l units are arranged in three 
dimensions. instead of two. 

A ruthenium-based molecular cube was described.'271 
Comprising its corners are { ( [ 9 ] a n e ~ ~ ) ~ u } ~ +  ([9]aneS3 = 

l,4,7-trithionane) units, Iinked by 4,4'-bipyridine edges. 
The assembly was obtained by reaction of stoichometric 
amounts of ( ( [ 9 ] a n e ~ ~ ) ~ u } ~ +  and 4.4'-bpy (8:12) in a 
noncoordinating solvent for 4 weeks. Key to the cube 
synthesis is the sulfurcontaining macrocycle. By occu- 
pying three coordination sites in a facial fashion, it 
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NW = Tunable unit which alters 
binding pocket properties 

= Secondary guest within the 
modified cavity 

Fig. 5 Polphyrin square functionalization for selective guest binding. (Vieit, this a r t  in color (it ~~u.~~ ' .dekker .coin . )  

leaves open three additional sites (also facially arranged) 
for ligation of the cube's rigid edges. A crystal structure 
of a cube fragment. { ([9]ane~~)(4,4'-bpy)fi)~+. clearly 
illustrates the anticipated mutually perpendicular ar- 
rangement of the three bpy ligands. Although an x-ray 
crystal structure of the cube was not reported. 'H-NMR 
of the sainple reveals two sets of 4,4'-bpy resonances. 
consistent with the formation of the highly symmetrical 
product. 

Two types of molecular boxes featuring (ethylenedi- 
amine)Pd(II) corners and polypyridyl linkers were de- 
~cribed.['~.~'] One uses roughly rectangular tetrapyridy! 
ligands as walls for an open-ended cube. (7) Multiple 
isomers were obtained. and one is shown in Fig. 6. By 
carrying out the synthesis in the presence of an appropri- 
ate guest molecule, the isomer distribution can be 

Fig. 6 One of three isomeric boxes that can be obta~ned from 
the cornbination of 3.3 .5.5'-tetrak1s(3-pyr1dyl)blphen>l and 
(en)Pd(NO,), 

controlled; as can an equilibrium between competing 
prisin and cube assemblies. The second type comprises 
a family of elongated boxes. The wails here consist of 
3,5-linked terpyridine, tetrapyridine. and pentapyridine 
ligands with 6, 8, or 10 (en)Pd(lI) units serving as 
connectors a!ong the box seams. Remarkably. box 
formation is efficiently te~nplated by rod-like guest 
molecules. In the absence of templates. either no 
supramolecular complex formation is seen, or a range of 
complexes (trimers, tetramers. and pentamers) are present. 
presumably in dynamic equilibrium. These observatio~ls 
clearly point toward the idea of employing dynamic 
combinatorial libraries to generate optimal supramolecu- 
lar inorganic hosts for specific molecular guests. In 
addition to x-ray crystallography and solution-phase NMR 
spectroscopy. cold-spray ionization mass spectroscopy 
was shown to be usef~il for identifying reaction products. 
including therrnodynarnically unstable products in these 
initial synthesis studies. 

A series of mixed-metal ~nolecclar cubes, based on the 
coordination chemistry of Prussian blue and other poly- 
meric cyanometalates. was described. The cubes f e a t ~ ~ r e  
Rh and either Co or Mo on alternating corners, with edges 
consisting of bridging GN groups.[3o' The cubes are 
formed by the binary combination of moiecular squares, 
subsequent to removal of axially bound chloride ligands. 
The intermediate molecular squares species are formed by 
the reaction of [Cp*M(CW)3]p(Cp'F = pentamethyl cyclo- 
pentadienyl. M = Wh, Co) with either {[(R)MCl2I2] ( R  = 
Cp*:, CloH14: M = Rh. Ru) or ( F ~ ~ - c ~ M ~ M ~ ~ ) M ~ ( c o ) ~ .  
The Cp::: ligailds serve to block three of the six octahedral 
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sites, thereby precluding polymer formation. Recently, 
however, the controlled formation of a double cube (one 
shared corner) was described.["'] 

An interesting property of cyanide-bridged molecular 
cubes is their ability to bind alkali metals (especially K+ 
and Cs+) selectively within the cube interior.[301 
Crystallographic analysis of a Rh-Mo molecular cube 
indicates bond formation between the cationic guest and 
the cube's CN edges. When K+ is encapsulated, the ion is 
distributed over two equivalent positions, both slightly 
displaced from the cube center. Encapsulated cesium ions, 
on the other hand, occupy a central position. The locational 
differences reflect differences in ionic radii: 2.02 and 
1.78 A for Cs+ and M+, respectively, with coordination 
numbers of 12 for each. The structural differences trans- 
late into a nearly 4000-fold preference for uptake of Cs+ 
versus K' from salt solutions, where the difference was 
evaluated competitively via "'cs-NMR measurements. 

CONCLUSION 

Inorganic supramolecular chemistry yielded an enor- 
mous number of discrete assemblies having square or 
box-like structures and ranging in size from several 
angstroms to several nanometers. Many of these com- 
pounds feature accessible, well-defined voids, rendering 
them useful, or at least viable, for several applications, 
including ones involving host-guest chemistry, meso- 
porous materials, or catalysis. Substantial possibilities 
for expansion upon applications in selective chemical 
catalysis, in particular, appear to exist. Applications yet 
to be fully realized include transport functions in which 
assemblies serve as artificial pores for natural or bio- 
mimetic membranes, as electron or energy transfer for 
solar energy conversion, and service as components of 
molecular electronic devices. Also yet to be exploited is 
the use of channels for templated growth of polymeric 
or other materials. If the square or cube templates were 
retained after polymer growth: new classes of nano- 
composites, potentially having exceptional or even 
unique materials properties, might be obtained. Obvi- 
ously, further advances in molecular and higher-order 
assembly chemistry will facilitate these developments 
and likely stimulate others. 
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INTRODUCTION 

In nature. control and regulation of enzymes in biological 
pathways are of fundamental importance.'" The switch- 
ing "on" and "off" of processes is principally carried 
out by the binding of ions or molecules, which. in turn. 
influences the conformation of the enzyme and its activity 
and materials properties. These types of enzymes can 
therefore be viewed as nanosized switches, e.g., their 
activities can be turned on or off under the influence of 
external chemical or physical stimuli. These so-called 
"allosteric"  interaction^"^ play a key role in life and 
inspired many chemists to mimic these systems using 
simpler building blocks.'" The innovative designs and 
creative thinking of numerous scientists led to artificial 
molecular switches that do not serve only a role as 
biomimetic models but are of interest in their own right 
and. in some cases: are on the verge of being used in 
device a p p l i c a t i ~ n s . ~  Moreover. with the arrival of 
nanotechnology, there is even more interest in the design, 
synthesis, and characterization of artificial molecular ma- 
ch ine~ . [~ '  This interest can contribute greatly to the 
bottom-up approach in nanoscience. Molecular switches 
comprise an interesting class of artificial molecular 
machines and can be defined as molecules that can be 
switched between two or more different states. In this 
article, several examples of such switches will be 
presented; ranging from relatively simple molecular 
switches to more co~nplex (macromolecular) switches 
based on DNA. It is impossible to give a thorough 
overview of all the molecular switches described in the 
literature. Consequently, we chose to highlight only a few 
exciting examples. 

A SIMPLE PHOTOWEDOX 
MOLECULAR SWITCH 

A simple but illustrative example of a molecular switch is 
shown in Fig. l a  and was developed by Lehn and 
 coworker^.'^' It consists of a qrrinone/hydroquinone 

moiety covalently attached to a luminescent ~ u ( b ~ y ) ~ +  
core (bpy = 2,2'-bipyridine). 

The luminescence of the excited metal complex B is 
quenched by the lower-energy quinone moiety. Once the 
quinone is electrochemically reduced to hydroquinone, 
the luminescence is restored. because the hydroquinone 
is unable to quench the luminescence of the excited 
metal complex. In turn, the hydroquinone can be switched 
back by oxidation to the quinone, and quenching of the 
luminescence is restored. The electrochemical intercon- 
version of both species was shown to be fully reversible, 
and both the oxidized and reduced forms are isolable and 
stable. In the simplest form, this system can be regarded 
as a bistable (onloff) electrophotoswitch. 

SWITCHES BASED ON PHOTOCHEMICAL 
CIS- TRANS 1SOMERBZATION 

An important example of a molecular switch in nature is 
the cis- tmns isomerization of retinal in the retina."' This 
isomerization is the primary event in the process of 
vision, in which, through a cascade of enzymatic 
reactions, the light signal is eventually converted to 
generate a nerve signal. A considerable part of the 
molecular switches described in the literature rely on the 
photoinduced cis-tmrzs isomerization of olefinic bonds 
and azobenzenes. One example of the use of azobenzenes 
as switches is in the switching of the alignment mode of a 
nematic liquid-crystalline (LC) phase.[71 The switching is 
achieved by attaching functionalized azobenzenes to 
quartz surfaces. These surfaces were then used to 
construct nematic LC cells. Irradiation of the azobenzenes 
with visible light results in a trans configuration of the 
azobenzenes and an alignment of the LC molecules 
perpendicular to the surface. Irradiation with UV light 
results in trans-cis isomerization of the azobenzenes, and 
concomittantly, the LC molecules are aligned parallel to 
the surface. An elegant example of a molecular system 
based on cis-tr*ans isomerization was reported by Inoue 
and coworkers, who used the photochemical cis- tmns 
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Fig. 1 (a) A photoredox molecular switch. (b) A photoswitchable catalyst. Reprinted with permission from Ref. [a]. Copyright 1999 by 
American Chemical Society. 

isomerization to switch a catalyst on and off (Fig. lb)  and 
chemically fixate CO, .~~ '  It is known that under the 
influence of methoxyaluminum tetraphenylporphyrin 2, 
carbon dioxide and an epoxide can be coupled and 
converted to a five-membered cyclic carbonate. However, 
coordination of a nitrogen-containing base to the 
alumi~lum center is necessary to achieve high catalytic 
activity. By using 3',5'-di-tert-butyl-2-stilbazole as the 
base in this system. the catalyst could be switched on and 
off by irradiation at an appropriate wavelength. Upon 
irradiation with UV light, the stilbazole exists predomi- 
nantly in its cis form; and the catalyst exhibits high 
activity. By irradiation of the system with visible light, the 
stilbazole moiety isomerizes to its truns form, blocking 
the coordination of the nitrogen to the metal center due to 
unfavorable steric interaction between the tert-butyl 
groups and the porphyrin, and the catalyst loses its 

MOLECULAR SWITCHES BASED 
ON DkARYLETHENES 

Diarylethenes emerged recently as versatile building 
blocks for several types of ~nolecular switches. The 
switching mechanism of these compounds is based on a 
photocyclization with UV light of the colorless, open 
form 3, resulting in a colored, conjugated species 4. This 

Vis 

activity and is in its off slate. Fig. 2 Switching of diarylethenes with light 
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Fig. 3 Reversible surface morphology change of crystals of 
5 upon irradiation with light. Reprinted with permission from 
Ref. [ I  I ] .  Copyright 2000 by American Association for 
the Advancement of Science. (Vielr this art in color. at ww~t.. 
dekker.com.) 

process can be reversed by a visible-light-induced cyclo- 
reversion (Fig. 2). The diarylethenes based on the per- 
fluoro-cyclopentenebisthien-3-yl framework were found 
to be ideal due to their excellent thermal and chemical 
stabilities (Fig. 2). 

Irie and coworkers utilized this aryl framework in a 
wide variety of molecular switches, ranging from photo- 
electroche~nical switches to liquid-crystalline switches.r9' 
One outstanding example is the reversible switching of 
surface morphology in single crystals of 5 ( R I  = Ph, 
R2 = ~ e ) " ~ . ' "  (Fig. 3). 

It was shown that the surface morphology of these 
crystals can be altered by irradiation at an appropriate 
wavelength. Upon irradiation with UV light, the colorless 
crystals turned blue, and 1 nm steps appeared on the 
surface. Upon irradiation with visible light, the crystals 
decolored. and a flat surface was obtained. It was shown 
that these crystal are structurally resistant. because the 
crystal integrity remained intact through thousands of 
irradiation cycles. The surface morphological changes are 

related to the molecular structural changes of 5, which are 
regularly packed in the single crystal. These small atomic 
molecular changes are amplified by the crystal packing. 
This exciting result demonstrates the potential for this as a 
photodriven nanometer-size actuator. 

MORE COMPLEX SWITCHES: 
OVERCROWDEDALKENESAND 
UNIDIRECTIONAL RO"FORS 

The group of Feringa developed the concept of over- 
crowded alkenes as potential molecular switches.'12' 
These alkenes adopt a helical conformation due to steric 
interactions between the bulky groups attached at either 
end of the double bond. This approach was used in several 
examples of molecular switches. Compound 6 exists as 
two equal enantiomers. This racemic mixture can be en- 
riched in P or M enantiomers, by irradiation at 313 nm 
with either left or right circular polarized light (1- or r- 
CPL) (Fig. 4a).'"' This chiral bias can be removed by 
irradiation with linear polarized light (LPL), which results 
in a racemic mixture. Doping of 4'-(pentyloxyf-44%- 
phenylcarbonitril with 20 wt% of racemic 6 resulted in a 
stable nematic liquid-crystalline phase. If a thin film of 
this LC material was irradiated at 313 nm; with 1-CPL for 
90 min, a chiral cholesteric LC phase was obtained. 
Irradiation of the nematic phase with r-CPL resulted 
again in the formation of a cholesteric phase but now with 
the opposite screw sense. Both cholesteric phases could 
be switched back to the nonchiral nematic phase by 
irradiation with LPL at 313 nm (Fig. 4b): because then 
racemization of the dopant occurs. It is now possible to 

r-CPL 
A 
L 

I-CPL r 3 5 O n m  - 
.am nrn 

excess P-6 

(P. P)-cry-7 
h c 

Fig. 4 (a) Photochemical switching between P-6 and M-6. (b) Photochemical switching between three different LC phases. (c) Light- 
driven molecular rotor. Reprinted with permission fro111 Ref. [12]. Copyright 2000 by American Chemical Society. 
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switch between three different LC phases by irradiation 
with EPL or CPL. 

Another application of the overcrowded alkene fraine- 
work is in a light-driven unidirectional molecular rotor, 
also described by Feringa and  coworker^.'"^ It was 
demonstrated that at 5 5 " C ,  compound (P,P)-trans-7, 
with two helical substituents attached to the olefinic bond, 
could be converted to a mixture of (P,P)-tl-nns-7 and 
(M,M)-cis-7 in a 5:95 ratio by irradiation at 1, > 280 nm. 
The process can be reversed by irradiation at h > 380 nm. 
Helix inversion of the less-stable (M,M)-cis-7 to (P,P)- 
cis-7 occurred isreversibly at 20°C. Irradiation of (P,P)- 
cis-7 at 1, > 280 nm resulted in a mixture of (P,P)-cis-7 
and (M;M)-trans-7 in a 10:90 ratio: which also can be 
reversed by irradiation at 1, > 380 nm. Helical (M.M)- 
tl-nizs-7 could be thermally inversed back to (P,P)-trans-7 
(Fig. 4c) at 60°C. By using circular dichroism (CD) 
spectroscopy. the unidirectionality of the rotor was 
established. Every step of the rotary motion could be 
identified spectroscopically. and full cycles of the rotary 
motion can be followed at 217 nm. The unidirectionality 
of this rotor arises from the thermal interconversioll of the 
less-stable forms. with equatorial Me substituents. to the 
more stable forms, with axial Me substituents. Compound 
7 can rotate a full 360" unidirectional rotation in two 
photochemical steps and two thermal steps. This unique 
rotor can be regarded as an optical switch with four 
distinct states. Switching between these states depends 
on the wavelength of the light and the temperature used. 
A chemically driven unidirectional rotor was described 
by Kelly and coworkers (Fig. 5).[15.161 The operating 
mechanism of this rotor consists of several stepwise 
chemical modifications on triptycyl[4]helicene 8. Reac- 

tion of 8 with carbamoq!lchloride resulted in isocyanate 9. 
which rotates to give urethane 10. This relatively high- 
energy conformation rotates further to give 11. Cleavage 
of the urethane bond results in Compound 12, com- 
pleting a 120" rotation. To achieve a full 360" rotation, 
each of the blades of the triptycene needs to be f~inc- 
tionalized with amino groups and by repeated reaction, 
rotation. and cleavage. a chelnicaiiy driven rotor can 
be obtained. 

MOLECULAR SWITCHES BASED ON 
ROTAXANESAMDCAPENANES 

Rotaxanes are systems in which one or more macrocyclic 
molecules encircle a linear molecule that is terminated at 
both ends with bulky substituents, preventing the macro- 
cycles from sliding off the thread. With the expansion of 
the field of supra~nolecular chemistry, several interesting 
rotaxanes systems were assembled, making use of 
different kinds of ternplating effects, e.g., noncovalent 
interactions and metal ~oordination."'~ Members of the 
Stoddart group were the first to demonstrate that rotaxanes 
can be switched between two different states. cheniically 
(acidlbase controlled) or electrochemically. One example 
is benzocrowil etherlbipyridinium 121-rotaxane 13 that can 
be switched chemicaliy and electrochemically (Fig. 6)."*' 
It consists of a n-electron-accepting tetracationic cyclo- 
phane as the macrocycle that encircles a dumbbeli-shaped 
component that contains two diffe

r

ent n-donating sites, 
a benzidine. and a biphenol unit. The cyclophane unit 
can bind to the benzidine and the biphenol unit on the 
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Fig. 5 A chemically driven unidirectional rotor. Reprinted with permission frorn Ref. [16]. Copyright 2000 by American Chern- 
ical Society. 



Fig. 6 (a) Electrochemical and chemical switching in a molecular shuttle. Reprinted wit11 permission from Ref. [17]. Copyright 1998 
by American Chemical Society. (b) Electrochemical switching in a [2]-catenane. Reprinted with permission from Ref. [22]. Copyright 
1997 by American Chemical Society. 

dumbbell because of attractive rc-.rc interactions and 
[CH-01 hydrogen bonds between the 3-bipyridinium 
hydrogen atoms and the poiyether oxygen atoms. 

At room temperature, the cyclophane was shown to 
shuttle between the benzidine and the biphenol unit. At 
229 K, an equilibrium was established in which 84% of 
the cyclophane encircles the benzidine unit, because the 
cyclophane has a higher binding affinity for the benzidine 
group than for the biphenol group. Upon protonation of 
the nitrogen atoins of the benzidine group, the cyclophane 
shuttles away from the protonated benzidine groups, due 
to electrostatic repulsion of the protonated nitrogens and 
the tetracationic cyclophane. Only binding to the biphenoi 
unit is observed. The addition of base resulted in re- 

establishment of the aforementioned equilibrium. The 
same results can be obtained by electrochemical oxidation 
of the benzidine unit to its radical cation. Again because 
of electrostatic repulsion, the cyclophane reside5 at the 
biphenol unit. Electrochemical reduction regenerates the 
neutral dumbbell. and preferentially, binding to the ben- 
zidine group is observed. More recent derivatives, e.g.. a 
bistable pseudorotaxane incorporating a tetrathiafulvalene 
(TTF) unit and a naphtalene unit in the dumbbell part. 
were incorporated in material  device^."^.^^' 

Catenanes are molecules similar to rotaxanes in that 
they consist of interlocked components. Instead of using 
linear molecules that are encircled by macrocyclic com- 
pounds, circular molecules can also be used, resulting in 
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interlocked macrocycles. The group of Sauvage developed 
a template-directed strategy based on metal coordination 
for the synthesis of switchablc clectrochcmical cate- 
n a n c ~ . ~ ~ "  An example is the switchable copper-catenate 
14, i.e., a copper complex with an organic 121catenane 
hackbonc (Fig. 6).'221 The organic [2]catenane backbone 
consists or one macrocycle containing a bidentate phenan- 
troline unit interlocked with another macrocyclc that con- 
tains a bidentate phenantroline and a terdentate terpyridine 
unit. The switching mechanism depends on the prererred 
coordination numbcr accompanying the mono- or diva- 
lency of copper. Monovalent copper prefers to be 4- 
coordinate, while divalent copper prefers to be 5-coordi- 
nate. In the red-brown catenate 14, a tetrahedral coordina- 
tion guometry is obtained by the coordination of the two 
bidentate phenanthroline units to the monovalent Cu center. 
Oxidation to the divalent species leads to a metastable 
complcx that rearranges to the give the stable, deep green 5- 
coordinate coppcr(I1) complex, coordinated by one biden- 
tate phenantroline  ini it and one tcrdcntate terpyridine unit. 
Reduction of this 5-coordinate species results in a 
metastable complex that rearranges back to catenate 14. 
The first step in the cycle can also be initiated by photo- 
chemical oxidation with p-nitrobenzylbromide. Unfortu- 

nately, the reduction step could not be initiated with light, 
because the 5-coordinated species is not photosensitive. 

MACROMOLECULAR SWITCHES 

Switches based on polymer arrays are of great general 
interest, becausc polymers often already exhibit interest- 
ing application-directed macroscopic properties. Thcsc 
properties could, in principle, be switched on or off, if 
switchable polymers could be utilized. One interesting 
example of such an approach is based on the chiroptical 
switching of polyisocyanates. Polyisocyanates are helical 
macromolecuIes in which an enantiomeric excess of a 
certain helical conformation (P  or M )  can be obtained by 
incorporating small amounts of chiral isocyanates during 
the polymerization of achiral isocyanate monomers. This 
so-called "sergeants and soldiers" effect, which is basi- 
cally an amplification of chirality, was first reported by 
Green and  coworker^.'^" And, this principle was used by 
the group of Zentel in the preparation of chiral photo- 
switchable polyisocyanates 15 (Fig. 7a). 

The incorporation of chiral azobenzenes, containing 
two chiral centers, in the backbone of a polyisocyanate 

Fig. 7 (a) Chiral photoswitchable polyisocyanates. (b) DNA-based switch by Seeman. Reprinted with permission from Ref. [281. 
Copyright 1999 by Macrnillan Magazines Limited. (c) DNA-based switch by Yurke. 
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resulted in amplification of chirality, and a preference 
in the polyisocyanates for an M-helix was observed.[241 
Irradiation of the azobenzene moieties at 365 nm resulted 
in a trun.r-cis isomerization of the azobenzene with a con- 
comittant isomerization. The helical twist sense of the 
rnacromolecules was inversed, and a preference for the 
P-helical conformation was obtained. Further studies re- 
vealed that an increase of chiral azobenzenes in the polymer 
backbone resulted in an even higher stere~selectivity."~~ 
The incorporation of other azobenzenes, with only one 
chiral center, resulted in a change in the occupation of 
helical segments within one polymer but left the preferred 
helical twist sense of the overall polymer unchanged.L261 

Not only have synthetic polymers been used as a 
scaffold for macromolecular switches, but also nature's 
polymers, e.g., polypeptides and DNA, have also been 
used as a basis for macromolecular switches. Seeman 
et al. pioneered the use of DNA as a building block for a 
variety of topological objects, e.g., cubes and truncated 
octahedron and DNA arrays."71 Because the DNA used is 
flexible; they developed the use of the DNA double- 
crossover (DX) system. This DX-DNA is much stiffer 
than normal DNA and was shown to be an ideal building 
block for a DNA-based molecular switch."81 Switch 16 
consists of two DX molecules connected to each other by 
4.5 turns of DNA. At the free ends of the DX molecules, 
two dye molecules (a donor and an acceptor) are attached 
(Fig. 7b). The actual switching of the DNA-based switch 
relies on the B-Z transition of DNA, which can be 
regulated by adjusting the solution conditions favoring 
either B or Z forms of DNA. Under conditions that favor 
right-handed B-DNA, the two dye molecules are on the 
same side of the central helix. If conditions are used that 
favor left-handed Z-DNA, the dye molecules lie on op- 
posite sides of the central helix. The fluorescence res- 
onance energy transfer between the two dye molecules 
was monitored, and by observing the donor and acceptor 
energy transfers it could be shown that upon switching 
between conditions that favor B- or Z-DNA, energy 
transfer between the dyes was less in Z-DNA than in B- 
DNA. This can be explained by the fact that in Z-form 
DNA, the dyes are further apart, and electron transfer is 
less efficient. 

An alternative DNA-based molecular switch 17, 
developed by Yurke and coworkers.~""lonsists of three 
strands of DNA (A, B, and G), and it has the form of a pair 
of tweezers. As shown in Fig. 7c, the DNA-based switch 
can be switched between an open fonn and a closed 
form. Adding an additional DNA strand F results in a 
hybridization of F with the dangling ends of strands B and 
6. This results in a closed form, with a dangling end of F. 
Addition of DNA strand F' results in the hybridization 
with F, and the duplex DNA strand FF' is removed from 

the tweezers. This again creates the open form of the 
tweezers. The whole process can be followed by 
monitoring the fluorescence intensity between the two 
dyes (a donor and an acceptor) at both ends of the A 
strand. Addition of F to the tweezers leads to a decrease 
of fluorescence intensity, because the dyes come in close 
proximity to each other, and fluorescence is quenched. 
Addition of F leads to an increase in fluorescence in- 
tensity, corresponding to the open form. The process can 
be cycled by alternating addition5 of F and F'. Not only is 
this switch based on DNA, but also the "fiiel" to operate 
it is made of DNA. 

Throughout millions of years, nature developed subtle 
protein architectures that can alter confonnation upon 
some forms of stimuli. It is amazing how only a limited 
amount of building blocks available for the biosynthesis of 
these architectures can lead to such a diverse range of 
switches. Using nature as an inspiration, physicists, biol- 
ogists, and chemists are only now constructing a wide 
variety of synthetic switches with possible applications in 
the areas of microelectronics and materials sciences. With 
availability of a much wider range of building blocks and 
increasing insight into how to design, synthesize, and 
implement synthetic molecular switches, scientists are on 
the way to more closely mimicking the elegant switches 
found in nature. It has yet to be seen if they can rival the 
natural switches or perhaps even out-perform them. 
Toward this goal, there are already several exciting ex- 
amples of the incorporation of switches in device applica- 
tions,["" the next step in the development of nanomachines. 

ARTICLES OF FURTHER INTEREST 

Cuteizurzes and Other Interlocked Molecules, p. 206 
DNA Nanoteclznology. p. 475 
Rotaxanes and Pseudorotaxanes, p. 1194 
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The origin of molecular electronics can be traced back to 
1974, when Avira~n and ~ a t ~ l e r ' "  suggested that a single 
molecule could perform as a cul-sent rectifier. The para- 
digm of molecular  electronic^[^-^^ is that typical functions 
of electronic devices can be emulated by individual 
molecules or by suitable assemblies thereof (supramolec- 
ular systems). The ultimate objective of this research field 
is the construction of electronic circuits (and computers) 
from molecules, in a bottom-up approach. 

The simplest component of an electrical circuit is a 
wire, and the design of molecular wires has received a 
great deal of attention. In a broad sense. this term can be 
used to designate any molecular" structme able to mediate 
the transfer of electro~ls between appropriate electron 
donor and acceptor sites (electrodes, photoactive, and 
redox-active molecular components). In practice. different 
"conduction" inechanislns may apply, depending on the 
molecular stsucture of the wire and on the type of 
experimeiital setup used (see below). Molecular wires 
were studied in a variety of experiineiltal conditions, 
depending on the nature of the donor and acceptor 
terminals the wire is connected to. and on the method used 
to detect the electron flow. Available methods can be 
broadly divided into the following (Fig. 1): photoinduced 
eiectron transfer in donor-wire-acceptor systems (dyads), 
fast electrochemistry of adsorbed wire-electroactive group 
asseinblies, and conductance [ I (V) ]  measurements on 
metal-wire-metal junctions. 

PHOTOINDUCED ELECTRON TRANSFER 

Some examples of donor-acceptor dyads for studies of 
photoinduced electron transfer across molecular bridges 
are shown in @ ~ g .  2.1'0-1'1 The se systems are usually 
studied by exciting the chromophore (left component in 

"This restricts the Geld to discrete molecular systems. Thus. some very 
intei-csting work carried out ~vith more extended wires, such as carbon 
nanotubes (Refs. [7.8]) and one-dimensional semiconductors (Ref. 1911, 
uill not be dcalt with in this entry. 

Fig. 2) with appropriate light pulses and by observing 
electron transfer to the acceptor (right component in 
Fig. 2) by means of time-resolved spectroscopy. The time 
resolution of such techniques is generally limited by the 
light pulse duration. extending now into the ultrafast 
(femtosecond) regime. 

In many of the systems investigated (e.g., in those of 
Fig. 2a-c), the energy levels of the bridge are far apart from 
those of the donor and acceptor sites (Fig. 3.3. middle). 
Therefore, the electron tunnels in a single coherent step 
from donor to acceptor, witho~tt being localized at any time 
on the bridge (Fig. 3a, top). These processes are described 
by standard nonadiabatic electron transfer t h e ~ r y ; [ " ~ ' ~ '  
where the transfer probability is proportional to the square 
of the donor-acceptor electroilic coupling. The role of the 
connecting bridge is actually that of a mediator of donor- 
acceptor electronic coupling. The phenomenon is conve- 
niently described in terins of s~perexchange,['"-"~ where- 
by "virtual" bridge states (i.e., high-energy excited states 
of electron transfer character involving the bridge) mix into 
the initial and final wave functions. as represented 
schematically in Fig. 3a (bottom) (where a donor-to-bridge 
state is shown. and possible bridge-to-acceptor states are 
omitted for clarity). According to this mechanism. the 
electron transfer probability kET decreases exponentially 
with donor-acceptor distance SDA (Eq. 1). 

Thus, in the superexchange regime, the bridges behave 
differently from macroscopic ohmic conductors. In such 
cases, the term "molecular wire" can only be used in a 
broad sense. to emphasize the fact that bridges play an 
important role in eiectron transfer processes. Different 
bridges give different P attenuation factors. and measure- 
ments of photoinduced electron transfer rates as a function 
of bridge length can be used to characterize the "conduct- 
ing'' properties of the bridge. For moclular bridges. made 
of a sequence of individual weakly coupled units (e.g., like 
those shown in Fig. 2a-c), the value of /S depends on the 
following: 1) the energy of the virtual states localized on 
each module: and 2) the magnitude of the coupling 
between adjacent modules. As a consequence of 1 (above). 
f ~ ~ l l y  saturated bridges usually give high ,d values (e.g.. 
,tl = 1 .O 4 0.2 A ' for the bridges in Fig. 2a-b),["1 while 
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Fig. B Schematic representation of three types of experiment 
used to study electron transfer across molecular wires. 

bridges with unsaturated units are characterized by lower 
values (e.g., p = 0.5 P \  ' for the bridge in Fig. 2c).[' 'I As 
an example of the effect of 2 (above), photoinduced 
electron transfer in the dyad of Fig. 2c is slowed by a factor 
of 50, simply by introducing alkyl substituents (R = hexyl 
instead of H) in the central ring. This is a consequence of 
the increased torsion angle and decreased electronic 
coupling between adjacent phenyl 

A different situation may be encountered when the 
molecular wire connecting the donor and acceptor 
molecular components is a highly delocalized organic 
bridge. In such a case, the wire levels may become 
energetically accessible (Fig. 3b, middle). The bridge- 
localized states are no longer "virtual" (Fig. 3b, bottom), 
and the electron transfer proceeds via real injection of 
electrons into the wire (Fig. 3b, top). In such cases, the 
term "molecular wire" applies in a more strict sense, and 
the bridge is expected to approach the behavior of a 
conventional ohmic conductor, with a simple inverse 
dependence of the electron transfer rate on distance. An 

example of such a situation is represented by the dyad of 
Fig. 2d, based on a poly-p-phenylenevinilene bridge."21 In 
fact, an interesting switch in mechanism was observed 
when the length of this type of bridge was changed 
systematically, by increasing the number of phenylenevi- 
nylene units from 0 to 4. For short bridges (0 and 1 
repeating units), the distance dependence expected for 
superexchange ( f l  = 0.57 P \  I )  was obtained. But then, an 
abrupt change in mechanism occurred, and the systems 
containing 2, 3, and 4 repeating units exhibited higher 
electron transfer rates and a true molecular wire behavior 
(apparent P = 0.04 A- I ) .  This was explained by the 
decrease in energy of the LUMO of the bridge with 
increasing length of the conjugated system: beyond a crit- 
ical bridge length, the LUMO bridge becomes thermally 
accessible from the donor level, and the mechanism 
switches from superexchange to molecular wire.[I2' 

Fig. 2 Examples of covalently linked donor-acceptor systems 
(dyads) used for the study of photoinduced electron transfer 
across organic spacers. Boxes are drawn to identify the 
photoexcitable chromophore (left), the bridge (center), and the 
acceptor unit (right). 
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Fig. 3 Schematic representation of two limiting mechanisms for photoinduced electron transfer across a bridge: superexchange (a) and 
electroil illjection (b). 

ELECTROCHEMISTRY IN 
SELF-ASSEMBLED MONOLAYERS 

One-dimensional organic molecules with head groups 
suitable for metal binding (e.g.. -SH, pyridyl) form self- 
assembled monolayers (SAMs) at metal surfaces (e.g., Au. 
Ag. Hg. Pt). Particularly well-characterized stable SAMs 
are those formed by alkanethi~ls.[~" Several interesting 
studies were carried out with SAM-forming molecules 
that comprise a binding group. an organic spacer, and an 
electroactive group (Fig. lb) .  In such systems. various 
types of electrochemical techniques (e.g.. fast-scan cyclic 
voltammetry,i2" AAC ~ o l t a r n r n e t r ~ , ' ~ ' ~  coulostatic T-jump 

and potential step chronoamperometry .["81) 

can be used to measure heterogeneous electron transfer 
rates between the electrode and the electroactive group. 
Pure SAMs of the electroactive species or mixed SAMs. 
where the electroactive species is diluted in a monolayer 
of inactive molecules, can be studied by such techniques. 
The tirne scales of the electron transfer processes that can 
be observed depend on the technique, with rates as fast as 
10" s ' being presently accessible. 

Representative examples of such types of measurement 
involve thiol-based SAMs on gold, with ferrocene as the 
electroactive group, and hydrocarbons of varying degrees 

of conjugation (alkanes"si phenylethynyl,i251 and phenyl- 
enevinylene o l i g o m e r ~ , ~ ~ ' ~ )  as spacers. The length of 
the spacer can be systematically changed by varying the 
number of modular units (Fig. 4). With the alkane and 
phenylethynyl spacers, the experimental rates were found 
to fall off exponentially with distance, as required for an 
electron tunneling mechanism (Eq. 1). The damping factor 
is much higher for the saturated systems (P  = 0.9 A ' for 
the alkane spacers) than for the unsaturated ones (P = 0.36 

' for the phenylethynyl spacers),12" again in agree- 
ment with the predictions of a superexchange mechanism. 
For the systems involving phenylenevinylene oligomers 
as spacers, electron transfer is so fast that the rates are not 
limited by eiectronic coupling (adiabatic limit) for bridges 
up to 28 A long.12" Interestingly, the P values obtained by 
these electrochemical techniques are similar to those 
obtained from photoinduced electron transfer in dyads 
with similar types of spacers. 

METAL-MOLECULE-METAL JUNCTIONS 

Toward the objective of lnoIecular electronics. i.e.. to 
use molecules as conlponents of electronic circuits, a 
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Fig. 4 Example5 of molecules used for stud~es on electroact~ve 
SAM. 

key step is the possibility to effectively wire molecules 
to solid (metal or semiconductor) contacts, so as to mea- 
sure, e.g., their electrical conductivity. In recent years, 
this is becoming a feasible goal, thanks to the progress 
made in nanotechnology and scanning microscopy tech- 
niques. Several ingenious techniques are currently being 
applied to this problem. They include, among others, the 
following: probing conjugated molecules inserted into 
an isolating SAM by scanning tunneling miscroscopy 
(sTM);'~" binding dithiolated molecules within a break 
j~nction;~"" using nanopores to build metal-SAM-metal 
j u n c t i o ~ ~ s ; [ ' ~ . ~ ~ '  touching molecules in an isolating matrix 
with a conducting atomic force microscope (AFM); '~~ '  
contacting two SAMs together using a mercury drop 

and attaching gold nanoparticles to dithi- 
olated molecules inserted into a SAM and probing with 
S T M ~ ~ ~ ~  or conducting atomic force microscopy (AFM).~~'] 

Among such techniques, the last seems to be particu- 
larly reliable in terms of generating reproducibile single- 
molecule contacts. In a recent example,"7' molecules of 
1.8-octanedithiol were inserted into an octanethiol SAM 
on Au(ll1). The thiol groups at the surface of the 
monolayer were derivatized with gold nanoparticles (less 
than 2 nm in diameter). A gold-coated conducting AFM 
tip was used to locate and contact individual particles 
bonded to the monolayer (Fig. 5). Current-voltage [I(V)]  
measurements made on a large number of nanoparticles 
(> 4000) produced only five distinct types of curves. 
These curves correspond to integer multiples of a 

fundamental one, that is thus assigned as the I(V) 
characteristics of a single-molecule contact. The resist- 
ance of a single octanedithiol molecule, measured in this 
way, is 900 ? 50 MR. On the other hand, the resistance of 
the molecules of the octanethiol layer (which are probed 
via nonbonded contacts) are at least four orders of 
magnitude larger and much less reproducible.[371 

An experimentally simple, but versatile, approach is 
that based on M-SAM(I)SAM(2)-Hg junctions (M = Ag, 
AU)."'~~'' These junctions are formed by depositing a 
first SAM on a solid metal surface (e.g., Ag, Au), a 
second SAM on a hanging drop of Hg, and then by bring- 
ing into contact the two monolayers (Fig. 6). This junction 
takes advantage of the smooth, compliant, defect-free 
nature of the Hg surface to minimize the effects of irreg- 
ularities of the solid surface and the potential for shosting. 
A variety of experiments can be performed with such a 
simple experimental setup, by systematically changing the 
length of the SAM-forming molecules, their chemical 
natures, the natures of the chemical groups that consitute 
the interface between the two SAMs, or by inserting ap- 
propriate chemical species at this interface (Fig. 6). When 
the length of the molecules in the Au-supported SAMs 
are varied systematically, the I(V) curves show exponen- 
tial decreases in cul-sent density with distance, with 
potential-independent f l  values that depend on the chemi- 
cal nature of the molecules. Again. the J values for 
saturated SAMs (0.87 A ' for alkanethiols) are larger 
than those for unsaturated ones (0.61 A- ' for oligo- 
phenylene thiols),["] in agreement with the trends found 
by studying photoinduced electron transfer in molecular 
dyads and electrochemical processes in SAMs with 
electroactive groups. 

Fig. 5 Schematic representation of the AFM experiment 
described in Ref. 37. 
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Fig. 6 Schematic representation of double-SAM junctions between a metal surface and a mercury drop (adapted from Ref. 35) 

CONCLUSION 

The techniques employed to characterize the behavior of 
molecular wires are so varied that extreme care should be 
used in comparing data between different experiments, 
especially absolutc values of electron transfer rates, re- 
sistance, etc. Nevertheless, some general features can be 
noticed. In particular. in most of the experiments, the rate 
of electron transfer is found to decrease exponentially 
with the length of the wire, consistent with a coherent 
electmn tunneling process. The interesting point is that 
the damping factor of this exponential decrease, [j, is 
appreciably constant for a given type of bridge, rcgard- 
less of the type of experiment from which it is derived. 
Thus, 0 emerges from these studies as a characteristic 
property of the bridge, suitable to describe its electron- 
transmitting ("conducting") ability in a variety of cxper- 
imental contexts. 

The study of electron transport through molecules 
(especially at the single-molecule level) is a forefront 
scientific field that deserves considerable experimental 
and theoretical efforts. However, the fact that a variety of 
methods for wiring molecules and studying their electrical 
characteristics is now available should be regarded as an 
exciting breakthrough on the way to the ambitious goals 
of molecular electronics. Indeed, a number of intcrcst- 
ing functions, reminiscent of those of conventional elec- 
tronic devices, were recently observed by studying metal- 
molecule-metal junctions (e.g., ~ectification,~'~' negative 
differential re~istance,'".'~' conductance switching,1291 

electrorncchanical amplification,'391 and rield-effect tran- 
sistor behavior.'"") 
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The concept of "machine," which is so familiar in our 
macroscopic world, can be extended to the molecular 
level."] A molecular-level machine can be defined as an 
assembly of a discrete number of molecular components 
(i.e., a supramolecular system) designed to perform 
mechanical-like movements under the control of appro- 
priate energy inputs. Molecules have nanometer dimen- 
sions and are the smallest entities exhibiting well-defined 
structures and shapes. Therefore, molecular-level ma- 
chines represent the ultimate limit of miniaturization of 
the mechanical-machine concept. 

In order to generate motion, a molecular-level machine 
requires an energy source. Therefore; spontaneous molec- 
ular movements caused by thermal energy; including the 
demonstration of the rotation of a single n~olecule on a 
surface,L21 have nothing to do with the concept of a 
molecular-level machine. 

NATURE'S MOLECULAR MACHINES 

Living organisms represent the synergistic integration of 
functionally diverse molecular machines.[" The molecu- 
lar machines produced by nature are extremely compli- 
cated assemblies of proteins with structures at the atomic 
and molecular levels that are not yet determined. In most 
cases, biological machines use chemical energy produced 
by ATP or proton gradients to perform their fucntions. 
How these biological fuels illtimately cause mechanical 
motions is still largely unknown. 

In the last few years, however, the outstanding de- 
velopment of single n~olecule ~nanipulation and observa- 
tion, particularly by fluorescence spectroscopy, has 
thrown some light on the operational mechanism of sev- 
eral biological machines. For example, it was shown"-61 
that ATP synthase. the enzyme that manufactures ade- 
nosine triphosphate (ATP) from adenosine diphosphate 
(ADP) and inorganic phosphate (Pi) is powered by a rota- 
ry motor fueled by a proton gradient (Fig. 1). The asym- 
metric membrane-spanning Fo portion of the enzyme 
contains a proton channel. and the soluble F1 portion 
contains three catalytic sites that cooperate in the 

synthetic reactions. The catalytic region is made up of 
nine protein subunits with the stoichionletry 3x:3P: 17: 16: 
le. approximating to a flattened sphere. 10 nm across and 
8 nm high. The flo~nl of protons through F,, generates a 
torque that is transmitted to F1 by an asymmetric shaft, the 
coiled-coil y-subunit. This subunit acts as a rotating 
"cam" within F1. sequentially releasing ATPs froin the 
three active sites. The FoFI-ATP synthase is reversible, 
i.e.. the full enzyme can synthesize or hydrolyze AT?; FI 
in isolation, however, can only hydrolyze it. The spinning 
of F1-ATPase, i.e., the rotary motor nature of this enzyme. 
was directly o b s e r ~ e d " ~  during ATP hydrolysis by 
attaching a fluorescent actin filament to the y subunit as 
a marker. 

Enzymes such as myosin. kinesin, dynein. and their 
relatives are linear rnotors that convert the energy of ATP 
hydrolysis into mechanical work along polymer sub- 
strates: myosin along actin filaments in muscle and other 
cells, and kinesin and dynein along micro tubule^.^^' 
Motion derives from a mechanochemical cycle during 
which the motor protein binds to successive sites along 
the substrate in such a way as to move forward on the 
average. For myosin 11 (skeletal muscle myosin). the 
working stroke was observedLu1 by optical methods. but 
the motor mechanism is still unlinown. Several other 
biological processes are based on motions. For example, 
RNA polymerase moves along DNA while carrying out 
transcriptions, acting as a molecular motor. The force and 
velocity of single molecules of RNA polymerase were 
measured.'" The folding and unfolding of proteins is also 
subjected to intensive investigations. 

ARTIFICIAL MOLECULAR-LEVEL MACHINES 

The idea of constructing artificial molecular-level tna- 
chines is recent. This topic was first discussed by W. P. 
~eynman,~'O] Nobel Laureate in Physics. in his famous 
address. "There is plenty of roo17z at the Dotton?." to the 
American Physical Society in 1959. His idea was that of 
constructing nanoscale machines "atom by atom." a 
concept later expanded with fascinating perspectives but 
almost no practical progress, by K. E. ~rexler.'","' With 
the advent of supramolecular chemistry."" it became 

Eiic?.clo~~eciio of S~c,~?iai?zoieclllni- C h e m ~ s t r ~  
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Fig. 1 Structure of FoFI-A'TP synthase. (View this urt in color 
at www,dekker.com.) 

clear that molecules are by far more convenient building 
blocks than atoms for constructing molecular-level de- 
viccs,l13-151 and in recent years, research on molecular- 

level machines has grown v i g ~ r o u s l y . ~ ' ~ ' " ~ ' ~  
Molecular-level machines operate through chemical 

reactions that cause electronic and nuclear rearrange- 
ments. Like macroscopic machines, they are characterized 
by the kind of cnergy input supplied to make them work, 
the kind of movement performed by their components, the 
way in which their operation can be controlled and 
monitored, the possibility to repeat the operation at will, 
the time scale needed to complete a cycle of operation, 
and the function performed. 

The Energy Problem 

The problem of the cnergy supply to make artificial 
molecular machines work is of greatest importance.r221 
The most obvious way to supply energy to a chemical 
system is through an exergonic chemical reaction. In his 
address to the American Physical Society, R. P. Feynman 
observed the 

An internal combustion engine of molecular size is 
impossible. Other chemical reactions, liberating energy 
when cold, can be used instead. 

This is exactly what happens in our body, where the 
chemical energy supplied by food is used in a long series 
of slightly cxergonic reactions to power the biological 
machines that sustain life. 

If an artificial molecular-level machine has to work by 
inputs of chemical energy, it will need the addition of 
fresh reactants ("fuel") at any step of its working cycle, 

with the concomitant formation of waste products. 
Accumulation of waste products, however, will compro- 
mise the operation of the machine unless they are removed 
from the system, as happens in our body as well as in 
macroscopic internal combustion engines. The need to 
remove waste products introduces noticcable limitations 
in the design and construction of artificial molecular-level 
machines based on "chemical fuel" inputs. 

Chemists have long known that photochemical and 
electrochemical energy inputs can cause endergonic and 
reversible reactions. In recent years, the outstanding 
progress made in supramolecular and 
e~ectrochcmistry '~~'  has thus led to design and construc- 
tion of molecular machines powered by light or electrical 
energy that work without formation of waste products. In 
the case of photoexcitation, the commonly used ender- 
gonic and reversible reactions are isomerization and redox 
processes. In the case of electrochemical cnergy inputs, 
the induced endergonic and reversible reactions are, of 
course, heterogeneous electron transfer processes. Photo- 
chemical and electrochemical techniques offer further 
advantages, because lasers provide the opportunity to 
work in very small spaces and in very short time domains, 
and clcctrodes represent one of the best ways to interface 
molecular-level systems with the macroscopic world. 

Needless to say, the operation of a molecular machine 
is accompanied by partial conversion of free energy into 
heat, regardless of the chemical, photochemical, and 
electrochemical natures of the energy input. 

Other Features 

The motions performed by the component parts may 
imply rotations around covalent bonds or the making and 
breaking of intercomponent noncovalent bonds. In order 
to control and monitor the machine operation, the 
motions of the component parts should cause readable 
changes in some properties of the system; any kind of 
chemical or physical technique can be useful, particularly 
the various types of spectroscopies. Because a machine 
has to work by repeating cycles, an important requirc- 
ment is that any chemical reaction involved in the 
operation has to be reversible. The time scale needed 
to perform a cycle can range from less than picoseconds 
to hours, depending on the nature of the molecular 
components and the types of rearrangements involved. 
Finally, the functions that can bc performed by exploiting 
the movements of the component part in artificial 
molecular-level machines are varied and, to a large 
extent, still unpredictable. In this regard, it should be 
pointed out that the mechanical movements taking place 
in molecular-level machines, and the related changes in 
the spectroscopic and electrochemical properties, usually 
obey binary logic and can thus be taken as a basis for 



information processing at the molecular level. Artificial 
molecular machines capable of performing logic opera- 
tions have already been reported.1251 

In the following. we illustrate a few examples of 
molecular-level machines powered by chemical. electro- 
chemical, or light energy. 

MOLECULAR MACHINES POWERED 
BY CHEMICAL FUELS 

Chemical energy inputs are ~ s e d [ ' . ' ~ - ~ ~ '  to induce rotary 
motions in 5pecially designed molecules, to control 
threading/dethreading processes in pseudorotaxanes. to 
govern ring shuttling in rotaxanes, and to cause ring 
motions in catenanes. Two among the most significant 
examples are illustrated below. 

Unidirectional Rotation 

The unidirectional rotation illustrated in Fig. 2 from 
structure la  to Ib  is an important step toward the 
realization of a chemically powered molecular mo- 
 to^.['^,'^] Compo~inds l a  and Itb are two of three low- 
energy rotamers about the axle connecting the triptycene 
and helicene components. Rotamer l a  is activated by 
reaction with phosgene to give isocyanate 2. Isocyanate 2 
is chemically armed to react with the OH group in the 
hydroxypropyl tether attached to helicene. but, in the 
rotational ground state 2, the isocyanate and the OH group 
are too far apart to interact. However, at those instants 
when a clockwise rotation of the triptycene (not possible 
with a comparable counterclockwise rotation) brings the 
isocyanate and the OH group sufficiently close to react 

(see 3), urethane formation can then result (4). This 
irreversibly traps the triptycene in a relatively high-energy 
conformation around the triptycenelhelicene axle. Ambi- 
ent thermal energy then drives the exoergonic, but very 
slow, unidirectional rotation from 4 to 5 .  Finally, 5 is 
cleaved to Ib, thereby completing the chemically driven 
rotation of l a  to Ib. After this proof of principles, much 
work still has to be done to obtain a system that can 
undergo a full, continuous, and fast rotation. 

A pH-Controllable Molecular Shuttle 

Rotaxanes are made of dumbbell-shaped and ring compo- 
nents that exhibit some kind of interaction originating 
from complementary chemical properties. In rotaxanes 
containing two different recognition sites in the dumbbell- 
shaped component, it is possible to switch the position of 
the ring between the two stations by using an external 
stimulus. A system that behaves as a chemically con- 
trollable molecular shuttle12x1 is shown in Fig. 3. It is 
made of a dibenzo[24]crown-8 (DB24C8) macrocy cle and 
a dumbbell-shaped component containing a dialkylam- 
monium center and a 4,4'-bipyridinium unit. An anthra- 
cene moiety is used as a stopper, because its absorption, 
luminescence: and redox properties are useful to monitor 
the state of the system. Because the hydrogen bonding 
interaction between the DB24C8 macrocycle and the 
ammonium center is much stronger than the charge- 
transfer interaction of the macrocycle with the bipyridin- 
ium unit, the rotaxane exists as only one of two possible 
translational isomers. Deprotonation of the ammonium 
center, however, causes 100% displacement of the macro- 
cycle to the bipyridiniuin unit; reprotonation directs the 
macrocycle back onto the ammonium center (Fig. 3). 

Fig. 2 Sequence of events involved in the chemically powered unidirectional rotation of a compound made of triptycene and 
helicene components. (Vierc* this art in color at uw+t~.dekker.com.) 
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Fig. 3 A chemically controllable molecular shuttle: the 
~nacrocyclic ring can be switched between the two stations of 
the dumbbell-shaped component by b a s e k i d  inputs. Addition- 
ally, in the deprotonated rotaxane, the ring call be displaced from 
the bipyridinium station through reduction of such unit. (View 
this art iiz color at ~vtc.~,.dekkel:conz.) 

Such a switching process was investigated by 'M-NMR 
spectroscopy and by electrochemical and photophysical 
measurements. The full chemical reversibility of the 
energy-supplying acidlbase reactions guarantees the 
reversibility of the mechanical movement, in spite of 
the formation of waste products. Notice that this system 
could be useful for information processing,L291 because it 
exhibits a binary logic behavior. It should also be noted 
that in the deprotonated rotaxane. it is possible to displace 
the crown ring from the bipyridinium station by destroy- 
ing the charge-transfer interaction through reduction of 
the bipyridinium station (Fig. 3) or oxidation of the crown 
ring. Therefore, in this system. mechanical movements 
can be induced by two different types of stimuli (acid/ 
base and electronlhole). 

MOLECULAR MACHINES POWERED BY 
ELECTROCHEMICAL ENERGY 

Electrochemical energy inputs are usedL1~16~22~23J  to 
control threading and dethreading in pseudorotaxanes, 

ring shuttling in rotaxanes, and ring motions in cate- 
nanes. An example of the last type of motion is illus- 
trated below. 

Controllable Ring Motions in Catenaries 

In a catenane, structural changes caused by circumrotation 
of one ring with respect to the other can be clearly 
evidenced when one of the two rings contains two non- 
equivalent units. In the catenane shown in Fig. 4, the 
electron-acceptor tetracationic cyclophane is symmetric, 
whereas the other ring contains two different electron- 
donor units, namely, a tetrathiafulvalene (TTF) unit and a 
1.5-dioxynaphthalene (DON) unit.["] In a catenane 
structure, the electron donor located inside the cavity of 
the electron-acceptor ring experiences the effect of two 
electron-acceptor units, whereas the alongside electron 
donor experiences the effect of only one electron ac- 
ceptor. Therefore; the better electron donor (i.e.. TTF) 
enters the acceptor ring and the other (i.e., DON) remains 
alongside. On electrochemical oxidation, the first ob- 
served process concerns TTF, which thus loses its 
electron donating properties. Fusthermore, an electrostatic 
repulsion arises between TTF' and the tetracationic 
macrocycle. These effects cause circumrotation of one 
ring to yield the translational isomer with the DON moiety 
positioned inside the acceptor. Upon reduction of TTF+, 
the initial configuration is restored. However, this may 
happen without the occurrence of a full rotation. because it 
is equally prvbable that the reset caused by reduction of 
TTF+ occurs by a reverse rotation compared to that which 
occurred in the forward switching caused by TTF oxi- 
dation. In order to obtain a full rotation, i.e., a molecular- 
level rotary motor, the direction of each switching 
movement should be controllable. This goal can likely 
be reached by introduci~lg appropriate functions in one of 
the two m a ~ r o c y c l e s . [ ~ ~ ~  When this goal is reached, it will 
be possible to convert alternate electrical potential energy 
into a molecular-level mechanical rotation. 

MOLECULAR MACHINES POWERED 
BY LIGHT ENERGY 

Light is the most appealing energy source with which to 
make molecular-level machines work.L221 A variety of 
such machines using light as a partial or exclusive energy 
source were de~cr ibed.~ '  ,'s-2'."1 They include tweezers. 
controllable doors and boxes. piston-cylinder systems, 
ring motions; rotary motors, and linear motors. A 
rotacatenane was also designed that should be able to 
couple a linear and a rotary motion upon a photosensitized 
electron-transfer reaction.'"' 
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Fig. 4 Electrochemically controlled movcments of the ring components upon one-electron oxidationlreduction of a TTF unit in a 
catellane containing a nonsymmetric ring. (View this art in color ut www.dekkcr.com.) 

A Light-Driven Molecular Rotary Motor 

Photoche~nical tmns-cis isomerization around a carbon- 
carbon double bond is a well-known reversible reac- 
tion.12" Exploitation of this photochernical reaction in a 
suitably designed compound that contains two chiral 
elements has led to a photoinduced unidirectional rotary 

In the methyl-substituted phenanthrylidcne 6, shown in 
Fig. 5, each one of the two helical subunits linked by a 
double bond can adopt a right-handed (P) or a lest-handed 
(M) helicity. As a result, a total of four stereoisomers are 
possible for this compound. The cis-trans photoisomer- 
ization reactions are reversible and occur upon irradiation 
at appropriate wavelengths. By contrast, the inversions o l  
helicities, while maintaining a cis or a truns conliguration, 
occur irreversibly under the influence of thermal energy. 
Upon irradiation ( 2 2 8 0  nm, 218 K) of a solution of 
(P,P)-trans-6, a mixture of (I',P)-truns-6 and (M,M)-cis-6 
is obtained in a ratio of 595.  By warming the solution to 
293 K, (M,M)-cis-6 interconverts irreversibly to (P,P)-cis- 
6. Subsequent irradiation ( 2 2 8 0  nm) of the solution 
produccs a mixture of (P,P)-cis-6 and (M,M)-tmns-6 in a 
ratio of 10:90. Upon increasing the temperature further 
(333 K), (M,M)-trans-6 interconverts irreversibly to the 
original isomer (P,P)-trans-6. Thus, a sequence of light- 
and temperaturc-induced isomcrizations can bc exploited 
to move this molecular rotor in one direction only (Fig. 5). 
When (P,P)-trans-6 is irradiated ( 2 2 8 0  nm) at a high 
temperature (293 K), a clockwise 360" rotation occurs 
spontaneously. The overall process can be followed by 
monitoring the change in the intensity of the absorption 
band at 217 nm in the circular dichroism trace. The 
unidirectional motion in this system is dictated by the 

stereogenic centers associated with the two methyl 
substituents. As a result of a trans )cis isomerization, 
the axial methyl substituents of (P,P)-tmns-6 are forced to 
adopt a less favorable equatorial orientation in (M,M)-cis- 
6. However, the strain associated with the equatorial 
methyl susbstituents is released upon thermal intercon- 
version of (M,M)-cis-6 in the more stable isomer (P,13)- 
cis-6. The subsequent cis--)trans isomerizatio~l forces the 
methyl groups to adopt, once again, equatorial orienta- 
tions in the isomer (M,M)-trans-6. Finally, the thermal 
interconversion of (M,M)-truns-6 into the original isomer 
(P,P)-tmns-6 is accompanied by a change from equatorial 
to the more stable axial orientations for the methyl 
substituents (Fig. 5). Morc recently, this molecular motor 
was redesigned to improve its performance, and it was 
shown that unidirectional rotation can be controlled by a 
single stereogenic center.'"' 

A Photocontrol!able Molecular Shuttle 

In order to achieve photoinduced ring switching in ro- 
taxanes containing two diflcrcnt recognition sites in the 
dumbbell-shaped component, the designed compound 7('+ 
shown in Fig. 6 was synthesized."" This rotaxane is made 
of macrocycle R and a dumbbell component that contains 
the following: 1) a photoactive Ru(I1) polypyridine 
complex (P) as a stopper; 2) a 4,4'-bipyridinium unit 
(Al) and a 3,3'-dimethyl-4,4'-bipyridiniutn unit (Az) as 
electron accepting stations; 3 )  a p-terphenyl-type ring 
system as a rigid spacer (S); and 4) a tetraarylmethane 
group as the second stopper (T). The stable translational 
isomer is the one in which the R component encircles the 
better electron-acceptor Al unit. In order to obtain the 
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hv? 280 nrn - - 
(M.  M)-trans-6 (e P)-cis-6 

Fig. 5 The light-fueled rotary motor 6 undergoes unidirectional rotation in n-hexane at 333 K upon irradiation at appropriate 
wavelengths. (View thi.s art in color at u,w'>v.dekker.cona.) 

photoinduced abacus-like movement of macrocycle R 
between the Al and AZ stations. two strategies were 
devised: one is fully based on processes involving the 
rotaxane conlponents (intramolecular mechanism), while 
the other requires the help of external reactants (sacri- 
ficial mechanism). 

The intramolecular mechanism, which implies the con- 
version of light energy into mechanical energy without 
generating waste pr~ducts.'"~ is based on the four oper- 
ations illustrated in Fig. 6. 

1. Destahi1i;ntion o f  the stable tr-rrrzslatiorzul isomer: 
Light excitation of P (Step I )  is followed by the 
transfer of an electron to the Al station (Step 2), which 
is encircled by ring R; such a photoinduced electron- 
transfer process, which competes with the intrinsic 
excited-state decay (Step 3), deactivates the Al station. 

2. Rirlg displacenzent: The ring movement from Al-  to 
Az (Step 4) has to compete with the back electron- 
transfer process from A l

p  

(still encircled by R) to the 
oxidized photoactive unit P+ (Step 5). 

3. Electrolzic I-eset: The back electron-transfer process 
from the free reduced station Al

p 

to P' (Step 6) 
restores the electron-acceptor power to the Al station. 

4. N~icleur. reset: As a consequence of the electronic 
reset. back movement of the ring from A2 to AI 
occurs (Step 7). 

It is worthwhile noticing that in a system which 
behaves according to the iiltramolecular mechanism 
shown in Fig. 6. each light input causes the occussence 

of a forward and back ring movement (i.e.. a full cycle) 
without generation of any waste product. In some way, 
it can be considered a four-stroke cyclic linear motor 
powered by light. For another example of photocontrol- 
lable molecular shuttle, see Ref. 1351. 

CONCLUSION 

In the last few years. several examples of inolecular-level 
machines have been designed and ~onstructed."~'~-"' It 
sho~tld be noted. however, that the described systems 
work in solution, i.e, incoherently. For most applications, 
they need to be interfaced in some way with the 
macroscopic world by ordering them, so that they can 
behave coherently either in parallel or in series. Research 
on this topic is developing at a growing 

The extension of the concept of a device to the molec- 
ular level is of interest not only for the development of 
nanotechnology but also for the growth of basic research. 
Looking at supramolecular chemistry from the viewpoint 
of functions with references to devices of the macroscopic 
world is an interesting exercise that introduces novel 
concepts into chemistry as a scientific discipline. 
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Fig. 6 The intramolecular inechanisms for the photoinduced shuttling movement of macrocycle R between the two stations A2 and A2 
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The fundamental role that the interactions with the solvent 
as well as with the counterion play in determining the rate 
of anion-promoted reactions is well known. This class of 
reactions is of primary importance in organic and in- 
dustrial chemistry. The effect of the medium can be 
quantified by comparing the reactivity in the condensed 
phase with that in the gas phase. where in the absence of 
any solvation, the "intrinsic" reactivity of the "naked" 
anion is observed. The goals of this entry are to briefly 
sumrnarize the research on anion activators and activation. 
The scope of the article is necessarily limited and readers 
are urged to use the citations for more information. 

NAKED ANION CONDlTlOMS 

The anion reactivity (nucleophilicity and basicity) in 
solution can differ greatly according to the strength of the 
i~lteractio~l with the surrounding molecules, the stronger 
the bond with the molecules of the solvent shell. the 
higher the Gibbs energy of activation and the lower the 
reaction rate. A typical exa~nple is represented by the SN2 
ion-molecule reaction (Eq. 1). where when going from a 
hydrogen-bond donor (HBD) solvent (water) that specif- 
ically solvates the anion through hydrogen bonds to a 
dipolar aprotic non-HBD solvent (DMF), where interac- 
tions are minimized, and then to the gas phase. the 
chloride anion reactivity increases by 5 and 15 powers of 
10, re~pectively."~'~ Comparison of the activation energy 
of this reaction in the gas phase (12.5 kJ mol

p

')  with that 
in water (104.5 kJ m o l l )  i~ldicates that the reaction rates 
in solution are mainly determined by the amount of energy 
necessary to destroy the solvation shell of the nucleophile 
in the activation process and: to a lesser extent. by the 
intrinsic properties of the  reactant^:^'^ 

The association of the anion with the corresponding cation 
is another important factor in determining anionic reac- 
ti\ity. In general, the ion-paired anion is found to be less 

reactive than the corresponding free nonassociated ion.13' 
According to Coulomb's law, the energy of interaction 
between cation and anion depends on the nature of the 
ionophores, decreasing on increasing the dielectric con- 
stant of the solvent. Depending on the ability of the 
medium to separate charges, the ionic species in solution 
range from scarcely solvated ion-pair aggregates to solv- 
ated free ions (Eq. 2):[41 

[(MTYp)nIiql: + n ( M Y p ) s o ~ l  
Aggregate ion palrs Contact ion pairs 

= I ~ ( M + / / Y ) , ~ ~ \  = n(M+),,1, -t- n(Yp)so1,. 
Sol~snt-separated ion pairs Free ions 

12) 

The interaction with the cation noticeably affects the 
reactivity of the anion in media of low dielectric constant. 
Thus. on switching from the large tetra n-butylammonium 
to the small lithium cation, the reactivity sequence of the 
corresponding halides in the nucleophilic substitution of 
11-butyl 4-bromobenzenesulfonate in the weakly dissoci- 
ating acetone is completely reversed (Eq. 3).[" Whereas 
the order obtained with bulky quaternary onium salts 
(C1->Brp>Ip) corresponds to that of free, nonassociated 
halides in dipolar non-HBD solvents (e.g.. acetone). the 
sequence of the lithium halides (C1<Brp<Ip) ,  typical of 
protic solvents, is mainly due to the increasing deactiva- 
tion of the anion in the ion pair on increasing the cation 
charge density:[" 

Main Anion-Activating Systems 

The highest values of anion reactivity are obtained in the 
condensed phase. when the anions are less solvated and 
associated with the cation. Both of these conditions can be 
realized at the same time by using bulky quaternary onium 
salts; electron pair donor (EPD) solvents of high Lewis 

Ei?c~c /o~~e t l i n  of  Sly>rciiiiolec.iilni. Chenzi.rtr~ 
DOI: 10.108 1 /E-ESMC 12001 2707 
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basicity (specific cation solvators); or cation complexing 
agents. such as polyether ligands (cyclic and open-chain). 

The EPD solvents of high Lewis basicity include 
the most common dipolar non-HBD solvents (e.g., 
DMSO. acetonitrile, DMF, acetone, FIMPA, etc.) and 
some open-chain polyethers (oligoethylene glycol dialkyl 
ethers 1 ("glymes"). They specifically solvate the cation 
but weakly interact with the anion and, for this reason, are 
found to enhance nucleophilicity and basicity of anion- 
promoted reactions in comparison with the reactivity 
realized in protic HBD ~nedia ." .~ '  

Cyclic and open-chain polyethers (polyethylene gly- 
cols. crown ethers, cryptands, polypodands, such as 1-10) 
are known for their unique abilities to specifically bind 
inorganic salts. giving rise to stable inclusion complexes. 
In the complexation process. such ligands coordinate, 
through ion-dipole interactions, a relatively sinall metal 
ion MI1' and transform it into a large. more lipophilic 
cationic species. This allows the solubilization, even in 
weakly polar nonaqueous media, of a number of rnetal 
salts. as (M1+c  Lig) r z Y -  ion pair, and their transfer from 
an aqueous to an immiscible organic phase. As a conse- 
quence. anion-promoted reactions can be performed in the 
presence of these ligands under homogeneous and heter- 
ogeneous  condition^.".^^'^' Whereas in the first case the 
ligand is used in stoichiometric quantity. only catalytic 
amounts of it are required in two-phase systems, such as 
solid-liquid (SL) or liquid-liquid (LL) phase-transfer 
catalysis ( P T C ) . ~ ' . ' ~ ' ~ ~  In these complexes, the anion is 
remarkably activated due to the reduced interaction with 
the bulky coinplexed cation and the small stabilization by 
the weakly polar medium. 

Benzo- 15-cro\ l~-5 
(RljC5) 

(a) i l =  2 R~ = BU 

(b) n = 3. R2 = c,~H,, 
(c) iz = 4 R2 = IC8H,7C6H4 Benzo- 18-cronn-6 

(B 18C6) 
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POLYETHER LlGANDS AND QUATERNARY 
ONIUM SALTS AS ANION ACBiVAPORS 

Liotta and coworkers were among the first to utilize 
18-crown-6, 3 for solubilizing inorganic salts in polar 
and nonpolar aprotic In particular, they stud- 
ied the relative nucleophilicities in a typical SN2 reaction 
(Eq. 4) of a series of potassium salts dissolved in aceto- 
nitrile by 18-crown-6,3. The sequence ( N 3  > MeCOzp > 
CNp > F > Clp > B r  > I > SCN

p

) and the narrow 
nucleophilicity range found, different from those in polar 
protic media; were attributed to a nluch weaker solvation 
of the anion in acetonitrile that does not modify anionic 
intrinsic reactivity. Because this behavior is typical of 
the gas phase. the authors claimed the complexes formed 
by crown ethers with potassium salts in acetonitrile as 
sources of "naked" anions:[181 

+ [K' c 3]OTsp 

U = N?. 1MeCO2. CN. F. C1. Br. I. SCN (4) 

In a systematic kinetic study,r191 Thomassen and co- 
workers compared the effect of the addition of cyclic and 
acyclic polyethers on the rate of alkylation of potassiuin 
phenoxide with bromobutane in dioxane, a solvent of 
low cation-solvating power and low dielectric constant 
( ~ = 2 . 2 .  at 25°C) (Eq. 5): 

D~oxane 
rzBuBr + PhOK ---t PhBun + MBr ( 5 )  

As reported in Table 1, the addition of one molar 
equivalent of DCH18C6. 5 ,  produced a reaction rate 

Table P Effect of the addition of polyether ligands on the 
alkylation rate of potassium phenoxide with n-butyl bromide in 
dioxane at 25°C" 

Additive [Additive]/[phenoxide] krel 

None 
Tetraglyme 1 

"From Ref. [19] 

increase of 8700-fold , while a reactivity enhancement of 
only 11 times resulted from the addition of the same 
amount of tetraethylene glycol dimethyl ether, 1. 

In addition, especially in the case of crown ethers, the 
rate constant depends strongly on the ligand-potassium 
phenoxide molar ratio, reaching a rnaxiinurn value for 
the complete salt complexation, e.g., DCH18C6 51 
PhOK=2.06. Under these conditions, the rate increased 
11,700-fold, an enhancement similar to that observed by 
using tetraglyme 1 as a pure solvent. Because kinetic 
evidence showed that in dioxane the 5IPhOK complex 
reacts as a single ion pair, these data clearly indicate that 
crown ethers are much better metal-cation-solvating 
ligands than acyclic polyethers with a comparable number 
of oxygen atoms, producing highly reactive solvent- 
separated ion pairs. Interestingly, the reactivity of these 
ion pairs approaches that of bulky tetrabutylammoniurn 
phenoxide ion pairs in the same solvent and is only 
10 times lower than that of free ions in DMF and 
DMSO.~'" In line with these data. Hirao and coworkers 
reportedi"" that the alkylation rate of sodium phenoxide 
with bromobutane in dioxane was strongly accelerated 
(about 100 times) by the addition of 5.4 molar equivalents 
of DBl8C6, 4. A comparable rate increase was only 
obtained in the presence of the same amount of polyeth- 
ylene glycol dimethyl ethers B of molecular weight > lo4. 
Analogue results (Table 2) were obtained upon addition of 
DCH18C6. 5 ,  in the alkylation rate of diethyl sodium n-  
butylrnalonate with bromobutane in both THF and 
benzene

r2" (Eq. 6): 

?OzEt 

IJBUBI - ilBuC-Na ( ~ I B L ~ ) ~ C ( C Q ~ E ~ ) ~  NaBr (6) 
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Table 2 Effect of the addition of DCH18C6 5 on the alkylation 
rate of diethyl sodium iz-butylmalonate with 11-butpl bromide in 
various ieaction media at 250Ca 

Solb7ent Additive krel 

THF 
DCH18C6 5 0.01 

0.04 
0.10 
0.20 
0.50 

Benzene DCH18C6 5 0.0116 
0.0358 
0.1015 
0.2020 
0.5270 

DMF 

"From Ref. [ 2  I ]  

Also. in this case, a rate plateau is reached when the 
sodium enolate is totally complexed by the ligand ( ~ 4  
molar equivalents of 5). Under these conditions, the 
crown-ether-separated ion pair is only 3.8 in THF and 2.3 
times in benzene less reactive than the kinetically active 
species in DMF. Once again. these results highlight the 
remarkable ability of crown ethers to specifically solvate 
cations activating counterions. 

A systematic study was performed by our group on the 
anion activation realized by complexes of different poly- 
ether ligands 2c. 5. 10 with alkali salts and the cor- 
responding tributylhexadecylphosphonium salts in the low 
polar chlorobenzene (Eq. 7).'13.221 AS reported in Table 3, 
the anion reactivity increases when going from the open- 
chain polypodand 2c to the cyclic crown ether 5 to the 
bicyclic cryptand 10 in parallel with the increasing cation- 
anion separation induced by the ligand. The nucleophil- 
icity scale found with cryptates of 10. the same as for 
quaternary salts, is slightly modified with the complexes 
of crown ether 5. In addition, with the latter ligand. the 
reactivity spans a narrow range, particularly for halide 
ions (Cl:Br:I= 1.3: 1.4: I).  Such behavior is mainly due to 
the different topologies of these ligands: 

nC8HliOMs + Q-V- - IICXIII-Y + Q-OMS- 

Q = Cl6H;?P+Bu? Oct)'14N- ( M  C llg) 

M+ = K-. L I  lig = polypodand 2e DCHlSC6 5 

[2 2 2 Clo~] l@ (7) 

Cryptates. where the metal cation is completely iilcluded 
in the ca\ity of the tridimensional iigand. give rise to 

"solvent-separated" ion pairs particularly reactive in low- 
polarity media. Conversely, in the crown ether complexes, 
the ligand does not induce a large cation-anion separation, 
and the complexed anion is still accessible for interaction 
with the anion in a "crown-separated" ion pair. As a 
consequence, by increasing the charge density of the 
cation or the anion, the ion pair becomes progressively 
more intimate and. hence, less reactive. This is confirmed 
by the trend obtained with the complexes of the lithium 
halides (Table 3).'13' 

In this case. in fact, the nucleophilicity sequence is 
reversed on switching from the complexes of crown ether 
5 to the corresponding cryptates. Interestingly. the same 
trend of crown ether 5 is found with the corresponding 
colnplexes of cyclophosphazenic polypodand 2e. As 
shown in Table 3. cyclophosphazenic polypodands like 
2c have a reactivity only slightly lower (three to four 
times) than that of the corresponding crown ethers and, 
hence, can be considered a valid alternative to the more 
sophisticated cyclic ligands. 

Crown etherlcryptand effects were also revealed by 
Buncel et al. in the oximate-promoted 1,2-elimination 
from P-phenylmercaptoelhyl y-nitrophenolate in tetra- 
glpme (Eq, 8).[2'1 The addition of cryptand [2.2.2], 9, in 
fact. greatly enhanced (654 times) the oximate reactivity 
in comparison with the potassium oximate ion-paired, 
whereas the effect was much lower with crown ether 
DCHI 8C6, 5 (only 11 times): (see equation below) 

The use of lipophilic crown ethers and cryptands in 
catalytic instead of stoichiometric amounts (LL-PFC or 
SL-PTC) revealed considerable improvement for syn- 
thetic applications due to the relatively high cost of these 
cyclic ligands in comparison with the cheaper quaternary 
onium salts and the open-chain  analogue^.^^-'^' 

Under LL-PTC conditions. the anions associated with 
bulky lipophilic cations (quaternary onium salts, macro- 
cyclic and macrobicyclic polyethers, etc.) are extracted 
into the organic medium specifically solvated by a limited 
number (1-11 moles per mol of Q+U-) of water mole- 
cules. Furthermore. two additional molecules of water are 
found to accompany the cyclic polyethers 5, 10, as both 
free and complexed ligands.'"' This hydration sphere, 
characteristic of each anion, always reduces, more or less 
remarkably. anionic reactivity. As shown in Table 4, when 
changing from LL-PTC to anhydrous homogeneous 
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Table 3 Anlon~creactl~ity of c o m p l e x e ~ ( M ~ ~ L l g ) Y ( M ~  =Kt, 
LI'. Y = S 3  C1-, Br-. I-. SCN-, Lig=2c. 5.10) and quaternary 
phosphonsum salts C16H??PfBu3Y- 111 the S,2 iedctson wlth 
17-octylmethanei~~lfonate In chlo~obenzene, at 60CCd 

10" 0 1  ls-l) 

Polypodand Crown Cryptand 
Y - C I ~ H X ~ P + B ~ ~  2c ether 5 10 

NliC 
c1- 
Br- 
I- 
SCN 
c1- 
Br- 
1- 

"From Refs. j13.221. 
b ~ ~ -  = K-. 
'Mt=Li+. 

conditions, the nucleophilicity of a representative series of 
tetraoctylammoni~iill saits increases: particularly in the 
case of anions with high charge density and more 
hydration (Eq. 7).[".'" It is worth noting that the 
reactivity of the homogeneous anhydrous phase can be 
reproduced under LL-PTC conditions by using concen- 
trated aqueous alkaline solutioils (50% aq NaOH, 60% aq 
KOH). These solutions. where the water activity tends to 
zero, are found to be efficient systems for having anions 
largely or even completely "nonhydrated" in the organic 
phase (Table 4).122.241 

Once again. crown ethers behave differently from 
quaternary salts and cryptates. With the complexed crown 
ethers. removal of the hydration sphere of the anion in going 

from two-phase to anhydrous conditions is balanced by a 
larger cation-anion interaction in the ion pair. thus resulting 
in a small variation of anionic reactivity. This is another 
proof that, unlike cryptates, colnplexed crown ethers can 
hardly be considered as a source of "naked a i ~ i o n s . ~ ' [ ~ ~ '  

In low-polarity media, specific interaction with protic 
species (water) dramatically affects the reactivity (nucle- 
ophilicity or basicity) of anions with high charge density 
(OH

p

. F

p

. oxanions. carbanions, etc.). Basicity of 
OH

p 

in the Hofmann elimination reaction of ( h e ~ y l ) ~ .  
NfOHp,nHIO (Eq. 9), carried out in a chlorobenzene- 
water two-phase system, increases 50.000 tiines by 
reducing the hydration number 71 of the anion from I 1  
to 3. The enhancement is extrapolated to be more than 
nine powers of 10 for the hypothetical anl~ydrous hy- 
d ro~ ide .~~ ' . "~  This indicates that the largely dehydrated 
hydroxide. extracted in a low-polarity solvent (chloro- 
benzene) from concentrated alkaline soluiions. is an 
extre~nely powerful base. Results account for the dramatic 
effect produced by an increase of base on the rate of 
reactions promoted by alkali hydroxides under LL-PTC 
conditions, such as carbanion formation and alkylation. 
alkene isomerization, HID exchanges in carbon acids. and 
acid-base equilibria: 

In a recent kinetic study. we investigated the ability of 
macrocyclic polyethers to activate enolates in the 
alkylation of deoxybenzoin with butyl derivatives izBuU 
(Y=Br, I, OMes) catalyzed by crown ether 5 or cryptand 
10 under EL- and SL-PTC conditions with strong bases 
(NaOH. KOH) (Eq. 10).'"' The enolate reactivity 
increases; up to 40 times. on going from crown ether 
5 to cryptand 10 in line with the better anion activation 
realized by the latter. The regioselectivity of the reaction 
(O/C ratio) is also reinarkably affected by the ligand. 

Table 4 Effect of the amoil hldrdtlon 71 of octylJN+Y izH20 on the second-older rate constdnt of reactlon (5) under LL-PTC and 
anhydlcus homogeneous (PhC1) condit~on\, at 35°C 

LL-PTG conditions 
- -- 

PhCI-R20 PhCP-50% aaqKaOH 

Hydration state n of Homogeneous conditions 
P - ochy14N+U atH20 lo3 k ( M  Iss I) lo3 k ( M " -  anydrous PhCl 
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With crown ether 5, the preferential association of the 
complexed cation with oxygen favors the alkylation of 
the less-electronegative center, the carbon, and hence, 
only the C-alkylation product is obtained. Conversely, 
cryptand 10, which realizes a better cation-anion 
separation, leads to an increase in the nucleophilicity 
of the enolate 0-center. resulting in a greater quantity of 
0-alkylated product and, hence, lower regioselectiv- 
ity:[2jl 

catall rt (5 or 10) + rzBuY - PhCHBuCOPh 
PhC1-conc MOH (or so l~d)  

+ PhCH=COBuPh (10) 

GENERATION AND ACBBVATION OF ANIONS 
FOR SYNPHETlC APPLIGATlONS 

Since the appearance of Pedersen's work on the discovery 
of crown ethers in late 1967,"~' the special ability of 
polyether ligands, in particular crown ethers, to activate 
anionic reagents in homogeneous and heterogeneous 
systems was exploited in a huge number of applications 
on both laboratory and industrial scale (many of them were 
already re~ iewed) . '~ - '~ '  Some recent examples among the 
most relevant ones are presented and discussed here. 

The K2C03/18C6. 3, system is widely used for in situ 
generating oxa- and azanions, and promoting their 
reactions under homogeneous and heterogeneous condi- 
t i o n ~ . [ ~ - ' ~ ]  It was the base of choice in the synthesis of an 
important class of dendrimers, i.e., poly(benzy1 ether) 
dendrimers, 17. via an elegant "convergent-growth" 
methodologyi271 (Scheme 1). 

The procedure, based on the 3,5-dihydroxybenzyl 
alcohol 11 as the monomer unit, involves a repetitive 
two-step process: reaction of 11 with benzyl bromide 12 in 
the presence of K2C03/18C6. 3, gives the next generation 
of alcohol 13, that is converted to the col-sesponding 
bromide 14. Repetition of the two-step process affords 
successive generations up to the sixth-generation dendron 
15. The synthesis of final poly(benzy1 ether) dendrimers, 
e.g., 17, involves the Williamson coupling of bromide 15 
with a polyfunctional phenolic core, in this case, 1,1,1- 
tris(4'-hydroxyphenyl) ethane 16, once again promoted 
by K2C03/18C6, 3. In this procedure, the Williamson 
reaction is the key step of the overall process. In 
particular, the appropriate power of the base is the 
crucial factor for the reaction outcome. Solid potassium 
carbonate, activated by even catalytic amounts of 18C6 
in dry acetone, fulfills this r e q ~ i r e m e n t . ' ~ ~ '  The K2C03/ 
18C6 couple is widely used in the synthesis of other 
dendrimer structures bearing traditional and chira1[2s1 
segments, and in the preparation of linear-dendric co- 
polymers and dendronized linear polymers.['71 

Similarly, K2C03/18C6 was the base of choice for 
selectively performing mono- and dialkoxylation of cya- 
nuryl chloride, affording the corresponding 2-alkoxy-4,6- 
dichloro- and 2,4-dialkoxy-6-chloro-1.3,5-triazines, valu- 
able intermediates for the organic synthesisi'" (Eq. 11). 

~ e c e n t l y , ' ~ ~ "  anhydrous K2C03 in the presence of 
catalytic quantities of 3 in toluene was used as the base 
for the in situ generation of ylides from the corresponding 
phosphonium salts. This reaction is the first step of an one- 
pot eco-safer protocol for the preparation of olefins directly 
from phosphonium salts under oxygen atmosphere in the 
presence of VO(acac)? as the oxidation catalyst (Eq. 12). 

The efficient activation of poor nucleophilic acetate by 
crown ethers was exploited for introducing this versatile 
group in organic valuable molecules. For example, Nakata 
and coworkers developed an efficient method for the 
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HO 

K2CO; 18Ch bOH + B110j7J7Br c " .  * 

HO BnO 

BnO 

Scheme 1 Synthesis of poly(benry1) ether dendrimers. 

inversioll of secondary alcohols by reaction of the cor- ~eaction. '~" Recently. a similar protocol, i.e., KOAcI 
responding chloromethanesulfonates with cesium acetate. 18C6ltoluene. was applied by Wengel et al."" in inter- 
activated by 18C6 in benzene (Eq. 13). converting C2'-epimeric nucleosides. key intermediates 

The reaction smoothly proceeds, affording the inverted for the preparation of x-L-ribo-configured nucleic acids 
sec-alkyl acetates in excellent yields, via a clean SN2 (Eq. 14). 

The N-alkylation of "naked" nitranions of 2-nitroim- 

O A L  
idazole and theophylline, generated from their alkaline 

CSOAL .SCf, caL 
(13) 

salts in the presence of 18C6 or 15C5. was usefully applied 
r:c117c111. R"E to the synthesis of nitroimidazolylbutyltheophylline 18. 

R' = BZ or ~ l s ,  R = Tf, R' = 4c 
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I 
I l e  

which is a probe to identify. locate. and quantify hypoxia 
in sections from solid t~lmors'"~ (Eq. 15). 

We found that K2C03/DCH18C6 is an effective basic 
system for the in situ generation and reaction of activated 
trifluoroacetoamidide with 2-bromo carboxylic esters, 
affording the corresponding N-(trifluoroacety1)-r-amino 
esters, valuable precursors of natural and unnatural 
a-amino acidsi3" ((Eq. 16). The reactivity of nitroanion 
activated by crown ether 5 was found to be comparable 
to that obtained by using bulky onium salts as anion 
activators:'341 

The N-anions. generated in situ from aryl and hetero- 
arylamines and NaIIIDCH18C6 5 in toluene. smoothly 
reacted with 4-chloronitrobenzene to give the correspond- 
ing diarylamines, the protocol being a possible alternative 
for the synthesis of diarylaminesr3" (Eq. 17). Interestingly. 
kinetic data showed that the reactivity of (DCH18C6 > 
Na+)ArNH- species in toluene is more than two orders of 
magnitude lower than that of ArNHpNa+ in DMSO in the 
absence of crown ether. The UVIVis evidence indicates 

that such a behavior is mainly due to the different reacting 
species in these two media: mostly free ions in dipolar 
DMSO and ion pairs in the low-polarity 

Leckta et al. recently described an efficient procedure for 
the in situ generation of reactive monosubstituted ketenes 
through dehydrochlorination of acid chlorides promoted 
by NaH11 SC5 in THF. This new methodology was applied 
to a cost-effective, catalytic asymmetric synthesis of 
p-lactains and rx-chloroesters, pharmaceutically useful 
classes of compounds'361 (Eq. 18). 

The last step of an efficient protocol for the one-pot 
synthesis of biologically important (Z)--/-substituted-r, 
B-didehydroglutarnates 21 starting from N-alkylidene- 
glycinates 19, involves the C-alkylation of intermediate 
alkaline dienolates 20 in THF. However, capture of 20 
with an excess of electrophiles. such as MeI, failed 
even in the presence of DMPU as ail anion activator. 
The generation of "naked" enolates by using 18C6 
allowed for a smooth and efficient rea~t ion '~"  (Eq. 19). 
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Similar results were obtained only in the presence of 
bulky Schwesinger's base.[371 

Uama~noto and coworkers reported that the com- 
plexation of allylic ha]-junl reagents with crown ethers, 
in particular 18C6. substantially improved the reactivity 
toward electrophiles. e.g.. aldehydes, and y.-regioselec- 
tivity of these organoalkyl derivatives in TI-IF"~] 
(Eq. 20). By contrast. only a negligible effect of acy- 
clic polyethers on the reaction was observed.["' 

The ability of polyether ligands to activate alkoxyde 
anions was checked in the etherification of primary 
alcohols with alkyl bromides, by using solid potassiurn 
hydroxide as a base. Results showed that the efficiency 
of the open-chain PEG2000 dimethylether 1 is similar 
to that of cryptand 9 and DCH~SCS.'"' 

In anionic ring-opening polymerization of cyclopro- 
pane- 1,l -dicarboxylates 22 using sodium and potassium 
thiophenolates as initiators, the nature of the cation was 
found to play an important role in the rate and selectivity 
of the polymerization. In particular, reaction rate in- 
creased in the order Nat < Kt < [K+ c DCH18C41 

< [Ktc  (2.2.2)], relative rates being z 1, 2. 6, and 15, 
respectively (Eq. 21).'"~ According to the authors. these 
results suggest that the anionic polymerization involves 
ceveral kinds of propagating species in equilibrium with 
each other (aggregates, contact ion pairs. solvent-sepa- 
rated ion pairs, and free ions), the relative contribution of 
each depending on the nature of the counterion. As 
expected. the complexation of the potassium ion bicyclic 
polyether ligands, in particular, cryptands, gives rise to 
highly reactive "naked" car bani on^:"^^ 

Lipophilic polyether ligands, like crown ethers, cryptands, 
polypodands. and quaternary onium salts. proved to be 
efficient activators of anions ("naked anions") in Iow- 
polarity media. In these solvents. they give rise to ion 
pairs particularly reactive due to the low stabilization by 
the solvent and the low interaction with the bulky cation. 
The reactivity of these ion pairs is even higher than that 
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observed in dipolar aprotic media, where mostly free ions 
are present. It mainly depends on the ability o f  the ligand 
to induce cation-anion separation. increasing in the 
following order: open-chain < cyclic < bicyclic polyether. 
The use o f  these complexing agents in catalytic amounts 
(LL-PTC or SL-PTC) revealed considerable improvement 
for synthetic applications due to the high cost o f  these 
cyclic polyethers, especially cryptands. in comparison 
with the open-chain analogues and quaternary oniurn salts. 
The LL-PTC conditions with concentrated aqueous 
alkaline solutions allow the transfer into the organic 
phase o f  the anions largely or completely nonhydrated, so 
obtaining the same reactivity o f  the anhydrous homoge- 
neous phase. This is particularly useful for high-charge- 
density anions (OH-., F-, oxanions, carbanions, etc.). with 
reactivities that are dramatically reduced by the specific 
interaction with a limited number o f  water molecules. 
Anion activation realized by lipophilic polyether ligands 
and quaternary oiiium salts in anhydrous low-polarity 
media is probably the highest obtainable in solution. 
approaching that o f  the gas phase. 

The application examples, here discussed, clearly 
indicate that anion activation remarkably impl-oves sev- 
eral synthetic procedures and is often essential for the 
outcome o f  certain reactions. From a practical point o f  
view. the criteria for selecting an anion-activating system 
(quaternary onium salts. PEGS, crown ethers, cryptands, 
etc.), especially in indiistrial applications, include con- 
siderations dealing with efficiency. stability. availability. 
recycling. and cost. Quaternary oniurn salts and crown 
ethers appear to be the best compromise; indeed, they 
fulfill many o f  these requirements. The high cost and the 
scarse availability o f  lipophilic cryptands are strong 
limitations to the use o f  these very active anion activators. 
The cheap PEG dimethyl ethers can be the ligands o f  
choice when a limited anion activation is required. 
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INTRODUCTION 

Recent efforts o f  scientists worldwide concentrate on 
structuring all sorts o f  matter on a nanoscale. This 
structuring process is the key to nanotechnology. One 
fascinating class o f  nanornaterials are those with pores o f  
the order o f  just several nanometers in width, possessing a 
mutual colrelatioil to each other (order), so-called ordered 
nanoporous materials. Therefore, methods to obtain 
control over pore size, pore shape. pore correlation, and 
ultimately pore surface are highly desired. A process 
enabling this superior level o f  naterials design is the so- 
called nanocasting technique. Nanocasting is related to 
a method known to all o f  us in the macroscopic world 
transferred into the nanoscale dimensions, namely. 
the molding technique as used for the production o f  
church bells. 

Organic template structures derived by self-assembly 
processes o f  arnphiphiles are imprinted into cross-linked 
networks. mostly o f  the inorganic type. The telnplate 
morphology determines the structure and morphology o f  
the entire pore system. Furthermore, detailed investiga- 
tion o f  the pore structure allows inferences to be dl-awn 
about the template, and therefore. about the self-assern- 
bly process. 

Many applications o f  nanoporous materials relate to 
more than pure size-sieving effects. One interesting field 
is the use o f  llanopores as nanoreactors. 

THE PRINCIPLES AND RULES 
OF NANOCASTING 

%emplate+Matsrials Relationship 

One goal o f  ilailoscience in general and in the field o f  
ilailoporous materials'" in particular is to achieve con- 
trol over the architecture o f  matter on the nanoscale (1- 
100 nmj. Because porous materials are divided into the 
subgroups microporous (voids smaller than 2 nm).  
~nesoporous (boids between 2-50 nm).  and macroporous 
(voids larger than 50 nm),  it becomes obvious that these 
materials are raw models for nanostructured matter. Three 

criteria can be formulated to ebaluate the ultimate goals in 
the synthesis o f  porouq materials: 

Criterium I: Control over pore size. 
Criterium 11: Colltrol over pore shape. 
Critei-ium. IIH: Control over pore-surface fiinctions. 

I f  one considers how to fulfill these three criteria: it 
seemed to be beneficial i f  it was possible to apply a bell- 
casting process on the nanoscnle (Fig. la ) .  

At first. a suitable template structure needs to be pro- 
vided, as demonstrated in Fig. lb .  This template can range 
from molecules (i .  ii) to asseiilblies o f  molecules (ii-iv. v )  
to colloidal pcirticles ( v )  or even to assernbiies o f  colloidal 
particles ( i i ) .  The template is then surrounded by liquid 
(or dissolved) network precursors that are subsequently 
cross-linked. After remo~.al o f  the template (depending on 
the network materials and template. this is done by 
calcination. liquid-liquid extraction. ion-exchailge, or 
etching), a void is left over with a structure that is fully 
determined by the template. Normally. when single 
molecules are used as templates. microporous materials 
are derived. Famous examples for this case are zeolites or 
~noleculary iiupi-inted p o ~ q ~ n e r s . ~ ' ~  Colloidal crystals as 
templates lead to liiacroporous solids with photonic 
properties. However. for this article. templates made from 
self-assemblii~g molecules are o f  special importance. 
These molecuies. so-called amphiphiles, contain one 
hydrophilic and one hydrophobic part. as shown in 
Fig. Ib(ii). In aqueous systems. these chemically different 
molecular parts tend to microphase separate, and depend- 
ing on concentration. self-assembly to 1:licelles (iii) or 
lyotropic liqriid crystals ( iv)  occurs (see Fig. I ) .  Typically. 
these te~nplates lead to mesoporous structures. 

Boundaries sf Nanocestlng 

It bvas iildicated in the previous sectio~l that the promise o f  
nanocasting is that ihe template morphology will fu-lly 
determine the structure o f  the porous system. How- 
ever. certain conditions have to be fulfilled ill the tem- 
plate-network combinations in order to make the nano- 
casting process work. 

EIICJ c l o ~ ~ c ~ l ~ n  o~j S~c~~iz ir~~oleci~lc i i~  Clzei i i i~tr~ 
DOI: 10.108 1IE-ESMC 12001 9 195 
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G9 

1. x-linking - 
(2. removal of 
the template) 

Fig. 1 It is shown how idcas from the ancient bell-casting tcchnique (a) are transferred to obtain nanoporous materials (b-c). This 
process, accordingly namcd nanocasting, uses nanoseale template structures (b) ranging from molecules (i)  to colloidal crystals (vi). 
This template structure is imprinted into a solid hybrid material (c). Finally, after removal of the template, one ideally achieves a pore 
resembling the template. (View this ari in c,olor czf www.dekkpr.com.) 

The template structure needs to be compatible and 
dispersion-stable in the solvcnt-network precursor system 
throughout the entire nanocasting process and during the 
solidification of the network phase (via polycondensation 
or cross-linking, for instance). Macrophase separation has 
to be avoided at all times. Therefore, repulsive forces 
between the template and the network precursors must be 
avoided. However, in cases where the forces between 
these components are strongly attractive as, for instance, 
between a positively chargcd template and negatively 
charged network species, cooperative effects are likely to 
occur, which restrict the direct rclation betwecn the 
template morphology and the pore. A typical example for 
this case is the preparation of the well known M C M - ~ I ~ ~ '  
material, where cylindrical pores resembling a hexagonal 
liquid crystal are obtained, although the concentration of 
the cationic surfactant CTAB is even lower than the CMC 
(critical micclle concentration). It can be concluded that 
providing weak attractive intcractions between the tem- 
plate and the nctwork source is the key for the nanocasting 
method. Hydrogen-bonding interactions are ideally suited 
for this purpose. 

Simple considerations make it obvious that the porous 
materials created arc characterized by high surface area 
and, therefore, also high surface energy. The porous 
materials are only metastable in comparison to the 
corresponding bulk state due to this vast interface energy. 
'A high dcgrce of cross-linking as observed for most silica 
materials demands such a high activation energy fhr 
restructuring processes that the pore structure is stable 
practically infinitely. Additionally, it should be noted 
that the pore walls represent a confined situation. If 
amorphous phases or entropically restricted phases are 
thermodynamically significantly less stable than the bulk 
or crystallinc counterparts, nanocasting is restricted. Two 
examples should elucidate this point. Crystallization 
processes often occur for porous transition-metal-oxide 
materials, and it is hard to maintain the full integrity of the 
pore structurc at higher temperatures. Many attcrnpts wcrc 
also made to produce ordered mesoporous polymer 
rnatcrials via nanocasting procedures.l" The high flexi- 
bility and the entropically unfavorable situation of 
limiting the polymer conformation inside the thin walls 
make it practically impossible to nanocast polymers with 
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Fig. 2 (a-c) Transmission electron microscopy (TEM) images of mesoporous materials obtained via nanocasting of self-assernbled 
structures of amphiphiles of different sizes. The smallest type of templatcs CDs (cyclodextrins will be mentioned later) lead to the 
smallest pores of 1.5 nm in diameter, as also determined by N2-sorption experiments and correlating pore-size distributions (d). Block 
copolymer systems such as SE (polystyrene-polyethlylencoxide) lead to larger pores of the order of 5-10 nm. A model for the 
obtained pores is given in (e). The amphiphilic molecules can be described by the number of monomeric units in each of the 
amphiphile chains (f). The hydrophobic block is characterized by NA,  and the hydrophilic block is characterized by NU. (g) This part 
shows how the pore sizes correlate to N A  and NB for Rrij [alkyl-poly(ethy1ene oxide)] surfactants. (View this arl  it? color at 
www.dekker.com.) 
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Fig. 3 The three possible scenarios of how the amphiphilic moleculc (yellow-blue units) create a pore. (a) The "one-phase" scenario, 
where both blocks, hydrophilic and hydrophobic (yellow), contribute with full length to thc pore. The classical view (b) expects a 
microphase separation, whcrc the hydrophobic core would determine the pore size, while the hydrophilic shell would be dissolved in the 
aqueous network-precursor medium. (c) The "three-phase" scenario proved to represent thc results most accurately.'" (View this art in 
color at www.rlekker.com.) 

amphiphilic template structures. Only when the templates 
are much bigger, which results in thicker walls, can 
successful nanocasting be achieved. For instance, inverted 
polymer opals exist.i41 

DESlGNER MATERIALS VIA NANOCASTING 

It will be demonstrated in this section how the Criteria I- 
111 mentioned in  the first section of this article, desirable 
for porous nanostructures can be controlled via nanocast- 
ing. Therefore, it is not unrealistic to state that nanocasting 
materials are "designer matcrials." 

Gaining Control over Pore Size 

Within the philosophy of nanocasting, it is straightforward 
to expect that the size of the template will directly 
influence the size of the pores. As larger amphiphilic 
molecules will lcad to larger self-asscmbled structures 
(lyotropic phases with respectively larger periodicities), a 
correlation should be shown as well. 

Howcvcr, at first it is important to know if, in principle, 
larger pore sizes are possiblc, as it is known, for instance, 
for ~eoli thes (with crystalline alumosilicate walls) that 
there is a natural limitation. Navrotsky et al. were able to 
show that there is, in principle, no limitation for accessible 
pore sizes in amorphous silica materials.i51 They demon- 
strated that the amorphous silica in materials like MCM- 
41 is only marginally less stable than the most stable form 
of S O z ,  crystallinc quartz. This means that suitable expcr- 
imental pathways have to be found to reach a certain pore 
sizc. Then, the materials are stable. One of these path- 
ways, and maybe the best one, is nanocasting. 

A series of experiments with different-sized tem- 
plates proves that this assumption is correct (see Fig. 2). 
Larger amphiphiles lead to larger templates and, thus, to 
larger porcs. 

However, more details would be desirable. It is 
possible to express the architecture of an amphiphilic 
moleculc by the number of units in the molecular chain. 
For instance, N A  would denote the number of CH2 atoms, 
and N13 would denote the number of ethylene oxide units 
in so-called Brij surfactants (see Fig. 2f]. It is then 
possible to relate the sizc of the pores to the molecular 
architecture of the template molecules for a row of 
compositions (see Fig. 2g). Interestingly, the pore size 
depends on the size of both blocks. Classically (Fig. 3b), a 
microphase separation of the hydrophilic parts and 
hydrophobic parts into separate domains is expected. In 
this case, the pore-size dependence on both molecular 
parts is impossible. A "one-phase" scenario as depicted 
in Fig. 3a can also be excluded due to many reasons, 
which will not be further discussed here.'61 

It seems in Fig. 2g that all the experimental points are 
lying on a master surface, which is a first indication that 
there might be a physical law describing the correlation 
between the pore size and the molecular architecture of 
the amphiphile. However, because neither the one-phase 
nor the two-phase modcl was appropriate to describe the 
data (as shown elsewhere),'" a new model was needed. It 
seems that in addition to the hydrophobic core (bright 
yellow), a certain fraction of the hydrophilic poly(ethy1cne 
oxide) (PEO) chain contributes to the size of the mesopore 
D, (areas I and TI in Fig. 3c). Only the remaining fraction 
of PEO is imbedded in the pore wall. By considering the 
total volume given by the number of units in the 
amphiphile chain and the stabili~ation of thc interface 
I + 11/TTT, it was finally possible to derive an equation that 
relates the mesopore size D, to the molecular composition 
of the amphiphile expressed as NAIB (see Eq. 1): 
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Gaining Control Over the Pore-Wall Surface 

Fig. 4 Three alternative pore shapcs are shown schematically 
and in TEM images for spherical pores (a); cylindrical pores (b), 
and bicontinuous, "worm-type'' pores (c). (View this art in color 
at ~.vww.d~kker-.conz.) 

The constants KIlI1 contain molecular parameters, and a 
more detailed description of the derivation of this equation 
is given in Ref. 161. Surprisingly, pore sizes can be ad- 
justed by applying mixtures of chemically similar but 
different-sized amphiphilic molecules, as shown in Fig. 2d. 
This is a key result, because it is now possible to obtain 
every pore size between two borders determined by the 
"parent templates." Nevertheless, it is worth mentioning 
alternative ways to influence and control pore size. It was 
already demonstrated that a possible way would be to 
select an amphiphilic molecule with a suitable molecular 
composition in order to obtain the desired pore size. 
However, it is practically impossible to get all of these 
amphiphiles, or at least it is tedious to synthesize them. 
The dependence of the pore size on the length of 
ammonia-based surfactants was demonstrated by the first 
works of Beck, Vartuli, Kresge, et a1.'21 

Two additional routes to change pore size are 
as follows: 

Swelling of the lyotropic phase by adding selective 
so~vents. '~ '  
Changes in reaction parameters like temperature or 
electrolyte   on cent ration.^^^ 

It can be concluded that nanocasting allows for control 
over pore size. 

Gaining Controi over Pore Shape 

The analogy between nanocasting and bell-casting can be 
further used to influence the shape of the pore. Spherical 
templates (micelles) lead to spherical pores, cylindrical 
templates to cylindrical pores, and bicontinuously inter- 
woven templates to bicontinuous and highly curved pore 
systems. This is shown in Fig. 4. 

Therefore, nanocasting allows for control of the 
pore shape. 

The ultimate goal in materials design would be achieved if 
in addition to size and shape the properties of the pore 
surfaces could be chosen by demand. Thus, one needs to 
overcome the limitation of Si02 as the network material. 
Either thc silica is modified with organic groups or other 
network compositions are treated with nanocasting. 

Organic modification or the pores without affecting 
pore size and shape was realized recently. Here, silica- 
network precursors with bridging organic ligands 
(OEt)3Si-R-Si(OR)3 are used for the preparation of 
ordered mesoporous materials. The organic groups prac- 
tically cover the pore walls, as can be seen in Ref. [ Y l .  
Neither pore shape nor pore size are altered due to the use 
of the modified precursors. Furthermore, nanocasting (as, 
for instance, creating pores of different sizes) is fully 
applicable (see Fig. 5) .  It also brings the benefits of 
preparing monolithic materials. 

This tool allows coverage of the walls of the pores with 
functional groups R, and thus control of the properties or 
the pore walls.''' For instance, the pore wall can be 
adjusted to show Si-CH2-Si, Si-CH2CH2-Si, Si- 
CH=CH-Si, Si-C6H4-Si motifs, and many more. Crys- 
tallinity in the otherwise amorphous walls was also 
achieved.1101 

Many experiments were designed to obtain ordered 
mesoporous materials with completely different composi- 
tions of the network no longer correlated to silica. Also 
here, nanocasting is beneficial. Due to their high relevance 
in many areas of catalysis and their variable redox- and 
magnetic properties. much work was devoted to the 
creation of stable ordered mesoporous transition-metal 
oxides. In the meantime, many compositions with Ti, Zr, 
V, Ta, Mo, W, Mn, and Y, as the central element were 
introduced." l 1  

Fig. 5 Ordered rnesoporous materials with double bonds 
(C=C) covering the pore walls obtained via nanocasting a 
Pluronic liquid crystal. The high degree of ordered nanostructure 
is shown by polari~ation optical microscopy (left) and TEM 
(right). (View this art in color at www.dekker.com.) 
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Fig. 6 (a) Shown is how the nanocasting principle may be applied as a new tcchniyuc to investigate soft-matter aggregation in water. 
Instead of investigating the soft-mattcr aggregate directly, those aggregated are as templates cast into a solid silica mold, and thc porc 
structure is finally investigated. Under nanocasting conditions. it is possiblc to relate the pore to the shapc and size of the template. (b) 
Shown is how this concept was successfully applied to elucidate the aggregation behavior of cyclodextrin ~rlolecules in water."21 
Worm-type pores as presented in the TEM image allowed for the conclusion that cyclodextrin molecules self-assemble to aggre- 
gates. where the exterior hydrophilic domain shields the interior hydrophobic domain (see schematic). (View this ar t  in color al 

www.drkk~r.corn.) 

NANOCASTiNG AS AN 
ANALYTICAL TECHNIQUE 

So far, nanocasting was presented as a method to produce 
innovative and state-of-the-art materials. It would bc 
interesting to explorc if it is possible to invert this idea, 
namely to discover something about the self-assembly oP a 
sort-matter unit by investigating the nanocast pore 
structure. The idea behind this concept is shown in 
Fig. 6a. Here, soft-matter aggregates are interpreted as 
templates for the nanocasting process. Accordingly, the 
size and shape of the pore is determined by the template. 
Instead of investigating the soft-matter structure in water 
directly, the pore structure can be uscd to yield informa- 
tion about the guest template aggregates. The analytical 
processing of a solid, porous material is easier to achieve 
than for the correlating dispersed aggregate. The electron 
contrast between void space and porc wall is very high, 
which increases the contrast for any scattering technique. 
The porous silica is stable against most conditions, such as 
ultrahigh vacuum uscd in electron microscopy, excluding 

solvents The porcs are fixed In posltlon and, therefore, do 
not represent d tllne average The Idst point i u  somcwhat 
problematic, bccause dynam~c lnlormdtion 1s lost It IS,  for 
~nstancc, not po\slble to deterinlne the welght of the 
aggregate vla nanocdsttng 

Some cxamples should elu~ldate thc use of nanocdstlng 
au 'In analytical techn~que 

Nanocasting and the Conformation 
of Ampkiphiles 

The reader might have been wondering about thc origin of 
the following term in Eq. I :'6' 

This relation stems Pi-om the description of amphlph~les in 
polymer physics, as follows: 

h2 - h 2 N ~ N / j  
O A N  
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and describes how the interface area per a~nphiphile scales 
with the molecular composition. The exponents r =O. 16 
and 0=0.40 are the outcomes of the experiments 
described in the section "Gaining Control over Pore 
Size" and in Ref. [6]. However, if one realizes that the 
volume of the moIecular chain X in general scales with 
V'cxL. h 2 x ~ X ' .  it is possible to conclude that the length 1 of 
the hydrophobic chain '4 scales as L = ~ N ~ O . ~ ~ .  In compar- 
ison to this, the hydrophobic chain in a micellar system 
(diluted situation) scales with L'XN* (stretched confor- 
mation),'"' while chains in a polymer melt scale with 
L X N , ' . ~ ~  (coiled chain)."41 

In conclusion, nanocasting gives detailed informa- 
tion about the formation and structure of molecules in 
lyotropic liquid crystals. without having investigated 
organic matter. Just the fine details of the pore structure 
reveal these secrets: It seelns that a classical two-phase 
separation model is not f~llly applicable to lyotropic liquid 
crystals (high-concentration situation). but it seems that a 
fraction of the hydrophilic block belongs to the micellar 
core. Furthermore. it was seen that the chain conformation 
is an intermediate between stretched (micelles) and coiled 
(polymer melt). 

Nanocasting end the Aggregation 
of Cyelodextrins 

Cyclodextrins (CDs) are cyclic oligosaccharides, and it is 
known that they possess a hydrophilic shell and a 
hydrophobic core. Despite their high technical potential 
and academic importance, little is known about the 
structure of cyclodextrins in water.i121 Both opinions of 
aggregated modes and nonaggregated states were dis- 
cussed in the litel-ature. Nanocasting aqueous GD solu- 
tions were used to approach this problen~ (Fig. 6b). 
bnterestiilgly, no disordered materials were found. Instead. 
the experiment revealed materials with a well-defined 
pore size and a worm-type structure. The size of the pores 
inatched the size of a single-CD ~nolecule, and the order of 
the materials was highly dependent on the hydrophilic- 
hydrophobic difference of outer and inner CD moieties. It 
was, therefore. reasonable to argue that cyclodextrins self- 
assemble to wonn-type aggregates in water.["' 

Manseasting end Pslyoxometalates 

As pointed out before, it call be hard to investigate 
supra~nolecular species in solution. This is true for a 
particula

r 

inorganic system, the so-called giant polyoxo- 
metalates prepared by Miiller et a ~ . " ~ '  Although these 
fascinating compounds are fully characterized, it was an 
open question as to if these large clusters can be dissolved 
and if crystallization is a driving force for their formation. 

In other words, it Lvas questioned if these giants exist only 
in the solid state or also in solution. Again. nanocasting 
was able to shed some light onto this problem. Aqueous 
solutions of giant polyoxometalates were nanocasted into 
a solid silica material. and in both cases studied, the 
spherical keplerate and the disk-like giant wheels were 
found to be dispersed in the mate ria^."^] Therefore. it was 
clear that giant polyoxoinetalates exist in solution. and 
new materials were prepared. 

Nanocasting and Swelling 
of byotrspic Phases 

Another interesting phenomenon is observed via nano- 
casting when trimethylbenzene (TMB) is added to the 
lyotropic phase of a Pluronic block copolylner for the 
preparation of S B A - ~ . ~ " ~ ~  to increase the pore size by 
swelling. At a certain ratio. n~esocellular foams are ob- 
tained. as Stucky et al. pointed out.L17i The ideal hex- 
agonal structure of SBA- 15 is maintained only for 
relatively low concentrations of TMB. When the oil-to- 
polyiner ratio is 0.2-0.3. the silica walls begin to buckle, 
forming nodes accompailied by a]: increase in pore size. If 
the arnount of oil is ir~creased firsther, the nodes undergo a 
transition to spherical pores ( ~ 1 ~ 2 0  nm). the so-called 
mesocellular foam. The explanation for this phase iran- 
sition lies in the reaction of the iyotropic phase due to a 
change in the surfactant parameter by adding a hydro- 
phobic solvent. The TMB Is iocaied in the hydrophilic 
PPO regions of the amphiphilic assemblies. which changes 
the packing pararneter of ihe srrrfactarlt and finally leads to 
the transition of iuicelles to microcrnulsioi~s.~ 

NANOCHEMICAL APPLICATIONS OF 
NANQCASTlNG MATERIALS 

As nailocasting allows us to obtain porous materials with 
desired pore sizes and shapes. these materials are ideal 
candidates to act as nanoreactorsll" or to study host-guest 
relationships. Howeyer, the latter is a topic in its own right 
and is not mentioned here in further detail. 

But. the analogy gi\,en previously that nanocasting is a 
bell-casting technique on thc nanometer scale is not ab- 
solute!y correct. Because for bell-casting, the first hollow 
replica is Pilled again to get the desired lllaterial in its 
desired shape. Therefore. i t  woulil be telnpting to be able 
to use inesopores as a cast for new materials. showing the 
structure of the original organic liquid crystal. 

Many scientists successfuliy realized this goal. The 
pore system can be infiltrated Lvith precursors for metals. 
semiconductors. or polymers. and afterwards, a s~~i table  
reaction is carried ou:. and the empty pore space is 
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transformed into a metal, for instance. It was shown 
that the pore determines the shape and size of the new 
nanoparti~le.~'" A lot of work was done in the field of 
polymerization in ordered mesoporous hosts."0' Just one 
example among many should be ment i~ned. '~"  Kageyama 
et al. connected a titanocence catalyst covalently to the 
pore walls of MCM-41. When the polymerization of 
ethylene is performed, the poly(ethy1ene) chain is hin- 
dered to bend backwards. so it has to grow along the 
channel axes. This results in the situation that hexagonally 
aligned polymer fibers leave the MCM-41 "crystals." 
Finally. bundles of several polymer fibers with diame- 
ters 30-50 nm form. The obtained lnolecular weight is 
extremely high (M,, = 62.000,000). 

As described earlier. the other important subfield of 
nanochemistry in ordered mesoporous materials is the 
creation of nanoparticles. Due to the high interface 
energy, once-nucleated nanosized crystals tend to grow 
by Ostwald ripening. This growth can be restricted by 
performing the crystallization inside the pore system of a 
mesoporous host. Often, caused by quantum size effects, 
interesting composite materials are created. Therefore, 
much of the work was devoted to the preparation of 
semiconductor na~loparticles via this route. Examples are 
gallium nitride, cadmium selenide. cadmium sulfide. 
silicon, titanium dioxide, germanium, gallium arsenide, 
zinc sulfide, and indium phosphide.i',2" Ordered meso- 
porous silica materials, especially of the MCM-41 type, 
were also used as matrices for the preparation of inetal 
colloids. In this way, for example, metal nanowires were 
produced with Pd, Pt; or ~ g . [ ~ ~ ~ ~ ~ ~  

A different, interesting topic is one where the whole 
pore system is transformed into carbon. This interesting 
area of producing ordered porous carbon materials was 
reviewed e l s e w h e ~ e . ~ ~ ~ ~ ~ ~ ~  

Reviewed in this article was the so-called nanocasting 
process. which is the three-dimensional transformation of 
self-assembled organic structures (templates) into hollow 
inorganic replicas. This process allows for significant 
control over the morphological features of the resulting 
porous materials. Most importantly. pore size can be 
controlled via mixed-template routes. Furthermore. the 
pore size was rationalized as a dependence on the 
molecular compositio~ls of the template. Additionally, 
pore shape can be tuned by selecting different-shaped 
templates. Nanocasting still holds when network precur- 
sors other than those leading to pure Si02 are used. 
Organically modified materials or other porous inorganic 
oxides can be achieved. Furthermore, nanocasting allows 

for the production of porous materials of different 
macroscopic appearance ai  monoliths or thin films. 

This high level of materials design enables researchers 
to go one step further. to use the cavities (pores) of well- 
defined sizes, shapes. and surface functionalities to 
perform chemistry under confined conditions. 
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The general characteristics of neutron diffraction as 
applied to studies of condensed matter are summarized, 
along with their means of production in steady-state 
reactor and pulsed spallation sources. Techniques for 
single-crystal neutron diffraction are discussed, and the 
application of these techniques in the study of molecular 
systems is summarized. A short review of applications in 
the field of molecular crystals is given. A more detailed 
account of this area was recently p ~ b l i s h e d . ~ ' ~  

NEUTRON SCATTERlNG 

Neutrons are, in many ways, unique probes of condensed 
matter. In many cases, the information available from 
neutron scattering is not only conveniently measured 
using the technique but is also the only method with which 
to obtain the information. In contrast to other techniques 
such as x-ray or electron diffraction. neutrons are scattered 
by the nucleus, rather than by the electrons in an atom. 
As a consequence, the scattering power, given by the 
scattering length, b, does not vary monotonically with Z 
(Fig. 1). This means that neighboring elements in the 
periodic table generally have substantially different 
scattering cross sections, offering a direct method of dis- 
tinguishing neighboring elements. The dependence of the 
scattering on the nucleus also allows isotopes of the same 
element to have substantially different scattering lengths 
for neutrons, thus allowing the technique of isotopic sub- 
stitution to be used to yield structural and dynamical 
details. In the area of organic and biological molecular 
structures, the most relevant isotopic substitution is that 
of 'H (deuterium, scattering length 6.67 fm) for 'H (hy- 
drogen, scattering length - 3.74 fm). The use of contrast 
variation, where the scattering density of different parts of 
a rnolecule or of an H20-D20 mixture is altered. is 
powerful and has been key to many successful applica- 
tions of neutron scattering in chemistry and biology. 

In addition, with neutrons it is easier to sense light at- 
oms, such as hydrogen. in the presence of heavier ones. 
For example. in the presence of relatively light carbon 

atoms, a hydrogen contributes around 0.32 of the mea- 
sured neutron scattering intensity (proportional to b2) for a 
carbon atom. The equivalent ratio for x-rays is less than 
0.03, meaning that hydrogen atoms are determined around 
12 times more accurately with neutrons than x-rays in the 
presence of carbon atoms. This factor increases as the 
atomic number of the "heavy" atom increases. 

The lack of a fall-off in scattering power as a function 
of scattering angle also gives us the ability to study struc- 
tures to very high resolution with neutron diffraction. 

Among the other properties of the neutron that make it 
a successful probe of structure is the fact that neutrons 
interact weakly with matter and are therefore nondestruc- 
tive, even to complex or delicate materials. Similarly, 
neutrons allow probing of the interior of materials, not 
merely the surface layers as probed by x-rays, electron 
microscopy, or optical methods. Neutrons also have a 
magnetic moment, allowing magnetic structure (the distri- 
bution of magnetic motnents within a material) and mag- 
netic dynamics (how these moments interact with each 
other) to be studied in a way not possible with other forms 
of radiation. 

There are also some drawbacks, however, largely due 
to sample size and data collection time requirements. 
With the relatively low flux of neutron sources and the 
weak scattering of most materials, usually crystals of 
several mm' are required to allow for the collection of a 
good data set in a reasonable data collection time. The 
limit is usually regarded as being around 1 mm3, but 
there are significant efforts being made by source and 
instrument designers to allow this to be reduced further, 
as we shall see below. Assuming an appropriate sample 
is available, the choice between neutron and x-ray 
diffraction in the study of molecular systems is often 
clear cut. If there are one or more hydrogen atoms in the 
structure, of which location is critical to a complete 
understanding of the system, its configuration, and its 
interactions, then neutron diffraction should be the 
method of choice. In general; hydrogen atoms can be 
treated on an equal basis with the other atoms in a 
neutron diffraction experiment. More subtly, if some or 
all of the hydrogen atoms can be exchanged for 
deuterium, the use of contrast variation methods renders 
neutron diffraction still more powerful. 

Enc?.clol~eclin of Szrpi~amoleclrlnr Chemi.\ti? 
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Fig. I Neutron scattering lengths vary randornly as a fu~lction 
of atomic number. In addition, isotopes of the same element can 
have substantially different scattering lengths, two representa- 
tive examples. H and Ni. being shown here. 

Neutron Sources 

The characteristics of the two types of neutron sources 
(nuclear reactors and accelerator-driven spallation sources) 
used for condensed matter research are very different. A 
reactor is a steady-state source, in which neutron pro- 
duction is continuous. The neutrons produced are slowed 
(moderated) for use in neutron scattering experiments. 
Typically these neutrons are then passed through a mono- 
chromator. or filter. to select a wavelength, or wavelength 
range, to be used in the experiment. The 58 MW high 
flux reactor at the ILL. Grenoble, France. operational 
since 1973, is the highest flux research reactor in the 
world dedicated to neutron scattering and the study of 
condensed matter. Details can be found on the Web page 
http://www.ilI.fr/. 

In a spallation source. the neutron production is nor- 
mally pulsed, and all neutrons are effectively produced at 
the same time, when the proton beam hits the target. This 
leads to a tight pulse that must be retained for use of the 
white-beam time-of-flight technique, essential at such a 
source. The high-energy neutrons are thus slowed to ther- 
mal energies by using sinall hydrogenous moderators that 
retain the pulse structure. The use of pulsed spallation 
sources for neutron scattering science was largely estab- 
lished in the past two decades or so. The highest flux 
pulsed neutron source is currently the 160 kW ISIS facil- 
ity at Rutherford Appleton Laboratory in the U.K. Details 
can be found on the Web page http://www.isis.rl.ac.uk/. 

Future Neutron Sources 

For practical technological reason, it is difficult to achieve 
s~~bstantially higher flux at a reactor-based steady-state 

source. The inherent limits of reactor technology mean 
that a factor of five in flux is the most one could real- 
istically hope to achieve, though there is a \~igorous 
program of instrument optimization and upgrading to en- 
sure optimal use of the available flux. For pulsed sources, 
the situation is different. The ISIS will remain the bright- 
est pulsed neutron source for several more years. and its 
capacity is likely to double in the next few years. as a 
second target station is constructed to host a f~irther suite 
of neutron scattering instruinents. There are currently in 
construction 1-2 MW pulsed sources in the U.S. and 
Japan. These will be six to 12 times more powerful than 
ISIS. Looking forward. the proposed Europeail Spallation 
Source wou!d provide a 5-10 MW pulsed neutron source, 
30-60 times the power of TSIS. which would combine the 
time-averaged flux of the best reactor source (produced at 
1110th of the power consumption) with the benefits of the 
pulsed structure from a spallation source-a true next- 
generation source. 

SINGLE-CRYSTAL NEUTRON DIFFRACTION 

In order to meet the needs of scientists working on modern 
aspects of structural molecular science, such as supramo- 
lecular chemistry, the instrumentation used for neutron 
diffraction determinations has developed enormously over 
the last few years. This was an essential advance, because 
neutron diffraction is intrinsically a flux-limited tech- 
nique, due to the relatively low neutron fluxes available 
from even the most advanced sources. For the structural 
determination of a sample under a set of variable con- 
ditions, experiment times of a few hours per determination 
are becoming the norm. This also allows for the screening 
of larger numbers of different materials. further increasing 
the power of the technique in this area. 

On a steady-state neutron source, traditional four-circle 
diffractometer techniques"l are normally used for single- 
crystal diffraction, with a monochromatic beam and a 
single detector. Rotations of the crystal (and detector) are 
used to allow measurement of each reflection sequential- 
ly. For each Bragg reflection, it is necessary to set up a 
scan in order for the reflection intensity to be recorded. In 
such cases, all reflections are observed with the same 
neutron wavelength. eliminating the need for wavelength- 
dependent col~ections. The constant wavelength nature of 
the data collection and the steady state of the source also 
remove the need for conecting data for the incident flux 
profile and lead to more straightforward error analysis. It 
is possible to increase the region of reciprocal space 
accessed in a single measurement by using an area de- 
tector, but when this is combined with a monochromatic 
incident beam, it is still necessary to scan the crystal or the 
detector to observe the diffracted intensity. Alternatively. 
an area detector can be combined with a polychromatic 
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beam and used for Laue or quasi-laue diffraction, with a 
stationary crystal and detector. The time-averaged flux at 
current high-f!ux steady-state sources is substantially 
higher than at present-day pulsed sources, allowing better 
counting statistics to be obtained at the same time, and 
allowing the study of smaller crystals or larger unit cells. 
particularly in the Laue diffraction technique. 

All of these factors tend to lead to more accurate 
structure factors, better internal agreement, and ultimately 
to lower crystallographic R factors and somewhat more 
precise atomic parameters, hence: the best accuracy for 
neutron single-crystal structure determination. Constant 
wavelength single-crystal diffraction is the method of 
choice if ultimate precision is required in an individual 
structure determination. The high-flux reactor sources are 
currently favored for larger unit cells or smaller crystals. 

The time-of-flight Laue diffraction technique used at 
pulsed sources samples a large three-dimensional volume 
of reciprocal space in a single measurement with a 
stationary crystal and detector. This is due to the com- 
bination of the wavelength sorting inherent in the time-of- 
flight (TOF) technique with large area position-sensitive 
detectors IPSDs). 

For structural studies, there are advantages to collect- 
ing the structure factor data on an instrument with a PSD 
on a pulsed source. Many Bragg reflections are collected 
simultaneously in the detector, allowing for the accurate 
determination of crystal cell and orientation from a single 
data frame (collected in one fixed crystal/detector ge- 
ometry). The nature of the Laue method also allows 
greater possibilities for the rapid collection of data sets 
by removing the need to measure each reflection in- 
dividually. This flexibility, long appreciated in synchro- 
tron Eaue methods for studying protein s t r ~ i c t ~ ~ r e s , ~ ~ ~  
recently became recognized as a great strength of TOF 
neutron Eaue diffraction methods.'" l o r  some applica- 
tions, a single frame nlay be the only data required. The 
high flux of useful epithermal neutrons from the under- 

moderated beams thus enables collection of data to 
potentially high sin0/ILlues. which can allow more precise 
parameters to be obtained. thus enabling subtle structural 
features to be examined. 

The TOF single-crystal diffraction method is ideal for 
surveying reciprocal space. rapidly determining large 
numbers of reflections, and following structural changes 
using a subset of reflections. It also provides accuracy and 
precision in standard structural refinements, while not 
matching the ultimate performance of a constant wave- 
length instrument in this area. It is worth noting in this 
context that large electronic area detectors can lead to 
systematic deviations caused by fluctuations of detector 
response and can also be more difficult to shield; hence it 
is more difficult to obtain low background levels. 

The Future PotentiaB of Laue and 
TOF Laue Diffraction 

The relative lack of flux of neutron sources compared with 
x-ray sources means that in spite of the large amount of 
high-quality work achieved to date, the full potential of 
the unique ability of neutrons to look at structure and 
dynamics in different ways has not as yet been fully 
exploited. The solution to this in terms of instrumentation 
is to collect large amounts of data as efficiently as pos- 
sible-hence. using larger detector arrays. 

The quasi-Laue diffractometer LAD1 at the ILL'" 
exploits newly developed neutron image plate detectors 
wrapped around a cylinder surrounding the sample to give 
more than 27t solid angle coverage (Fig. 2). In order to 
reduce the problems of accidental reflection overlap, and 
more importantly to prevent the accumulation of a large 
background in the Laue pattern from the hydrogenous 
samples of interest to the supramolecular chemist. LAD1 
operates with a relatively narrow w:velength range of 
around 1 A (typically 3.2 < 3, < 4.2 A). hence. the term 
"quasi-Laue." This instrument has already demonstrated 

Drum, surrounding the sample 
to which neutron Image Plates 

are fixed. The drum rotates 
for read-out. 

Beam 
For reading, the drum rotates 
and the reader traverses along. 

Samole mount and environment 

each new frame (Laue exposure) 

Fig. 2 The LAD1 diffractometer at ILL. with its large cylilldrical image plate detector. 
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Fig. 3 The newly upgraded SXD at ISTS provides an instrument with 1 1  area PSDs arranged around a sphere surrounding the sample 
and over 50% solid angle coverage. Shown here arc an exploded view of the detector array (left) anti a view of the detector assembly 
prior to installation (right). 

its potential to  revolutionize neutron protein crystallogra- 
phy with dramatically reduced data collection  time^.^^.^' 
In addition to these exciting applications in biological 
crystallography. the LAD1 concept has obvious applica- 
tions in the study of smaller molecular systems, including 
supramolecular chemistry. The thermal LAD1 instrument 
VTVALDT, also at the ILL, promises to expand capability 
in this area. 

There is also a tremendous opportunity for the exploi- 
tation of neutron TOF diffraction using single-crystal 
samples. As we have seen, the combination of polychro- 
matic incident neutron beam and large area detector cov- 
erage results in a simultaneous measurement of a three- 
dimensional portion of reciprocal space. If the detector 
coverage is sufficiently great, a complete collection of the 
uniq~ie portion of reciprocal space is possible to good 
resolution with a minimal number of crystal orientations. 
An upgrade recently undertaken to the single-crystal dif- 
fractometer SXD at ISIS begins to realize this potential. 
This upgraded instrument has detectors covering over 
50% of the solid angle, with a total of 11 PSDs placed on a 
sphere centered on the sample (Fig. 3), and thus offers fast 
collection of Bragg intensities. 

These new instruments will benefit all areas of struc- 
tural sciencc, including chemical crystallography, drug 
structure, phase transitions, magnetism, and structural 

d~sorder, and will be of particular relevance to supramo- 
lecular chemists w15hing to build up \ystematic patterns of 
structural ~nformatlon from a range of samples. 

POWDER NEUTRON DIFFRACTION 

Modern high-resolution powder diffraction, particularly 
with neutrons, is a powerful method for structure deter- 
mination and refinement. particularly for inorganic mate- 
rials and systems. for which it is very difficult to obtain 
single crystals. The information in a powder pattern, 
overliipped as it is, is increasingly being used to allow the 
refinement of detailed structural parameters, particularly 
using the method 01' Rietveld refinement.'x.9' Increasingly 
more complex structures have been examined and 
successfully refined using the method, and the iinproved 
resolution of modern day diffractometers can be com- 
bined with Rietveld refinement to further expand these 
h~rixons.~"" 

There are limits, of course. and particularly relevant 
here is the fact that powder diffraction is not ideal for 
s t~~dying molecular systems. This is due to several factors. 
Molecular slructures frequently have large, low symmetry 
unit cells. which lcads to much peak ovcrlap in the 
powder pattern. The structures under study also frequently 
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contain rnany atoms and are flexible, leading to many 
parameters in a refinement. and to difficulty in obtaining 
stability, even in geometrically constrained refinements. 
These factors are true for both x-ray and neutron powder 
diffraction. There is an additional technical problem in 
measuring neutron powder diffraction from a hydrogen- 
containing material. due to the large incoherent scattering 
cross section of 'H; which leads to very high background 
levels. This problem can be minimized by deuterating the 
material under study, but this is often chemically 
unfeasible and expensive. There is, in general. no need 
to deuterate an organic structure for study by single- 
crystal neutron diffraction. The advent of very high 
count-rate neutron powder diffractometers may give new 
opportunities for neutron powder diffraction to make an 
impact in the study of molecular systems and become of 
more relevance to the supramolecular chemist, but for 
now, single-crystal neutron diffraction is clearly the 
method of choice. 

NEUTRON CRYSTALLOGRAPHY OF 
MOLECULAR MATERIALS 

Neutron diffraction played a major role in developing an 
understanding of how structure affects the properties of 
crystalline materials, in areas of relevance in much of 
modern structural c h e m i ~ t r ~ . ' " ~  Areas accessible to 
single-crystal and powder neutron diffraction include 
organic materials, pharmaceuticals, small biological mac- 
romolecules, zeolites, polymer electrolytes, battery ma- 
terials, catalysts. superconductors, time-resolved and in 
situ studies, and chemical magnetism.'"j Neutron dif- 
fraction experiments are often carried out under extreme 
conditions of sample environment. such as high and low 
temperature, under controlled atmospheres, high pressure, 
and in chemical reaction cells. The combination of x-rays 
and neutrons is powerful in rnany studies. including the 
characterization of host-guest interactions in, for exam- 

ple, zeolites. and in determination of charge distributions 
in crystal structures. 

Specifically in molecular systems, neutron diffraction 
is essential for obtaining the most definitive answers to 
structural problems. The technique is especially powerful 
in providing accurate positional and thermal parameters of 
all atoms. It is unparalleled in its ability to locate hy- 
drogen atoms and refine their positions and thermal 
parameters. Hydrogen atoms (e.g., hydride ligands) can be 
located in organometallic ~ o m ~ l e x e s " ~ - ~ ~ ' ~  far more 
reliably than by any other method (Fig. 4). Much of the 
structural work 011 hydrogen-bonded systems (e.g., amino 
acids, nucleic acid components, carbohydrates. cyclo- 
dextrins) used neutron diffraction.'2'-321 In addition, de- 
termination of the hydrogen anisotropic displacement 
parameters in short 0. . .0 hydrogen bonds allows, for 
example, the deduction of the shape of the potential well 
in which the atom sits.'""-" Neutron single-crystal 
diffraction has an important role in defining the patterns 
of "weak" intermolecular interactions in complex mo- 
lecular and supramolecular structures, as these often 
crucially involve hydrogen  atom^.'^^-^^] This leads di- 
rectly to a strong irnpact in the expanding area of supra- 
molecular chemistry and crystal engineering. (Fig. 5)r1."1 
Neutron diffraction also gives complementary information 
to x-ray diffraction for charge density studies.i40451 In 
joint x-raylneutron studies, the neutron parameters fix the 
nuclear positions, and with the x-ray data. the electron 
density involved in bonding and nonbonding interactions 
is determined. 

Neutron diffraction also has a prominent role in the 
determination of thermal parameters, in particular, their 
interpretation and analysis and the implications of this for 
interatomic potentials. The accuracy of single-crystal 
neutron diffraction studies of n~olecular structure, along 
with the complete description of positional and vibrational 
parameters of all atoms in a structure, has led to many 
examples of its use in this area. These applications include 
the accurate determination of thermal parameters for 

Fig. 4 Determination of the disposition of the terminal hydride ligands in F151r[P(i-Pr)3]2 by single-crystal neutron diffraction shows 
these to adopt an equatorial pentagonal arangement Disorder in the structure means that there are actually two superimposed 
pentagons (right), each comprising half-occupancy hydrogen sites. 
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Fig. 5 The dimeric synthon in 2-ethynyl-adamantan-2-01, formed via 0-II. . .x interactions between symmetry-related copies of one of 
the two molecules in the asymmetric unit."x1 The neutron study allows the full directionality of the 0 -H. .  .x interaction forming this 
synthon to be determined. 

hydrogen atoms.[461 allowing the comparison between x- 
ray and neutron diffraction dete~minations,['~' allowing 
for understanding of the effect of thermal vibrations on 
apparent molecular geometry,1481 allowing for the study of 
the effect of temperature on structure.["] and in many 
other areas. Accurate single-crystal neutron diffraction is 
also well suited to the study of disorder and is particularly 
important where there are disordered hydrogen atoms 
present in a structure.'50'"' 

Neutron diffraction is an important, complementary 
structural tool for the supramolecular chemist. The facil- 
ities available are developing in directions that are well 
suited to applications in this area. and the technique can 
have an increasing impact. 

CONCLUSION 

Modern neutron diffraction is becoming an increasingly 
relevant tool for supramolecular chemistry. Allied to its 
natural advantages for the determination of hydrogen 
atom parameters, and thus for the fuller description of 
many nonbonded interactions, improvements in sources 
and instrumentation for neutron diffraction are now en- 
abling these advantages to be realized in a wider range 
of systems. 
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The definition of the term "csystal engineering" evolved 
since its inception over three decades ago. Gerhard 
Schmidt (1971) used this term in the context of en,' olneer- 
ing crystal structures having intermolecular contact 
geometry appropriate for photodimerization in the solid 
state.'" He noted that the introduction of a dichlorophenyl 
group in unsaturated molecules steers crystallization into 
a unit cell with a shortest axis of ca. 4 A, a distance op- 
timal for photoreaction of alkenes. Gautam Desiraju 
(1989) widened the meaning of crystal engineering as 
"the understanding of intermolecular interactions in the 
context of crystal packing and in the utilisation of such 
understanding in the design of new solids with desired 
physical and chemical properties.""1 In 1996, Kenneth 
Seddon stated that the subject "now hovers on the edge 
of maturity, a scientific discipline establishing its own 
unique identity, developing a distinctive profile, and with 
a promising future ahead."'" Rapid developments in 
supramolecular chemistry in the 1990s and the realization 
that a crystal is a supermolecule par excellence. led to the 
idea that crystal engineering is the synthesis of supramo- 
lecular structures in the solid state.[4." Today, crystal 
engineering is an interdisciplinary subject dealing with the 
self-assembly of molecular crystals. metal-organic archi- 
tectures, nanostructures, and coordination polymers using 
hydrogen bonding, electrostatic, and van der Waals in- 
teractions. and metal coordination bonding. It brings to- 
gether chemists of different specialization (synthetic. 
physical, computational. theoretical, analytical) to work 
in collaboration with crystallographers and physicists for 
the design of organic, inorganic, and hybrid systems. In 
order that such a diverse group of scientists interact and 
communicate effectively, the meaning of commonly used 
terms must be uniformly understood and accepted by all. 
This justifies the need for the present article. 1 now present 
a glossary of terns in crystal engineering. 

GLOSSARY 

Cambridge Structurab Database (GSD) 

A 5torehouse of over 290,000 olganic, organometall~c. 
and coo~dination polymer crystal 5tructures (Apnl 2003 

update) maintained and distributed by the Cambridge 
Crystallographic Data Centre (CCDC). The reason for 
archiving crystal structures is that while a structure may 
have been determined for one reason (e.g., to confirm 
the stereochemistry), it may provide valuable data on 
intermolecular interactions and close packing to a crys- 
tal engineer at a subsequent date. The CSD is now 
routinely employed as an empirical database for su- 
pramolecular retrosynthesis-to use what is known to 
predict what is unltnown. 

Cone Correction 

The D-H,, ,A hydrogen bond has a preference for 
linearity (Q=180°). The N versus Q histogram of O- 
H . .O hydrogen bonds shows a peak at 8 =  160-170'. The 
departure from linearity for stroag H-bonds is actually an 
artefact, because the solid angle covered by an angular 
interval A8 is smaller for linear than for bent 
geometry. If this bias is corrected by plotting Nlsin 
8 versus 8. the histogram has a sharp maximum at 
170-180" indicating hydrogen bond linearity. Cone 
correction is an obligatory step in the statistical 
analysis of hydrogen bond data. 

Hydrogen bonds possess the important property of co- 
operativity (synergy). The energy of an array of rz 
hydrogen bonds is greater than the sum of isolated hy- 
drogen bonds, (0-H. . .O-H. . .O-H. . .),,>n x (0-H. ..O). 
Cooperativity in effect represents the difference between 
calculating energies using atom-pair potentials and many- 
atom potentials. This nonadditive property tapers off at 
about n=5,6 and arises because the ability of donor and 
acceptor groups to form hydrogen bonds is enhanced by 
the polarization of hydrogen and lone-pair electron 
densities in a collective ensemble. Hydrogen bond alrays 
may have resonance-assisted H-bonding (RAHB) in P- 
diketones, .n-bond cooperativity in carboxylic acids and 
amides, o-bond cooperativity in carbohydrate crystal 
structures, and polarization-enhanced H-bonding in ho- 
modromic, antidrornic. and heterodromic arrays of al- 
coholslphenols. 
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Crystal Structure 

A crystal is a solid having a regularly repeating internal 
arrangement of atoms. Crystal structure is the mutual 
assange~nent of atoms. molecules, or ions packed together 
on a lattice to form a cry~ta l . '~ '  In the context of this 
volume, crystals are ordered supramolec~llar systems, and 
crystallization is an impressive display of supramolec- 
ular self-assembly in a periodic arrangement. 

Crystal Structure Prediction 

This is an ab initio prediction of the crystal structure from 
computation and theory given the molecular structure. 
The CCDC conducted blind tests in 1999 and 2001 to 
assess the progress in this challenging goal that lies at the 
heart of crystal engineering. Given our present under- 
standing of molecular conformations and intermolecular 
interactions in crystals and despite the progress in ac- 
curately computing atom-atom potentials. a general solu- 
tion to this problem is impossible to very difficult at the 
moment. but conditional success is likely in the foresee- 
able future. 

Disordered Structure 

A crystal structure in which ions or molecules pack in 
alternate ways in different unit cells is a disordered 
structure. Such disorder may be revealed by the presence 
of diffuse scattering, either as halos or streaks. around 
intense reflections. Guest molecules in crystals tend to be 
disordered. at times in a liquid-like state. Disorder is of two 
types. Static disorder occurs when a molecule is located in 
different orientationslcoi~formations in syrnmetry-related 
positions in the unit cell. When molecules are fluxional at 
the same position in tile crystal. the disorder is dynamic 
(e.g.: perchlorate anion. rert-butyl group). Dyilamic disor- 
der can be dampened or frozen at low temperature. 
whereas static disorder persists even if x-ray data is 
collected at cryogenic conditions. 

Graph Set 

This is a geonletrical description of hydrogen-bond 
patterns to encode complicated networks as combinations 
of four simple patterns: chains (C); rings (R). intramolec- 
ular H-bonds (3). and other finite motifs (D). The number 
of atoixs (rz) is the degree of the pattern. Specification of a 
pattern is a~rgrnented by the number of hydrogen bond 
donors (d) and acceptors (a) .  e.g., 6:; (iz). Basic graph sets 
are of the lowest degree, and complex graph sets describe 
patterns of higher degree. Unitary or first-level graph set 
Ni is a list of a11 motifs (one type of H-bond) in the 
structure, binary or second-level N2 describes patterns of 

two K-bonds. and N3 describes patterns of three H-bonds. 
The same hydrogen bond array may be analyzed in more 
than one graph set notations. e.g., r-glyciile has &;2 (5). C: 
(10). and R: (16) graph set patterns depending on the 
complexity with which the structure is analyzed. Graph 
sets are u s e f ~ ~ l  in identifying different hydrogen-bond 
patterns in polymorphs. 

Helix 

A helix is characterized by a helical axis. a screw sense 
(i.e.. chirality). and pitch (rate of axially linear to angular 
rnovernent). Ideally. the axis is a straight line. and the two 
kinds of tnotion are circular and linear at a constant 
distance r from the axis, producing a cylindrical (constant 
radius), palindromic (constant pitch) helix. A helix may be 
right-handed (designated P) or left-handed (im accord- 
ing to whether the rotation is clockwise or anticlockwise 
vrrhen the helix is considered to wind froin the viewer's 
eye toward a point distant froin the viewer. 

Herringbone Motif and n.. .n Interactions 

Recognition between phenyl groups is mediated by nu- 
merous interactioils that have two extreme geometries: 
edge-to-face herringbone T-motif (dipole-quadrupoie 
interaction. energy 1-2 kcailmol). and parallel-stacked 
arrangement of phenyl rings with face-to-face interac- 
tion between n-electron clouds (quadrupole-quadrupole 
intei-action, energy 1 lzcalirnol). Possible variations in 
these geometries are the vertex-to-face approach, and 
the presence of offset or slight inclination between n- 
stacked rings. 

Host-Guest Compound 

The inclusion of small guest molecules in the open 
framework of a host molecule constitutes a host-guest 
compound. They are of two major types: cavitands. or 
molecular host corilpounds with intramolecular cavities- 
the cavity is an intrinsic property of the molecule and 
exists in solution and in the solid state. e.g.. calixarenes. 
cyclodextrins: clathrands are hosts with extramoiecular 
cavities that resuit from the aggregation of two or more 
molecules-lattice i~~clusion hosts exist only in the crys- 
talline or solid state, e.g.. hydroquinone and urea. The 
corresponding host-guest adducrs are referred to as 
cavitates and clathrates. Tuning the pore sire and shape 
and controlling the hydrophobiclhydrophi1ic nature of a 
host cavity are major endeavors in crystal engineering. 
The distinction between a host-guest adduct HOG and a 
7 '  olnary nlolecular complex A.8 is that in H.6, there are 
either no specific H. . .H and 6. . .G interactions. or H. . .H 
interactions along with weak E l . .  association stabilize 
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the structure; in A 4  there are A. . .B interactions, or 
A.  . .B is comparable in strength to A. . .A aggregation. 
When the guest nlolecule is the solvent of crystallization, 
the structure inay also be referred to as solvate or pseu- 
dopolymorph. The overlap of meaning for these ternls 
makes the classification of multicomponent crystals 
difficult. For example, the 1 : I sulfathiazole~acetonitrile 
adduct is a clathrate, while 1 : 1 sulfathiazo1e.N-formyl- 
piperidine is a ~ocrys ta l . '~]  The difference between a 
cocrystal and a molecular complex was never outlined 
clearly. Borderline cases can be difficult to classify 
with the above terminologies, because they are some- 
what subjective. 

interpenetration. interweaving, or catenation of two or 
more networks can occur to fill the empty space in 
crystals. Intercalation or inclusion of guest molecules 
(solvent, ligand) is another route to close packing. Self- 
penetrating nets have two types of topology: parallel 
interpenetration of corrugated layers leading to a two- 
dimensional network (generally) and inclined interpene- 
tration of laminated nets resulting in a three-dimensional 
structure. Thus, interpenetration topology is a way to 
increase the dimensionality of the structure. The number 
(n) of independent interweaving networks defines n-fold 
interpenetration. e.g., trimesic acid is fourfold inclined 
interpenetrated, and its 2:3 adduct with 4,4'-bipyridine has 
a threefold parallel interpenetrated network. 

Hydrogen Bond 
isomorphism and Bsostructurallty 

A hydrogen bond D-H. . .A is formed when the electro- 
negativity of donor D relative to H in the D-H covalent 
bond is such as to withdraw electrons and leave the proton 
partially unshielded so that it can interact with the lone- 
pair or polarizable n electrons on the acceptor A.  Hy- 
drogen bonds are of three types: strong or conventional H- 
bonds (0-FP. . .O. 0-H. . .N. N-H. . 0 )  with energy of 4- 
15 kcal/inoi, weak or unconventional H-bonds (C-H. . 0, 
C-H . .N. 0-H..  .n) with energy of 2-4 kcallmol, and 
very strong or ionic H-bonds (0-FI. . .Op. 0'-H, . .O) 
with partial covalent character and energy of 15-40 kcall 
mol. The total energy of the hydrogen bond may be par- 
titioned into electrostatic, charge transfer, polarization. 
dispersion, and electron repulsion with the major con- 
tribution varying, depending on whether the H-bond is 
strong (mostly electrostatic), weak (electrostatic); and 
very strong (mostly covalent). The strongest hydrogen 
bond is comparable in strength to the weakest co- 
valent bond. 

Hydrogen Bond Rules 

Forrnulatecl by Margaret Etter, these rules correlate func- 
tional groups in neutral organic molecules with hydrogen- 
bond patterns in crystals. 1 )  All good proton donors and 
acceptors are used in H-bonding. 2) Six-membered-ring 
intramolecular H-bonds form in preference to intenno- 
lecular PI-bonds. 3) The best proton donors and acceptors 
remaining after intramolecular hydrogen-bond formation 
will form interinoIecular H-bonds to one another. There is 
a ranking of hydrogen-bond donors and acceptors in a 
crystal; and pairing takes place in an hierarchical fashion. 
These rules inay be exploited in the design of cocrystals. 

Interpenetration 

Open or porous networks minimize the empty space 
between them (nature abhors a vacuum). Interdigitation, 

Isomorphism is similarity of crystal shape, unit-cell di- 
mensions. and structure between substances of similar 
chemical composition. Ideally, the substances are so close- 
ly similar that they can generally form a continuous series 
of solid solutions. The degree of similarity between crys- 
tals can be calculated using Kilmin's parameters: the unit 
cell similarity index, II. and isostructurality index P,(n): 

where a. b, c and a', b', c' are the orthogonalized lattice 
parameters of related crystals. 

where n is the number of distance differences (AR,) 
between the absolute coordinates of identical nonhydrogen 
atoms within the same section of the asymmetric units of 
related structures. For an isostructural pair of crystals, EI 
must be close to 0, and I,(n) should approach 100%. These 
parameters were derived in the context of steroid crystals 
but are now used for all classes of molecules. 

Isotropic and Anisotropic Interactions 

Intermolecular interactions in organic solids are of two 
types: short- to medium-range isotropic or van der Waals 
interactions; long-range anisotropic interactions and hy- 
drogen bonds. Dispersive forces are attractive, their 
magnitudes are proportional to the sizes of the molecules, 
and they vary as rp6  (r=interatomic distance). Exchange 
repulsion (varies as r- 12)  balances the attractive forces to 
define the arrangement of molecules in the crystal based 
on the close-packing principle of Mitaigorodskii. Aniso- 
tropic interactions define directional preferences in the 
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mutual recognition of molecules during crystallization. 
They are electrostatic in nature and operate at long range 
(fall off as r - - I ) .  These include ionic interactions 
( K +  . .O), strong and weak hydrogen bonds (0-II. . .O, 
C-H. ..0). and interactions between heteroatoms (halo- 
g e n  . .halogen). The crystal structure of a molecule is the 
free-energy minimum resulting from the optimization of 
attractive and repulsive intermolecular interactions with 
varying strengths, directional preferences, and distance- 
dependence properties. 

Molecular Network 

A suprainolecular structure, theoretically composed of an 
infinite number of inolecules (tectons) capable of mutual 
recognition; is termed a molecular network. Complicated 
structures that contain repeating anays of molecules 
joined by strong and directional metal-ligand or hydrogen 
bonds can be reduced to simple topological networks of 
multiple connecting nodes (molecules) and the rods that 
connect them (intermolecular interactions). The network 
representation facilitates analysis and design of crystal 
structures, e.g., a three-dimensional diamondoid network 
from tetrahedral molecules, and a two-dimensional hon- 
eycomb network of trigonal molecules. 

Neutron Normalization 

The D-H distance in a typical organic molecule ( D = 0 .  N. 
C) is systeinatically underestimated by x-ray diffraction, 
because the one-electron of H is polarized toward the 
heavy atom to which it is bonded and also because of the 
librational motion of the D-H bond, even at low 
temperature. Because x-ray crystallography relies upon 
electron density to locate atoms. the D-H bond is arti- 
ficially shortened by up to 0.2 6.. The accurate location 
of a proton is paramount in hydrogen-bond studies. This 
error is corrected by lengthening the D-H bond vector to 
the standard distance determined by neutron diffraction. 
The H. . .A distance is slightly shorter in normalized 
geometry. and the angle is lower. Neutron scattering 
depends upon the atomic nuclei and not the electron 
density to locate atoms. and so the coordinates of both 
H and D are determined with near-equal precision 
(k0.002 A. k0.2"). The precision of locating an H-atom 
with a cryogenic x-ray diffractometer is 10 times lower 
(k0.02 A). 

Polymorphism 

A solid crystalline phase of a coinpound resulting from the 
possibility of at least two different arrangements of the 

molecules of that compound in the solid state. Polymorphs 
are like supramolecular isomers in the spontaneous 
organization from molecule 4 nucleus 4 crystal. Poly- 
morphism is the antithesis of crystal engineering. Yet. 
this phenomenon is of fundamental and commercial 
importance, because polymorphs have different physical 
and chemical properties. About 10% of compounds are 
estimated to be polymorphic, though the percentage could 
be higher for pigments, dyes, explosives. and pharmaceu- 
ticals. When polymorphs occur, kinetic factors are 
deemed to be important during crystallization. Some re- 
lated terms are concomitant polymorphs (crystals from the 
same flask under identical crystal growth and solvent 
conditions), conformational polymorphs (different con- 
formations of the same molecule in different crystals), 
conformational isomorphs (multiple conformations of the 
same molecule in the same crystal), configurational poly- 
morphs (different configurations of the same molecule, 
e.g., Z, E, in different crystals), and pseudopolymorphs 
(crystals formed by the same substance crystallized with 
different amounts or types of solvent molecules). 

Porous Solids 

Organic zeolite analogues are commonly referred to as 
porous solids. These materials promise a new range of 
applications. e.g., in pharmaceutical manufacture and in 
molecular sieves, sensors. and devices. They are crystal- 
line or amorphous materials that permit the reversible 
passage of molecules through holes on their surface. 
Porous solids are classified according to pore diameter: 
nanoporous or microporous (< 15 A), mesoporous (15-500 
A) and macroporous (>500 A). The natural and synthetic 
inorganic zeolites with uniform pore sizes of 10-20 A are 
the classical examples of microporous materials with 
widespread use in industry. 

Site Occupancy Factor (SOF) 

The SOF is the partial occupancy of a given site by a 
particular atom. It is most frequently used to describe 
disorder in a portion of a molecule or for describing 
nonstoichiometric situations. e.g.. in solid solution. 

Structure Solution and Refinement 

The intensity data from 1000-100,000 reflections (de- 
pending on molecular size) collected on x-ray diffrac- 
tometers is solved by direct methods or by Patterson 
function to "guess" approximate phases. This gives the 
outline of the molecule with bond lengths to k0.1 A pre- 
cision. The structure is refined by the least squares method 
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to miniiuize the difference between experimental and 
calculated electron density maps. The optimized model 
of coordinates and thermal parameters is converted to 
display the molecular structure (bond distances, angles, 
torsions) with hydrogen-bonding interactions. The struc- 
ture solution and refinement process is complete when the 
agreement between calculated and observed data is as 
good as possible. For a good structure determination; the 
estimated standard deviation 01- standard uncertainty, or 
errors in bond lengths and angles, should be t0.002 A and 
a0.2". respectively, and the residual R factor should be 
<5%.  Structure solution and refinement are almost auto- 
mated now with programs like SHELX. 

Supramolecular Chemistry 

This is the chemistry of molecular assemblies. intermo- 
lecular bonds, noncovalent interactions, and hydrogen 
bonds. The original meaning of "supramolecular" is 
"beyond the ~nolecule.' "" ' "Supramolecular" currently 
has three different meanings: intermolecular interactions. 
coordination chemistry, and a strategy for the controlled 
organization of multiple components. Supramolecular 
chemistry is a philosophy and strategy for the controlled 
grand assembly of complex matter.[" 

This is a suprainolecular synthon involving recognition 
between chiral molecules and leading to enantio- or dia- 
stereopure architectures. The term, suggested by Hanes- 
sian. may also be used to designate the minimum 
hydrogen bond ensemble leading to chiral or polar crys- 
tals of racemic molecules. 

Supramolecular Isomerism 

The existence of more than one type of network super- 
structure for the same molecular building block represents 
supramolecular isomerism. Therefore, it is related to 
structural isomerism at the molecular level. Supramolec- 
ular isomerism is the existence of different architectures 
(i.e., architectural isomerism) or superstructures. Poly- 
morphism is a type of supramolecular isomerism but not 
vice versa. Supramolecular isomerism can be classified 
as structural (the same components result in different 
network superstructures). conformational (different con- 
formations of a flexible molecule generate different. 
but often related. network architectures). catenane (the 
different manner and degrees in which networks inter- 
penetrate or interweave), and optical (chirai networks that 

crystallize in e~lantiomorphous space groups. or the 
spontaneous resolutio~l of chiral solids). 

Supramolecular Synthon 

Structural units within super~nolecules (crystals) that can 
be formed and/or assembled by known or conceivable 
synthetic operations involving intermolecular interac- 
tions. most often hydrogen bonds, are supramolecular 
synthons. The goal of crystal engineering is to design 
robust synthons that can be exchanged from one struc- 
ture to another and then incorporate recurring synthons 
in retrosy~lthesis to anticipate (predict) the one-. two-, or 
three-dimensional structure of novel target architectures. 
Desiraju suggested that this exercise may be referred 
to as crystal synthesis in analogy with target molecule 
synthesis. However. because hydrogen bonds are an 
order of magnitude weaker than covalent bonds. the 
robustness of a synthon is reliably derived from statis- 
tical trends, i.e., the probability of occurrence of a 
particular structural motif in the CSD. The prediction 
of crystal packing through such an empirical-c~im- 
chemical intuition approach was reasonably successful. 
This is distinct from crystal structure prediction, i.e., to 
know the unit cell and space group of a given mole- 
cule without any experimental data. Synthon interchange 
is the exchange of one functional group with another 
(e.g., halogen; ethynyl, hydroxy) to generate topologically 
identical structures. 

Synthon Interference and 
Structura! insu8ation 

Crystal structures are a result of a subtle balance of 
forces between various intermolecular interactions with 
different distance-dependence and directional properties. 
When the geonletrical requirelnents of two interactions 
can be met in isolated regions of the crystal. the two 
interactions are said to be structurally insulated. If the 
geometric demands of two interactions come into con- 
flict, optimization of one interaction changes the normal 
pattern of the other, and this pheilo~llenon is termed as 
interaction interference. The challenge in crystal engi- 
neering is that it is difficult to anticipate when a par- 
ticular chemical modification will conserve the synthon 
and when the structure will be disturbed. 

(Greek word rsKewv for bullder) Molecules uith sticky 
surfaces with interaction5 that are dominated by specific 
attractive forces that induce the assembly of aggregates 
with controlled geometries are tectons. Wuest suggested 
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~nolecular tectonics as fhe art and science of supramolec- 
ular construction using tectonic subunits. 

Twinned Crystal 

This is a composite crystal built from two or more crystal 
specimens that grow together in a specific manner. so that 
there is at least one plane and a direction perpendicular to 
it that are related in the same manner to the crystallo- 
graphic axes of both parts of the twin. 

Today, crystal engineering covers a wide palette spanning 
organic, inorganic, and organometallic structures in the 
solid-state; crystal growth and morphology; pharmaco- 
phore mapping and drug design; and materials science 
and nanosc ien~e .~ '~~~" '  The importance of this subject 
is increasing and its scope diversifying, as it lies at the 
intersection of e~lgi~leering-down and synthesis-up tech- 
nologies. The present article gives working definitions 
of some terms that were selected based on the person- 
al experience of this author, who entered crystal engi- 
neering from an organic synthesis background. Exact 
definitions are all but impossible in chemistry, and 
working definitions should not be taken too literally. 
For example. the accepted definition of organometailic 
chemistry as "the chemistry of cornpounds with metal- 
to-carbon bond" rules out the coinmon industrial 
compound, Wilkinson's catalyst, WhC1(PPh3)3. I con- 
clude my glossary on this sobering note. 
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INTRODUCTION 

There has been a growing interest in fundamental and 
scientific research in the area of molecule-based nonlinear 
optical (NLO) inaterials with large second- and third- 
order nonlinearities. The research was primarily motivat- 
ed by applications of optical and electro-optical devices 
based on these materials in the telecornmunications and 
optical data-processing industries.'" In particular, second- 
order NkO inaterials offer many attractions, such as large 
nonresonant ultrafast response times, low dielectric 
constants, and intrinsic architectural tai1orability.'" The 
noncentrosymmetric organization of chromophores is an 
essential requirement for efficient bulk second-order 
nonlinear optical materials. Thus. the controlled construc- 
tion of suprarnolecular assemblies has become a popular 
method in the design and synthesis of NLO materials. A 
variety of methods such as electric field p o ~ i n g . ~ ' ~ ~ ~  
Langmuir-Blodgett assembly."." and crystal engineer- 
ing'""] were employed to prepare second-order NLO 
materials. In the last decade. the layer-by-layer molecular 
self-assembly approach was treinendously active in the 
developlnent of new NLO materials.'"' In this article, we 
discuss the concept of optical nonlinearity and the 
strategies for design and synthesis of nonlinear optical 
chromophores and s~rpramolecular structures. 

higher-order) terms becomes significant.[l5] Higher-order 
susceptibilities x("' (n > I )  are inherently inuch smaller 
than X ( l ) .  and progresrively become smaller as n increases. 
The polarization component along the ith axis can. 
therefore, be generally represented as follows: 

Because the electric field and the polarization are vectors. 
the a'"-order macroscopic electric susceptibility (x(")) that 
relates the components of the polarization to the applied 
field; is an ( r z  + 1)-order tensor. The microscopic 
polarization in molecules is defined by the induced dipole 
moment pi, which depends on the lnolecular polarizabil- 
ity, r :  and hyperpolarizabilities, P, ./. etc., as follows: 

In Eqs. 1 and 2. the indices i, j. k. and I refer to the 
coordinate system of the bulk material and molecule. 
respectively. Illustrated in Fig. 1 are the linear and non- 
linear polarizations with respect to electric field. The 
Fourier decomposition of this nonlinear polarization 
comprising components of zero frequency, the f~lndarnen- 
tal frequency, the second-harmonic frequency, the third- 
harmonic frequency. etc.. is shown in Fig. 2. The effects 
up to the second order. which are easily observed ex- 
perimentally, are called the optical rectification. P(0); 
linear electro-optic effect P(cj); second-harmonic gener- 
ation P(2w), and third-harmonic generation P(3oj). 

THE CONCEPT OF OPTICAL NONLINEARITY 
Second-Harmonic Generation QSHG) 

When the electric field of electromagnetic radiation 
i~lleracts with a material, it induces a dipole moment in 
the material. The dipole moment induced per unit volume 
is called "polarization." At low electric fields, the 
inacroscopic polarization or polarization of the bulk 
medium. P.  is linearly related to the field by the 
proportionality constant, x"). known as the linear electric 
susceptibility. At high fields, typically those associated 
with lasers. contribution of the nonlinear (second- and 

The phenomenon of frequency doubling or second- 
harmonic generation can be visualized as follows. If the 
applied electric field is of frequency o, it can be re- 
presented as sinot. and the quadratic terms are seen to 
have a 201 dependence. 

E x sin c ~ j t  

Ei~cyc lo~~e i i i~ i  of S~~i,iiimolec~4lni. Cizeiizi~try 
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P 

nonlinear polarisation 

Fig. B Linear and nonlinear polarization versus electric field. 

There is an important symmetry constraint for observ- 
ing second-harmonic generation or other quadratic (in 
general any even order) NLO effects. The quadratic and 
other even-order effects are possible only in noncentro- 
symmetric systems. In a gaseous or liquid state where 
random fluctuations create a center of symmetry, one 
needs an alignment of molecules using an external field to 
break the center of inversion and observe second-order 
effects. However, in the case of third-order nonlinearities. 
there is no such symmetry constraint. Thus, in this article, 
we deal exclusively with second-order nonlinear optical 
properties of organic materials because of the important 
role of supramolecular chemistry in designing noncen- 
trosymmetric systems. 

SECOND-ORDER NONLINEAR 
OPTICAL MATERIALS 

Most of the materials developed initially for NLO appli- 
cations were based on inorganic systems. Ferroelectric 
materials lacking a center of symmetry were prime 
candidates. With inorganic materials, the optical and 
acoustic phonons as well as the electronic polarization 
contribute to the NLO effects. The NLO effects in inorgan- 
ics can be interpreted only at a bulk level; extension of the 
atomic or ionic polarizabilities to the bulk NLO properties 
is complicated. There is growing interest in developing 
n-conjugated organic molecules for NLO applications. 

The molecular structures of some well-known systems 
are presented in Fig. 3. It was established that push-pull 
organic molecules have very high values of Pijk (Eq. 2) 
and when they crystallize in a non-centrosymmetric space 
group, they possess large nonlinear susceptibility. The 
nonlinearity in these systems is dominated by electronic 
polarization effects. In the solid state, these organic 
compounds form molecular crystals in which the mole- 
cules interact through weak intermolecular forces and 
retain their individual identity to a high degree. 

The quadratic NLO active molecules are mostly based 
on donor-acceptor substituted aromatics; benzene, stil- 
benes, diary1 acetylenes, diacetylenes, and biaryls are 
commonly used frameworks. In addition to the above 
materials, many more organic and organometallic com- 
pounds were examined by the powder SHG method, or 
their molecular hyperpolarizabilities were measured using 
EFISHGIHRS techniques, or b ~ t h . " ~ - ' ~ ]  

time 

Fig. 2 The Fourier decomposition of nonlinear polarization and the components of P ( x )  at frequencies 0. 0, 20,  and 30.  (View this art 
in color at rv+t,w.dekker..com.) 
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Fig. 3 Well-known organic NLO molecules 

STRATEGIES TO OBTAIN 
NBNCENTRBSYMMETRIC STRUCTURES 
FOR QUADRATIC NbO APPLICATIONS 

In the previous section, we already noted that a noncen- 
lrosymmetric structure is essential for a material to show 
second-order NLO properties. A~norphous and glassy 
solids are, in general. centrosymmetric. A majority of 
crystalline organic materials are also centrosymmetric. A 
variety of techniques were attempted to induce a non- 
centric lattice formation. Thin films can be prepared as 
noncentrosymmetric structures, using special techniques. 
Some of the popular strategies developed to induce 
noncentrosymmetry in bulk structures are as follows: 
inclusion of chirality in the molecule: utilization of crystal 
engineering techniques that exploit weak intermolecular 
forces; electric field poling of thin films or polyrner 
films in which the mclecules of interest are bound 
physically or chemically: preparing X.  Z,  or alternate- 
type Langmuir-Blodgett (LB) films; and layer-by-layer 
molecular self-assembly for generating intrinsically non- 

centric super lattices. These methods are discussed in 
some detail below. 

Crystal Engineering 

Inclusion of chirality 

The utility of chirality for the fabrication of WE0 organic 
materials was recognized very early in the case of amino 
acids and sugars.[11 Molecular chirality guarantees the 
crystallization of a pure enantiomer in one of the 21 
noncentrosymmetric space groups. Achiral molecules gen- 
erally crystallize in a centric lattice, though some im- 
portant exceptions are known, e.g., urea ( ~ 4 2 ~ m ) ,  benzil 
(P32), nz-nitroaniline. mNA ( P b ~ 2 ~ ) .  MNA (Cc), POM 
(P2 2,2,), and 3-acetamido-4-dimethylaminonitroben- 
zene, DAN (P2,). On the other hand, a pure enantiomer 
must crystallize in an enantiomorphous space group, and 
there are plenty of examples of such systems. Some 
well-known cases are MAP (P21), NPP (P2,); and PNP 
(P21) and TCNQ-based push-pull quinonoid molecule, 
DMPDQ (Fig. 4).'241 Though a mixture of equal quantities 
of a pair of enantiomers, i.e., a racemate, usually crystal- 
lizes in centrosymmetric space groups. some cases of 
crystallization in enantiomorphous space groups are also 
known. We note that the optical activity of a molecule 
only guarantees a noncentric lattice structure, but does not 
guarantee usefulness as a material for SHG. This is be- 
cause the polarizable part of the molecules may still be 
aligned almost antiparallel, resulting in near cancellation 
of the NLO response of the molecules that are so aligned. 
It is important to have the NLO chromophores turned 
away from an antiparallel alignment to generate good 
SHG capability. In spite of this. the utilization of optical 
activity appears to be one of the most successful tech- 
niques for the generation of noncentric crystal structures, 
especially when used in cor~junction with one of the fol- 
lowing techniques. From Fig. 4, the effect of inclusion of 

DPDQ (P2,IC) DMPDQ (P2,) 

SHG = 55U 
SHG = 0 

Fig. 4 Ch~rallty-induced noncentrosprnmetry and llonllllearity 
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BNDC 

Fig. 5 (a) Molecular structure of BNDC and (b) helical 
superstructures of BNDC formed during crystallization. Re- 
printed with permission from Ref. [28]. Copyright (2001) Wiley- 
VCH. (Vielv this art in color at +t)uvu,.dekkei-.corn.) 

chirality in a molecule on its crystal space group and bulk 
NLO property is clearly seen.1201 

Intermolecular H-bonding 

Hydrogen bonding is a well-known crystal engineering tool 
used to obtain desired crystal packing.["' In the field of 
NLO. it was also used to get optimized noncentric struc- 
tures in the organic crystals. The hydrogen bond bridges 
two atoms that have high electronegativities (such as 0, N), 
and this can strongly influence the crystal structure and the 
spectroscopic properties of the molecules. Some examples 
of NEO systems where H-bonding has been crucial are, 
o-nitroaniline and its derivative, MAP, and urea. Urea is an 
extreme case of a hydrogen-bonded network.i11 The urea 
molecule that has eight atoins is involved in eight hydrogen 
bonds (four to each carbollyl and one each from each of the 
hydrogens). In urea, the hydrogen bonding played a crucial 
role in evolving a nonce~ltric crystal ~ t r u c t u r e . " ~ ~  Even 
though W-bonding affects the crystal structure in many 
significant ways. it is known to have a negligible effect on 
the molecular hyperpolarizabilities. Seine theoretical 
i:lvestigati~ns["~ do, however, indicate that in special 

cases molecular ps are influenced mildly by H-bonding. 
The weak interactions between iodo and nitro groups that 
form supramolecular synthons were also exploited for 
designing materials for s H G . ~ ~ ~ ~  

Recently, Radhakrishnan et al. reported the formation 
of a perfectly polar lattice in the crystal of (4-dimethyl- 
aminopyridyl) bis(acety1acetonato) zinc (11) (zNDA)."" 
This is one of the best examples of molecular assemblies 
that aligned noncentrosymmetrically in the lattice and is 
useful as a prototype for engineering polar supramolecu- 
lar assemblies for NLO applications. In another article: 
they also reportedi2" the formation of helical super- 
structures (Fig. 5b) from a simple crystallization of the 
C2-symmetric and chiral N,N'-bis(4-nitropheny1)-(1R- 
2R)-diaminocyclohexane (BNDC. Fig. 5a), which showed 
strong second-harmonic generation comparable to that of a 
well-known NLO compound, WPP. This study suggests 
that the control of supramolecular organization by molec- 
ular structure and symmetry can be a useful strategy in 
induction and enhancement of solid-state SHC in molec- 
ular materials.[2s1 

Poling of Doped Polymer Films 

Polymer films with exceptionally large second-order non- 
linearities can be produced by the corona poling (Fig. 6) 
proce~s."~'  An efficient NLO chrornophore molecule is 
either doped in a host polymer matrix or covalently linked 
as pendant groups on a polyrner backbone. The polymer is 
then cast as a film. usually by spin-coating techniques. 
Subsequently, the film is subjected to a strong external dc 
electric field and heated to the glass transition temperatures 
of the polymer. At this point, the chromophores are aligned 
parallel by the field and locked into position when the film 
is cooled to room temperature with the external field on. 

The poling thus leads to the alignment of doped 
molecules in the polymer films according to the 
Boltzmann distribution law. The oriented molecular 
dipoles produce a polarization. P=Np(cos0), where N 
is the number density of the molecules, p, the ground 
state dipole moment, and 0, the angle between the dipole 
and the direction of the poling field. This method can 

at GI 7 .  "on" . . 
1 \ High E. field f i  2. Remove f l  > 

E. field 
random diploes 
in doped polymer film 
cenirosymmetric 

aligned dipoles 
locked dipoles 
noncentrosymrnetric 

Fig. 6 Orientation of chrolnophoric dipoles under high electric field using corona poling in doped polymer films 
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of the chromophores slowly gets r ando~n i~ed  over a 
period of time, and hence, the noncentrosymmetry 
geneiated is lost T h ~ s  destroys the quadratic NLO 
capabil~ty Post-poling treatments such as cross-linking 
have to be undertaken to arrest the depollng process 

Fig. '7 Procedure for electrostatic layer-by-layer assembly. 
Reprinted with permission from Oliveira et al. (Ref. 1291). (View 
this a r t  in color at ~i~~i~~r..dekker.conz.) 

also be used for functionalized and cross-linkable 
polymer matrices. The resulting polymeric material is 
of high optical quality and suitable for wave-guided 
electro-optic devicec. The main problem associated with 
the poled polymer is the metastability of the system. 
After the external field is removed, the poled orientation 

Langmuir-Blodgett (BB) Films 

Another approach to the construction of efficient thin- 
film-based SHG materials has been to incorporate NLO 
chromophores into acentric X- or 2-type LB filmc."] This 
approach offers far greater net chromophore alignment 
than is possible in a poling field (where the net alignment 
is statistical). LB films are built up from amphiphilic 
molecules: i.e., molecules having a hydrophilic part and a 
hydrophobic part. The preparation of the LB film consists 
of the following steps. The anlphiphilic inolecule is first 
dissolved in a solvent immiscible with water, and the 
solution is spread onto the clean water surface in a 
Langmuir trough. The solvent is left to evaporate. leaving 
the molecules spread on the water surface. The Langmuir 
trough is equipped with a mobile barrier to compress the 
film laterally. The film is gradually compressed to a 
surface pressure just below its collapse pressure. Because 
of their long aliphatic chains: the molecules cannot 

-- 

A - repeat 

-+ 
(lii) 

(I-ill) 

substrate ('I 

Superlattlce 

( i )  coupling layer, ( i i )  chromophore, ( i i i )  capping layer, - 

eg: I 
Sil,CI 

Fig. 8 Assembly of chromophoric super lattices by an iterati-ye sequence of (i) covalent chemisorption of @-iodornethy1)-phenyl- 
diiodochlorosilane onto hydrophobic substrates to fonn a "coupling" layer, (ii) spin-coating of a methanol solution of chromophore 
precursor followed by vacuum oven treatment, and (iii) reaction of the quaternized-chrornophore-based monolayer with 
octachlotrisiloxan. Reprinted with permission from Ref. [3 Ib]. Copyright (2003) American Chemical Society. (Vie)? this art i i ~  color 
nt \~,ct.u..dekkel-.corn.) 
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dissolve in water. and due to their hydrophilic group, they 
cannot leave the water surface. Hence, they form a 
compact. mono molecular^ and in many instances. stable 
film at the water-air interface. When a hydrophilic 
substrate previously immersed is slowly raised through 
the monolayer; deposition takes place with the hpdrophilic 
group attached to the substrate and the hydrophobic part 
sticking out. Subsequent dipping creates a head-to-head or 
tail-to-tail assangement of the amphiphiles deposited as 
multilayers on the substrate. By the above method, one 
prepares an EB film that is basically centrosymmetric 
(called Y-type). Such films are not suitable for optical 
second-harmonic generation. The X- and Z-type films with 
a head-to-tail ai-rangement and. hence, a noncentric bulk 
arrangement can be prepared with relatively low-polarity 
hydrophilic groups or with special functionalization of the 
hydrophobic chain ends. 

Another approach is to prepare alternate layered films 
of the type A-B-A-B-A-B, wherein one of the molecules 
A or B is the active NLO chromophore and the other is just 
a binding spacer unit. 

Layer-by-layer QLBL) Molecular Assembly 

Orientation of nonlinear optical active dyes in electrostat- 
ically self-assembled polymer films containing cyclodex- 
trins was studied."" The concept of molecular recognition 
of organic chromophores by coordinating polymers was 
another novel approach in the construction of nonlinear 
optical supramolecular as~emblies.~"~ 

Electrostatic layer-by-layer (LBL) self-assembly tech- 
niques based on oppositely charged poipelectrolytes can 
be usefill to create stable noncentrosymmetric order in 
thin films. Using this interesting technique. thermody- 
namically stable noncentrosymmetric multilayer films can 
be prepared without any need for poling. Tripathy et al. 
reported the fabrication stable multilayer films of epoxy- 
based side chain azo polymers for second-order nonlinear 
optics."91 The second-order WLO coefficients of the five- 
bilayer LBL films of these polymers were found to be 
comparable to those of spin-coated poled films. A sche- 
matic view of the procedure to fabricate polyelectrolyte- 
based LBL films is shown in Fig. 7. 

Since 1990, self-assembly techniques involving cova- 
lent linlcages and layer-by-layer fabrication were reported 
to yield robust noncentric super lattices highly suited for 
applications such as SHG and electro-optic effe~ts.['~'-"~ 
Spontaneous and sequential adsorption of appropriately 
derivatized adsorbates onto substrates in a self-limiting 
fashion can yield thin films with uniform polar orders in 
individual layers. This represents an attractive approach to 
the construction of intrinsically acentric chromophoric 
super lattices. Li et a1.[301 reported synthetic routes to the 

first SHC-active mulf layer structures using an attractive 
covalent siloxane self-assembly approach, highly regular 
and highly nonlinear [x") - 200 p ~ d v  at w = 1064 nm] 
self-assembled stilbazolium multilayers were constructed 
in a regular, layer-by-layer fashion. Recently. the synthesis 
of super lattices of pyrrole-based diethanolamino methyl 
functionalized derivatives was reported and is described in 
Fig. 8.["' The key feature to self-assembled multilayers is 
that the microstructural acentricity is maintained, and thus. 
they show the quadratic dependence of the SHG response 
on the number of assembled layers. These multilayers have 
good structural reproducibility and are suitable for effi- 
cient NLO properties as was reported for the second-order 
nonlinear optical susceptibility [X(2'  - 150 p d v  at 
w = 1064 nm] for the chromophore in Fig. 8. 

In this article. we discussed the basic concept of non- 
linearity and fabrication of noncentrosymmetric structures 
using well-known strategies like crystal engineering, co- 
rona poling, LB films, and molecular assembly of acentric 
structures. The role of supramolecular chemistry in 
developing efficient NLO materials is clearly delineated. 
Though physical methods like poling and LB techniques 
are successful strategies for creating noncentrosyrnmetric 
materials for NEO. the design of molecular chromophores 
with specific groups and f~inctionalities for creating non- 
centrosyminetric materials through crystal engineering is 
still a fascinating subject to chemists and material sci- 
entists. Molecular assembly via synthesis is also a well- 
accepted strategy for fabricating covalent. robust, non- 
centrosymmetric structures for electro-optics and many 
other controlled structures for applications like light- 
emitting diodes. sensors and photovoltaics, etc. In the 
forthcorning years. the approaches of creating layer-by- 
layer molecular assemblies synthetically or by ionic 
adsorption may lead to other approaches and provide 
new methodologies for materials chemistry. 

We thank U.S. Army RDECOM. Natick and Office of 
Naval Research. 
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The 1952 Physics Nobel prizewinners Bloch and Purcell 
independently carried out the first nuclear magnetic 
resonance (NMR) experiments during the 1 9 4 0 ~ . ~ ' , ~ '  In 
the following decades, NMR spawned several major 
breakthroughs. During the 1 9 6 0 ~ ~  NMR sensitivity was 
strongly improved with the use of short, intense, radio 
frequency pulses. which led to the development of Fourier 
transform NMR. In the 1970s, two-dimensional (2D) NMR 
emerged as a revolutionary technique. Emst, 1991 Chem- 
istry Nobel prizewinner, played a key role in these devel- 
opments."' In the same years, one could start exploring 
the NMR spectroscopy of a large amount of nuclei in the 
Periodic Table. all those possessing a nonzero spin 
quantum number. NMR was becoming i n ~ ~ l t i n ~ ~ c l e a r , ~ ~ ~  
whiIe the field of kinetics in NMR was expanding through 
the analysis of different patterns of line  shape^.'^.^] 
Consequently, in addition to providing a powerful struc- 
tural characterization tool. NMR spectroscopy was becom- 
ing invaluable in providing access to dynamic informa- 
tion. leading to essential mechanistic interpretations. 

In the 1970s, a major medical breakthrough came with 
magnetic resonance imaging (MRI), a technique relying 
on the water content of the sample to provide detailed 
images without invasion.17' This technique can be applied 
to a large variety of soft, amorphous, inorganic. or organic 
suprarnolecularly organized materials. For example. it can 
be applied to the human body to provide detailed images 
without invasive surgery or harmful radiation exposure to 
the patient. 

In parallel, more sophisticated materials were used in 
the design of the magnets, allowing access to continuously 
higher magnetic fields. Fields of 21.6 T are becoming 
available in 2003. compared to 0.7 T available in the first 
commercial spectrometer proposed by Varian in 1953. 

The development in the 1960s-1970s of magic angle 
spinning NMR (MAS N M R ) . ~ ~ '  following the construction 
of probes capable of containing high-speed rotors for solid 
samples. allowed for the recording of high-resolution, 
liquid-like spectra for solid samples. Nowadays, a large 
variety of nuclei are routinely studied, for structural, 

dynamic, and mechanistic information. The availability of 
Fourier transform techniques, high magnetic fields. pow- 
erful signal processing and magic angle spinning tech- 
niques, led to the development of this extremely versatile 
spectroscopy, finding applications in a broad range of 
disciplines, from chemistry to biology. from biochemistry 
to earth sciences, and from materials sciences to medicine. 

Because NMR is capable of distinguishing minute 
changes in the geometric and stereoisomeric properties of 
a struct~tre and is also capable of obtaining qualitative as 
well as quantitative information, which includes infonna- 
tion on dynamic processes of chemical exchange within 
the molecule or with other molecules, it is an essential, 
invaluable, technique for the study of aggregation phe- 
nomena, of self-assemblies, and of supramolecular struc- 
tures. both in solution and in the solid state. 

BRIEF OVERVlEW OF THE TECHNlQUE 

The observation of a signal in NMR spectroscopy ne- 
cessitates a nucleus with a nonzero spin quantum number, 
that is. a nucleus with either an odd mass number or an 
even mass number and an odd atomic number. The result- 
ing nuclear spin produces a magnetic moment. When the 
nucleus is placed inside a static magnetic field, Bo, the 
magnetic moment of the nucleus interacts with the ex- 
ternal field, the Zeeman interaction, yielding different 
energy levels for the nucleus. 

When a specific radio frequency pulse is applied to the 
nucleus in the field Bo, the magnetic moment precessing 
about Bo at a frequeilcy called the Earmor frequency, is 
perturbed. That is, energy is transferred to the spin system 
via the radio frequency pulse. and the state of the system 
changes: transitions between the allowed magnetic energy 
levels are induced. The system subsequently relaxes and 
emits a signal or free induction decay (FID) as a function 
of time that is recorded. The FPD is converted to frequency 
domain data using a Fo~rrier transformation. 

The Larmor (coo) frequency of precession is denoted by 
the equation oo = 17/(27r)lBo, where ;$ is the gyromagnetic 
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ratio and is specific to the nucleus being studied. The 
effective field (B,,$ received by the nucleus under study 
depends on the density and on the spatial distribution of 
the electronic clouds in its close proximity (Bef = Bo - oBo, 
where o is a screening constant). This is the origin of the 
chemical shift. The value of Beif received by the nucleus 
under study will also depend on the presence in its close 
proximity of other nuclei with magnetic moments: 
resulting generally in splittings of the signal. This is the 
origin of the coupling constants. 

The acquisition of the signal in the time domain 
allowed for the development of spectra recorded in two 
dimensions. indicating, generally more clearly than in one 
dimension. the various relations existing between nuclei, 
such as, among others, coupling and exchange. 

Pn addition to signal intensities, to chemical shifts, and 
to coupling constants, the relaxation times, TI and T2. are 
essential characteristics of a nuclear spin system. The TI is 
the longitudinal or spin-lattice relaxation time. It is related 
to the relaxation of M,. the magnetic moment component 
in the Bo direction. the c direction. The relaxation process 
occurs as a result of the nucleus transferring the absorbed 
energy to its surrounding. The T2 is the transverse or spin- 
spin relaxation time. It involves the mutual exchange of 
spins between two precessing nuclei that are in close 
proximity. That is, the energy transfer occurs from one 
nucleus to the other and results in line broadening. As 
such, the T2 (excluding the effects of Bo inhomogeneity 
and of chemical exchange) is inversely proportional to the 
line width at half intensity of the corresponding peak. 

These brief considerations demonstrate the extreme 
sensitivity of the NMR parameters to the electronic 
environment of the nucleus being examined. Minute 
modifications of the electronic densities and distribution 
can result in large effects on the spectrum. This is 
particularly true for quadrupolar nuclei. whose signals' 
linewidths can vary by several orders of magnitude de- 
pending upon the nature of their closest neighbors. The 
reader is referred to monographs and textbooks for com- 
plete description and development of the theory of NlWR 
spectroscopy and of its parameters and techniques. Just 
two examples are suggested19.'01 among a number of other 
excellent books and recent reviews, giving an overview of 
current solid-state NMR methods.'"l l '  

NMR PROBES OF 
SUPRAMOLECULAR STRUCTURES 

The aiin of research in supramolec~~lar chemistry is to 
interpret, rationalize. and design new chemical systems 
beyond the covalent bond, developing complex supramo- 
lecular architectures with specific new properties in, for 

example, molecular recognition, catalysis, separations, 
sensors, and: perhaps, ultimately, in the simulation of 
living, self-replicating systems. 

Supramolecular systems result from organized molec- 
ular associations: aggregations. and assemblies. Any ag- 
glomeration of molecules constitutes a supramolecular 
system. because, at the minimum, weak dispersion forces 
are present, organizing the distribution of the molecular 
components among themselves: a liquid solvent is struc- 
tured and is a supramolecular host system for the solute, 
and a crystal is a supramolecular assembly. The forces 
responsible for the supramolecular organization, ranging 
from H-bonding and ion-dipole to induced dipole- 
induced dipole, are then responsible for the directionality 
of the assemblies. such as in multiple t l - b ~ n d s ~ ' ~ '  or in 
n-~tacking.[ '""~' 

In that context. NMR spectroscopy provides essential 
tools for the characterization of supra~nolecular organiza- 
tions. The chemical shifts are sensitive to the nucleus' 
electronic environment: 'H, "k, or " 5 ~  chemical shifts, 
for example, are affected by H-bonding involving their 
molecule. and the nlagnitude of the 'H chemical shift is 
indicative of the strength of the H-bond. Also, 'H chemi- 
cal shifts are strongly dependent upon anisotropic shield- 
ing effects, which can provide information on relative 
molecular orientations involving aromatic rings, for ex- 
ample.['""" Metal ion chemical shifts ( 2 ' ~ a ,  for example) 
can vary considerably with the rnolecular nature of 
the first coordination sphere of the With the 
demonstration that scalar couplings across the hydrogen 
bond are observable for Watson-Crick base pairs in 15N- 
labeled RNA, Dingley and Grzesiek gave. for the first 
time, direct evidence of H-bonding, which. otherwise. 
must come from a variety of indirect obser~~ations."~' 

The relaxation times. TI and T2, among other factors, 
depend upon the size of the supramolecular entity, and, 
consequently, can constitute an invaluable tool for the 
characterization of its size, giving information about the 
number of assembling units. 119.201 

Nuclear Overhauser enhancement (NOE) experiments, 
both in one-dimensional ( lD) and 2D domains; can give 
information on the proximity of noncovalently bonded 
nuclei, and, consequently, to spatial relationships between 
molecules in an assembly.[211 

In addition to thermodynamic measurements. NMR 
spectroscopy provides an invaluable tool for kinetics and 
mechanistic measurements, giving access to a time range 
from the picosecond to years.[61 The dynamic NMR 
studies of supramolecular complexes were recently 
reviewed.r22' 

This short review, which cannot be exhaustive, will 
give examples of applications of these NMR tools to 
structural determinations and mechanistic elucidations of 
supramolecular systems. 
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STRUCTURES AND MECHANISMS OF 
SUPRAMOLECULAR ASSEMBLIES 

Large Network Assemblies 

In recent years, the number of lloncovalent synthesis of 
sophisticated systems has strongly increased. One ex- 
ample is the report by the group of Reinhoudt of the 
spontaneous and reversible assembly of similar to 20kDa 
synthetic hydrogen-bonded assemblies via the formation 
of 144 cooperative hydrogen bonds. In connection with 
other techniques, 'H-NMR spectroscopy clearly showed 
the formation of the "eight-floor" assembly, named so 
because eight singlets between 12 and 15 ppin are ob- 
served fo

r 

the N-'H signals of the 5,5-diethylbarbituric 
acid building blocks. Moreover, the N-'H signals for the 
outside floors are significantly different from the signals 
of the other floors.["1 Another example is the assembly of 
calix[4lhydroquinones in nanotube bundles. In this case, 
the 'H-NMR large chemical shifts of the phenolic protons 
are indicative of the presence of short  bonds.^'^' 
Hydrogen-bonded supramolecular complexes were pre- 
pared by self-assembly of a proton donor (diacid) and an 
acceptor (bipyridyl ethylene) through the formation of 
intermolecular hydrogen bonds.'251 An upfield shift of the 
1 3 ~ - C ~ / M ~ S  NMR (where CP stands for cross-polariza- 
tion) carbonyl carbon resulted from the forination of 
intermolecular hydrogen bonds. The natural abundance 
of "N-CPIMAS NMR chemical shifts was in agreement 
with the formation of hydrogen-bonded molecular com- 
p l e ~ e s . [ ' ~ ~  

In the context of large assemblies resulting from mul- 
tiple hydrogen bonds. one cannot resist mentioning an 
example from the mineral world. Kaolinite is a remark- 
able, dissymmetric. 1:l layered alumiilosilicate composed 
of repeating layers of a tetrahedral silicate sheet sharing 
oxygens with an octahedral aluminate sheet in an ex- 
tended 2D network. The surface silicate sheet is coin- 
prised of hexagonal-(SiO-)6 macrorings, and the surface 
aluminate sheet is covered with aluminol groups. The 
layers are held together by van der Waals attractive forces. 
electrostatic interactions, and a large network of hydrogen 
bonds between the aluminol groups of a layer and the 
silicate sheet of another layer. A chemistry of intercalatio~l 
and of interlamellar grafting could be developed in the 
interlayer spaces of reduced diinensionality, by the 
rupture of the H-bonds n e t ~ o r k . [ ~ ~ . ~ ~ ~  The 2D confine- 
ment of poly(ethy1ene glycols) (PEG) was achieved in 
ka~linite.[~ ' '  The interlayer structure and dynamics of the 
intercalated PEGS could be probed by "c-CP/MAS 
NMR. Dipolar dephasing experiments were particularly 
useful in showing that the polymer chains in the kaolinite 
interlamellar spaces are more constrained and less mobile 
than in the bulk form (Fig. 1 ) .  

180 140 100 60 20 ppm 

Fig. I Solid-state "c-CPMAS NMR spectra of a kaolinite- 
polyethyleneglycol intercalate: (a) no dipolar dephasing: (b-f) 
with dipolar dephasing. (From Ref. [XI. Reproduced with 
permission from the American Chemical Society.) 

A series of 1D and 2D NIMR experiments performed on 
nanocomposites of hectorite, a smectite clay mineral. 
showed new opportunities for studying large asse~nblies of 
layered minerals with polymeric  material^.^^" In partic- 
ular. rotational-echo double-resonance (REDOR) experi- 
ments afforded 'H-~'s~ distances with precision, and a 
mobility gradient of intercalated polyethyleneoxide (PEO) 
segments was demonstrated in 'H-"~i wideiiile separa- 
tion (WISE) experiments.[291 

Nucleotide Aggregation 

The structure of the most celebrated supramolecular 
structure was published more than 50 years ago, in the 
April 2, 1953, issue of Nature, when Watson and Crick 
proposed "a structure for Deoxyribose Nucleic Acid," the 
current paradigm for the structure of life."0' While the 
ability of the guanine moiety to form tetrameric. planar 
assemblies. called "G-quartets," was recognized for a 

1.321 ~t . is more recently that G-quartets were shown 
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Fig. 2 (A) Experirnei~tal and sinlulated 1D 2 9 ~ a - ~ ~ ~  spectra 
and (B) 2D '%a-MQMAS spectrum of a 6-quadruplex channel. 
(Frorn Ref. [40]. Reproduced with permission from the 
American Chemical Society.) 

to form from various C-rich DNA or RNA sequences.r331 
The G-quartets hrther aggregate in the presence of 
various monovalent  cation^.^.^^] 

The NMR provided invaluable information on the 
structures of a variety of assemblies of 6-quartets. In the 
presence of Na+and K'. an octameric structure of 5'-CMP 
is formed in wate~-.~'""~ The analysis of the non- 
Lorentzian line shapes of the 2 % a - ~ ~ ~  signals afforded 
a measurement of the correlation time of the reorienting. 
rigid, supramolecular entity, confirming the size of the 
aggregate. in complement to the 'M- and "I"-NMK 
stri~ctural data.i'9.."7.'81 

Among the numerous recent studies on various G- 
quartet structures, two examples will be given, one in a 
nonpolar organic solvent and one in the solid state. A 
lipophilic derivative of deoxyguanosine, soluble in chlo- 
rinated solvents, can transfer alkali metal salts froin the 
aqueous to the organic phase. An in-depth NMW study, 
including 1D and a variety of 2D experiments, elucidated 
the solution structure of the Ki octameric assembly, 
demonstrating that a well-defined structure, resulting from 
the stacking of two tetramers sandwiching a potassiu~n 
cation, is obtained in CDC13 solution. The glycosidic 
bonds have a s y 2  confonnation in one tetramer and an all- 
anti conformation in the other.1391 

Another illustration of how powerful structural NMR 
tools can be is found in the "Na multiple quantum MAS 
(MQMAS) NMR study of a 6-quadruplex channel. A 
guanine nucleoside derivative forms tetramers, C-quar- 
tets. which. in the presence of monovalent cations, 
assemble to result in a 6-quadruplex channel consisting 
of the stacking of four 6-quartets, coordinating in the 
channel four cations: in this case, three IVaf and one 
CS+.''~' While the 1D '."N~-MAs NMR spectrum exhibits 
only a broad, unresolved signal; the 2D MQlWAS 
spectrum gives a clear and neat separation for the three 
crystallographically distinct Nafsites (Fig. 2). 

Polymer Associations 

Supramolecular polymers, made of polymeric chains 
associated by noncovalent interactions such as H-bond- 
ing, are expected to display new types of properties, 
different from the classical covalently cross-linked poly- 
mers. These systems could be seen as softly cross-linked 
polymers. The NMR spectroscopy is routinely used to 
characterize the formation of hydrogen-bonding networks, 
such as in supralnolecular polymer networks based on ure- 
ido-pyrimidone subunits.'"] These subunits, when taken 
as molecular entities in chloroform solutions, dimerize, 
forming different  isomer^.'^" Rotational nuclear Over- 
hauser enhancement spectroscopy (ROESY) experi~nents 
elucidated the structure in solution of one of these iso- 
mers: not obtained from x-ray crystallography. The inu- 
tual rates of exchange between the isomers could be 
determined from a combination of exchange spectroscopy 
(EXSV) experiments and of integration of the 'H-NMR 
signals."21 The 'M-NMR is also invaluable in following 
the thermal reversibility of these systems. the formation 
and dissociation of H-bonds in the network, such as in the 
assemblies of polystyrene-bearing nucleic acid bases.'"'l 

Other forces than H-bonding can lead to supramolec- 
ular polymer associations. Polymers such as PEO and 
sodium poly(a,~-glutamate) (PCNA) form complexes by 
ion-dipole and hydrophobic interactions."" A quantita- 
tive analysis of the 2 3 N a - ~ ~ ~  spectra in D 2 0  showed 
that only 6% of the sodium cations was complexed by 
PEO. while the majority of Na+ was in the solvated form. 
In nonaqueous media. a combination of 2'Na and 2D- 
nuclear Overhauser enhancement spectroscopy (NOESY) 
'H-NMR suggests that the sodium ions are completely 
complexed by PEO through ion-dipole interactions.'"' 

Using conventional solid-state NMR and double- 
quantum (DQ) techniques, the helical structure of small 
linear peptides, composed of alternating leucine and 
lysine residues. was confirmed when they were adsorbed 
onto highly porous hydrophobic polystyrene surfaces.L451 
Moreover, the absence of chemical shift anisotropy 
averaging led to the conclusion that there is no detectable 
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motion of the peptides in the timescale of the experiment 
( < I  kHz). The fact that 2D DQ experiments allow such 
high-resolution determination of secondary structures in 
heterogeneous environments is another illustration (see 
also Ref. [40]) of the power of the structural tools offered 
by sulid-state NMR. 

Host-Guest Associations and 
inclusion Compounds 

A large number of host molecular architectures with 
internal cavities adapted to the recognition of guest ionic 
or molecular entities were designed. The recognition 
properties of inacrocyclic hosts such as crown ethers or 
calixarenes, for example. depend largely upon their 
preorgailization in solution. Consequently. it is essential 
to analyze the collfoi-inational structures and their dynam- 
ics as a prerequisite to the interpretation of the recognition 
mechanisms. This will be exemplified in the following 
case, illustrating bow EXSY spectroscopy can be applied 
to the analysis of the conformational dynamics of a 
calix[4]arene"" and to the mechanism of its complexation 
of the sodium cation.1J71 

Tetramethoxj~calix[4]arene (1) interconverts between 
four conformers: cone; partial cone. 1.2-alternate. and 1.3- 
alternate. The rate constants for the various conforma- 
tional exchanges were obtained from 2D 'H-EXSY NMR 
spectra (Fig. 3) on the basis of the exchange scheme 
shown on Scheme 1. A complete thermodynamic and 
kinetic pict~lre of the various conformational exchanges 
could be d~awn."~ '  

The main findings are the de~uonstration that the 
conformatiollal exchanges proceed through one-step pro- 
cesses, as shown in Scheme I ,  and the fact that the 
interconversion processes are kinetically controlled by the 
entropies of activation. This effect was tentativeiy 
attributed to a larger organization of the solvation cage 

Fig. 3 The ID 'H- and 2D 'H- EXSY NMR spectra of the 
methoxy and lnethylene regions of calixarelle 1 at 280 Kin a binary 
mixture of chloroform and acetonitrile. (From Ref. 1161. Repro- 
duced with permission from the American Chernical Society.) 

cone 1,3-alternate 

Scheme 1 (From Ref. [16]. Reproduced hvith permission from 
the Aruerican Chemical Society.) 
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in the transition state, in the case of the most kinetically 
stable 1,2 conformer.'46i 

As sodium tetraphenylborate is added to a solution of 
(1). three new 'H-NMR peaks appear in the range of 3- 
4.5 p p ~ n . ' ~ ~ '  As [Na+]>. [I]  only the peaks attributed to 
(Na,%)+are present, with ( I )  exclusively in the cone 
conformation. demonstrating a slow exchange and a strong 
affinity of the sodium cation for the cone conformation. 
Similar studies using cesium triiodide showed the fosma- 
tion of 1:l complexes of 1, with the cesium, cation in 
the 1,3 alternate and partial cone conformations.~4s1 

The calixarene cavity can also host neutral molecules. 
An example of co-complexation of the sodium cation and 
acetonitrile is provided by the p-tert-butylcalix[4]arene 
tetraacetamide receptor.["' The p-tert-butyl calixarenes 
also show selectivity in the recognition of aromatic 
molecules, which can be attributed to weak attractive 
forces between the CH3 groups and the r-system. A 
noticeable and interesting microdynalnics experience, 
using NMR relaxometry measurements (TI): was per- 
formed onp-tert-butyl-calix[4]arene (1: 1) toluene systems 
in the solid state'501 to give information on the activation 
energy of the calixarene methyl group's reorientation in 
the presence of toluene in the cavity and to give 
information on CH3-n interactions. The experimentally 
determined activation energy of reorientation of the 
methyl group pointing toward the interior of the cage is 
increased in the presence of a toluene guest, from 2.1 to 3.2 
kcallmol. This is not the case for the other two methyl 

Aromatic ring electronic currents create large diamag- 
netic anisotropies resulting in chemical shift variations for 
the nuclei in the proximity of the aromatic ring. Given the 
relatively small chemical shift range of 'H, the effect is 
particularly noticeable for this nucleus. Because of the 
spatial anisotropy of the effect. the observed chemical 
shifts can give indications of the relative positions of 
nuclei and aromatic rings. This property can be used as an 
indication of the inclusion of a guest in a cavity and of the 
resulting host-guest g e ~ m e t r ~ . " ~ " ~ '  The 'H DQ techni- 
ques can now be applied to host-guest aromatic systems 
in the solid state. An example can be found in the 
application of rotor-synchronized ' H  DQIMAS NMR to 
the complex formed by a molecular tweezer encaging 1, 
4-dicyan~benzene.'"~ 

CONCLUSION 

The spectacular development of NMR spectroscopy in the 
last decades provided invaluable, necessary tools for the 
precise determination of chemical structures not always 
accessible through x-ray single crystal analysis. It also 
provides the tools to reliably determine supramolecular 

levels of organization, in solution and in the solid state. It 
gives access to information on the dynamics and the 
kinetics of molecular assemblies, and, consequently, to 
the mechanisms by which they are created, they evolve, 
and they dissociate. Access to the new generation of 
ultrahigh-field NMR spectrometers will allow precise 
determination of faster exchange kinetics. 

With the adaptation of NMR techniques for larger 
molecules, it becomes possible to analyze proteins with 
molecular weights reaching 50 kDa. These techniques 
include 'H-, ' 5 ~ - ~ ~ ~ ~ ~  (transverse relaxation-opti- 
mized spectroscopy, with the mutual cancellation of 'H-, 
15~-dipole-dipole coupling and the I5N chemical shift 
anisotropy) and CRINEPT (Cross-correlated Relaxation- 
Enhanced Polarization Transfer, combining insensitive 
nuclei enhanced by polarization transfer (INEPT) transfer 
with cross-correlated relaxation-induced polarization 

15 transfer). They are used in conjunction with the N-, 
"c-labeling of the protein for increased sensitivity. 

Consequently, the emerging field of proteomics will 
immensely benefit from the new; constantly developing 
multidimensional techniques and from increasing mag- 
netic fields. Functional proteomics will rely on NMR tools 
to unravel supraproteinic interactions and dynamics and 
the structures of associating proteins in solution. 

Access to ultrahigh fields will also allow the detection of 
quadrupolar nuclei bound on large structures. See, for 
example, the recent direct detection by 3 9 ~  solid-state 
NMR of potassiu~n cations bound to 6-quadruplex struc- 
t ~ r e s . ' ~ ~ '  The 6 7 ~ n  or 2%g NMR, for example, will become 
more accessible in biological systems,i531 an achievement 
that was still a dream only 20 years ago. The main challenge 
in the development of new nanohybrid materials is their 
characterization, many being amorphous. The precise 
characterization of nanostructures will also strongly rely 
on the current developments of NMR spectroscopy. 
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Nuclear quadrupole resonance (NQR) is a technique in 
radiofrequency (RF) spectroscopy in which the energy 
levels originate in an electric interaction between the 
nuclear electric quadrupole moment (Q), and the electric 
field gradient (q) at the nuclear site. The observed 
frequencies cover a wide range, from 100 kHz-1 GHz: 
depending on the nucleus; the nuclear spin quantum 
number, I. must satisfy the condition I >  1, but the 
frequencies and relaxation tiines are specific to a given 
co~npound and enable a study to be made of electronic 
structure and molecular motion in a wide range of 
materials, both crystalline and amorphous. Signals are 
usually seen only in solids. but in compensation. no static 
magnetic field is required, so portable instruments can be 
envisaged. and samples remote from the RF antenna can 
be studied. 

NQR is a branch of magnetic resonance spectroscopy 
concerned with the absorption of RF radiation by matter in 
a zero static magnetic f i e ~ d . ~ "  Lilie its close counterpart. 
nuclear magnetic resonance (NMR); the transitions are 
excited by interaction of the RF magnetic field B,  with the 
magnetic moment of the nucleus, but the energy levels 
depend on electric rather than magnetic interactions. 
However. signals are only observed in the solid state, in 
single crystals and in polycrystalline or anlorphous 
samples. Such signals may be observed when the nucleus 
possesses an electric quadrupole moment, a property of 
nonspherical charge distributions: the nuclear electric 
quadrupole moment. Q, may be defined as follows: 

in which p,, is the nuclear charge density in a volume 
element d ~ , , .  e is the electronic charge, and the integration 
extends over the n~tclear volume in the state in which the 
inaxiinuin component of the nuclear magnetic moment 
lies along the ; axis, that is I=I;. This integral and. hence. 
the nuclear electric quadrupole moment, can be positive or 

negative, depending on whether the nucleus has the shape 
of a prolate (elongated) spheroid or an oblate (flattened) 
spheroid. Approximately half of the elements in the 
Periodic Table have one or more isotopes with a 
quadrupolar nucleus, subject to the general condition that 
their spin quantum nunlber 12 1. so that all quadrupolar 
nuclei also have a magnetic moment. Soine of the more 
important of these are listed in Table 1. together with 
recent values of Q in units of mb (the unit of m2 is 
often referred to as a "barn"). Note that the reliability of 
these values is constantly improved by calculation and 
experiment; however. the accuracy of the isotopic ratios, 
that is the ratio of the electric quadrupole moments of two 
isotopic nuclei. is usually considerably higher. 

In NQR spectroscopy, the energy of the quadrupole 
levels depends on the interaction between the nuclear 
electric quadrupole moment and the electric field gradient 
produced by neighboring charges. both electrons and 
nuclei. The electric field gradient behaves as a second- 
rank tensor: in its principal axis representation. it may be 
defined by its three principal components q,,,, q,,., qzs 
where. for example. 

and V is the electric potential at the nuclear site (strictly 
speaking, the electric field gradient is -qX,)  Because 
Laplace's equation 

is assumed to hold, only two quantities are required to 
define the electric field gradient, in addition. of course. to 
the direction cosines of the principal axes with respect to 
some set of axes embedded in the molecule or crystal. By 
convention, these are taken to be the maximurn principal 
component. defined to be q=qZz (where IV:; > /I/,.,. > 

1 V,,/) and the so-called asymmetry parameter, 17. defined by 

a pocltive number lying in the range between zero and 
unity q may be regarded as measuring the departure of the 
electr~c field gladlent at the nucleus from axial symmetry 
On the other hand. q. the maxlmum principal component, 
can be negative and poatrle. and 1s zelo only at sites of 
hlgh symmetry, e g . tetrahedral (Td)  or octahedra1 (Oh) It 
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Table 1 Nuclear electric quadrupole nlornents 

Natural 
abundance Qlmb" Isotopic 

Nucleus (%) 1 ( x  10" m2) ratio 

'H 
6 ~ i  
' ~ i  
' ~ e  
"33 
"B 
'IN 

''0 
2 7 ~ 1  
?kC1 
3 7 ~ i  
I"c 
" ~ n  
'9CCo 

"cu 
6 s c ~  
7"As 

7 9 ~ r  
"Br 
l I ?  111 
1 1 5 ~ n  

I2lsb 
123§b 
1 271 

"SBa 

"7Ba 

I X 5 ~ e  
' " ~ e  
1 9 7 ~ u  

"Values xere taken from P. Pyykko and J.  Li, Report HUKI 1-92. 
Helsinki. 1992. and lvere updated to 2002 values. 

will. therefore, be zero at the nuclei of the chlorine and 
sodium ions in crystalline NaCI. unless their immediate 
environments are perturbed by strains or defects in the 
crystal. In many solids, however, such ions will not be 
at sites of high symmetry, and nonzero values of q are to 
be expected. 

It should be noted that the quadrupole interaction is 
only the first nonzero term in the mathematical expression 
governing the variation of the electric potential V over the 
nuclear volume: the second is the nuclear hexadecapole 
interaction.'" which depends on the coupling between the 
nuclear electric hexadecapole moment PI and the fourth 
derivative of the electric potential v"'. The nuclear 
hexadecapole coupling constant, e2~V(')lh. is only ob- 
servable when I > 512, e.g.; for '171 in MI. In this example 
of a strain-free single crystal. the quadrupole interaction 
can be ignored. in which case a small hexadecapole 

coupling constant of 2.8 kHz is derived for 12'I. Its s~nall  
value makes it difficult to measure experimentally. but it 
should be assumed to be present for all heavy high-spin 
quadrupolar nuclei. 

Experimentally, it is the product of the nuclear electric 
quadrupole moment, Q, and the electric field gradient, q, 
that is usually measured. The quantity eZqQlh, where h is 
Planck's constant. is often referred to as the quadrupole 
coupling constant and has units of frequency. It is positive 
or negative, according to the product of the signs of q and 
(2. As an illustration, consider the F - I ~ " ~  molecule in the 
\raporphase:assumer;=0.1278nm.andQ(35~1)= 81.6mb. 
The neighboring proton generates a positive elec- 
tric field gradient at the chlorine nucleus given by 
-1-0.862 x 10 "e m - - 2 ~  C-- (see Eq. 9). The electronic 
contributio~l is also expected to be positive; assuming 
a value of +20.61 x lo40e gives a net value for eq of 
21.47 x 10"e, and from Table 1. the product (e2q(21h) is 
then negative with a value of 6 7 . 8 5  MHz. However, 
the actual value observed in the solid will normally 
differ significantly. first because of solid-state effects 
(presumably hydrogen bonding in this example) and the 
averaging effects of thermal vibrations, which render q 
and q dependent on temperature and, to a lesser extent. 
on pressure. 

In "pure" or zero-field NQR, the energy levels are 
obtained by solution of the quadrupolar ~amil tonian.~"  
which in the principal axis representation may be written 
as follows: 

For a nuclear spin of I, there are 21 + 1 levels in total, and 
the way in which these are arranged depends on whether 
I is half-integral or integral. By far the majority of 
quadrupolar nuclei have half-integral spin, in which case. 
the energy levels occur in I + 'I2 sets of degenerate pairs. 
il-sespective of the value of g. For 1=3/2, for example. as 
in 3 5 ~ 1  or 79Br. two degenerate levels are obtained (as in 
Fig. la), and just one transition is observed of frequency: 

according to the selection rule AnzI=k 1. where r?zl is the 
nuclear magnetic quantum number. It is customary to 
classify the two levels in terms of the two sets of 
degenerate values of n z l ,  namely, +'I2 and 1312. but 
strictly speaking, this distinction is only correct when 
q=0. When this is not the case. the eigenfunctions of (_, are 
linear combinations of /+'I2> with -3/2> and -'I2> 
with / +3/2>. which are mixed because of the last term on 
the right-hand side of Eq. 5 .  For 1=3/2, the quadr~lpole 
coupling constant cannot, therefore, be derived unless 11 is 
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Fig. 1 Quadsupolar energy levels for (a) 1=3/2 and (b) I= 1. 

known: the latter, however. can be obtained by experi- and asymmetry parameter can be separately determined 
ments in weak magnetic fields or by quadrupole nutation from any pair of the three transitions. correctly assigned. 
spectros~opy.~" l o r  higher half-integral values of I;  three from the following equations: 
or Inore sets of degenerate energy levels are obtained, and 
the existence of two or more allowed transitions following I,, = I,+ = 314 (e2qe /h ) ( l  + ,713) 
the selection rule Anzl=k 1 means that values of the ,,, = ,._ = 314 ! e 2 q ~ / h ) j  1 ,1/3) (7)  
quadrupole coupling constant and asymInetrp parameter v; = = 1 / 2 1 ~ ( e * ~ ~ / h )  
can be separately derived by direct solution of the secular 
equation or by the use of tables listing freq~tencp ratios as 
a function of 11. In fact. because of the admixt~lre of states 
when 17 is nonzero, transitions follo\ving the selection rule 
A77z1=~2 can also be weakly observed. In all cases. 
however, the sign of the quadrupole coupling constant is 
not usually derived. because changing its sign simply 
inverts the order of the energy levels. The sign can be 
obtained if other couplings of known sign, such as dipolar 
i~lteractions. are present in the spectrum; alternatively, one 
can work at low temperatures [e.g., 100 ILK fol- "'SC (1=7/ 
2) in scandium when the substantial differences 
in populatiolls cause deviations in the intensity ratios of 
adjacent transitions. For these higher-spin nuclei, when 77 
is zero, the higher frequencies are all harmonics of the 
lowest, 2 'I2 --' i: 312. which equals 3/20 (e"Ql11) for spin 
512, 1/14 (e 'q~lh)  for 712. and 1124 (e'q~llz) for 912. 
Thus, in [ C O ( C ~ H ~ ) ~ ] ~  C 1 0 4  at room temperature. the 
three ""CO frequencies expected for a spin -712 nucleus 
are detected near 12, 24. and 36 MHz, showing that the 
cobalticinium ion has axial symmetry and that the 5 9 ~ o  
quadrupole coupling constant is close to 170 MHz. 

Many of the comments in the previous sections apply 
equally to single crystals as to polycrystalline samples. hut 
the advantage of the former is that they also allo\v the 
direction cosines of the quadrupole tensor to be deter- 
mined. For spin-312 nuclei, such as '5@l or 7%r: a weak 
magnetic field. Bo, is usually needed, which splits the k 'I2 
and +3/2 levels in Fig. 1 into a doublet and a quadruplet. 
respectively. Four transitions are now observed, symmet- 
rically located about the original resonance frequency, the 
inner pair labeled y. and the outer P. Their splitting \.aries 
with the orientation of the crystal with respect to Bo; the 
locus of zero splitting of the c/. doublet defines a geometric 
shape from which 17 and the direction cosines of V-, and 
V,, with respect to the crystal axes can be determined. 
Such measurelnents are relatively uncommon: the in- 
creasi~lg use of high-field NMR spectrometers enables 
similar measurements to be made, often with a higher 
sensitivity and smaller single crystals. provided. of course. 
that the quadrupole splitting frequencies are considerably 
smaller than the NMK frequency. 

The situation is simpler for integral-spin nuclei, for 
which the degeneracy of the 21+ 1 levels is always 
resolved, except when q is zero. Typical examples are the EXPERIMENTAL METHODS 
spin-1 nuclei 'H and "N, which in the general case, have 
three observed transitions. as in Fig. lb,  one of which is Experimentally, NQR measurements may be conducted 
the sum of the other two, facilitating assignments when all on essentially the same instruments used for solid-state 
three can be observed. The quadrupole coupling constant NMR, except that no static magnetic field is needed. 
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Unfortunately, the frequency range required is extremely 
large, stretching from less than 100 kHz or so for *H to 
600 MHz or more for the high-frequency lines of heavy 
nuclei such as "7~. A variety of RF probes has been 
designed to cover this range, from simple RF coils at low 
frequencies to butterfly capacitors and transmission lines 
up to and above 300 MHz. Because no static magnetic 
field is necessary, NQR experiments can be conducted 
with samples located inside much larger volumes of up to 
600 liters or more, or in remote locations, tens of 
centimeters away from the RF antenna.16' Most modern 
spectrometers use pulsed-RF techniques, which have the 
advantage of measuring relaxation times as well as 
frequencies. Whereas the latter give information on 
molecular structure and electron distribution, the former 
are an important source of information on molecular 
dynamics. Noise or stochastic excitation can also be used 
to observe spectra and has the advantage of requiring 
considerably smaller RF powers than conventional pulsed 
techniques used for solids.[71 

An advantage of pulse techniques is that they allow 
ready measurement of the quadrupole relaxation times, 
which are important in the investigation of molecular 
motion in solids. One useful quantity is the spin-lattice 
relaxation time. T I ,  which as in NMR governs the time 
taken for the spin system to return to equilibrium 
following an RF pulse, and which can be measured, for 
example, by a pulsed steady-state sequence, in which a 
string of 90" RF pulses of variable spacing z is applied to 
the sample, the signals being detected between pulses (the 
terln 90" refers to that pulse width that generates the 
maximum signal). As z is lengthened from values much 
less than TI  to much longer, the recovered signal between 
pulses increases exponentially according to T I ,  eventually 
reaching its equilibrium value. 

The probes for pulsed RF spectrometers are usually 
difficult to tune over a sufficiently wide range to be 
suitable for searching for new resonances. Variable 
frequency continuous wave or superregenerative oscillator 
spectrometers are better adapted for this purpose, but they 
give little information on relaxation times. The same is 
true of NMR methods, which, however, may give 
problems when the solid to be studied contains several 
nonequivalent nuclei with different quadrupole param- 
eters. Double-resonance techniques based on magnetic 
field cycling are also useful. provided the solid contains 
suitable magnetic nuclei, such as 'H. with strong NMR 
signals.[81 However, if the structure of the solid is known, 
e.g., from x-ray or neutron diffraction, theoretical calcu- 
lations can be employed to give a good estimate of the 
magnitudes and signs of the quadrupole parameters. 
Essentially, they are one-electron properties of the ground 
electronic state of the molecule; their significance can be 
understood from Fig. 2, which represents a volume 

Electron 

Fig. 2 A volume element, clr. of charge density p, distance r 
from the nucleus at the origin. 

element dz  of the molecular charge density p (including 
sign) generating at the origin the electric potential: 

V = pdz/{(4.rrco)r.} (8) 

where EO is the vacuum permittivity, from which it is easy 
to show that 

av/a: = - p ( 4 n ~ ~ ) ~ '  (z/r3)dz 

= -p(4neo)p1 (cos U/r"dz 

and 

qZ7 = a2v/d2  = p ( 4 . r r ~ ~ ) ~ ~ ( ( 3 c o s ' O  - l ) /r3)d7 (9) 

Separating out the nuclear charge contribution of nuclei at 
a distance R, from the nucleus under study (which behave 
as point charges) and replacing p for the electrons by the 
product $+* gives the following equation for eq: 

To evaluate the first term on the right-hand side of Eq. 10 
one needs good ground-state wave functions. for the 
second one needs the molecular geometry or crystal 
structure. Similar equations can be used to calculate the 
asymmetry parameter g from V,, and V,,. Modern, a 
priori, programs that include all electrons are now being 
usedr9' and give quadrupole parameters that agree with 
experiment to better than 20%. They do not. however. 
always include corrections for vibrational and transla- 
tional motions of the atoms and molecules in the solid 
state, which are largely responsible for the observed 
temperature variation of the quadrupole parameters. 
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There are several approximate methods often useful in 
understanding the trends in the quadrupole parameters 
in a related series o f  molecules containing the same 
quadrupolar nucleus. One. due to Townes and ~ a i l e ~ , ~ " ~  
is essentially a localized orbital approach. in which atten- 
tion is focused on changes in the orbital populations o f  
the atom containing the quadrupolar nucleus. and polar- 
ization o f  the core electrons (the so-called Sternheimer 
polarization factor) is assumed to vary negligibly from 
one molecule to another. In the case o f  " N .  for example, 
the 2p electron distribution is the dominant factor; in a 
molecule such as NH3, the lone pair is the major con- 
tributor, so that q,, lies along the lone pair direction, the 
electronic term from Eq. 9 is negative. and because Q is 
positive (Table I ) ,  the quadrupole coupling constant is 
negative. Donation o f  the N lone pair, as in coordination 
to an electron acceptor, reduces the 2p lone-pair popu- 
lation and hence makes the quadrupole coupling constant 
less negative. Such a model, however. contains many 
approximations; it neglects, for example. changes in the 
H-N-H angle that may occur on coordination. 

Almost all quadrupolar nuclei in the Periodic Table have 
been studied experimentally in one or more o f  their 
compounds. A current list o f  these results is available in a 
database published by the JAICI (Japan Association for 
International Chemical Information, Tokyo, Japan). Bi- 
ennial International Symposia on nuclear quadrupole 
interactions are also excellent sources o f  the latest 
experimental and theoretical works. As an illustration o f  
the kind o f  solid-state problems that may be studied, we 
give some recent examples o f  such investigations. Sensi- 
tivity. or signal-to-noise ratio (SNR) in WQR spectrosco- 
py, as well as NMR, depends on the observed frequency, 
which in turn, depends, inter alia, on the value o f  Q. The 
lighter elements tend to have low values o f  Q and low 
NQR frequencies and low sensitivities. 2 ~ ,  for example. a 
spin-1 nucleus, has NQR frequencies less than 200 kHz. 
and most measurements are therefore made by high-field 

NMR methods. The I%, another spin-I nucleus, resonates 
from below 0.4 to 6 MHz, an intermediate region where 
both NQR and NMR methods are used. Because they are 
governed predominantly by electric interactions. NQR 
frequencies and relaxation times are sensitive to phase 
changes and the numbers o f  lines to changes in the crystal 

14 symmetry. For example, N-NQR was usedi"' to study 
the inclusion compound o f  thiourea and carbon tetrachlo- 
ride, which undergoes a second-order phase transition 
near 67 K ,  the low-temperature phase having three signals 
for the v+ transition from the host, whereas above 67 K ,  
only a singlet is observed. Over a range o f  about 1 K,  
signals can be observed from both phases near 2.5 MHz. 

At higher frequencies o f  40-41 MHz, 3 5 ~ 1 - ~ Q ~  
signals can be observed['21 in the guest molecules, which 
show two resonance lines with an intensity ratio o f  1:3, 
indicating that they lie at sites o f  threefold symmetry in 
the channels o f  the host. Above 27 K,  the 3 k l  lines 
disappear, due to gross reorientation o f  the CC14 mole- 
cules. The favorable sensitivity at these higher radio- 
frequencies has led to a number o f  notable experiments, 
including NQR imaging and two-dimensional (2D) ex- 
change spectroscopy. In the former,['3' the experiments 
were conducted at 115 MHz, the "As-NQR frequency in 
arsenolite. and the imaging technique was based on the 
Llse o f  gradients in the RF BI  field (rotating-frame NQR 
imaging). Two cylinders o f  this material o f  diameter 
3.5 cm, and placed 5.5cm apart, were easily resolved in 
two dinlensional images. In the latter. the phrase "ex- 
change" should be interpreted in a general sense, to in- 
clude not only chemical exchange o f  atoms or groups but 
also molecular rearrangements or rotation o f  atoms or 
groups within molecules. For example, a three-pulse, 2D 
sequence was used to study molecular rotation o f  the 
C C 1 3  group in p-chlorobenzotrichloride.[141 The first 
pulse excites all quadrupole resonances within the ex- 
citation width o f  the pulse. which are allowed to evolve in 
a time t l :  the second pulse restores some o f  the longitu- 
dinal magnetization, which now changes as the exchange 
process takes place. Finally, a third pulse generates the 
exchange-modified NQR signals that are sampled over a 
time t2. A double Fourier transform with respect to t 1  and t2 

KHz Khr 
-500 250 

(b) 

- - 
500 0 5 0 0  KHz 500 0 5 0 0  KHz 

Fig. 3 A two-dimensional exchange 3 5 ~ 1 - ~ \ : ~ ~  spectrum of p-chlorobenrotrichloride at 208 K. (a) Whole spectrum and (b) lower part 
in more detail. 
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then generates a 2D spectrum in which the off-diagonal or 
cross peaks represent a transfer of magnetization at 
frequency coordinates corresponding to the sites between 
which exchange occurred. In the example selected, the 
3 5 ~ 1 - ~ ~ ~  spectrum of the -CG13 group consists of two 
lines at frequencies close to 38.07 and 38.82 MHz at 207 K 
(Fig. 3): the cl-oss peaks on either side of the diagonal arise 
from hindered rotation of the -CC13 group. which in- 
terchanges the two sites of different frequencies. At a tem- 
perature of 201 M. jump times are of the order of a ms or so. 

Pulsed NQR measurements of the spin-lattice relaxa- 
tion time, TI. also give detailed information on the 
mechanisms and dynamics of molecular motion in solids. 
For example, '% quadrupole relaxation times for solid 
triethylenediamine show a TI minimum at a temperature 
close to 260 K. when TI equals 0.048 s."" On either side 
of the minimum, TI depends exponentially on teinpera- 
ture, according to an Asrhenius-type equation with an 
activation energy of 34 kJ molp' .  The mechanism of the 
relaxation is shown to be hindered rotation of the 
triethylenediamine molecule about its threefold syminetry 
axis, which modulates the dipolar coupling between "W 
and the adjacent CH2 protons. 

NQR can be used to study the electronic structure of a 
wide variety of inorganic compounds and complexes. As 

63 an example. Cu and " ~ u ,  both spin-312 nuclei, have 

FrequencylMHz 

Fig. 4 7 % s - ~ Q ~  in bulk glassy A2S3 (dotted line) and in  
rapidly evaporated film (dashed line). Irradiation for 30 h with 
light of wavelength 5145 A produces the NQR response shown 
by the continuous line. The frequencies of "AS-NQR signals in 
selected crystals are shown at the top of the figure. 

been investigated in a variety of Cu(I) c o m p ~ e x e s . " ~ ~  In a 
number of halocuprate ions, for example, the "Cu-NQR 
frequencies lie between 26-31 MHz according to the 
halogen atoms (Cl. Br, I) attached to the Cu(I) atom: in 
such cases. by using the Townes-Dailey theory. it is 
possible to interpret the variation in terms of the 3d, 4s. 
and 4p orbital populations of the CLI atom in the complex. 

Intercalated compounds can also be studied by WQR 
methods, typical examples being ainine intercalates of the 
layered structures of Cd12 and P ~ I ~ , " ' ~  in which the '"I (I= 
512) resonances lie close to 80 (112 4 312) to 90 (312 + 512) 
MHz for the former and 17 (112 4 312) to 75 (3/2+ 512) 
MHz for the latter. depending on the chemical nature of the 
amine intercalate and its chemical interaction with the host. 

Finally. crystalline and amorphous phases can be 
studied by NQR methods, the expected distinction 
between the two being that much broader lines are 
encountered in the latter. Despite line widths of 1 MHz or 
more. NQR signals can still be seen. provided suitable 
frequency-swept pulse sequences are used. An example is 
75 As-NQR in arsenic-chalcogen glasses, such as As2S3 
and As2Se3. in which the resonance lines can be 8-10 
MHz in width."" In Fig. 4, the dotted line shows "AS- 
NQR in annealed glassy As& in bull<. with the two lines 
at the top of the diagram denoting the experinlental 
frequencies in crystalline As2S3. The triangles (dashed 
line) are for the fast-evaporated film. which shows new 
peaks close to 80 and 94 MHz, close to the "AS- 

frequencies in crystalline As&. These new lines are 
attributed to the presence of As-As bonds in the film, 
which are broken when rhe sample is irradiated for 30 h 
with radiation of wavelength 5 145 A. 

Two-dimensional NQR methods give further informa- 
tion on the broadening mechanisins by the use of 2D 
correlation n ~ e t h o d s . ~ ' ~ ~  In a cohereilce transfer experi- 
ment, for example, a pair of 90" pulses separated by a 
variable delay t l  is applied to (say) one transition I), of a 
half-integral spin nucleus (such as I2'Sb. for which 1=7/2), 
followed by a 90"-T-180" pulse pair at a second connected 
transitiol~ v2. the signal being detected at a time t2 
following the 180" pulse (a 180" pulse is approxiinately 
twice the width of a 90" pulse). A double Fourier trans- 
form with respect to t l  and f2  gives a 2D spectrum 
correlating the two transitions v ,  and v2. fi-om an analysis 
of which the individual broadening compoileilts of the 
electric field gradient tensor. Aq ,,, Aq,,, AqzT can be de- 
rived, giving information on the anisotropy of the iine- 
broadening mechanisms. 

NQR spectroscopy is a powerful illethod for studying the 
electronic structure of molecules and their dynamic 
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behavior in the solid state. A wide range of nuclei has an 
electric quadrupole moment and can be studied in 
crystalline and amolphous phases. The frequencies and 
relaxation times are related to the electronic structure and 
dynamic behavior, respectively, enabling the electron 
distribution in inorganic complexes. host and guest 
molecules in inclusion and intercalated compounds, and 
any molecular motion therein, such as chemical exchange 
and molecular rearrangements as well as phase changes, to 
be investigated. NQR spectra are usually inhomoge- 
neously broadened, and experimental methods are avail- 
able with which to study the magnitude and anisotropy 
of these effects. Illustrative examples are given of NQR 
studies in a range of materials containing one or more of the 
quadrupolar nuclei '%, '"1, j9co, 63 6 5 ~ ~ ,  7 5 ~ ~ ,  and 127 I. 

ARTICLES OF FURTHER INTEREST 

Irzelastic Nezrtrolz Scattering, p. 727 
Neurron Diffraction, p. 959 
Solid-State Wz4clear Mugnetic Re~orzance Spectroscopy, 

p. 1307 
X-Ray Cr~stallography. p. 1586 
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INTRODUCTION 

Since 1756, when the Swedish mineralogist Cronstedt 
described a group o f  silicate minerals as zeolites, this area 
developed immensely. In early times, observations were 
limited to the fact that these minerals lose water while 
heating (zeolithos: steaming stones). An ever-increasing 
number o f  other properties are known today. Zeolites 
were found to show outstanding ion exchange and 
sorption properties for all kinds o f  small-diameter mole- 
cules.'" The most well known are topochemical applica- 
tions for large-scale cracking o f  olefins. Essentially, 
zeolites are son~ehow porous materials. A great number 
o f  synthetic zeolite frames were synthesized over the 
years. Most o f  these structures are formed by use o f  a 
template and are obtained by kinetic control. Many 
inclusion compounds survive the removal o f  guest 
molecules upon heating and under vacuum conditions, 
although they are not thermodynalnically stable thereafter. 
Recently, much effort was devoted to obtaining materials 
that feature zeolite properties, however, exclusively 
involving molecular units and supramolecular interactions 
in the solid state.'21 Although a tuning o f  pore sizes may 
give rise to materials featuring the potential o f  zeolites, 
a main drawback o f  molecular crystals may be that the 
chemical and thermal stabilities are inferior to inorganic 
counterparts. Impressively: at present. organic network 
structures can show porosity up to about 91% o f  the 
total volume and are capable o f  undergoing selective 
guest inclusion.'" Such supramolecular materials yield 
significantly more open space than classical inorganic 
 zeolite^.'^^^^ 

A p

r

omising strategy for assembling porous organic 
networks refers to the stability o f  some supramolecular 
interactions. As a result o f  strong bonding by metal co- 
ordination or hydrogen bonding. some networks are 
robust enough to withstand the total removal o f  guests. 
All kinds o f  driving forces that can induce self-assernbly 

to access zeolite-like organic compounds are thus o f  
great interest. 

CRYSTAL DESIGN 

Prediction of Porous Networks 

The main molecular strategy to structure materials uses 
supramolecular sy~lthons.'~' 

Despite the effect o f  packing constraints given by 
molecular shape and symmetry, organic solids may be 
designed by using directional or anisotropic interac- 
tions (hydrogen bonding or halogen-halogen or metal- 
ligand interactions). 

The Cambridge Structural Database (CSD) is a com- 
prehensive source for intermolecular motifs. In view o f  
the fact that structural predictions became more successf~~l 
in the last few years. open framework materials are 
nevertheless difficult to predict correctly, because they 
often represent thermodynamically nonstable states. 

The avoidance o f  close packing in a crystal structure is 
thus a major aim in creating nanoporous organic materials. 

A basic principle for the prediction o f  crystal structures 
was described by Kitaigorodskii: 

We must first of all deduce all possible methods of 
collstructing chains of molecules (formations extending in 
one dimension) and then demonstrate what layers are 
possible (formations extending in t ~ v o  dimensions). 
followed finally by considering layer stacking in the 
crystal (a formation extending in three dirnen~ions). '~' 

The occurrence o f  porosity in crystals may be 
generated by molecules. which prevent close packing by 
their constitution, the molecular bulkiness or rigidity in 
suitable positions. Hexahosts, molecules o f  the "w-heel 
and axle" type and coordinatoclathrates are representative 

Enc~cloy~udiiz of S~iy~i-nriroleczrlcii~ Chemivti?. 
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examples of nanoporous structures exhibiting guest 
i n c l ~ s i o n . ' ~ - ~  l1 

More often, geometrical approaches prove useful. 
Molecules or metal ions in crystals may be considered 
as nodes and the intermolccular interactions as connec- 

This widely accepted concept facilitates a de- 
sign of one-dimensional ( 1  D), two-dimensional (2D), and 
three-dimensional (3D) networks by the "building block" 
principle (Fig. ~ a ) . " ~ , ' ~ '  However, there is a significant 
problem associated with this concept. Because of a gain in 
lattice energy by n-fold interpenetration, many attempts 
result in densely packed structures. 

Some of the basic principles leading to a large number 
of zeolite-type materials are summarized below. In view 
of what is known today, the series of examples is by no 
means complete. 

works. This principle is used above all in coordination 
polymers. Compared to these, in organic compounds; 
much weaker interactions are responsible for the assembly 
of a porous network. Therefore, structures tend to be 
flexible, being unstable in many cases and not able to 
maintain empty cavities after removal of a tcmplate. 
However, cavity-type channel systems exist that can bc 
obtained free of guests, reaturing reversiblc exchangc. 

In some cases, a polymorphic modification referred to 
as apohost (host without guest) is left after desorption of 
guests. Apparently, network topologies are interesting, 
which after desolvation and collapse of their cavity 
structure can rcstorc porosity. Other networks allow a 
partial desorption of guests or guest exchange, without 
passing through a solvent-free stage. A delicate issue is, 
thus, the avoidance of interpenetration. 

Avoiding Close Packing: A Delicate issue 
POTENTIAL ORGANIC ZEOLITES: 

Giving a concise definition for an organic zeolite remains STRUCTURAL AND KINETIC ASPECTS 
an ambiguous task. In inorganic zeolites, the crystal OF THEIR FORMATION 
structure is determined by ionic and covalent bonding. 
Directional and nondirectional forces play the important The fundamental questions in view of structural and kinetic 
role for design of organic crystal structures. aspects of organic zeolites are reduced to thc following: 

Porous organic lattices may thus be designed, using thc How can structures with stable voids be generated, and by 
idea of nodes and connectors similar to inorganic net- which rncchanism can guest exchange occur? 

ID: linear chain, ladder 

node 

2D brick, square grid, honeycomb 

\ 
connector 

3, dirmoadoid, octahedr&l 

Fig. 1 Node and connector principle for metal-organic networks design. (a) Basic approach to form ID. 2D, and 3D architectures using 
the principle of nodes and connectors. (From Refs. 114, IS].) (b) BTC-ligand occupying the vacant metal sites perpendicular to layers. 
This can produce a porous metal-organic framework with large channels. A variation of the metal ion (M) and thc molecular unit (U) 
provided many options for the design of networks (G: guest). (From Kef. [16].) (c) Structure of CoC6H.3(C00H113)(NCjH5)2(NC5H~)213 
121 with a rigid disk-like conformation, where pyridine is incorporated i n  the free space of  the metal-organic framework (Co: green, 0: 
red, N: blue. C: gray). (From Ref. 1161.) (View this art in color at www.dekker.c,orn.) 
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Structural Aspects of Stability 

Metal-organic frameworks (MOF) 
and coordination polymers 

A known strategy to prevent interpenetration is based on 
symmetry and functionality. Coordination polymers are 
built from ligand-to-metal bonding between transition 
metals and suitable organic ligand types. It is noteworthy 
that the geometry of the metal environment reproduces 
itself over the bridging ligands, i.e., by its network topol- 
ogy. Benzenetricarboxylate (BTC) offers three equally 
spaced carboxylate groups linked to an aromatic ring to 
form a rigid disk-like conformation. Metal-carboxylate 
(MC) layers result with first-row-transition metal-ions, 
being altered by molecular units (U) to produce alternat- 
ing MC and U layers (Fig. Ib). Depending on the nature 
of U, a suitable environment for selective inclusion of 
guests between layers was achieved."" Upon exchange, 
the crystal lattice is preserved, and the distance between 
the MC layers remains constant. The dimension of the 
metal-BTC-porous framework depends on the solvent 
used for synthesis and on the strength of the base ap- 
plied for the deprotonation of trimeric acid ( T M A ) . " ~ ~  In 
Zn2(BTC)(N0,)(H,0)(C2H50H)5 (11, the triple-bidentate 
functionality of BTC promotes rigidity for the Zn-BTC- 
network, in which the metal centers can undergo un- 
saturated coordination. In C O C ~ H ~ ( C O O H ~ ~ ~ ) ~ ( ~ C ~ H ~ ) ~  
(NCSH5)213 121, rectangular channels (7 x 10 A') are 
developed (Fig. lc).""' 

By means of copolymerization of Zn(l1) with the hi- 
dentate ligand 1.4-benzenedicarboxyl (BDC) a 3D porous 
framework of the composition Zn:i(BDC)3(CH30H), [a] 
was formed. The ~~nsaturated zinc centers are able to co- 
ordinate guests 

After desorption of water in Zn(BDC)(DMF)(H20) 141. 
only 0. . .Zn interactions are responsible for stabiliza- 
tion of the remaining guest-free rnicroporous network 
(Fig. 2a).'19' 

A further prominent strategy is based on the metal 
carboxylate chemistry, where an organic dicarboxylate 
linker is used to yield octahedral clusters being capped 
with monocarboxylatc. Zn40(BDC),(DMF),(C6HsCl) 
151 consists of Zn4(0)(C02)6 clusters, which spawn a 
pore sphere as large as 8 in diameter (Fig. 2b).1201 
The bidentate linkel-s can be varied and functionalized, 
whereby crystalline materials are obtained with an 
open space up to 91.1% of the crystal volume. The 
diameter of the pores can be varied from 3.8-28.8 A. 
Some compounds reveal densities of 0.21 g/cm3 and 
thus represent the lowest densities for crystalline 
materials.'" 

In the polymer of CuSiF6(bipy), [6], CU"-ions are 
coordinated by four 4,4-bipyridyl (bipy) ligands forming a 

Fig. 2 Stabili~ed Zn(UDC) nelworks duc to cluster formation. 
(a) Formation of' strong 0. . .Zn interactions was obtained in the 
absence of water in the Zn(B1)C:) framework. The crystal 
structure ol Zn(BDC)(DMF)(H20) 141 showed ID channels, 
which are occupicd by DI\/LF molecules (Zn: blue. (: and H: gray, 
0 :  green, and N: I-ed). (From Ref. /19].) (b) Eight clusters of 
Zn4(0)(C02)(, in the metal-o_rganic [samework of compound 
Zn40(BDC)3(DMF),((:hH5CI) [51 surro~~nding a large cavity 
(yellow sphere). Approximately 55-61% of the space is 
accessible to gucst species. The color scheme i s  the same as 
that in Fig. 2a. (FI-0111 Ref. [20].) (Virw this avr it1 c,olor clt 

wvw.dekker.c,om.) 

3D network. Here, SiF6 anions connect layers; preventing 
interpenetration. Channels with pore s i ~ e s  of 8 x 8 A' 
along the c-axis. and 6 x 2 A2 along the h-axis are formed 
(Fig. 3a).1211 

The elongation ofthc spacer enables variation of the void 
structures as well as the pore s i ~ c s .  A nonintcrl>cnetrated 
square-grid arrangement with 4,4-bis(4-pyridy1)biphcnyl 
171 and Ni(1I) was obtained. In this network, channels are 
stretched and offer a pore dimension of about 20 x 20 A2. 
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M. P?, Ni" 
D: proton donor, A: proton acceptor 

Fig. 3 Coordination polymers-a successful approach to permanent voids. (a) Thc porous coordination polymer [CuSiF6(4,4'- 
bip~ridine)~],, [6] produced a 3D network with channels in all directions in the crystal (Cu: blue, N: red, Si: green; F and C: gray). 
(From Ref. [21].) (b) ~ t " -  and ~ i " -  metal ions coordinating pyridine and forming a square anangement stabilized by donor-acceptor 
interactions. (From Ref. 1231.) (c) Trigonal rigid arrangements of the phenylacetylene nitrile molecules producing a honcycomb 
channel structure. Dcspite six interpenetrating networks (different colors) in the (u,b)-plane of  benzene-1.3,5,-TEB-silvertrillate [8], a 
channel with a diameter of 15 r\ was obtaincd along the c-axis. (From Refs. 124-26. 451.) (V iew this art in color at cvww. 
dekker. corn.) 

Therein, guest molecules occupy more than 50% of the 
crystal volume, thus providing high porosity.[221 

Because of donor-acceptor interactions through hy- 
drogen bonding between pyridinc derivatives and coordi- 
nation to Pt or Ni, a square-planar cavity structure was 
obtained that showed decomposition above 300°C 
(Fig. 3b).I2" Mutual penetration of individual networks 
can give rise to an increase in thermal stability, even 
though empty cavities still exist. 

Guest removal and exchange were investigated for 
benzene-l,3,5,-TEB-silvertriflate [TEB=tris(4-cthynyl- 
benzonitrile)] 181 (Fig. 3 ~ ) . ' ~ ~ '  The nitrile functionality 
of the trigonal phenyl-acetylene-derived ligand coordi- 
nates to silver cations forming a (3,3)-connected 3D 
network. A honeycomb-like structure with a channel 

dimension of 15 x 22 A2 was obtaincd. Further examples 
appeared in the literature involving coordination of Ag by 
CN ions. Here, the length and shape of the rigid axle 
appear to diversify, and thus, the channel diameter of the 
networks becomes variable (Fig. 3 ~ ) . ' ~ " ~ ~ '  

In the reolite-like material, 4,6-di(1-imidazoly1)-1,3,5- 
triazin-2-one (dimto) 191, large pores were found in which 
a dimto anion can act as a threefold ligand forming a 
continuous box-like unit with Zn(l1) featuring a pore size 
of 9.6 x 5.5 A2 (Fig. 4a).[271 

The 1,2-dipyridylglycol (dpgy) acts as a functional 
pillar in the case of C ~ ~ ( p ~ d c ) ~ ( d p y g ) ( H ~ O ) ~  (pzdc: 
pyrazinc-2,3-dicarboxylate) [lo]. A 3D pillared-layer 
structure was obtained, whereby the resulting microchan- 
nels show a cross section of 4 x 6 A2 (Fig. 
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Fig. 4 Slight deformation of the lattice in coordination poly- 
mers after removal of the guests. (a) The 4.6-di(1-irnidazoly1)- 
1.3.5-triazin-2-one [9] can form a counterion-free frame\?.ork 
with channels of a cross section of 9.5 x 5.5 A~."" (b) In 
compound C ~ ~ ( p z d c ) ~ ( d p y g ) ( H ~ O ) ~  [I@]. the 1,2-dipyridylglycol 
acts as a flexible and functional pillar to form a 3D pillared-layer 
structure. Channels with a dimension of 4 x 6 A' undergo a 
slight change after removing guests. (From Ref. [28].) 

Porphyrins 

Disk-like n~olecules such as porphyrins can be modified to 
form porous network architectures. Porphyrins and their 
derivatives yield large pores and show excellent therinal 
and oxidative stabilities. In addition to these properties, 
porphyrins represent an extremely versatile platform for 
tailoring porous solids. On the one hand, they can easily 
be "programmed" by adding various substituents and, on 
the other hand. by introducing recognition sites.r29' 
Starting from meso-tetraphenylporphyrins (in which 7c-n 

interactions occur between aromatic metalloporphyrins), 
many compounds were synthesized. In the lattice of 
Zn(TGPP) [PI] (TGPP = tetra (4-carboxyphenyl) porphy- 
sin) (Fig. 5aj, self-penetration due to large interporphyrin 
voids is present (16 x 21 A'). To prevent interpenetration. 
different auxiliary species. such as nitrobenzene and 
potassium or sodium 18-crown-6, were introduced to 
sustain the lattice by a concerted ion-paired coordination. 
Further structural stability can be achieved by coordina- 
tion through bidentate ligands, e.g., bipy. whereby bridge 
formation of adjacent layers stabilizes the networks. The 
cross sections of resulting pillars are 8 x 10 and 8 x 12.5 

A2. The framework lattice occupies just 42% of the total 
crystal volurne. Porphyrins gives access to coordination 
polymers. which are shaped by metal-ligand interactions 
and by a variation of substit~ents.'"~ 

Coordination polymers with a coinposition [{M 
(tpyp)J6]guest (M: coTT,  h4nT1; tpyp: tetrapyridylporphyrin) 
were obtained by hydrothei-rnal reactions. Their structures 

M = Cu, Zn, >In, Co 

R = C :  N, COOH, CBNFI? ,.... 
a) 

H 

R N 

c)  

Fig. 5 Porphyrin and formation of hydrogen bonds for 
stabilizing empty channels. (a) The variation of metal ions and 
substituents in rnetalloporphyrin is a basic approach to tailoring 
 network^."^)' (b) The trigonal spirocyclophane tris(o-phenyl- 
enedioxy)cyclotriphosphazene [I21 yields a hexagonal channel 
topology ,r".'Jl (c) Bi~(resorcino1)anthmene [I31 forms a 2D 

network, in which hydrogen bonding occurs bet\?-een the guest 
(G) and host molecules.""'" (d) A tectoll of 2.4-diarninotria- 
zine [I51 and the helical diol 2.6-dimethylbicyclo[3.3.1]nonaae- 
exo-2-exo-6-diol [I61 give access to organic zeolites. in which 
the porous network is merely stabilized on the basis of hydrogen 
bonding,['"'0] (e) Bilayer structure in which two opposing 
hydrogen-bonded sheets are linked by organodisulfonate pillars. 
(From Refs. [42. 431.) 
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indicate a hexagonal cage showing an effective pore size of 
13 x 16 A2.[lg1 

Hydrogen bonds and other weak interactions 

Is it possible to produce stable porous channel structures. 
held together only by hydrogen bonds? 

A trigonal symmetry of host molecules provides a 
typical template for obtaining cavities or channels. In the 
crystal structure of a-TMA (TMA=trimeric acid, the 
parent acid of the BTC anion), mutual triple catenation of 
hydrogen-bonded TMA was found.'"' However, self- 
penetration is preventable, if the TMA was crystallized 
with template molecules or is functionalized with bulky 
substituents to obtain a rigid arrangement.r321 

Another well-known trigonal rigid-structure motif is 
given by tl-is(o-pheny1enedioxy)cyclotriphosphazene 
(TPP) [I21 (Fig. 5b). The crystallization from different 
solvents results in a hexagonal channel structure of an 
average diameter of 5 A. An empty channel-like structure 
was obtained by removing volatile guests. Formation of a 
pseudohexagonal crystal structure was ~bserved."~."] 

Compared to rigid derivatives of compo~mds featuring 
trigonal symmetry in which a planar arrangement can 
produce a channel system, a flexible bis(resorcino1)an- 
rhracene [I31 motif (Fig. 5c) is known as well to generate 
a stable pore system, essentially being structured by 
hydrogen A widespread 2D hydrogen-bond- 
ing network results from an orthogonal aromatic-triad 
strategy, with sheets layered in a staggered manner. thus 
preventing close packing. Anthracene and resorcinol rings 
are oriented nearly pelpendicular to each other and form 
an extensive hydrogen-bonded network showing zigzag 
polyresorcinol chains and face-to-face stacked anthracene 
columns. This channel system undergoes no interpenetra- 
tion and offers a pore diameter of 10 A (Fig. 5c). 

The intermolecular hydrogen bonding between deri- 
vales of 2-pyridone [I41 rings forms a diamond-like 
network structure featuring rectangular channels able to 
accommodate guest molecules. However: this diamond 
architecture collapses after complete removal of guests, 
whereas the network is porous enough for an exchange of 
guest, retaining the lattice.[37.381 

Table 1 

A tecton of 2,4-diaminotriazine [I51 (Fig. 5d) consists 
of 16 intertectonic hydrogen bonds supplying a 3D net- 
work that is stable enough, even if most guest molecules 
were desorbed. The resulting network defines channels of 
11.8 A diameter.[391 

A chiral bicyclic diol and its derivatives crystallize in a 
series of hydrogen-bonded species surrounding parallel 
channels in which guest molecules can be trapped by a 
cross section as large as 35 A2.r4O] An example for a 
helical tubuland is 2,6-dimethylbicyclo[3.3. llnonane-exo- 
2-exo-6-diol [I61 (Fig. 5d), which contains parallel 
channels with a triangular pore size of roughly 20 A2. 
The guest-free diol was obtained in different ways: 
sublimed twice under reduced pressure, inclusion com- 
pounds heated (100°C) under reduced pressure, and 
recrystallized from mesitylene. 

A channel-type organic material providing a stable 
empty nanoporous architecture was found by extracting 
gossypol (Gp), 2,2'-[1,l1,6,6',7,7'-hexahydroxy-3,3'-di- 
methyl-5,5'-diisopropyl-8.8'-difomyl]-naphthalene [IT]. 
from cotton plants.["1 

A similarly remarkable arrangement of molecular sheets 
is formed by alkane- or arensulfonate anions (RSQ3-) (S) 
and the guanidinium cation (G) [ 1 8 ] . ' ~ " ~ ~ ~  This quasihex- 
agonal 2D GS network sustains strong ( 6 )  N-H. . .Q (S) 
hydrogen bonds and forms nanoporous galleries with 1D 
channels (Fig. 5e). A method was devised of manipulating 
the gallery in terms of their height, shape, and chemical 
environment through a choice of the disulfonate pillars. As 
a result of the size of the pillars, two basic structural motifs 
were obtained: a single-layer motif of large pillars: which 
favors large guests; and sterically undemanding pillars 
preferring small guests by a bilayer motif. The gallery 
heights are given by the size of the organodisulfonate, 
ranging from 5.5-1 1.5 A. If guest molecules are removed 
from the host lattice, a new crystalline phase forms. 

Kinetic Aspects and Properties 

Guest-free cavities are obtained by removing volatile 
guests for materials when heated or put into vacuum. In 
many cases, the crystal structure collapses and forms more 
densely packed arrangements. However, due to strong 

Coordination polymer Type of adsorption isotherm Guest sorption 

Zn(BDC)(DMF)(F120) [4] I N?. COz 
Zn40(BDC),(DMF),(C6HjC1) [5] I N2 
1 [CuslF,(4.4'-blpy)21,) [$I I CHi 
Tb(bdc )NO3 [20] I CO,, CH2C12, different alcohols 
C U ~ ( P Z ~ C ) ~ ( ~ P Y ~ ) ( ~ ~ O ) ,  [I@] 11, hysteresis CH30H. H70  
[(1314- 2Zr(OtBu),] [I91 11, hysteresis N2, AcOEt. hexane, benzene 
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intermolecular interactions, remarkably stabile guest-free 
crystals may arise in some networks, up to 300°C. 

X-ray powder diffraction (XRPD), thesrno gravimetric 
(TGA) analysis, solid-state nuclear magnetic resonance 
(NMR), and measurements of adsorption isotherms are 
key methods for characterizing zeolite-like behavior. 
However. a simple proof for observing structural changes 
during the sorption processes is XRPD. 

Evidence for solvent-free pores can also be gained by 
' 2 9 X e - ~ ~ ~  spectroscopy. This was first applied for 
Dianin's clathrate. It is particularly suited for the study of 
void spaces. including amorphous materials.[441 
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Stable voids in crystal networks 

Stuctural stability of a supra~nolecular network after com- 
plete removal of guest lnolecules representing a signi- 
ficant part of the volume is an astonishing phenomenon. 

In Zn(BDC)(DMF)(H20) [4] for example, one water 
molecule is released at 65'C followed by the evaporation of 
DMF at 1 6 0 " ~ . [ ' ~ ~  Empty pores ( 5  A) remain because of an 
increase of the 0 .  . .Zn bonding in the absence of guests. 

A promising designs strategy of the architecture and 
functionalization of the pores stems from metal car- 
boxylate cluster chemistry. Noninterpenetrated empty 

mno lig 
3 

Fig. 6 Demonstration of zeolite-like properties by means of selected examples. (a) Nitrogen gas soi-ptioll at 78 K for 
Zn40(BDC)3(D~F)8(C6Ff5C1) [5 ]  showed a Type I adsorption isotherm. (From Ref. [20].) [P/Po (P: gas pressure; Po: saturation 
pressure).] (b) Adsorption and desorption investigations for methanol in the crystal structure of C ~ ~ ( p z d c ) ~ ( d p y g ) ( H ~ O ) ~  [I01 (298 K). 
Isotherm with hysteresis loop (A: absolute absorption, P/Po is the same as in Fig. 6a). (From Ref. 1281.) (c) Comparison of the adsorption 
isotherm for methane by the inorganic zeolite 5A as compared to [C~SiF~(4.4'-bipyridine)~],, [$I, demonstrating a larger affinity of the 
organic compound (A: absolute absorption). (From Ref. 1211.) (d) TPP shows a remarkable affinity to include iodine by iiz-diffusion. 
The staining started from capping faces, extending continuously into the volume (from top to bottom). (From Ref. [48].) (Vieit. this art irz 
color at i~.~v~v.dekkencorn.) 
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networks with a modifiable pore sire up to 28.8 A were 
obtained. Despite the large empty voids and the low 
density of this crystalline material, the crystal structure is 
maintained after evaporation of the inclusion solvents.[31 

Structures 5-7 show similar behavior. The solvents can 
be fully removed or exchanged by other guests without 
destruction of the pores and are stable up to 300°C. 

Guest molecules were exchanged for [Ag(TEB)CF3. 
S0;](C6H6) [$I in the liquid state while the framework 
remained intact. Complete substitution with C6D6 was 
confirmed by NMR s p e c t r o s c ~ p ~ . ' ~ "  Here. guest ex- 
change does not seem to be limited to benzene because of 
a preference for selective so~ption of aromatic alcohols 
and, to lesser extent, for unfunctionalized aromatics or 
aliphatic  molecule^."^^ 

Flexible network structures 

After heating the inclusion adducts of Structure [I31 in 
vacuum. a polycrystalline guest-free apohost was ob- 
tained. This apohost is capable of reversibly binding ke- 
tones and esters. The uptake of guests in various liquids is 
fast (completed within seconds). 

Solid-solid complexation of an apohost with com- 
pounds in the solid state. such as benzophenone or 1.2- 
cyclohexandiol, is feasible as well. Host-guest formation 
in the solid state may be considered a heterogeneous equi- 
librium, where guest molecules are bonded at the surface of 
the apohost and by translocation enter the host pores. 
However, the mechanism is not yet understood. 

A bidentate ligand is similarly a candidate for the 
coordination to metal ions. Polycondensation with 
~ r ( 0 ~ ~ u ) ~  provided an insoluble, amorphous. and micro- 
porous powder [13".2Zr(O-~Bu)~] [I91 that forms a stable 
0-Zr-Q network with a pore size of 7 A. The completely 
insoluble Zr-host system allows for Diels-Alder reactions. 
In this case, a batch flow system was set up for continuous 
processing.[461 

An empty channel-like structure and formation of a 
pseudohexagonal crystal structure is shown by TPP [ E l .  
which can be obtained by removing volatile guests. In 
these crystals, a reversible gas transport of xenon in 1D 
channels was reported and analyzed by laser-polarized 
129 Xe-NMR spectroscopy.r"3.'41 

After slow removal of dichloromethane from the 
inclusion co

m

pounds of gossypol, a polymorph was 
formed with an ink-bottle-like empty space of an average 
diameter of 5 A.r4" 

Organic zeolites are interesting material, for an applica- 
tion in catalysis. gas storage, separation, or implementa- 
tion of some physical properties. 

The effectiveness of organic pore systems is generally 
explored by measuring adsorption isotherms. Most exam- 
ples for reversible solption properties are reported for 
coordination polymers. Two types of adsolption-iso- 
therms were found: reversible Type I adsorption isotherms 
(Table 1) were observed for guest-free metal-organic 
networks (Fig. 6a). Isotherms showing a hysteresis loop 
(Type 11) provide evidence for the crystal structure under- 
going a slight deformation during the sorption process 
(Fig. 6b). 

In comparison to inorganic zeolites, organic porous 
networks show a considerably higher uptake of different 
guests. CuSiF6(bipy)? features a higher affinity to meth- 
ane than that found for the inorganic zeolite 5A (Fig. 6c). 

In addition to the reversible uptake of COz, the solvent- 
free derivative Tb(bdc)N03 [20] revealed a further appli- 
cation potential in view of a sensor technology, where 
lanthanides play an important role.[471 

An efficient guest exchange was observed for TPP and 
iodine (Fig. 6d). Here, a dark conductivity along the 
channels in the order of pure 12(s) was reported.'481 

The completely insoluble Zr host system [I91 allows 
for Diels-Alder reactions. In this case. a batch flow 
system was set up for continuous 

To summarize. present examples reflect a great variety 
of different materials opening space for a tailoring of the 
pore size, the sorption, and other properties. 
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INTRODUCTION 

Anions are ubiquitous species, and therefore. their sensing 
is of considerable interest. Anion receptors containing 
redox-active organometallic groups such as ferrocene or 
cobaltocenium allow the binding of anions to be detected 
by an electrochemical response of the metallocene redox 
couple. These systems were incorporated into various 
acyclic, macrocyclic, and calix[4]arene frame~vorks. 
many of which include an arnide hydrogen-bonding 
group. Receptors can operate in a range of environmental 
conditions, including aqueous solution. 

COBALTOCEMIUM-BASED 
ANION RECEPTORS 

The cobaltocenium moiety was studied extensively in the 
context of redox-responsive allion  receptor^.".'^ The first 
class of anion receptor based on this system was reported 
by Beer and Meefe in 1989."' The ester functionalized 
his-cobaltocenium macrocyclic Receptor 1 bound and 
electrochemically sensed bromide in acetonitrile via 
favorable electrostatic interactions. 

Amide f~~nctionalities were appended to the cobalto- 
cenium moiety to provide hydrogen bond donors capable 
of coordinating anions, such as in Receptors 2 and 3 in 
Fig. 1 .[" Proton NMR anion titration studies in d6-jDMS0 
reveal considerable downfield shifts. particularly for the 
arnide protons. indicative of a strong hydrogen-bonding 
interaction. Receptors 2 and 3 selectively bind dihydro- 
genphosphate over chloride in CD3CN, with differences 
in stability constant of approximately an order of mag- 
nitude [K(M2POJP) 1200 M-' and K(ClP) 100 M-' for 2, 
M(H2P04-) 320 M P 1  and M(C1-) 35 M-' for 31.'" This 
selectivity may be attributed to the greater basicity of the 
H 2 P O J  anion. The importance of the amide hydrogen- 
bonding interaction was highlighted by studies with co- 
baltocenium receptors containing tertiary a~nides . '~ '  These 
receptors exhibit negligible anion binding. Crystal struc- 
ture anaiysis of the bromide complex of Receptor 2 clearly 
shows hydrogen bonds to the arnide proton. as well as to 
Cp and aryl protons. 

These receptors are also capable of electroche~nically 
recognizing anions. Complexation of an anionic guest 
stabilizes the positively charged cobalt center, making 
it more difficult to reduce. and results in substailtial 
cathodic shifts of the reversible Cp2Co+/Cp2Co redox 
couple. Dihydrogenphosphate induces cathodic shifts of 
200 and 240 mV, respectively, for Receptors 2 and 3, 
whereas chloride produces shifts of lower magnitude, 30 
and 85 mV, respectively. This complements the higher 
binding constants obtained via NMR for the HZP04- 
anion. lWacrocyciic compounds also provided evidence 
for an anion chelate effect."' 

A variety of novel calix[4]arene receptors 4-6 were 
and it was shown that the anion-coordina- 

tion properties are dependent upon the degree of upper- 
rim preorganization. For instance, 4 binds acetate much 
better than dihydrogenphosphate in DMSO, whereas the 
trend is reversed with the isomeric 5 .  The bridged co- 
baltocenium calix[4]arene 6 forms thermodynamically 
more stable complexes with carboxylate and H2P04-- 
than either 4 or 5, with notable selectivity for acetate. 
The upper-rim bidentate amide group of 6 provides a 
hydrogen-bond cavity suitable for complexing bidentaie 
anions such as carboxylates. 

Ditopic bis-cobaltoceniu~n receptors such as molecule 
7 were synthesized in an attempt to enhance selectivity 
and complex stability.'" Various spacer groups separate 
the two metallocenes. 'H-NMR titrations revealed that the 
receptors with ethyl, propyl, and butyl spacers bound 
halide anions in CD3CK in a 1: l  complex, with a 
preference for chloride. Mo\vever. increasing the length of 
the alkyl chain leads to an overall decrease in the stability 
constant and in the degree of selectivity. Longer aromatic 
spacers gave 2: 1 complexes with anions, presumably due 
to the increased size of the cleft cavity. Electrochemical 
measureiuents for all receptors showed considerable 
cathodic shifts in the cobaltocenium redox wave with a 
variety of anions. 

A novel cobaltoceniun~ porphyrin receptor 8 was 
~~nthes ized.~" '  in which four metallocenes were ap- 
pended to the porphyrin. The selectitity is atropisomer 
dependent. and the cis-r.r.a.x-atropisomer shown exhi- 
bits the selectivity trend C 1 > B r > > N O i P .  Proton NMR 
titrations in acetonitrile showed shifts of up to 0.7 ppm 
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Fig. B Cobaltoceniurn-based receptors. 

for the amide. Cp, and pyrrole protons upon addition of 
halide anions. Chloride and bromide bound in 1:1 
stoichiometry and gave stability constants of 860 M-' 
and 820 M-', respectively, whereas nitrate exhibited 
weaker binding with K=190 M ' .  The molecule exhi- 
bits complicated electrochemistry, with multiple redox 
wave5 due to the cobaltocenium and the porphyrin. 
The addition of anions to acetonitrile solutions of 
8 resulted in cathodic shifts of the cobaltocenium redox 
couple of 35-75 inV for chloride, bromide, and hydro- 
gensulfate, and 225 mV for dihydrogenphosphate. 

Smaller shifts were observed for the porphyrin oxidation 
redox couple. 

FERRBCENE-BASED AMBON RECEPTORS 

The ferrocene moiety was also used in the sensing of 
anions, with many of the receptors similar in design to the 
cobaltocenium molecules.'"' One of the significant 
differences is that the fenocene analogues are neutral 
and. therefore, have no inherent electrostatic interaction. 
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Fig. 2 Fenocene-amide-based receptors. 

NMR-determined stability constants are therefore lower 
in magnitude. The ferrocene does not directly interact 
with the anion until it is oxidized to ferrocenium, when 
electrostatic interactions are ' .switched on." 

A range of receptors incorporating ferrocene units with 
secondary amides is shown in Fig. 2.['2"31 Molecules 9- 
12 exhibited H2PQ4- induced cathodic shifts of up to 240 
mV in acetonitrile in the presence of a 10-fold excess of 
H S 0 4  and C1-. Receptor 13, on the other hand, exhibits 
selectivity for H S 0 4  in the presence of H2P04-, with a 
shift of 220 mV. The HSQ4- anion protonates the basic 
amine functionality, which then binds the ~ 0 ~ ~ -  anion. 

A ferrocene-zinc metalloporphyrin analogous to 8 was 
prepared, in which anions are bound via the Lewis acidic 
zinc center and amide hydrogen bonding.["] As with the 
cobaltocenium analogue, the atropisomer dictates the 
selectivity, and anion complexation in 3:2 CH2Cl2/ 
GH3CN results in cathodic electrochemical perturbations 
of the porphyrin and ferrocene redox processes. Lower- 
rim polyferrocene-substituted calixarenes were aiso 
synthesized and shown to electrochemically sense C1-. 
HSQ4-, and H2POi- anions in CH2C12. with shifts of up 
to 160 mV being observed with H ~ P o ~ - . ~ ~ "  

The relative ease of synthesis and substitution of 
ferrocene led to its widespread use. In particular. it has 
been attached to various well-known anion-binding 
structures in an attempt to introduce a responsive element. 
For example, Astruc and coworkers produced dendriiners 
containing up to 18 ferrocene units and found evidence 
for a dendritic effect in the anion recognition process.['61 
H 2 P 0 4  induces the largest cathodic shifts, from 1 10-3 15 
mV. Recently. this group synthesized functionalized 
gold nanoparticles containing (amidoferrocenyl) alka- 
nethiol (AFAT) ligands for the purpose of redox rec- 
ognition of oxoanions. These compare favorably to the 

Fig. 3 Other ferrocene-based receptors. 
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Fig. 4 Water-soluble ferrocene-arnine receptors. 

dendrimers in terms of selectivity for H2PO4- over 
HSOIp. with H2P01- induced shifts of around 200 mV 
in CH2C12, and 100-175 mV in the presence of HSOdp 
and ~ l ~ . ~ ' ~ ]  

Crabtree and coworkers incorporated ferrocene subunits 
into isophthaliinide and disulfonamide  framework^.^^^^ 
The addition of Clp anions to CD2Cl2 solutions of 14 and 
15 (Fig. 3) resulted in large chemical shift changes, up to 
3.1 3 ppm for the amide N-H proton of 15. The stability 
constant for 15  was found to be 9500 M- ', whereas that for 
the monamide 16 was only 30 M I ,  demonstrating the 
importance of the two convergent hydrogen-bonding 
groups. Disappointingly. relatively low cathodic electro- 
chemical shifts of 20 and <5 mV were observed for 15 
and 16, respectively. after addition of one equivalent of 
CIp. Ferrocene was also attached to imidazolium salts[lgl 
and c a 1 i x [ 4 ] ~ ~ r s o l e s . ~ ~ ~ ) ~  

Shinkai and coworkers reported that ferroceneboronic 
acid 17 (Fig. 3) acts as an electrochemical anion 
 enso or.'^" It exhibits excellent selectivity for fluoride 
ions in the presence of other halides and anions such as 
SCNp,  SO^', and H2PCAp. A KO, value of 1000 M ' in 
MeOH/H20 was found for fluoride, compared to values 
of less than 2 M- for chloride and bromide. The fluoride 
ion is a hard base and. therefore. interacts considerably 
with the hard boron atom. Oxidation results in the fer- 
rocene group becoming inore electron withdrawing. The 
electron density of the boron atom decreases; therefore, 
the strength of the fluoride complex increases. A biden- 
tate bis(boronate) Lewis acid was also shown to act as a 
fluoride sensor.L221 

Steed and coworkers synthesized a series of "Venus 
flytrap" anion sensors; such as 18 (Fig. 3), based on 
podands with a hexasubstituted core and arms with 
hydrogen-bonding and cationic pyridiniurn groups, with 
ferrocene attached to the pyridinium.L".241 The host is 
preorganized into a cone conformation and shows 

considerable affinity for halides. and chloride in partic- 
ular. with complexation-induced chemical shifts of up to 
1.54 ppm for the NH protons in CD3CN. The selectivity 
trend is C 1 > B r > I p ,  and some selectivity is also show11 
for acetate. Preliminary electrochemical studies suggest 
relatively poor coupling between binding and signaling 
moieties, but the observed selectivity sequence is in 
agreement with that obtained by NMR. 

Receptors capable of operating under aqueous condi- 
tions are obviously important, given the prevalence of 
anions in biological and environmental systems. However, 
the large hydration energies of anions make their sensing 
in water a challenging task.'2" Beer et al. synthesized a 
series of acyclic and cyclic ferrocene-anline ligands, as 
shown in Fig. 4. These were shown to selectively bind and 
electrochemically sense phosphate and sulfate as well as 
nucleotide ions in aqueous s ~ l u t i o n . " ~ - ~ ~ ~  

In general: the selectivity of these receptors is depen- 
dent upon pH. Results from "P-NMR imaging showed 
that Receptors 19, 20, and 211 (Fig. 4) bind adenosine tri- 
phosphate and hydrogenphosphate in water. At pH 6.5. 
where at least two of the nitrogen atoms are protonated. 
1 : 1 complexes were formed. Electrochemical experiments 
at the same pH showed cathodic shifts with the phosphate 
anions of 60-80 mV. Receptor 22 discrimillates for sulfate 
over phosphate at pH 4 in 70:30 THF/H20, with cathodic 
shifts of 54 and < I0  mV, respectively. Compound 23 
shows shifts of 23 mV with sulfate at pH 4 and 30 mV with 
phosphate at pH 8. 

Molecule 20 shows a perturbation of the Fc'IFc redox 
couple by 50 mV upon addition of phosphate at pH 7 in 
water. Sulfate, on the other hand, results in a negligible 
shift. Calibration curves of the change in the half-wave 
potential AEln versus the [Ap]/[L] ratio at a certain pH 
value showed that the conce~ltrations of phosphate and 
sulfate in the presence of colnpeting anions can be 
quantitatively determined using Receptors 20 and 22. 
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This demonstrates their potential for use as prototype 
anion sensors. 

The ferrocene-appended guanidinium receptor 24 
senses pyrophosphate in methanollwater mixtures. exhib- 
iting cathodic shifts of up to 70 m ~ . ' ~ ~ '  Azamacrocycles 
functio~lalized with ferrocene arms were also shown to 
possess anion-binding properties and are capable of 
electrochemically detecting sulfates, phosphates, and 
ATP in 70:30 THF/H20 s ~ l u t i o n s . ~ ~ ~ ~ ' ~ ' ~  

OPTICAL SENSORS 
CONTAINING METALLOCENES 

A11 acyclic [~u(bpy)~]"-ferrocene receptor 25 was 
prepared (Fig. j).'"' The ferrocene units quench the 
emission of the ruthenium center in the free receptor. but 
addition of H 2 P 0 4  ions increases the emission by 20-fold 
in acetonitrile. This increase is not observed with C 1  or 
HS04- ions. Competition experiments in the presence of 
these anions gives rise to an emission increase identical to 
that obtained upon addition of H2P04-. Receptor 25 can 
therefore be considered a H 2 P 0 4  selective luminescent 
anion receptor. Particularly noteworthy are Receptors 26- 
27, synthesized by Beer and coworkers. that exhibit a 
marked selectivity for chloride ions."21 Stable 1 : 1 
complexes are formed in DMSO, with stability constants 
of up to 4 x 10%~- '. No evidence of H 2 P 0 4  binding was 
shown with 'H- and "P-NMR. Luminescence studies 
show a blue-shift of the MECT emission band with 
significant intensity enhancement in response to the 
addition of chloride anions but no response to H2P04-. 
Anion-induced cathodic shifts of the metallocene redox- 
couple of up to 1 10 mV were observed upon addition of 
chloride anion. The rigidity of the inacrocycle is thought to 
contribute to its selectivity. because acyclic analogues 
tend to prefer I-I7PO4-. The larger size and tetrahedral 
shape of this anion make it incompatible with the 
macrocycle's cavity. However, increasing the size of the 

cavity by two or four methylene units dran~atically 
reverses the trend in anion selectivity. 

AREMEANDOTHER 
BRGAMBMETALLBG RECEPTORS 

Atwood and coworkers made considerable progress in the 
synthesis of new anion hosts by directly attaching cationic 
organometallic arene moieties to the calixarene aromatic 
rings,L3:,341 Of note is Receptor 28 (see Fig. 6)- which is 

capable of binding anions in aqueous solution. Nitrate and 
halide anions give binding constants in the range 100-550 
M-', as determined by 'H-NMR. Binding constants 
decrease in the order C l P > B r > I  and are significantly 
increased in nonaqueous media. This approach was also 
used to synthesize [CpFe(arene)]+-derivatized cyclotri- 
veratrylenes. such as 29. that bind halides and PF6-. The 
upper-rim charge preorganization allows anion binding 
within the host cavity."" Astruc also used different 
metallocenes. having synthesized a cationic metalloden- 
drimer with 24 [ ~ p ~ e ( ~ ~ ~ - ~ d - a l k y l a n i l i ~ ~ e ) ] ~  term: ~ n i .  This 
~nolecule is capable of recognizing chloride and bro- 
mide.'361 

Beer and coworkers inade several simple receptors by 
substituting one cyclopentadie~lyl ring of a ferrocene with 
a benzene ring. to give the amide arene CpFe 30 in Fig. 6. 
The same article also described the synthesis of the arnide 
arene tricarbonyl chronlium co~npound 31.~'" Downfield 
shifts of the arnide N-H protons are observed for both 
receptors upon addition of chloride or bromide in CD,CN. 
For instance, with chloride, Receptor 30 exhibits a shift of 
2.5 ppm and 31  a shift of 0.9 ppm. Negligible shifts are 
observed with unsubstituted rne~allocene and nonmetal- 
lated aromatic molecule. 

Gale and coworkers synthesized Receptor 32 in 
Fig. 6."81 Electron-withdrawing GI-(CO)~ groups were 
attached in order to increase the acidity of the NH pro- 
tons."" "H-NMR titrations of 32 in CD3CN showed a 

Fig. 5 Fluorescent organornetallic anion receptors. 
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Fig. 6 Other organometallic receptors 

selectivity for chloride over other anionic guests. with a 
log K value of greater than four. Selectivity for chloride 
over dihydrogen phosphate is high. perhaps reflecting the 
steric bulk of the CS(CO)~ moieties, which may hinder 
the approach of the bulky H 2 P 0 1  to the amide cleft. 
Receptor 33 was shown to have high affinities for halides, 
cyanide, and acetate anions.[391 The addition of anions 
results in a significant downfield shift of the N-H protons 
in CDC13 and quenching of the luminescent intensities in 
CH2C12. Binding constants as high as l0"l0~ M-' and a 
detection limit as low as 1 0 %  were observed. 

Severin and coworkers synthesized an organometallic 
metallacrown complex 34.1401 The receptor was found to 

be highly selective for fluoride, even in the presence of an 
excess of other anions. Electrochemical ineasurements in 
2:l CHCl3/CH3CN showed a cathodic shift in oxidation 
potential of 203 mV upon addition of fluoride. whereas 
other anions induced rhifts of less than 24 mV. 

Organo~netalllc groups such as ferrocene and cobaltoce- 
nlum lend themselves extreinely well to the synthes~s of 
anion receptors Their relative ease of substitution led 
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to the inclusion of them in acyclic. macrocyclic, 
calix[4]arene, and many other receptor systems. Anion- 
induced cathodic shifts in the redox potential of the 
metallocene provide a physical means of monitoring the 
anion-binding process. These two metallocenes. as well as 
other organometallic moieties. are continually being used 
in new classes of redox-responsive anion receptor, and it 
is apparent that this strategy is highly effective. 
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INTRODUCTION 

Historically, metal-containing oligomers and polymers 
have been utilized for hundreds of years; however, it was 
not until the development of ferrocene in the early 1950s 
that organometallic polymers emerged as a focused area 
of research. Despite the fact that these materials were only 
developed within the past 50 years, there have been 
significant advances in this field, most importantly, within 
the past two decades. Organometallic oligomers and 
polyn~ers are currently the focus of considerable attention 
in light of their electrical, magnetic, optical, catalytic, and 
biological properties.["1 

Brganometallic polymers are often classified according 
to the types of o -  or 7c- (metal-carbon) bonds within their 
stn~ctui-es. Within this classification, these macromole- 
cules can be further divided based on the placement of the 
metallic moieties in the polymer backbone or side chain. 
This review will highlight some of the main families of 
organotransition metal-containing oligomers and poly- 
mers, focusing on the most widely studied organornetallic 
systems; namely, metallocene-based polymers and their 
closely related transition-metal-coordinated arene- and 
cyclobutadiene-containing oligomers and polymers. In 
addition to these n-coordinated systems, there are also a 
number of examples of materials with metals o-bonded to 
carbon in the polymer backbone and polymers incorpo- 
rating metal-metal bonds. 

METAQLOCENE-BASED POLYMERS 

The first example of a metallocene-based polymer, 
polyvlnylfessocene, was described in 1955.'J1 This mac- 
romolecule was synthesized via the radical and cationic 

chain growth polymerization of vinylferrocene and incor- 
porated the ferrocenyl unit pendent to the polymer 
backbone. Over the next 20 years. a multitude of reports 
detailed the mechanistic features of the addition polymer- 
ization of vinyl-substituted fessocene derivatives. In the 
1960s, heteroannularly substituted ferrocenes were sub- 
jected to polycondensation reactions, which resulted in 
polymers with the ferrocenyl units in the backbone. Early 
investigations also described the direct polymerization of 
ferrocene and its derivatives; these reactions produced 
homo- and heteroannularly substituted polyfessoceny- 
lenes, in which the cyclopentadienyl rings were directly 
bonded to one another."'21 

The poly~nerization of vinyl metallocene-containing 
monomers is still an active area of research. In particular. 
current research is focused on new types of catalysts, co- 
polymer synthesis, and the development of polymers with 
interesting biological, nonlinear optical: liquidcrystalline, 
electrical, and optical properties. Polyiner 1 is an example 
of a liquid-crystalline polymethacrylate containing fesso- 
cenyl moieties in its side  chain^.^" This polymethacrylate 
exhibited enantiotropic smectic C and smectic A phases 
with a weight average molecular weight of 100,000. Other 
classes of poly~ners containing metallocenes in their side 
chains were prepared by ring-opening polymerization 
reactions. For example, Allcock and coworkers reported 
the synthesis of fessocene- and ruthenocene-functionalized 
polyphosphazenes such as Polymer 2. which is a polyphos- 
phazene with transannular and pendent ferrocene moie- 
tiesr6' It was possible to prepare this class of polymer 
either by ring-opening the metallocene-substituted cyclic 
phosphazene monomers or by reacting snetallocene com- 
plexes with preformed polyphosphazenes. Ring-opening 
metathesis polymerization of norbornene lnonorners sub- 
stituted with fessocenyl moieties also allowed for the 
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production of metallocene-based polynorbornenes such as 
3 using well-defined transition metal catalysts.[71 

There continue to be developments in the synthesis of 
functional polymers, most importantly from the ring- 
opening polymerization (ROP) of ferrocenophanes. In the 
early 1990s, Rauchfuss reported the desulfurization- and 
deselenization-induced ring-opening polymerization of 
[trithiaferrocenes and [3]selenaferrocenes using P B U ~ . [ ~ '  
Reduction of the resulting high-molecular poly(ferro- 
cenylene persulfide) 4 with LiBHEt; resulted in cleavage 
of the disulfide linkages in the polymer and the production 
of a monometallic complex; however, the polymer could 
be regenerated upon oxidation with iodine. Manners and 
coworkers pioneered one of the most important develop- 
ments in metallocene-based polymers.i"lO1 It was reported 
that high-molecular-weight polyferrocenylsilanes could 
be prepared by the thermal ring-opening polymerization 
of [I]silaferrocenophanes. Since that time, a number of 
research groups have been active in this area, and a num- 
ber of reports detailed the syntheses, properties. and 
applications of polymers prepared via ROP of [l]ferro- 
cenophane~.~"."~ These polymers. 5 .  have since been 
prepared where the bridging element is silicon. ger- 
manium, tin, phosphorus. and boron.["'" ]2]lFerroceno- 
phanes containing carbon. sulfur. and phosphorus bridges 
were also polymerized. Initiation of ring-opening reac- 

tions was achieved thermally, using anionic and cationic 
initiators and using */-irradiation. A number of copolymers 
and cross-linked polymers were also \yn the~ ized . "~~  

The synthesis of cobaltoceniurn-based polymers has also 
been described since the 1970s; however, there are only a 
limited number of reports on these cationic polymers in 
light of the difficulties involved in the derivatization of 
cobaltocene. As well, there are a number of reports detailing 
the synthesis of metallocenes, where the polymer chain 
propagates through the metal atoms rather than the 
cyclopentadienyl rings. These polymers include polyethers, 
thioethers, ainines. and esters of metallocenes (M = Ti, Zr, 
I-If). Polymer 6 is an example of a mixed-metal polyme- 
tallocene in which the cobaltocenium complex is substitut- 
ed via the cyclopentadienyl rings. and the titanocene 
complex is bonded through the titanium 

There has also been considerable interest directed toward 
the synthesis of conjugated polymetallocenes due to the 
electronic communication that these materials may possess. 
Many polymetallocenes were produced via polycondensa- 
tion reactions of I ,  1'-disubstituted metallocenes. More rare 
are examples that describe the polycondensation of 1.3- 
disubstituted metallocenes. The synthesis of an optically 
active homoannularly substituted conjugatedpolyferrocene 
7' was recently reported by Plenio and  coworker^.'"^ 

An interesting class of metallocene-based macromole- 
cules is the face-to-face and stacked polymetallocenes. 



I016 Organometallie Oligomers and Polylners 

Rosenblu~n and coworkers described the synthesis of 
oligolneric and polymeric materials, 8, using iron, 
ruthenium, cobalt. and nickel Closely 
related are the metailocarborane oligomers that were 
produced by Grimes and coworkers."" Bis(coba1tocar- 
borane) co~nplexes were deprotonated and, subsequently, 
~lnderwent coordination reactions with cobalt or nickel 
complexes to produ-ce the pentainetallic complex 9. This 
oligomer could be further reacted using the same strategy 
to prodwe higher molecular weight materials. 

POLYMERS CONTAlNiNG ARENES 
GOORDlNATED TO TRANSITION 
METAL COMPLEXES 

The coordination of transition metal moieties to arenes 
alters the reactivity of the aromatic ring. making it more 
susceptible to ~lucleophilic addition and substitution 
reactions and also making substituents on the arene 
more readily deprotonated. Some of the first examples of 
polyiners containing arenes n-coordinated to transition 

metal moieties were described by Pittman and co- 
workers."" Acrylate and methacrylate monomers contain- 
ing arenes coordinated to chromium tricarbonyl moieties 
were hoino- and copolymerized using a radical initiator to 
yield polymers such as 10. More recently. cationic 
cyclopentadienyliron-f~inctionalized methacrylate mono- 
mers were synthesized using a metal-mediated strate- 
gy."" These monomers were subsequently polymerized 
to yield the cationic osganoiron poly(methy1 methacry- 
late); 18. Abd-El-Aziz et al. also prepared polynor- 
bornenes such as 12 with arene co~nplexes of cyclo- 
pentadienyliron pendent to the side chains.i20' The 
incorporation of azobenzene chromophores into the side 
chains of these polynorbornenes, polyarornatic ethers. 
and ether-thioethers allowed for the formation of orange 
and red materials. Photobleaching of azobenzene-substi- 
tuted polyethers was achieved in  the presence of 
hydrogen peroxide.'"] 
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A number of polylners containing transition-metal 
moieties coordinated to arenes in the polymer backbone 
were synthesized by polycondensation reactions. Poly- 
mer 13 shows the general structure of this class of 
polymer. in which the linkages between the coinplexed 
arenes include esters. amides, imines, amines, ethers, 
thioethers. and acetylene groups. It was found, in most 
cases, that the incorporation of the chromium, iron, and 
ruthenium complexes pendent to the backbones of these 
aromatic polymers increased their solubilities signifi- 
cantly.['.'" The coordination of electron-withdrawing 
CpFe+, CpRu+, and Cp*Ru+ moieties to dichloroarenes 
also allowed for the preparation of polyaromatic ethers 
and thioethers via nucleophilic aromatic substitution 
reactions using mild reaction conditions. The cationic 
polymers were found to exhibit po1yelectro:yte effects in 
poiar organic  solvent^.^'" The synthesis of oligomers and 
poly~ners with structures such as 14, with pendent 
cyclopentadienyliron cations and skeletal ferrocenyl 
moieties were also recently rep~rted.~"' Another strategy 
utilized to produce transition-metal-coordinated aromatic 
polyiners is to use complexation reactions of organic 
poiyiners with transition-metal complexes. Nishihara 
reported the isolation of poly(hexy1 phenylenes), 15, 
coordinated to cyclopentadienyliron. molybdenum tricar- 
bonyl, and chromium tricarbonyl moieties using this 
methodology.r231 

The production of supramolecular polymers containing 
chromium tricarbonyl and manganese tricarbonyl moieties 
was described."" lweigart recently reported the self- 
assembly of q"quinone and q5-semiquinone complexes 
derived from hydroquinone coordinated to cationic man- 
ganese tricarbol~yl moieties."" The metal-mediated 
deprotonation of these complexes allowed for the pro- 
duction of polymers such as 16. 

POLYMERS CONTAINING 
METALLAGYCLOPENTADBENE RINGS 
AND CYCLOBLBTADIENE RINGS 
COORDINATED TO CYCLOPENTADlENYL 
METAL COMPLEXES 

Tilley and coworkers synthesized a number of linear 
polymers and macrocycles containing zirconacyclopenta- 
diene units in the backbone.r251 Polymers such as 1'7 were 
synthesized by the intramolecular coupling of zircono- 
cene with poly@-phenylenediyne)~. Metallacycling poly- 
merization was also utilized to prepare polymers with 
cobaltacyclopentadiene moieties in the main chain. For 
example. Polymer 18 was synthesized by reacting (~l ' -  
cyclopentadienyl)bis(triphenylphosphine)cobalt with bi- 
functional diynes.['61 Thermal rearrangement of this class 
of polymer results in the formation of polymers contain- 
ing main-chain cyclobutadiene rings coordinated to 
cyclopentadienyIcobalt moieties. An alternative approach 
to the synthesis of polymers with complexed cyclobuta- 
diene units in the main chain is to react monomers 
already containing these complexes in their structures. 
Liquid-crystalline polymers such as 119 were prepared by 
nickel-catalyzed debromination polycondensation of a 
cornpiex containing terminal bromophenyl groups.['71 
Oligomers containing cyclobutadiene rings coordinated 
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This manganese-based polymer had a number-average 
molecular weight of 11 x lo3, with a polydispersity of 6.4. 

One of the few articles on metal-carbene-containing 
poiymers was authored by Masuda and  coworker^.^'^^ 
Polycondensation reactions of a bifunctional alkoxycar- 
bene with diamines allowed for the preparation of 
polymers such as 26. with metal-carbene units attached 
directly to the polymer backbone. The polymers were air 
stable but were unstable in solution. These polymers had 
number-average molecular weights in the range of 3900- 
8800 and polydispersity indices between 2.15-2.90. 

complexes were introduced into the backbones of 
these rigid polymers via reaction of t r a i z ~ - ( P B u ~ ) ~ -  
Pt(C--C-C--CH)2 with t r ~ n s - ( P B u ~ ) ~ P d C l ~  or via reac- 
tion of ~~I~.~-(PBu~)~P~(C~C-C=CH)~ with tmns-  
(PBu3)?1PtCl2 to give the alternating metal Polymer 27. 

The rigid-rod linear ruthenium poly-yne 28 was 
prepared via the reaction of t r ~ n s - [ R u ( P M e ~ ) ~ C l ~  with 
Me3Sn-C=C-R-C=C-SnMe3 in a 1: 1 stoichio- 
metric ratio.'"' Using similar strategies, polymers con- 
taining a vast array of transition-metal complexes in their 
backbones were synthesized. This class of rigid-rod 
polymer exhibits interesting electrical and optical proper- 
ties, and research is currently focused on optimizing these 
features. For example. platinum polyacetylides. such as 
29, containing bithiazole units functionalized with elec- 
tron-donating and electron-withdrawing substituents, were 
recently repo~ted."~' These soluble platinurn polyacety- 
lides showed photoconducting behavior. 

In the 1970s, Hagihara and coworkers reported the syn- 
thesis of oligomeric and polymeric poly(meta1 acetylides), 
also called poly-ynes. containing transition metals in the 
main chain."'] Conjugated poly-ynes containing platinum 
or palladiuin complexes in their backbones were prepared 
by polycondensation of a metal chloride and an acetylene 
monomer in the presence of CuI. Platinum and palladium 

Interesting zirconocene polyacetylides such as 30 were 
synthesized by reaction of bis(pentamethy1cyclopenta- 
dienyl) zirconium(1V) dichloride with dilithiated acety- 
lene These polymers had weight average 
rnolecular weights between 55.000 and 68,000, as mea- 
sured by gel permeation chromotography (GPC). Acet- 
ylide complexes of platinum and palladium f~inctionalized 
with cyano groups were polymerized by hydroboratioll to 
produce Polymer 31 with cyclodiborazane units in the 
backbone.13" The platinum and palladiuin polymers 
showed enhanced solubility and had number average 
rnolecular weights around 6000. This class of polymer 
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exhibited z-conjugation via the transition-metal atoms and 
the boron atoms. 

POLYMERS WITH METAL-METAL BONDS 

There are relatively few reports on organometallic 
polymers with metal-metal bonds in their structures. 
Tyler and coworkers synthesized a number of polyure- 
thanes, 32, amides, and ureas containing photodegradable 
metal-metal bonds in their backbones by polycondensa- 
tion reactions.iJ01 Cross-linked polymers. 33; were also 
produced by the radical polymerization of vinyl monomers 
containing Fe-Fe bonds.[401 Cuadrado described the 
synthesis of silicon-based polymers with iron-iron bonds 
either within the polymer backbone, as shown in 34, or 
pendent to the polynler backbone by reaction of poiy- 
siloxanes with F~(CO)~.[" '  These polymers had lower 
solubility compared to the dimer precursors. The thermal 
gravimetric analysis of Polymer 34 showed initial weight 
loss at 300°C, however, analogoris poly~ners with Fe-Fe 
moieties pendent to the polymer backbone showed higher 
thermal stability due to cross-linking. Puddephatt reported 

the synthesis of a number of organometallic oligomers and 
polymers containing Pt-Pt bonds in their backbones.i421 
These polymers, containing acetylide, phosphine, or 
isocyanide. 35, bridges in their backbones exhibited poor 
solubilities in organic solvents. 
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CONCLUSION 

The field of organometallic oligomers and polymers re- 
ceived considerable attention over the past two decades. 
The transition-metal-containing oligomers and polymers 
described in this article were produced using well- 
established methodologies. which include olefin. conden- 
sation, coordination. and ring-opening polymerizations. 
While the discovery of new classes of organoinetallic 
lnacromolecules continues to be an important area of 
research. the focus of many investigations is currently on 
tailoring the properties of these materials for specific 
applications. Some of the most widely studied of these 
properties include electrical, magnetic. and optical prop- 
erties. There is also considerable interest devoted to 
exploring the biological properties of organometallic 
oligomers and polymers. 

ARTICLES OF FURTHER INTEREST 

Dendrirners, p. 432 
Molecular Wires, p. 925 
Soft and Snzal-t iUate~-inls, p. 1302 
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The three classes of blood-oxygen carriers that reversibly 
bind and store oxygen are hemoglobin(Hb)/myo- 
globin(Mb), hemocyanin(Hc), and hemerythrin(Hr). 
Herne, copper. and nonheme iron models, respectively, 
of these proteins were utilized to target structure and 
function relationships of the respective active sites for a 
better understanding of properties and biological func- 
tions. Although biomimetic studies need not duplicate the 
structural or the physical characteristics of the native 
enzyme, past research shows that careful design of 
tunable systems helped identify important factors (coor- 
dination geometry, nature of ligands, potentials, coopera- 
tivity), which in turn have contributed to an understanding 
of the protein structure. spectroscopy. and mechanism of 
oxygen 

In this article. a brief background to oxygen-binding 
proteins will be presented and recent development of their 
models highlighted. Reasons underlying differences in 
dioxygen binding affinities will be emphasized. Particular 
attention will be given to the hemoglobin family. which 
has been studied in more detail than any other group of 
proteins. Although CO binding acts in conjunction with 
oxygen binding, this matter is not in the scope of this 
review. ancl the reader is encouraged to read one of the 
reviews portraying that subject (e.g., Refs. [3-51). 

BIOLOGY: STRUCTURE, FUNCTION, AND O2 
BINDING OF OXYGEN CARRIERS 

Mysglobin and Hemogiobin 

The most common reversible oxygen-binding proteins in 
biological systems are Mb and Hb. This family of globins 
is found in all vertebrates (except in the Antarctic fish 
C~clostonzutn), many invertebrates (including molluscs, 
annelid worms, and insect larvae). and some plants 
(leghemoglobin in ~e~~l r?z i r zosne ) . '~  In 1960, the first 
high-resolutioll x-ray crystallographic structures of sperm 
whale myoglobin'" and horse hemoglobin A were 
determined."' The active site heme in Mb (16 kDa), an 
iron(I1) protoporphyrinIX, is encapsulated in a pocket, 

where hydrophobic interactions from protein residues 
hold the heme in place. Iron(1I) (high-spin, S=2),  
coordinated to four pyrrole nitrogens, is bound to the 
protein via a fifth ligand, a proximal histidine (HisFS), 
and is located about 0.5 A from the heme plane in the 
direction of the histidine. Although invertebrate Hb may 
have as many as 192 subunits, Mb contains only one heme 
prosthetic group, while mammalian HbA holds four 
structurally analogous subunits (2% + 2P), each with one 
heme prosthetic group; these four hemes are involved in 
cooperative dioxygen 

The most significant property of Hb is its allosteric 
(cooperative) O2 bindingi3.8J where the Hill constant rz is a 
measure of the degree of cooperative binding. The value 
for Hb is 2.8. Due to these allosteric interactions of 
tetrameric hemoglobin, dioxygen binds cooperatively 
under high O2 concentrations (--20 mM), allowing the 
globin to become nearly saturated in the lungs. Oxy-Hb is 
transported via the bloodstream to areas of low oxygen 
concentration in muscle tissue, where a thermodynami- 
cally favorable O2 transfer occurs from hemoglobin to 
myoglobin. The monomeric, predominantly cx-helical 
globular protein Mb stores oxygen during rest until short 
bursts are required for oxidative phosphorylation, at rates 
higher than would be provided by the venous oxygen 
flow. Relative to a noncooperative system. at low O2 
availability, dioxygen release is facilitated; at high 0 2  

availability, dioxygen binding is facilitated. Binding of Q2 
to the vacant sixth coordination site modifies the structure 
and electronic configuration of the heme. Careful studies 
indicate that the so-called T or tense state is a low 0 2  

affinity structure, and the R or relaxed state is a high 0 2  

affinity structure. The out-of-plane iron atom in the deoxy 
form is restrained in a T state until the successive O2 
binding relieves the tension as the oxygenated protein 
adopts the relaxed 6: state. This cooperativity between 
heme centers is propagated via structural changes 
associated with the T + R states. The geometry of the 
bent (120°), end-on O2 binding mode to the six-coordinate 
nearly centered (low-spin) iron atom in oxy-Hb was 
proposed as early as 1936 by ~auling.[" Crystallographic 
and spectroscopic studies of native Hb02 (2)  and MbO? 
provided evidence for H-bonding between the imidazole 
N-H of the distal histidine (HisE7) and the bound 0: of 
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Fig. B Active site deoxy and oxy forms of the b~ological oxygen carriers hemoglobin (Hb), hemocyanin (Hc). and hemerythr~n (Hr). 

the polarized F e 6 + - 0 2 6  unit (Fig. 1). The proximity of 
the terminal O2 atom to WF of HisE7 was found to be 2.6 
A in Mb02, 2.8 A in Hb02-r ,  and 3.5 A in Hb02-P 
subunits. Whereas binding of dioxygen to Mb or to 
isolated a or P subunits of Hb shows 1: 1 association 
(Mb + O2 -+ Mb02), the equilibrium uptake of O2 by 
tetrameric hemoglobin is more complex due to the coope- 
rative effect of oxygen binding. In addition, the extent 
of O2 binding to MbIHb depends on several factors: pH 
(Bohr effect), temperature, partial pressure of oxygen, the 
proximal ligand, and the phosphate effect ( 0 2  binding is 
altered by the binding of an organic phosphate to Hb). 

Hemocyanins. found in arthropods (e.g., lobsters and 
scorpions) and ~nolluscs (e.g.. octopi and snails), are large 

rnultisubunit proteins capable of transporting oxygen. 
Although the spectral features of the two types of Hc are 
similar, arthropod Hc is composed of -75 kDa subunits 
(assembled into hexamers or multiple hexamers), whereas 
the molluscan Hc consists of -350-450 kDa subunits 
(assembled into cylinders of five- or 10-fold symmetry). 
In the arthropod Hc, each subunit contains a single 
oxygen binding site, while in mollusc Hc. multiple 
oxygen binding sites are found. In both FIc types, oxygen 
is reversibly bound at a dinuclear dicopper active site 
( C U ~  and CuB), ligated to N-atoms of three histidines in 
the protein side chains (4).1'"01 

Similar to Hb. hernocyanins demonstrate a high degree 
of cooperativity in oxygen binding. Chemical and 
spectroscopic similarities of the mollusc and arthropod 
forms indicate a closely related active site structure and 
binding mode. Oxygenation of the dinuclear center alters 
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the oxidation states from Cu(1) (dl0, colorless) to Cu(l1) 
(blue) with a consequent geometry modification from 
trigonal to square planar assangernent. In oxy-Hc. the two 
closest histidines and two oxygen atoms (b1-q2:r72022-) 
are coordinated to the copper centers (Fig. 1) (dcu-cu = 
3.6 A; v(O-0) - 750 c m p l ;  ~ P ~ - s i l e n t ) . " O ~  

Hemerythrin is a relatively rare oxygen-carrier protein in 
marine invertebrates, including sipunculids (nonsegmen- 
ted worms), annelids (segmented worms), priapulids, and 
brachiopods (shrimps). It parallels the functions of 
mammalian Hb and Mb as an O2 transport and storage 
protein for invertebrates. Hr exists mostly as an octamer of - 14 kDa subunits. although monomers (myohemerythrin) 
and oligomers are known with active sites of four-helix 
bundles. In its asymmetric deoxy-Hr form (Fig. I), the two 
Fe atoms, roughly 3.3 A apart. are held in the protein by 
seven amino acid side-chain residues (five histidines and 
two carboxylic acid residues). Three histidines are bound 
to one Fe(I1) center and two to the remaining Fe(I1). 
Glutamic acid. aspartic acid. and hydroxide bridge the two 
metals, yielding an antiferromagnetic coupling between 
the metals (J--- 15 c m  ').["."l 

Upon oxygenation, the colorless protein becomes 
purple-red. and an asymmetric tribridged diiron(I1I) is 
formed with novel features; an oxobridged (Fe-0-Fe) 
unit (9- - 120 c m l ) ;  and a terminal end-on Fe(1II)-0- 
0 - H  unit (6) (hydrogen-bonded to the bridging oxygen 
atom; v(Fe-00) = 503 cm- ' , v(0-0 )  = 844 cm- I ) .  A 
Bohr effect (release or uptake of protons) is absent in 
oxygen binding to Hr, ruling out hydroxo-bridged oxy- 
Hr,L121 

SYNTHETIC ANALOGUES OF 
O2 TRANSPORT PROTEINS 

Models for Myoglobin and Hemoglobin 

Synthetic requirements 

Necessary conditions for synthetic models to mimic oxy- 
hemoglobins are formation of a five-coordinate heme 
precursor with a proximal base (e.g., imidazole, pyridine), 
prevention of p-peroxolp-0x0 (M-02-M/M-0-M) 
dimes formation upon oxygenation (i.e., reversible 
oxygenation). and exclusion of protons and nucleophiles. 
Model systems should be easily modified and allow 
probing of distal and proximal influences. Tetraphenyl- 
porphyrins (TPP) serve as the basis of numerous model 
complexes, because they are less susceptible to oxidation 

and relatively easy to synthesize. derivatize, and crystal- 
lize. Other nzeso- and py~sole-substituted models have 
also proven valuable. 

The six-coordinate low-spin (d6) iron(I1) gains elec- 
tronic stabilization relative to the high-spin five-coordi- 
nate species due to ligand field stabilization energy. As a 
consequence, there is a larger equilibrium constant for 
the addition of the second ligand than for the first, 
causing the heme to be predominantly six-coordinated. 
Many approaches were presented to limit six-coordinate 
formation in models: 1) steric hindrance of the axial 
base; 2) covalent attachment of the proximal base to the 
heme backbone; 3) steric hindrance of one (or both) of 
the heme faces: and 4) preparation of "integrated 
hemes"-a combination of two or more of these 
features. Whichever method is utilized, the axial base 
needs to be a strong o donor to increase dioxygen affinity 
at the metal center. 

Heme models 

The high-spin complexes Fe(TPP)(2-MeIm) (7) and 
Fe(TpivPP)(1,2-diMeIm) (10) are examples of five- 
coordinate Fe(1I) with sterically hindered axial bases 
(Fig. 2). Both porphyrins show similarity to the globins 
(10-11" off-axis tilt of the proximal ligand; 0.5-0.6 A 
out-of-plane iron displacement), suggesting that 2-MeIm 
gives a good model for axial ligation in T-state deoxy- 
~ b . ~ ~ ~ ~ ~ ~  Formation of bis(2-MeIm) adducts is never 
observed at room temperature, even at high ligand 
concentrations. Another successfiil approach to five- 
coordination was achieved by covalent attachment of 
the axial base to the periphery of the heme (Fig. 2). In 
these models. an imidazole or a pyridine ligand is often 
covalently attached through ester or amide linkages to 
either the propionic acid side chains of the porphyrin sing 
to the P-pyrrole position of a TPP ring or to the ortho 
position of a nzeso phenyl ring of TPP. Although five- 
coordination is enhanced via covalent attachment of base 
to porphyrin, a disadvantage is the possible dimerization 
into mixed 416-coordinate dimers favored at low tem- 
peratures and high concentrations. Chain length and 
position of attachment have dramatic effects on the 
ligand-binding properties. A more recent tactic to obtain 
five-coordinated hemes is the preparation of sterically 
encumbered p o ~ h y r i n s .  wherein the obtained cavity 
leaves one face of the porphyrin protected and the other 
open for coordination. A plethora of architecturally 
distinct model porphyrins following this approach have 
been studied. e.g., picket fence (lo), pocket (BP),  bis- 
pocket (17), cyclophane (I@, cofacial (two covalently 
bridged porphyrins). strapped (aliphatic chains). cross- 
strapped (13), capped (14). crowned (crownether cap). 
hybrid (combination of picket fence and strap with one 
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A Structures of hemes with a steric base or with covalentlv attached axial ligands: 

Fe(TPP-Im) (8) 
[Momenteau, 19791 

Fe(PP1X-Im) (9) 
[Traylor, 19731 

Structures of single-face hindered hemes: 
0 --(CH2)n 

Picket Fence Porphyrin: 
Fe(TpivPP)(Base) (10) 
[Collman, 19751 

Pocket Porphyrin: 
Fe(PocPiv)(Base) (PI) 
[Collman, 19831 

Picnic Basket Porphyrin: 
Fe(PicnicPP)(Base) (12) 
n=2,4,6,8,10 
[Collman. 19881 

(Cross-)Strapped Porphyrin: Capped Porphyrin: Capped Porphyrin: 
Fe(bis-StrapPP)(Base) (13) Fe(C2CapPP)(Base) (14) Fe(CyclamCapPP)(Base) (IS) 
n=14,18 [Baldwln. 19751 [Collman, 19991 
[Uemori, 19871 

Cyclophane Porphyrin: 
Fe(CphPP)(Base) (16) 
[Traylor, 19711 

Fig. 2 Structures of hemoglobin models. 
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B Structures of both-faces hindered hemes: 

Dendron Dendron 

Dendron= 

0 

( I ) 
Dendron Dendron 

Fe(b~s-PocPP)(Basc) (17) Fe(dendr~n)~PP(Base) (P8) 
[Sushck. 19831 [D~ederich, 20021 / 

Structures of "integrated" hernes: 

Picket Fence: 
Fe(Piv3PP-11n) (19) 
[Collman, 19831 

Bridged: 
Fe(C 12StrapPP-Im) (20) 
[Moinenteau, 19851 

Pocket: 
Fe(PocPP-Py) (21) 
[Orth, 19861 

Fig. 2 (Corztinued) 

face open), jellyfish (combiaation of picket fence and 
strap on opposite faces). picnic basket (124, reverse picket 
fence (both faces picket fence  substitution)^ and dendritic 
(18) porphyrins.'"'4.151 The binding of the external base 
highly depends 011 the size of the host cavity. A large and 
coilstrained steric group near the axial positioil lowers 
affinity of ligand binding. resulting in a five-coordinate 
iron. However. formation of a six-coordinate species prior 
to oxygenation cannot be excluded. because dioxygen is 
able to replace an axial base in hemochromes. Whereas 
Fe(I1) complexes with 2-MeIm may be considered good 
analogs of the T state. the Ee(Piv2C8PP) is a reasonable 
model for the R state of hemoglobin. 

Today. the most effective ~niillics of deoxy-Hb(Mb) 
are the integrated complexes, which use the both-faces- 
hindered concept. Within this design, an endogenous 
nitrogenous base (pyridine or imidazole) is inserted into a 
proximal strap ensuring a high degree of five-coordinated 

iron(I1). The other sterically hindered distal face inhibits 
irztermolecular association. Although synthetic proce- 
dures were known, efficient preparation and isolation of 
the required ci3P atropisoinei- was first reported in 1998. 
As depicted in Fig. 2, high-spin. five-coordinate ferrous 
po~phyrins were synthesized following this both-faces- 
hindered concept, including the picket-fence (19). capped 
(Is), pocket (21). and bridged (also called hanging-base, 
where the base is integrated into the strap; in some 
instances chiral bridges are used) (20). In some cases, 
distal pickets were designed to accommodate a second 
metal. thereby modeling bimetallic enzymes such as CcO. 
In other examples, distal IV-donor caps such as TACN. 
cyclam. cyclen.''6' or tsen were utilized. Studies of these 
complexes show that the iron(H1) coordination environ- 
ment can be satisfactorily modeled, but that the cor- 
responding O2 binding strongly depends on the distal and 
proximal features of the porphyrin. 
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Oxygen binding The first thoroughly studied iron porphyrin model was 
picket fence porphyrin (I@), which binds Q2 reversibly 
and yields dioxygen equilibrium affinities values similar 
to those exhibited by HbIMb. Other systems that re- 
versibly bind dioxygen at room temperature with limited 
oxidation over several cycles are the capped (14) and bis- 

porphyrins. Although O2 affinities in biological 
carriers span five orders of magnitude, the same wide 
range of O2 affinities has not yet been paralleled in syn- 
thetic systems, which is demonstrated in Tables 1 and 2. 
However, the numerous iron and cobalt porphyrin mimics 
prepared during the past 30 years have played an im- 
portant role in developing the understanding of dioxygen 
binding in the two native enzymes. 

It is essential to understand that oxygen binding to a metal 
center involves a redox process whereby one electron is 
transferred to 02 ,  yielding a superoxide complex. Cor- 
respondingly, when two metal centers bind 02, a bridging 
peroxide complex is formed. Only appropriate redox 
centers such as Fe(II), Co(II), and Cu(I) form dioxygen 
complexes; dioxygen is not a simple Lewis base. 

In hemoproteins, dioxygen is bound and released at a 
rapid rate, and the polypeptide chain surrounding the 
heme prevents irreversible autoxidation of iron(I1). 
Simple ferrous porphyrins tend to undergo rapid and ir- 
reversible autoxidation upon oxygenation (usually yield- 
ing an inactive metal in a higher oxidation state), which 
limits their use as models for hemoprotein active sites. 
This review portrays reversible models of O2 binding, 
thus, only models that undergo repeated oxygenation1 
deoxygenation cycles without appreciable loss of activity 
will be discussed. 

Structural and environmental 
effects on dioxygen binding 

Electronic and Polar Effects. Electron-donating groups 
on the porphyrin ring or on the proximal base increase 

Table 1 Thermodynamic and kinetic data for O2 binding to biological oxygen carriers (at 20-25'C, buffered at pH 6.5-8.5) 

Carrier $112(Q2)  (TOFT) A H  (kcaYmol) AS (eu) k,,,, ( p ~ - l s - l )  k,,ff (s-l) 

Hemoglobins: 
Hb Ascaris 
Leg Hb 
Whale Mb 
+(E7HisiGly) 
HbA, I: 
Isolated chains 
R 
(E7HisiCly)  
T 
HbA, b: 
Isolated chains 
R 
(E7His - Gly) 
T 
Hemocyanins: 
Molluscan Hc 
Helix Pomatia R 
Helix Pornatin T 
Arthropod Hc 
Paizulirl~s interruptus R 
P. interruptus inonomer 
Leirus quinq~~estris R 
Leirus quinquestris T 
Henzerythrins: 
Phascolol~.~is gouldii 
Thenziste zostericola 8-nzer 
T. zostericola monomer 

Source: From Ref. 131. 
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Table 2 Thernlodynainlc and klnetlc data for O2 blndlng to heme models 

Porphpsin P112(02) (TOFT) AH (kcallmol) AS (eu) k,, ( p ~ - l s - "  koff (s-I) 

Fe(TPP)(Py)" (7) 0 0015 - - 0 59 110.000 
F ~ ( T P P - I ~ ) ~  (8) 84 3 - - 0 5 25.000 
Fe(PP1X-Im)" (9) 5 6 62 - - 4,200 
FeiTpi~rPP)(l ,2-dlMeImjL (10) 38 -14 3 -42 106 46.000 
Fe(PocP1r ) ( I  -MeIm)' (11) 0 36 - - 2 2 9 
Fe(PocPn )i 1.2-d~Melm)' (11) 12 6 -13 9 -28 1 9  280 
Fe(Plv2C8PP)(1-~e~rn)" 0 10 - - 0 022 2 
Fe(Pn 2 C 8 ~ ~ ) ( 1 . 2 - d ~ ~ e ~ m ) b  3 9 - - 0 0054 14 7 
Fe(C2PicnlcPP)(l 2-d1Me1m)~ (12) 25 - - - - 

~ e ( h l ~ - ~ t r a ~ ~ ~ ) ( 1 , 5 - ~ ~ 1 n 1 ) ~  (13) 15 - - 1 7  250 
Fe(C2CapPP)(1 -Me1mjL (14) 23 1 0  5 2 8  
~e(~~clarnCa~~~)(1,2-di~e1n1)~ (15) 22 - - - - 

Fe(CyclarnCnpPP)(1,5-~Clm)~ (15) -3 - - - - 

F ~ ( T A C N C ~ ~ P P ) ( ~ , ~ - ~ I M ~ I ~ ) ~  2 3 - - - - 

Fe(TACNCapPP)( 1 , 5 -DCI~)"  c 0  2 - - - - 

Fe(Pi1 xPP)(l , 2 - d i ~ e l m ) ~  870 - - - - 

Fe(brs-PocPP)(1,2-diMeIm)" (17) 508 1 4  4 4 7  - - 

Fe(dend1on)~PP(1.2-d1MeIm)' (18) 0 035 
Fe(PlviPP-Im)' (19) 0 58 1 6  3 4 0  430 2,900 
Fe(C 12StrapPP-Im)" (20) 18 - - 300 40.000 

Solubility of O2 in toluene (-benzene) at 22'C is 1 .02~10- '  Mltorr. 
"From Ref. [4]. 
%om Rcf. [Sj. 
'From Ref. [:I. 
'From Ref. 151. 
"Frorn Ref. [15]. 
All measurement5 were perfol-ixed in toluenel20-25°C. except: ': benzene125"C 

dioxygen affinity, principally by slowing the dioxygen 
dissociation rates. The dipolar nature of Fe6+-026- is 
stabilized by polar solvents (nearby the reaction center) 
and by covalently bound polar groups near the iron 
center, indicating that O2 affinities are enhanced by polar 
environments and by hydrogen bonding to neighboring 
X-H groups (Fig. 3). For instance, the two sterically 
similar models Fe(TpivPP)(l,2-diMeIm) (10) and Fe(bis- 
Poc)(l,2-diMeIm) (17), show PlI2(O2) values of 38 torr 
and 508 torr (toluene). respectively. The higher O2 
affinity of Fe(TpivPP) is attributed to local polar effects 
(and B-bonding) arising from the picket amide groups. In 
recent studies of dendritic ferrous porphyrin  model^,"'^ 
derivatives with and without H-bond donor functionality 
were prepared. Dendrons with amide groups show strong 
O2 binding affinity [PIl2(O2) = 0.035 torrltoluene], where- 
as dendrons with ester groups lead to rapid irreversible 
decomposition. In structurally characterized oxyhemo- 
globins, the coordinated dioxygen ligand is hydrogen 
bonded to the distal histidine or a water molecule. This 
02-HN interaction was supported by EPR spectroscopy 
measurements of cobalt oxyhemoglobin.['71 An estimate 

constants were cornpared between native and mutant 
myog lob in~ . [ '~~  

Proximal alzd Distal Steric ESfects. Similar to Hb, R 
and T states can be induced in heme rnodels by 
intentional choice of proximal bases. If 1-MeIm is 
replaced with 2-MeIm or 1,2-diMeIm, the planar heme 

Distal (pocket) steric effects 

1\ L y"-!'. -o.$, Local polar environ~nent 
Hydrogen bonding 0 (and solvent effects) 

R Electronic donatlon 

B or withdrawal from R 

Steric (tension) and electronic 
effect from proximal base B 

of 1.5 kcallmol for the free energy associated with Fig. 3 Environlnental effects on dioxygen binding to a heme 
hydrogen bonding was reported when O2 binding model. 
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geometry is deformed due to steric interaction between 
the 2-methyl groups and the porphyrin ring. A steric 
deformation also occurs with a short chain in a chelated 
heme, which causes tilting of the proximal base and thus 
strain in the iron-imidazole bond. Such strain decreases 
association rates. increases dissociation rates, and, 
consequently, decreases dioxygen affinity. For example, 
Fe(C2Cap)(l-MeIm) (114) has lo2 higher affinity for 
dioxygen than does Fe(C2Cap)(l,2-diMeIm) [PIl2(O2) = 
23 and 4000 toss, respectively].[31 In hemoglobins, low- 
affinity O2 binding appears to be associated with the 
inability of the Fe-histidine(proxima1) unit to move 
toward the plane of the porphyrin. 

In addition, when dioxygen is absent, x-ray structural 
studies of heme proteins reveal that nearby lying side- 
chains occupy some of the space that would otherwise be 
required by Q2. Hence, O7 binding rate constants decrease 
according to the distal sizes of the heme pockets: he- 
moglobin (R state) > myoglobin (domed T state) > horse- 
radish peroxidase.i" Comparable results were found for 
heme models, where Q2 binding rates are influenced by 
distal sterics. Typically, pocket, strapped, and capped 
polphyrins exhibit lower rates of Q2 binding than open- 
faced and picketed ones. In comparison. Fe(TpivPP)(1,2- 
diMeIm) (10) binds dioxygen 50 times faster than 
Fe(PocPiv)( l,2-diMeIm) (11).'" 

Other hemoglobin models 

Paralleling the Fe(I1) systems, studies of Co(II)Mb and 
Co(I1)Hb reveal reversible dioxygen binding [CoMb 
(sperm whale): PIl2(O2) = 33 toss/20°C], a similar degree 
of cooperativity (n - 2.5), and retaining of Bohr and 
phosphate effects. Cobalt porphyrin complexes prove 
useful in understanding factors that determine oxygen 
binding in Mb and Mb. The advantages of choosing cobalt 
over iron include a small equilibrium constant for addi- 
tion of a second axial base, no 0-0 bond cleavage and 
dimerization to form a y-0x0 species, and stable para- 
magnetic Co-02 adducts characterized by EPR. These 
differences simplify the interpretation of spectral changes 
upon oxygenation. The O2 affinity is generally lower for 
cobalt than for iron but increases with greater axial li- 
gand basicity or electron-donating groups on the porphy- 
sin ring. The same effects that influence dioxygen affinity 
in cobalt systems are often found for iron. These effects 
and many exa~nples thereof are discussed in comprehen- 
sive Other synthetic Co-O2 models were 
used to obtain thermodynamic and kinetic parameters that 
may be extrapolated to iron systems. Among these. the 
"lacunas" complexes, i.e.. compounds with a cavity or 
void to accommodate O2 or another small ligand, were 
studied.[211 Macrocyclic Schiff-base (bridged or non- 

bridged) Co and Fe complexes of salen, cyclidene, malen, 
and oxime were investigated. and their dioxygen affinities 
were shown to be influenced by cavity size (bridging 
length/groupllocation: causing doming), macrocycle sub- 
stituents (steric and electronic effects), and nature of base 
(the stronger the base, the higher the O2 affinity) in a 
similar manner to porphyrin systems. 

Models for Hernocyanin 

During the past 20 years, the dicopper active site of Hc 
attracted the attention of inorganic and bioinorganic 
chemists. In order to understand the complex behavior of 
copperldioxygen chemistry, synthetic dicopper models 
were prepared, and their spectroscopic and magnetic 
properties were elucidated upon oxygenation (e.g., Refs. 
[22,23]). Whereas ~l-oxo and bis-y-0x0 dicopper centers 
are frequently observed in Cu(I)/02 chemistry. the p- 
peroxo dicopper adducts are more difficult to obtain. In 
1992, the unusual Cu2[HB(3,5-iPr2p~)3]2(02) (22) com- 
plex was synthesized and cha~acterized.'~" The peroxo- 
dicopper(I1) adduct is generated at reduced temperatures 
by reacting O2 with C~(I)[MB(~.~-~PS~~~)~]-CH~CN, or 
via an acid-base reaction of hydrogen peroxide with 
C~(II)[HB(3,5-iPr~pz)~]-bi.r-p-(OH)~-Cu(rI)[HB(3,5- 
iPr,pz),]. An unprecedented side-on-bound y-q2:q2 
bridged O2 binding mode was observed. The physical 
and spectroscopic properties of 22 [dcL,+cL, = 3.56 A: 
v(0-0)  = 741 c m p l  (I6Cl2), 698 c m p l  ("o~)] were 
found to be almost identical to those in oxy-Hc. In a series 
of functionalized TACN-capped Cu(1) complexes, the 
binuclear complex (1,4,7-i~r~-~~~N)-~u(11)-(p-~~:q~- 
o~)-c~(II)-(~,~.~-~P~~-TAcN)~+ was formed when treated 
with O2 at -80°C in dichloromethane [v(O-0) = 722 
cm

p

'  680 c m p l  ('8C12)].1251 Dioxygen binding 
could be reversed by warming under vacuum or by 
purging with N2 or Ar. A reversible scission and 
formation of the 0-0 bond was observed between the 
two cores [ C U - ( ~ - Q ) ~ - C U ] ~ +  and [ ~ u - ( ~ ~ - q ~ : i ~ ~ - 0 2 ) -  
Cu12+. It is unclear how different solvents, counterions, 
and TACN ligand substituents induce preferential stabi- 
lization of these forms. Reversible dioxygen binding was 
reported for the Cu(1)TMPA system.1261 A structurally 
characterized trans-1.2-peroxo dicopper(P1) complex (23) 
was isolated [dcL,+cU = 4.359 A; v(0-0)  = 832 cm

p 

'. 
v(Cu-00) = 561 cm--']. An initial transient adduct, 
[(TMPA)Cu-(I2]+, is formed at 183 K (k, = 2 x 10' M p '  
s I; K, = 1.9 x 10%- I), which yields the final stable 
product 23 upon reaction with another [(TMPA)Cu- 
CHjCN]+ complex (KfOmlation = 4.3 x 10" iVp2). Com- 
pound 23 is not stable at room temperature due to an 
unfavorable entropy term. The [ L C ~ ( I I ) - ( ~ - ~ ? ~ ~ - & ) -  
c ~ ( I I ) L ] ~ '  complex (24) (E = 1,2-bis(2-[bis(6-methyl-2- 
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[LCU-O~-CUI,~" ((24) 

[Kodera, 19991 

Fig. 4 Structures of hernocyanin and hemerythrin models 
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pyridyl)methyl]-6-pyridylJethane) (25"C, dichloro- 
methane), which shows reversible dioxygen binding, is 
presently the most stable peroxo-bridged dicopper 
species at room temperature (ti,, = 25.5 h)."'] Other 
dinucleating ligands show reversible dioxygen binding, 
but usually at low temperatures (e.g., Ref. [lo]). To 
conclude, temperature. solvent, counterion, and steric 
effects strongly influence the oxygenation of copper 
complexes. Tridentate ligands tend to facilitate side-on 
0, binding, while tetradentate donor ligands promote 
tmns-p-1;2-peroxo coordination. Changes in reactivity 
upon modification of donor atoms, chelate ring sizes, and 
bulky substituents indicate the importance of ligand 
effects in copper(I)/02 chemistry. 

Models for Hemerythrln 

The protein backbone in Hr has an important role of 
bringing together the asymmetric diiron(II1) nucleus. 
Although many p-oxodiiron(I1I) complexes exist, only a 
few are asymmetric (e.g., Ref. [28]) due to synthetic 
challenges. Few nonporphyrinic ferrous complexes were 
found to react with dioxygen to form stable adducts, and 
only a handful of these exhibit reversible dioxygen 
binding. One of the inore robust nonheme iron dioxygen 
complexes is the peroxo-bridged {Fe(ITT)[HB(3,5- 
iPrzpz)3]}z(Ol) biscarboxylate adduct (25), which exhi- 
bits O2 binding reversibility between 5 0  and -20°C in 
noncoordinating solvents (Fig. 4).1291 The resonance 
Raman spectrum of 25 shows an 0-0 stretch at 876 

i c m p l  (dFePF, =4.3-4.4 A: J = 3 3  c m  ) and is sup- 
ported by I8O2 isotope shifts. The steric bulk of the tri- 
dentate ligand is believed to be responsible for the added 
stability. Another complex. the diiron HPTMP (26). exhi- 
bits reversible dioxygen binding [PlI2(O2) = 42 torr and 6 
toi-r for the CF3C00p and PhCOOp complexes. respec- 
tively] at -35°C in di~hloromethane."~)' From stopped- 
flow measurements. internal ligand reanangement is pos- 
tulated to open a coordination site for dioxygen co- 
ordination prior to peroxide bridge formation. Moreover, 
small amounts of DMSO or other polar aprotic solvents 
have a stabilizing influence on 26, although the reason for 
this effect is uncertain. The diiron coinplex of the di- 
nucleating ligand MTPPDO (27) creates hydrophobic 
poclcets via tert-butyl groups, mimicking the hydropho- 
bic peripheral structure of the active site of Hr.'"] 
Fe(lI)2HTPPD0 and benzoate in acetone manifest revers- 
ible 0, binding at 5 0 ° C ,  where the peroxo anion binds 
to the Fez core in a p-1.2 bridging mode [v(O-0) = 873, 
887 c m -  ' ; A \ ~ ( ~ ~ ~ ~ / ' ~ O , )  = 48, 48 c m  '1. The thermo- 
dynamic stability and reversible O2 binding of this rare 
asyrninetric Hr model are proposed to depend on the 
hydrophobic environment over the diiron center rather 
than the iron redox potentials. 

CONCLUSION 

In order to enhance dioxygen delivery and storage in 
respiratory and metabolic processes. biological systems 
developed 0, carriers that reversibly coordinate O2 to a 
transition metal (Fe or Cu) bound to a protein. Many of 
the attributes of the oxygen-binding proteins have been 
reproduced with well-designed functional models. Hemo- 
globin and myoglobin are fairly well understood due to 
significant development in model studies. Additional 
work can be anticipated in nonheme iron and copper 
synthetic analogues. 
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ABBREVIATIONS 

I .5-DCIm 
2-MeIm 
allosieric binding 

CcO 
cyanin 
cyclain 
cyclen 
cyclidene 

DMSO 
EPR 

Hc 
heme 
hemochrome 
HPTMP 

I -methylimidazole 
1,2-dimethylimidazole 
1,4,7-triisopropyl- 1,4,7-triazacyclo- 
nonane 
1,5-dicyclohexylimidazole 
2-methylimidazole 
when binding or release of dioxygen 
at one site may affect the affinity and 
kinetics of ligand binding and release 
at a neighboring site 
cytochrome c oxidase 
from cyarzos, Greek for blue 
1,4,8.11 -tetraazacyclotetradecane 
1,4,7, i 0-tetraazacyclododecane 
ligands derived from Jaeger's dianio- 
nic tetraazamacrocycle 
dimethylsu!foxide 
electron paramagnetic resonance 
spectroscopy 
enthalpy 
hemoglobin 
hydrotris(3,5-diisopropyl-pyrazo1yl)- 
borate anion 
hemocyanin 
iron(I1) porphyrin 
six-coordinate heine(II1) center 
1V,N.N',Nr-tetrakis((6-inethyl-2- 
pyridy1)methyl)-2-hydroxy 1,3-diami- 
nopropane 
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Hr 
HTPPDO 

lacunar 

M 
inalen 

Mb 
117x0 

oxime 

P112(02) 

PPIX 

PY 
P z 
R-state 

AS 
salen 

TACW 
TMPA 
TPivPP 

TPP 
tren 
T state 

hemery thrin 
1V.N,N'.N'-tetmkis(6-pivalamido-2-pyridyl- 
methyl)- l,3-diaminopropan-2-01 
applied in anatomy and biology to indicate 
the presence of a space 01- cavity where there 
would ordinarily be none 
arbitrary metal 
iigands derived from P-diketone and 1.3- 
dialdehyde Schiff bases 
myoglobin 
from the Greek root mj.s for muscle 
ligands derived from Dis(n-dioxime); adja- 
cent oxi~ne oxygens bridged 
pressure of dioxygen necessary to oxygenate 
one half of the available sites 
protoporphyrin IX 
ppridine 
pyrazole 
relaxed-state porphyrin: Fe atom in the plane 
of the porphyrin 
entropy 
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INTRODUCTION 

The first peptide that formed a tubular arrangement in the 
crystal structure was the cyclic tetrapeptide L-Ser(0-t- 
But)-fl-Ala-Gly-L-P-Asp(QMe), presented as far back as 
in 1975.'" but it was the breathtaking image on the front 
page of the Novernber 25 issue of Nature in 1993, 
showing self-assembly of cyclic octapeptides by p-sheet- 
like hydrogen bondsL" that made the scientific community 
aware of the new class of nanotube-forming compounds. 
In the years that passed. further research on these systems 
revealed a series of intriguing properties, including mem- 
brane incorporation that leads to antibacterial activity.[3' 
Construction of channels as models for membrane pores is 
one of the ltey issues in studying peptide nanotubes, but 
they may also find use as transport vehicles, in catalysis, 
and as artificial receptors. Such a diversity is possible due 
to the subsequent discovery of yet other classes of nano- 
tube-forming peptides. with internal van der Waals' 
diameters ranging from 3-10 A for hydrophobic dipep- 
tides up to 10,000 (1 k~m) for surfactant-like peptides 
and peptide derivatives. 

CLASSIFICATION OF PEPTIDE NANOTUBES 

Peptide-based nanotubes can be constructed in several 
different manners depending on the sizes and types of 
molecular building blocks: 

Q Nanotubes from the rtacking of cyclic peptides 
Nanotubes from dipepiides 

* Naturally occurring peptide membrane channels 
Amphiphilic surfactant-like nanotubes 
Bolamphiphilic peptide nanotubes 

NANBTUBES FROM THE STACKING OF 
CYcble PEPTIDES 

Cyclic peptides with an even number of x-amino acids can 
adopt a flat. low-energy conformation in which all back- 
bone amide functionalities are oriented approximately 
perpendicular to the plane of the molecule. If. further- 

more, an alternating sequence of D- and L-amino acids is 
used. all peptide side chains lie on the outside of the 
ensemble, allowing formation of a hollow tubular struc- 
ture through formation of intermolecular j-sheet-like 
hydrogen bonds as shown in Fig. 1. The first evidence of 
nanotube formation by stacking of cyclic x-peptides was 
provided by Ghadhiri and coworkers for cyclo[(~-Ala-L- 
Glu-D-Ala-L-Gln)2-], a structure that was going to coin the 
expression "peptide nanotube."12] Early work on these 
systems was reviewed in Ref. [4]. 

A wide range of applications was predicted for cyclic 
D,L-x-peptide nanotubes. Theoretical calculations have, for 
instance, indicated a wide HOMO-LUMO gap (-5 eV), 
which suggests that this material can be engineered to 
yield useful microelectronic devices.[" Still. the most 
important property is undoubtedly their ability to be in- 
tegrated into lipid membranes and thus act as models for 
biological transmembrane channels. With recent results 
from experiments on bacteria, this research has taken a 
dramatic step forward by demonstrating that appropriate- 
ly designed peptides may be able to selectively target and 
self-assemble in bacterial membranes and create exten- 
sive damage by increasing the membrane per~neabiiity.[~' 
Each peptide was designed to bear at least one basic 
residue to enhance its target specificity toward negatively 
charged bacterial membranes. Systematic exchange of 
amino acids showed that it was possible to fine-tune the 
biological activity. For example, cyclo(~-Lys-L-lys-D- 
Leu-L-Trp-D-Leu-L-Trp) displayed broad-spectrum anti- 
bacterial activity in vitro, while ~ ~ c ~ ~ ( D - L ~ s - L - ~ ~ s - D - ~ u -  
L-Trp-D-Leu-L-Trp) (L-Lys substituted by L-His) showed a 
high degree of specificity against methicillin-resistant 
Staphylococcus aureus (MRSA). Cyclo(~-Arg-L-As~-D- 
L~u-L-TI~-D-L~u-L-TT) ,  on the other hand, was particu- 
larly active against Escherichia coli. In these experiments, 
essentially no disruptive effect on red blood cells was 
observed. Moreover, the bacteria were killed in minutes, in 
contrast to the timescale of hours for most antibacterial 
agents. Experimental in vivo results showed that mice 
infected with a lethal dose of MRSA were protected by a 
10 mg k g 1  dose of cyclic peptide. Toxicity studies in 
mice indicated that high doses were tolerated with no or 
limited, temporary signs of toxicity.[31 

The remarkable pores of the cyclic octapeptides have 
a van der Waals' internal diameter between 7 and 8 A, 
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Peptide Nanotubes 

Fig. 1 The assembly of cyclic D,L-x-octapeptides in a lipid bilayer. Antiparallel p-sheet-like hydrogen bonds are shown as dotted lines. 
Reprinted with permission from Ref. [9]. Copyright 1998 American Chemical Society. 

enough to allow efficient, size-selective transport of 
small ions'6' and water molecules. The organization 
and diffusion of water molecules through the channels 
were studied by molecular dynamics simulation of a stack 
of 10 peptide molecules.[71 During the simulation, an 
average of 33 water molecules were found inside the tube. 
while the diffusion constant was 0.44 x l o 5  cm2 s- ': one 
sixth of the self-diffusion constant of bulk water and 
much faster than diffusion through the structurally related 
grainicidin A transmembrane channel (see below). 
Transmembrane transport of larger molecules. like glu- 
tamate and glucose, is not possible with a 7-8 A pore 
size, but they are transported through channels formed 
by decapeptides with a 10 A van der Waals' di- 
a m e ~ e r . ' ~ ~  

In the first models of incol-poration of cyclic peptide 
stacks in membranes, a perpendicular orientation of the 
central axis of the nanotubes relative to the bilayer plane 
was assumed. Subsequent investigations of cyclo[(~-Trp- 
D - L e ~ ) ~ - ~ - G l n - ~ - L e u - l  in functionally relevant lipid 
membranes by polarized attenuated total reflectance 
(ATR), grazing angle reflection-absorption and transmis- 
sion Fourier transform infrared (FT-IR) techniques 
showed that this is not quite so.'91 In fact, their central 

axes are aligned parallel to the hydrocarbon chains of the 
lipid and are. thus. tilted approximately 7" from the axis 
normal to the bilayer plane, as shown in Fig. 1. 

The two subunits at the ends of the channel assembly. 
termed "caps," differ from other subunits by their mode 
of interaction and the microenvironment in which they 
reside, which should make it possible to incorporate 
structurally distinct peptides as cap ~ ~ n i t s . " ~ ]  Various ex- 
perimental observations derived from single-channel con- 
ductance measurements support formation of such hetero- 
meric noncovalent assemblies. It was suggested that such 
an approach may find utility in the design of ligand-gated 
channels and stochastic sensing.'"l 

Cyclic tetramers of x-unsubstituted-j-chiral-B-amino 
acids (j3-amino acids) can also adopt flat-ring conforma- 
tions and stack in solid state through backbone-backbone 
hydrogen b ~ n d i n g . ' ~ "  The resulting hollow tubular en- 
sembles are structurally analogous to those formed by the 
cyclic D,L-x-peptides, but because all C=O groups are 
aligned in the same direction (and vice versa for the N-H 
groups), the tubes have a dipole moment. Cyclic ~ ' - ~ e ~ -  
tides with appropriately chosen hydrophobic side chains 
can self-assemble in lipid bilayers to form highly efficient 
transmembrane ion c h a ~ ~ n e l s . ~ ' ~ ~  



A recent development of hybrid systems utilizes cyclic 
peptides in which (lR~3S)-3-aminocyclohexanecarboxylic 
acid alternates with D-x-amino acids. In such structures. 
the J-methylene moiety of each cyclohexane constitutes a 
part of the inner surface of the cylinder. creating a partially 
hydrophobic cavity with an approximate van der Waals' 
internal diameter of 5.4 A."" By adding functional groups 
to C2, it should be possible to prepare nanotubes with 
greater selectivity as ion channels, catalysts, or receptors, 
a possibility that is precluded for a- and P-nanotubes, 
because all side chains lie on the exterior of the ensemble. 

The very low solubility of the cyclic peptides has 
frustrated all attempts to grow crystals of a useful size for 
single-crystal x-ray diffraction investigations; structures 
have, in general, been characterized by electron micros- 
copy. electron diffraction, calculations, FT-IR spectros- 
copy, and x-ray powder diffraction. The need for a high- 
resolution structural model was addressed by designing 
cyclic peptides with a selectively N-alkylated (usually N- 
methylated) backbone that blocks peptide aggregation. 
Several of these compounds were shown to self-assemble 
into discrete soluble cylindrical di~ners in nonpolar or- 
ganic solvents (Fig. 2a).11".'51 

The inherent solubility problem of the cyclic peptides 
was overcome by construction of special cyclic tripep- 
tides made from unsaturated &amino acids. The result- 

Fig. 2 (a) Dimeric p-sheet assembly formed by cyclo[(~-Phe- 
D-""N-AI~-L-L~~-D-~~~~Y-AI~)~-].~~ For clarity. stick drawings 
were used for heavy atoms in the side chains. (b) Alignment of 
dipoles by stacking cyclic tripeptides built from 6-amino acids. 
(From Ref. [16].) 

ing lipophilic lactams could easily be crystallized by dif- 
fusion (ethanol and diethyl ether). X-ray con- 
firmed the expected tubular structure (Fig. 2b). with all 
the carbonyl groups pointing in the same direction. giv- 
ing, as for the cyclic /?~peptides.i11.'21 a dipole arrange- 
ment. Furthermore. the highly polarized tubes orient in the 
same direction in the whole crystal, yielding an extremely 
strong dipole. 

Incorporation of small aromatic units into the backbone 
of a cyclopeptide constitutes an alternative approach in 
creating flat-ring peptides. Thus, 18-membered macro- 
cycles containing an alternating sequence of L-serine and 
aromatic (Phe or Pyr) units were delnonstrated to self- 
assemble into tubular structures using aromatic Phe-Pyr 
and Pyr-Pyr n-n interactions as the main organizing 
force.'"' New classes of cystine-based nanotubes were 
constructed by closing polymethylene chains by -X-Cys- 
S-S-Cys-X- bridges, where the link X may be urea 
functionalities (cyclic b i s u r e a ~ . ~ ' ~ ' )  or simple amide bonds 
(cyclobisamidesi'"). 

NANOTUBES FROM DIPEPTIDES 

Crystal structures of dipeptides are often divided into dis- 
tinct hydrophilic and hydrophobic layers. the former 
containing two -NH,+. . .-OOC head-to-tail hydrogen- 
bonded chains. The essential third amino H atom is 
accepted by a f~~nctional group in one of the side chains or 
in a cocrystallized solvent molecule. In solvent-free 
crystals of dipeptides with two hydrophobic residues. 
neither alternative is available. which raises an inherent 
packing problem: How can three acceptors still be posi- 
tioned around each amino group? A series of crystal struc- 
tures revealed a number of ways to solve this problem. one 
of them being the surprising formation of nanotubes. 

The first dipeptide nanotube system was L-Val-L-Ala 
(VA), which for~ns crystals with narrow hydrophobic 
channels (diameter about 5 A) lined by peptide side 
 chain^."^' This structure is conceptually different from 
those of the cyclic peptides in that the pores are generated 
from self-assembly of small molecules. which are hydro- 
gen bonded. head-to-tail, into helices (Fig. 3a). The 
extremely robust three-dimensional hydrogen-bonding 
scaffold was since observed for a series of other hydro- 
phobic dipeptide~.'"~ Pore size can be regulated from 3.3 
A (L-Ile-=-Val) to 5.2 A (L-Ala-L-Val) by adjusting the 
bulk of the hydrophobic side chains. Furthermore, L-Ala- 
L-Val has pores that can adapt their shapes and sizes to 
absorb large solvent molecules like 2 - b ~ t a n o l . ~ ~ ~ '  

Dipeptides with L-Leu and L-Phe residues also form 
nanotubes, but these structures are completely different 
from those in the VA class. I11 a sense. the basic con- 
struction of the VA class was wrapped inside-out. giving a 



Peptide Nanotubes 

Fig. 3 Views along the hexagonal axes (space group P61) of 
(a) ~ - V a l - ~ - V a l l ~ "  and (b) r - ~ h e - r - - ~ h e . ~ ~ "  Atoms in the side 
chains are shown in a grey tone; refined positions for oxygen 
atoms of disordered water inolecules are shown in black. 

one-dimensional hydrogen-bonding pattern in the shape of 
cylinders. as shown for L-Phe-L-Phe (FF) in Fig. 3b.'l3] It 
follows that the tubes have hydrophilic inner surfaces, and 
one of the amino H atoms points straight into the channel 
interior, where it is accepted by a disordered solvent water 
molecule. Because the interior is chiral, it was suggested 
that these structures inay act as chiral receptors or 
 selector^.'^'] For ~ - T r p G l y . H ~ 0  (WG), which forms 
crystals with tecragonal symmetry also belonging to the 
FF class, an unusual negative thermal expansion (NTE) 
for the axis parallel to the channels was observed.[241 

NATURALLY OCCURRING PEPTlDE 
MEMBRANE CHANNELS 

Biological membrane channels are formed not only by 
integral membrane proteins like porine but also by certain 
peptides antibiotics called ionophores that vastly increase 
the permeability of membranes to particular ions.["' The 
antibiotic properties of ionophores arise from their 
tendency to discharge vital concentration gradients. The 

principal channel-forming peptides are gramicidin A and 
the peptaibol peptides. 

Gramicidin A 

Gramicidin A is a linear 15-residue hydrophobic peptide 
produced by the bacterium Bacillus brevis that permits 
passage of protons and alkali cations but is blocked by 
ca2'. The amino acid sequence is HCO-L-Val-Gly-L-Ala- 
D - L ~ ~ - L - A ~ ~ - D - V ~ ~ - L - V ~ ~ - D - V ~ ~ - L - T ~ ~ - D - L ~ ~ - L - T ~ ~ - D -  
L ~ U - L - T ~ ~ - N H C H ~ C H ~ O H .  The unique alternating L- and 
D-configurations make gramicidin A an obvious reference 
and benchmark for the properties of the cyclic D,L-3- 
peptides discussed previously. There was some discussion 
about the structure of the peptide in its conducting, 
membrane-bound state. Previously, most models involved 
a head-to-head dimes of two single-stranded helices, but 
the most recent crystallographic investigations report 
gramicidin A to occur as right-handed double-stranded 
double-helical dimers, as shown in Fig. 4.[261 The ion- 
conducting channel has a van der Waals' diameter of no 
more than 4.6 A. 

Alamethicin is a 20-residue peptide from the fungus 
Ti-ichoderr.rza viride that contains a high proportion of the 
unusual amino acid x-aminoisobutyric acid (Aib). As for 
gramicidin A. both termini are blocked, and the amino 
acid sequence is Ac-Aib-L-Pro-Aib-L-Ala-Aib-L-A~~-L- 
Gln-Aib-~-Val-Aib-Gly-~-LeU-Aib-~-Pro-~-Val-Aib-Aib- 
L-Glu-L-Glu-L-Phl (Phl=phenylalaninol). Peptides with 
high Aib (and Pro) content have a marked propensity to 
form helices. Indeed, crystal structure determinations of 
alamethicin and the related peptaibol peptides Leu- 
zervamincin and a n t i a m ~ e b i n [ ~ ~ I  show that these mole- 
cules are predominately x-helical. It follows from the 
secondary structure of the peptide chains that the 
mechanism of channel formation must be completely 
different from that of gramicidin A. In the crystal structure 
of a n t i a m ~ e b i n , [ ~ ~ '  three symmetry-related peptide mole- 
cules in bent conformations apparently form hourglass- 
shaped channels. One cocrystallized octanol ~nolecule 
mimics a membrane segment along the exterior of the 
channel assembly, while a second octanol molecule 
resides inside the channel. 

AMPHIPHILIC SURFACTANT-TYPE 
NANOTUBES 

While all peptide nanotubes considered thus far have 
fairly small pores (up to 13 A van der Waals diameter for 
cyclic D.L-x-d~decapeptides'~~). nanotubes in a completely 



Fig. 4 Stereo illustration of the right-handed double-stranded helical dimer of the pentadecapeptide antibiotic grainicidin A. '~ ' ]  The 
inner channel has a diameter of approximately 4.6 A. For clarity, heavy atoms in the side chains are shown in a stick representation. 

different size range ~ v i t h  typical diameters of 300-500 cations for the development of scaffolds and biologically 
A can be formed by several surfactant-like peptides. thus inspired materials. 
broadening the diversity of building blocks of self- 
assembling peptides for scaffolds and biological ma- 
terials.i'"yl The peptide monomers contain seven or eight 
residues. with a hydrophilic head co~nposed of aspartic 

BOLAAMPMIPHILIC PEPTlDE NANOTUBES 

acid and a tail of hydrophobic amino acids. such as 
alanine. valine, and leucine. The length of each peptide 
is the same as that of biological phospholipids, about 
20 A. A model for nanotube formation by the heptapep- 
tide A c - ( ~ - V a l ) ~ - ~ - A s p  is shown in Fig. 5 .  Studies of 
peptide surfactant molecules may have significant impli- 

Fig. 5 Suggested pathway of Ac-(L-Val),-L-Asp peptlde 
llanotube foimatlon Peptlde molecules Intelact a l th  one an- 
other to for111 closed rings. nhich ult~rnately l leld nanotubei 
upon stachlng 

Molecules like bi~(N-~~-amido-Gly-Gly)-1,7-heptane di- 
carboxylic acid (Fig. 6) belong to a class of compounds 
called bolaamphiphiles that form tubular aggregates at 
low p11.'"~~'~ These peptide nanotubes have diameters in 
the range of 200-10,000 A (1 pm) and are thus corn- 
parable in size to those of the surfactant rnolecules~ but 
hydrogen bonds rather than hydrophobic interactions are 
responsible for self-assembly (Fig 6). Each bolaamphi- 
phile peptide contains at least one free ainide site in the 
tubule assembly. which may interact with protein mole- 
cules. At high pH. the carboxpl groups gradually lose their 
acidic H atoms, and the acid-acid di~ner is replaced by 
anion-acid hydrogen bonds (COO

p

-H- OOC). This 
hydrogen-bonding modification triggers a molecular 
rearrangement that eventually leads to transformation of 
tubes into helical ribbons. These observations suggest that 
the bolaarnphiphiles could be useful in controlled release 
applications. with the pH-dependent structural transfor- 
mations serving as simple release  mechanism^.^"' In the 
presence of ~ i ' +  ions. macroscopic bundles of well- 
ordered peptide nanotubes are assernbledqi"' probably 
driven by the ability of adjacent nanotubes to form metal 
coordination bridges. 



Peptide Nanotubes 

Micelles and Vesicles, p. 861 
Self-Assembly in Biochenzist~,  p. 1257 
Siipramolecz~lar Chernis t~:  Definition, p. 1401 

Fig. 6 Self-assembly of bis(N-x-amido-Gly-Gly-1.7-heptane 
dicarboxylic acid) into sheets and then into nanotubes by 
formation of acid diiners and amide-amide hydrogen bonds. 
(From Refs. [31,32].) 

Nanotubes constructed by peptides comprise a promising 
group for development of membrane-mimics, antibiotics, 
carriers, electronic devices, sensors, scaffolds, and bio- 
logical materials. Future areas of interest may include 
catalysis and use as chiral selectors. Except for the 
surfactant-like peptides, the driving force in the self- 
assembly process is formation of hydrogen bonds. As the 
knowledge of and experience with hydrogen bonds as 
design tools are developed further, new avenues will open 
to the development of classes of materials different than 
those discussed here. in the solid phase (crystal engineer- 
ing) as well as in solution. 

ARTICLES OF FURTHER INTEREST 

Amino Acids: Applications, p. 42 
Concepts in Crystal Engineeriizg, p. 3 19 
Cnstnl Engineering with Hydrogen Bonds, p. 357 
Cyclodextrins, p. 398 
Ion Channels and Their Models, p. 742 
lonophores, p. 760 

REFERENCES 

1. Karle, I.L.; Handa, B.K.: Hassall, C.H. The conformation 
of the cyclic tetrapeptide L-Ser(0-t-Bu)-fl-Ala-Gly-L-fl- 
Asp(0Me) containing a 14-membered ring. Acta Crystal- 
logr. 1975, B31 (2), 555-560. 

2. Ghadiri, M.R.: Granja, J.R.: Milligan. R.A.; McRee, D.E.; 
Khazanovich, N. Self-assembling organic nanotubes based 
on acyclic peptide architecture. Nature 1993,366,324-327. 

3. Fernandez-Lopez, S.: Kim, H.-S.: Choi, E.C.: Delgado. M.; 
Granja. J.R.: Khasanov, A.; Kraehenbuehl, K.; Long, G.; 
Weinberger, D.A.: Wilcoxen, K.M.: Chadiri. M.R. Anti- 
bacterial agents based on the cyclic D,L-x-peptide archi- 
tecture. Nature 2001: 412. 452-455. 

4. Hartgerink. J.D.: Clark, T.D.; Ghadiri, M.R. Peptide 
nanotubes and beyond. Chem. Eur. J. 1998, 4 (8), 1367- 
1372, and references therein. 

5. Lewis, J.P.: Pawley. N.H.: Sankey, O.F. Theoretical 
investigation of the cyclic peptide system cyclo[(~-Ala- 
Glu-D-Ala-61n),=i4]. J. Phys. Chem., B 1997, 101 (49), 
10576- 10583. 

6. Ghadiri, M.R.: Granja. J.R.: Buehler. L.K. Artificial 
transmembrane ion channels from self-assembling peptide 
nanotubes. Nature 1994, 369. 301-304. 

7. Engels, M.; Bashford, D.: Ghadiri, M.R. Structure and 
dynamics of self-assembling peptide nanotubes and the 
channel-mediated water organization and self-diffusion. A 
molecular dynamics study. J. Am. Chem. Soc. 1995. 117 
(36), 9151-9158. 

8. SAnchez-Quesada. J.: Kim, H.S.: Ghadiri, M.R. A synthetic 
pore-mediated transmembrane transport of glutamic acid. 
Angew. Chem. Int. Ed. 2001, 40 (13). 2503-2506. and 
references therein. 

9. Kim, H.S.; Hartgerink. J.D.; Ghadiri, M.R. Oriented self- 
assembly of cyclic peptide nanotubes in lipid membranes. 
J. Am. Chem. Soc. 1998. 120 (18). 4417-4424. 

10. Sanchez-Quesada, J.: Isler. M.P.: Ghadiri. M.R. Modulat- 
ing ion channel properties of transmembrane peptide 
nanotubes through heterorneric supramolecular assemblies. 
J. Am. Chem. Soc. 2002, 124 (34). 10004-10005. 

1 1 .  Seebach. D.; Matthews, J.L.: Meden, A,; Wessels, T.; 
Baerlocher. C.: McCusker, L.B. 15. Cyclo-p-peptides: 
Structure and tubular stacking of cyclic tetramers of 3- 
aminobutanoic acid as determined from powder diffraction 
data. Helv. Chim. Acta 1997, 80 (I), 173-182. 

12. Clark, T.D.: Buehler; L.K.; Ghadiri, M.R. Self-assembling 
cyclic flLPeptide nanotubes as artificial transmembrane ion 
channels. J. Am. Chem. Soc. 1998, 120 (4), 651-656. 

13. Amorin, M.; Castedo. L.; Granja, J.R. New cyclic peptide 
assemblies with hydrophobic cavities: The structural and 
thermodynamic basis of a new class of peptide nanotubes. 
J. Am. Ghem. Soc. 2003. 125 (10). 2844-2845. 



Clark. T.D.: Buriak. J.M.: Kobayashi, K.: Isler, M.P.; 
McRee. D.E.; Ghadiri. M.R. Cylindrical /?-sheet peptide 
assemblies. J. Am. Chern. Soc. 1998,120 (35). 89498962 .  
Bong. D.T.; Ghadiri. M.R. Self-assembling cyclic peptide 
cylinders as nuclei for crystal engineering. Angew. Chern. 
Int. Ed. 2001, 40 (11). 2163-2166. 
Gauthier, D.; Baillargeon, P.: Drouin, M.; Dory. Y.L. Self- 
assembly of cyclic peptides into nanotubes and then into 
highly anisotropic crystalline materials. Angew. Chem. Int. 
Ed. 2001. 40 (24). 4635-4638. 
Ranganathan, D.: Haridas, V.: Gilardi. R.; Karle. I.L. Self- 
assembling aromatic-bridged serine-based cyclodepsipep- 
tides (serinophanes): A demonstration of tubular structures 
formed through aromatic n-n interactions. J. Am. Chern. 
Soc. 1998. 120 (42), 10793- 10800. 
Ranganathan. D.; Lakshmi. C.: Karle. I.L. Hydrogen- 
bonded self-assernbled peptide nanotubes from cystine- 
based macrocyclic bisureas. J. Am. Chem. Soc. 1999. 121 
(26), 6103-6107. 
Ranganathan, D.; Haridas, V.: Sundari. C.S.; Balasubra- 
manian, D.; Madhusudanan. K.P.: Roy. R.; Karle, I.L. 
Design. synthesis, crystal structure, and host-guest prop- 
erties of polymethylene-bridged cystine-based cyclobis- 
amides: A facile entry to hydrogen-bonded peptide 
nanotubes. J. Org. Chern. 1999, 64 (25), 9230-9240. 
Gorbitz. C.H.: Gundersen. E. L-Valyl-L-alanine. Acta 
Crystallogr. 1996. C52 (7), 1764- 1767. 
Gorbitz. C.H. Nanotubes from hydrophobic dipeptides: 
Pore size regulation through side chain substitution. New J. 
Chem. 2003, submitted. 
Gorbitz, C.H. An exceptionally stable peptide nanotube 
system with flexible pores. Acta Crystallogr. 2002. B58 
(j), 849-854. 

Gorbitz, C.H. Nanotube formation by hydrophobic dipep- 
tides. Chem. Eur. J. 2001. 7 (23). 5153-5159. 
Birkedal, H.; Schwarzenbach, D.: Pattison. P. Observation 
of uniaxial negative thermal expansion in an organic crys- 
tal. Angew. Chem. Int. Ed. 2002, 41 (5), 754-756. 
Marsh. D. Peptide models for membrane channels. Bio- 
chem. J. 1996. 315 (2). 345-361. 
Burkhart, B.M.; Li, N.: Langs, D.A.; Pangborn, W.A.: 
Duax, W.L. The conducting form of gramicidin A is a 
right-handed double-stranded double helix. Proc. Natl. 
Acad. Sci. U. S. A. 1998, 95 (22). 12950-12955. 
Karle, I.L.; Perozzo, M.A.: Mishra, V.K.: Balaram. P. 
Crystal structure of the channel-forming polypeptide anti- 
amoebin in a membrane-mimetic environment. Proc. Natl. 
Acad. Sci. U. S. A. 1998, 95 (10). 5501-5504. 
Vauthey, S.: Santoso. S.; Gong, H.: Watson, N.; Zhang, S. 
Molecular self-assembly of surfactant-like peptides to form 
nanotubes and nanovesicles. Proc. Natl. Acad. Sci. U. S. A. 
2002. 99 (8), 5355-5360. 
Zhang, S.: Marini, D.M.: Hwang, W.; Santoso. S. Design 
of nanostructured biological materials through self-assem- 
bly of peptides and proteins. Cum. Opin. Chern. Biol. 2002. 
6 (6), 865-871. 
Kogiso, M.: Ohnishi. S.: Yase. K.: Masuda, M.: Shimizu. 
T. Dicarboxylic oligopeptide bolaamphiphiles: Proteon- 
triggered self-assembly of microtubes with loose solid 
surfaces. Langmuir 1998, 14 (18), 4978-4986. 
Matsui, H.: Gologan. B. Crystalline glycylglycine bolaam- 
phiphile tubules and their pH-sensitive structural transfor- 
mation. J. Phys. Chem.. B 2000. 104 (15). 3383-3386. 
Matsui, H.: Douberly, G.E.J. Organization of peptide nano- 
tubes into macroscopic bundles. Langmuir 2001. 17 (25). 
7918-7922. 



Phase-Transfer Catalysis in Environmentally 
Benign Reaction ~ e d i a  

Silvio Qbeici 
Amedea Manfredi 
Gianluca Pozzi 
CNR-lstituto di Scienze e Tecnologie Molecolari, Milano, Italy 

Phase-transfer catalysis (PTC) was discovered more than 
30 years ago,"-31 but this powerf~il means of conducting 
reactions between two or more reactants present in two or 
more immiscible phases still attracts considerable scien- 
tific and practical interest. Nowadays, the term PTC 
encompasses several effective techniques of which typical 
advantages are simplicity, mild conditions, high reaction 
rates, high selectivities, and the use of inexpensive 
reagents. The interested reader is encouraged to refer to 
some  book^[^-^' and for a thorough survey. 
which is far beyond the scope of this brief article, where 
the basic principles of PTC and a few recent advances 
toward the use of safe and environmentally acceptable 
reaction media in combination with PTC will be outlined. 

GENERAL PRlNGlPLES 

Liquid-Liquid PT6 

Anionic reactivity can be promoted by dipolar aprotic 
solvents such as hexamethyiphosphora~nide (HMPA), 
dimethylsulfoxide (DMSO). and dimethylformamide 
(DMF), which dissolve illorganic salts by selectively 
solvating the cation. while the unsolvated anion becomes 
highly rea~ti \re. ' '~ '  This traditional approach is no longer 
appealing due to the considerable pressure to replace toxic 
and environment-detrimental reaction media. Dipolar 
aprotic solvents can be highly toxic and generally exhibit 
high boiling points and water solubility. making their 
recovery and product separation difficult. From its 
emergence, PTC aimed to perform anio11-prornoted 
reactions under mild multiphase conditions. usually in 
liquidlliquid "aqueouslorganic" or solidlliquid "solid 
saltlorganic" two-phase systems, thus avoiding the use of 
hazardous solvents. The basic idea is that solubilization of 
the anion in a low-polarity organic solvent and activation 
by decreasing the coulombic interaction with the cation are 
two primary requisites for high anionic reactivity. The PT 

catalyst fulfills both functions, forming lipophilic ion pairs 
A'B -, in which A+ is a large organic or organometallic 
cation (e.g.. tetraalkylammonium, tetraalliylphosphonium, 
or alkali metal complexes of cryptailds and crown ethers), 
and B is the anion. The large size accounts for the low 
charge density on the surface of the cations: accordingly, 
interactions with the anion are strongly reduced, and this 
leads to increased anionic reactivity. 

The first PTC mechanism proposed by Starks assumed 
that the catalyst, an ammcniuln or phosphonium salt 
(Q+XP),  is partitioned between two immiscible liquid 
phases. In this way, the reacting anion X is transferred 
fi-om the aqueous to the organic phase. where the reaction 
occurs, and the product anion U- is released in the 
aqueous phase (Fig. 1).[31 

Subsequently. it was found that the catalytic efficiency 
of a quaternary salt is directly related to its solubility in 
the organic phase, other conditions being the same. This 
and other observations support the rnechanisin reported in 
Fig. 2, in which anion transfer does not necessarily 
require the partitioning of the quaternary cation, the 
charge parity in both phases being ensured by the 
quaternary and the metal cation. r e ~ ~ e c t i v e l y . " ~ . ' ~ ~  

This mechanism also applies when lipophilic crown 
ethers or cryptands are used as catalysts. The extent of 
anion extraction into the organic phase and its reactivity 
depend on the combination of many parameters, including 
the nature of the anion (its charge. size. polarizability, 
etc.). the concentratjon of the inorganic salt in the aqueous 
phase. the dielectric constant of the organic solvent: the 
separation between cation and anion in the ion pair. and 
the ilumber of water molecules associated with the anion 
in the organic phase. The influence of these parameters on 
the reaction rate was exha~istively di~cussed."~] 

Solid-Liquid and Gas-Liquid 
Phase-f ransfer Catalysis 

Under classical aqueouslorganic PTC. a small amount of 
water is also extracted into the apolar organic phase. 
mainly as a specific solvation sphere of the anion. The 
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Organic phase 

Q+x- + R-Y -----%- R-X + Q'Y- 

Q'X- + Y- + 2 ~ '  + X + Q'Y- 

Aqueous phase 

Fig. 1 Basic PTC niechanlsm. Adapted from Ref. [3]. 

presence of water. besides reducing reaction rates. may 
produce undesired side reactions that can be avoided by 
using a solid salt suspended in an anhydrous organic 
solution of the substrate as a source of the nucleophile. 
Under these conditions. the PTC catalysts transfer the 
anion as a reactive ion pair from the surface of the solid 
into the organic phase. Solid-liquid conditions are 
particularly suitable for reactions involving strong basic 
reagents such as carbenes and carbanions generated in 
situ. Eipophilic crown ethers and cryptands are the 
catalysts of choice in this case, because they show higher 
chemical stability in comparison to onium salts, and. more 
importantly. they interact more efficiently with the solid 
surface, thus promoting the collapse of the crystal 
~at t ice ."~]  Diffusion can play a critical role in solid- 
liquid PTC, and in many cases. Inass transfer is the 
limiting step of the overall process. This drawback can be 
partly overcome by using organic solvents such as 
acetonitrile or acetone. in which most solid salts used as 
sources of nucleophiles are slightly soluble. 

Gas-liquid phase-transfer catalysis (GL-PTC) relies 
on the use of thermally stable PT catalysts adsorbed onto 
a solid support, which can also act as a source of the 
desired nucleophile. Reactions are carried out at a 
temperature that ensures that the catalyst is in a molten 
state and that reagents are in the vapor phase. and that the 
chemical transformation occurs in the organic microphase 
of molten catalyst. The products are recovered after 
condensation outside the reaction vessel. Only catalysts 
having melting points lower then the process temperature 
< 180°C are active. but despite this limita~ion, GL-PTC is 
a versatile technique that has been applied to a number of 
chemical t ransfor~nat ions . [~~~ 

Liquid-liquid PTC typically involves the extraction of an 
anionic reactive species from the aqueous phase to the 
organic solution where the reaction occurs. However. a 
different approach based on the transport of a lipophilic 

reactant into the aqueous phase. named inverse phase- 
transfer catalysis (IPTC), was expressly introduced in 
1986.'"' In the presence of 4-(dimethylamino)pyridine, 
the reaction of aqueous alanine with acyl chlorides was 
greatly accelerated. Analogously. 4-pyrrolidinopyridine 
and a polymeric analogue were found to catalyze the 
hydrolysis of p-nitrophenyl caproate, although 4-pyrroli- 
dinopyridine had to be used in excess with respect to the 
substrate. Further studies proved that IPTC includes an 
interphase component. as evidenced by competitive 
transacylation experiments carried out in the presence of 
4-(dimethylamino)pyridine, pyridine N-oxide, or Et3N in 
C ~ ~ C l ~ - w a t e r . " "  Moreover, in the pyridine-catalyzed 
reaction of benzoyl chloride with aniline in CHC13-water, 
the rate of Cl-appearance exceeded the sum of the rates of 
aniline transport (from water) and benzoylpyridinium 
chloride transport (into water), indicating that reaction 
occured in both phases.i231 Several factors, including the 
concentration of reactants and catalyst, the ionic strength 
of the aqueous phase. stirring rate, and, above all, the na- 
ture of the organic solvent, greatly influence the mecha- 
nism of IPTC reactions catalyzed by pyridine deriva- 
tives,124-261 Also, when simple onium salts are used, as in 

the case of the epoxidation of chalcone with H202 cata- 
lyzed by dodecyltrimethyl ammonium bromide (DTAB) 
in waterlheptane. interfacial processes are involved in 
IPTC. in addition to the transport of the lipophilic reactant 
into the aqueous phase.1271 

TOWARD PTC WITHOUT 
VOLATILE ORGANIC SOLVENTS 

The advent of PTC had a positive impact on the need to 
eliminate some hazardous solvents and reagents from the 
laboratory and industrial practice. However, many PTC 
reactions still involve the use of volatile organic solvents, 
which are partly discharged into the atmosphere with a 
host of negative environmental effects. Replacement of 
these solvents with reaction media such as water, 

Organic phase 

Q'X' + R-Y A R-X + Q'Y 

Aqueous phase 

Fig. 2 PTC inechanisrn without partitioning of the oni~~m salt. 
Adapted from Ref. [17]. 
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supercritical  fluid^,"^] and ionic liq~ids,'~"" brings 
about potential advantages, such as the opportunity for 
environnlentally benign processing, lower costs, and easy 
separation of the catalysts from the reaction medium. 

PTC in Water as Bulk Solvent 

Although the unders~anding of IPTC is still limited in 
comparison to that of normal PTC, it is clear that this 
method is apt to effect organic reactions in water. As 
discussed in the introduction: simple pyridine derivatives 
were introduced mainly in connection to kinetic and 
mechanism studies. but more recently. it was shown that 
the use of host compounds; such as cyclodextrins'"' and 
water-soluble ~alix[n]arenes,"~' offers the opportunity to 
combine IPTC, molecular recognition, and transition 
metal catalysis, with additional economic and environ- 
metal advantages deriving from the use of water as a 
bulk solvent. 

Cyclodextrins are cyclic glucose oligomers. and the 6-. 
7-: and 8-units terms are commercially available under the 
names of r / . - ,  p-. and q/-cyclodextrin, respectively. These 
compounds are characterized by a typical shape that can 
be described as barrel-like (Fig. 3). The inner cavity is 
essentially hydrophobic and can host organic guests, 
whereas hydrophilic-013 groups span from the upper and 
the lower rim, ensuring water solubility to the molecule. 
The free hydroxyl groups can be selectively function- 
alized. thus making possible the fine-tuning of the 
inclusion and solubility properties of these compounds. 

It is interesting to note that unmodified %-and B- 
cyclodextrins were investigated as casriers of organic 
molecules into water before the concept of IPTC was ra- 
tionalized. For instance, Trifonov and Nikiforov reported 

that in the presence of P-cyclodextrin, the rate of the 
nucleophilic displacement of neat octyl bromide with 
aqueous cyanide, iodide, and thiocyanate anions was 
considerably increased.'"' After the TPTC concept was 
established, commercially available cyclodextrins found 
applications as inverse PT agents in several important or- 
ganic reactions catalyzed by transition metals. including 
the aerobic oxidation of olefins to ketones in water, in the 
presence of PdC12 and CuC12 (Wacker pr~cess) . '~"  the 
IrC13 catalyzed isomerization of 4-a1lylanisole,~"~ the 
hydrogenation of conjugated dienes to monoolefins cata- 
lyzed by H C ~ ( C N ) ' ~ ,  generated in situ from CoC12, 
KOH, and KCN. and promoted by lanthanide halides.'"] 
In 1994 Mortreux and coworkers reexamined the appli- 
cation of IPTC to the Wacker process and found that 1- 
decene could be oxidized to 2-decanone with excellent 
yield (98%) in water; using 02/PdS04/CuSOd/H9PV6- 
Mo60d0 as the redox system. The organic substrate was 
transferred into the aqueous phase containing the catalytic 
system by an amphiphilic p-cyclodextrin, in which about 
60% of the free-OH groups were methylated.1371 Other 
cyclodextrins (native 3-. P-, y-, fully acetylated p-cyclo- 
dextrin or 2-hydroxypropyl-P-cyclodextrins with different 
degrees of substitution) were tested with limited success. 
The correct balance between lipophilic and hydrophilic 
character had an overwhelming importance. but the results 
obtained pointed also to the possible role of molecular 
recognition based on reversible interactions between the 
cyclodextrins' host cavity and 1-decene. The same modi- 
fied P-cyclodextrin was successf~~lly used as inverse PT 
catalysts for the rhodium-catalyzed hydroformylation of 
water-insoluble olefins in an aqueous two-phase system 
free of organic solvent (Fig. 4).['" 111 the case of I -decene, 
conversion reached 100%, with 95% selectivity and a ratio 
nliso-aldehyde = 1.9. Other terminal olefins gave similar 

hydrophobic inner cavity 

\ 
\ 

I 
H 0 

Fig. 3 P-cyclodextrin 
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Fig. 4 Hydroformylation of I -decene in the presence of rnethylated P-cyclodextrins. Adapted from Ref. [38] 

results, but less-reactive internal olefins were found to be 
almost inert. '''I 

A common pict~rre emerged from these studies: the 
amphiphilic cyclodextrin acts as a host, wrapping the 
hydrophobic substrate and transfelring it into the water 
phase, where the reaction occurs. The stability constant of 
the new host-guest complex is lower. and the product is 
then released into the organic phase (Fig. 5). 

The validity of these working hypotheses was tested 
in other catalytic organometallic reactions. Interesting 
results were obtained in the biphasic hydrogenation of 
water-insoluble aldehydes to alcohols catalyzed by RuC13/ 
P ( C ~ H ~ S O ~ N ~ ) ~ . " ~ ~  the cleavage of allylic substrates in 
the presence of P ~ ( O A ~ ) ~ I P ( C ~ I - I ~ S O ~ ~ ) ~ , ~ ~ ~ - ~ ~ ~  and the 
hydrocarboxylation of olefins catalyzed by PdC12/ 
P(C6HJS03Na)3 to give carboxylic Deeper 
insight into the effective role of cyclodextrins in the 

catalytic system was thus achieved. In two recent inde- 
pendent studies, the influence of partly methylated P- 
cyclodextrins on the other component of the catalytic 
system was been evidenced in the case of the hydro- 
formylation of alkenes. Kalck and coworkers proposed 
that a gradual supramolecular organization in the inter- 
phase occurs for the catalytically active rhodium com- 
plex. which should involve at least two cyclodextrin 
molecules.'"' Monflier and coworkers refined their pre- 
vious model, taking into account the formation of in- 
clusion complexes between the cyclodextrin and some 
components of the catalytic system. in particular, P(C6H4- 
S03Na)3. It was concluded that chemically modified 
cyclodextrins influence the biphasic reaction not only by 
acting as inverse phase-transfer agents but also by 
modifying the equilibria between the components of the 
catalytic system.'4s1 

Organic layer 

Product Substrate 

/ Product \ / Substrate \ 

Aqueous layer 

Fig. 5 Proposed role of chemically modified cyclodext~.ins as carriers in aqueous-phase organometallic catalysis. Adapted from 
Ref. [431. 
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Fig. 6 Multicomponent l~gands for organon~etallic catalys~s Adapted from Ref [46] 

A more sophisticated P-cyclodextrin-based catalytic 
system combining different functions in the same mole- 
cule was also conceived. Rhodium complexes of multi- 
component ligands featuring a chelating diphosphine 
covalently linked to the upper riin of P-cyclodextrin 
(Fig. 6) were used as catalysts for the hydrogenation and 
the hydroformylation of alkenes in water-organic two- 
phase ~ y s t e i n s . [ ~ ~ ~  

These suprarnolecular catalysts showed high substrate 
selectivity in competition hydrogenation experiillellts and 
exceptional activity in the hydroformylation reactions. In 
contrast to the simple methylated P-cyclodextrin previ- 
ously mentioned, even internal and cyclic olefins were 
converted into aldehydes. Such improveme~lts were 
explained with the formation of an inclusion complex at 
the phase boundary. with the cylodextrin host fixing the 
substrate in the proximity of the catalytically active metal 
center (Fig. 7).['71 

In contrast to cyclodextrins, water-soluble calix[tz]ar- 
renes (12 = 4. 6, 8) were proposed as inverse PT catalysts 
only a few years ago.i3" Shimizu and coworkers reported 
the use of previously known calix[n]arenes bearing 
trimethylarninonioinethyl groups 1-3 (Fig. 8) in the 
nucleophilic displacement of alkyl and arylalkyl halides 
with NaCN, KI, KSCN in water. The catalytic activity 
of these compounds exceeded that of P-cyclodextrin, 
whereas (4-methoxybenzy1)trimethylammonium chloride 
4 (the monomeric unit of the calix[n]arene catalysts) did 

not showi any activity. It was also found that the 
efficiency of the calix[n]arenes varied depending on the 
sizes and shapes of the substrates. and it was proposed 
that they behave similarly to cyclodextrins. forming 
iilclusion compounds with the substrate that is thus 
transferred illto the aqueous phase. 

Calix[rl]arenes 1-3 were used as inverse PT catalysts 
in the alkylatioil of active methylene compounds with 
alkyl halides in aqueous NaOH solutions.['" and in aldol- 
type condensation and Michael addition reactions.i501 In 
the aikylation of phenylacetone with octyI bromide. the 
lPTC procedure enhanced the alkylation versus hydrolysis 
and C versus 0 alkylation selectivities with respect to 
those obser\.ed under classical PTC reactions in the 
presence of tetrabuty!ammonium bromide (TBAB) or 
hexadecyltributylainmoniurn bromide (HTPB). Moreover, 
the aqueous catalyst solution was easily separated from 
the organic phase containing the products, and no organic 
solvent was required. In the case of the aldol-type 
condensatioii of benzaldehyde with indene or acetophe- 
none in aqueous NaOB (Fig. 9), IPTC reactions catalyzed 
by I were compared with those conducted in aqueous 
micelles in the presence of cetyltrimethylammonium 
bromide (CTAB) as the sufactant. Although selectivities 
and yields were similar. the IPTC procedure avoided the 
formation of emulsions, thus facilitating product separa- 
tion and catalyst recovery. 111 the light of the results 
obtained. water-soluble calix[il]arenes 1-3 were proposed 

Organic layer 

Aqueous layer 

Fig. 7 Proposed mode of action of rhocliu~n complexes of chelatinz phosphines tethered to P-cylodextrins. Adapted from Ref. [47]. 
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Fig. 8 Water-soluble calix[rz]arenes and their monomeric urzits. 
Adapted from Ref. [48]. 

to form host-guest complexes in the aqueous phase with 
the carbanions that arise from the deprotonation of the 
active methylene compounds. The nucleophilic attack of 
the hosted anion on the acceptor would then take place at 
the interface. 

Analogously to cyclodextrins, water-soluble calixar- 
enes were integrated into catalytic systems, where the 
ability to perform IPTC and organometallic catalysis are 
combined in a single molecule. Phosphacalix[4]arenes 5 
and 6 (Fig. 10) were synthesized and used as dual 
f~lnctiona! ligands in the rhodium-catalyzed hydroformyl- 
ation of I-octene and I - d e ~ e n e . ~ ~ "  Both ligands afforded 
better con~~ersions and yields than P(C6H4S03Na)3 or 
P(C6H4S03Na)3/2.6-di-O-methyl-fi-cyclodextrin, and 
8 proved to be particularly effective [nonanals 173%) 
and undecanals (52%) were obtained with linear/branched 
aldehyde ratio = 1.7 and 2.3. respectively]. Moreover, 
the aqueous layer was recycled twice with no apparent 
decrease of activity and selectivity. The beneficial effect 
of 5 and 6 was reasonably explained with the improve- 
ment in the mass transfer of the substrate and products 
between the phases. but neither formation of inclusion 

NaOH,, (5 N) 

(90%) 

v 
NaOH,, (5 N) 

(93%) 

Fig. 9 Condensatloll of benzaldehyde with indene or acet- 
ophenone catalyzed by the water-soluble calix[4]arene 1. 
Adapted from Ref. [50]. 

Fig. 10 Water-soluble phosphacalix[4]arenes. Adapted from 
Ref. [51]. 

con~plexes nor transport ability of the ligands were 
specifically investigated. 

The inclusion of aromatic guests in the hydrophobic 
pocket of the water-soluble calixarenes 7-9 (Fig. 11) was 
recently studied by 'H-NMR titration experiments in 
aqueous buffered solutions and molecular modeling 
studies combined with ab initio NMR shift calculations.'"' 

Association constants of various aromatic compounds 
with 7 and 8 were found to be close to those observed 
with P-cyclodextrin; with the exception of iodobenzene, 
which showed a remarkable higher affinity to P-cyclo- 
dextrin than to the calixarenes (K,,, > 1000 M '  versus 
about 60 M p l ) .  Under acidic conditions, the association 

Fig. 11 Water-soluble calix[n]arenes. Adapted from Ref. [52]. 
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constants with the amino methyl-substituted calixarene 9 
were also higher than those measured with 7 and 8 at pH 
7.4. Calix[4,6]arenes 9-11 were then evaluated as IPT 
catalysts in the Suzuki coupling of phenylboronic acid 
and iodobenzene in water, yielding diphenyl as a product. 
The influence of 7-11 was studied at low lekels of con- 
versions (10-15%) in order to compare initial reaction 
rates ( t  = 30 min) and to exclude product inhibition 
effects. Amino-substituted calix[4]arenes 9-18 gave better 
results. with increases of initial yields uy to a factor of 12.7 
in the case of 10. 

PTC in Supercritical Fluids 

Besides environinental and separation advantages, the use 
of supercritical fluids associated with PTC provides the 
extra benefit of an increased mass transfer. Viscosities 
and solute diffusivities of supercritical fluids are gas-like, 

and this can avoid the mass transfer limitations often 
encountered in liquid PTG systems. 

The first reported example of a PTC reaction carried 
out in a supercritical fluid was the nucleophilic displace- 
ment of benzyl chloride with solid potassium bromide, in 
the presence of tetraheptylammoniurn bromide (THAB) 
or 18-crow11-6 as  catalyst^.'^" Supercritical GO1 (scC02) 
was used as a bulk solvent, with variable amounts of 
acetone added in order to increase the solubility of the 
catalyst. The kinetics of the nucleophilic displacement 
was studied, and the reaction was found to follow first- 
order, reversible kinetics in the case of THAB and zero- 
order kinetics for reactions catalyzed by 18-crown-6. 

A detailed mechanistic study of the nucleophilic 
displacement of benzyl chloride with potassium cyanide 
catalyzed by THAB in scC02 was reported.L531 This 
simple, irreversible SN2 model reaction is also of practical 
interest, and it was thoroughly investigated in a liquid 

N = 5  

Fig. 12 Fluorinated poly(propy1ene irnine) dendriniers. Adapted from Refs. [55.56]. 
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system. thus making the con~parison particularly interest- 
ing. The kinetic data together with catalyst solubility 
measurements clearly showed that three phases (a sc@02 
phase, a catalyst-rich phase. and a solid potassium salt 
phase) exist in the reaction system, and that the nucleo- 
philic displacement proceeds in the catalyst-rich phase. 
The observed decrease of reaction rate upon addition of 
acetone is consistent with this particular phase behavior, 
which also partly justifies the lower efficiency of two 
nonionic catalysts [IS-crown-6 and poly(ethy1ene glycol)] 
with respect to THAB. 

Although the low solubility of TMAB in scC02 does 
not seem to be a major issue in the case of the above- 
mentioned reactions. better control of the solubility of PT 
catalysts could considerably extend the scope of PTC in 
supercritical fluids. Dendritic surfactants featuring per- 
fluorinated ponytails attached to a polar interior are able 
to extract hydrophilic compounds from water into liquid 
C02. It was found that the apolar fluorous layer sur- 
rounding the unimolecular micellar-like structure of 12 
(Fig. 12) shows a great affinity for COz. whereas the 
aqueous-soluble dye methyl orange is confined to the 
inner cavities of the dendritic host.'55' On the basis of this 
observation, perfluoroalkyl-functionalized poly(propy1ene 
imine) dendrimers 13-16 (second-. third-, fourth-, and 
fifth-generation, respectively) were synthesized and used 
as phase-transfer catalysts for the halogen exchange 
reaction of benzyl chloride into benzyl bromide and for 
the esterification of oxalic acid with pentafluorobenzyl- 
bromide in a biphasic system ~ 1 ~ 0 / s c C 0 ~ . [ " '  

The dendrirner extracts the bromide ions or oxalic acid 
from the aqueous phase to the scCO2 phase, and the 
tertiary arnine groups in the dendrimer core are respon- 
sible for the extraction. Dendrimers of different genera- 
tions were compared, keeping the concentration of the 
tertiary ainine groups constant. It was found that the rate 
of reaction strongly depends on the generation number N 
of the dendrimer. In the case of the halogen exchange. 
second-and third-generation dendrimers 1 3  and 14 
afforded similar reaction rates. while in the presence of 
the fourth-generation dendrimei- 15 (bearing 32 fluori- 
nated ponytails). conversion of benzyl chloride proceeded 
essentially at the same rate as without a PT catalyst. This 
indicates that mass-transfer limitations occur within the 
unimolecular micellar-like structure of the higher-gener- 
ation dendrirners, with cores that are almost completely 
shielded from the bulk scC02 phase. Similar behavior was 
observed in the case of the esterification of oxalic acid. 

Beside modification of the PT catalyst by incorpora- 
tion of "C02-philic" groups, other approaches to the 
problem of the poor solubility of polar con~pounds in 
scC02 were envisaged. Fluorinated surfactants (perfluoro- 
polyether ammonium carboxylates) were used as stabi- 
lizers of H20/scC02 rni~roemulsions. '~~'  The nucleo- 

philic displacement of benzyl chloride with aqueous 
potassium bromide in H20/scG02 micro emulsion^^^^' or 
emulsions1591 was reported. Reaction yields in the case of 
H20/scC02 emulsions were slightly better than those 
obtained with dendritic PT catalysts. A third approach 
was recently described that takes advantage of immobi- 
lized onium salts.[601 The SN2 displacement of n-octyl 
methanesulfonate by bromide and iodide anions was 
performed using silica-supported ammonium or phospho- 
nium phase-transfer catalysts in scC02, both under solid- 
liquid (stoichiometric amounts of functionalized silica) 
and liquid-liquid PTC (added aqueous KBr or KI) 
conditions. Although the anionic reactivity was found to 
be comparable to that observed in conventional organic 
solvents: the use of scC02 has no environmental impact 
and simplifies recovery of the catalyst. 

Due to the low critical temperature and pressure 
(T,  = 31°C PC = 74 bar), scC02 is certainly the most 
investigated supercritical medium, as also witnessed by 
the examples reported here . However, alternative 
supercritical fluids must be explored in cases where the 
intrinsic reactivity of GO2 cannot be neglected. As 
recently reported, the PT-catalyzed alkylation of phenyl- 
acetonitrile with ethyl bromide can be conveniently 
cassied out in supercritical ethane in the presence of 
tetrabutylammonium bromide (TBAB) and solid potassi- 
um carbonate as a base (Fig. 13)."" Under classical 
liquid-liquid PTC conditions, this reaction typically 
requires the use of strong aqueous bases (sodium amide, 
50% NaOH), leading to the formation of significant 
amounts of diethylated product. Under solid-supercritical 
fluid PTC, only traces of this by-product were detected. 
Moreover, the use of a weak solid base presents evident 
advantages in view of an industrial application of the 
method. It should be noted that the use of scC02 as a bulk 
solvent led to the formation of an undesired cyanoester as 
the main product (Fig. 13), because the carbanion formed 
by deprotonation of phenylacetonitrile quickly reacts with 
C02 ,  forming a carboxylate anion that is then alkylated by 
ethyl bromide. 

TBAB 1 
K2C03 / 

Fig. 13 Alkylation of phenylacetonitrile in supercritical fluids 
Adapted from Ref. [61]. 
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Fig. 14 Cycloalkylation of phenylacetonitrile in ionic liquids. Adapted from Ref. 1641. 

Naacleophllic Substitution in Ionic Liquids 

The use of ionic liquids comprised of bulky organic 
cations as novel reaction media is gaining a great deal of 
attention due to the remarkable properties of these com- 
pounds. which include low-temperature melting point, 
negligible vapor pressure. high thermal stability, and 
inertness to air and water. Examples of their applica- 
tions are appearing at an increasing rate in the literature, 
ranging from catalytic reactions'621 to enhanced product 
recovery.'631 

Room-temperature ionic liquids are generally salts of 
tetraalkylanlmonium, tetraalkylphosphonium. N-alkylpyr- 
idinium. and 1,3-dialkylimidazoliu~n containing a wide 
variety of anions (Cl - , NO3 . BF4 , PF6 , CH3C02 -, 
CF3C02-,  etc.). the nucleophilicity of which can be 
enhanced by the lack of solvation. Therefore, it was 
recently proposed that ionic liquids could act as reaction 
media and anion activators in some organic transforma- 
tions. The use of 1-~z-butyl-3-methylimidazolium hexa- 
fluorophosphate, one of the most widely used room- 
tenlperature ionic liquids. as a solvent for reactions 
between organic compounds and inorganic salts, was 
demonstrated.16" The displacement of benzyl chloride 
with solid potassiuin cyanide and the KOH-promoted 
cycloalkylation of phenylacetonitrile (Fig. 14) were 
carried out in the absence of any classical PT catalyst, 
relying on the ability of the ionic liquid to act as a catalyst 
for the activation of fbe anion. 

Kinetic data for the benzyl chloride displacement 
indicated that at 40°C. the mass transfer of KCN into the 
solvent is the rate-limiting step. However, at 60°C and 
80°C. reaction rates were high, and pseudo-first-order 
kinetic behavior was observed in agreement with an 
efficient transfer of the salt into the liquid, which is faster 
than the reaction step. 

n-Butanol, sec-butanol, tert-butanol, and n-octanol 
were converted to their corresponding alkyl halides at 
room temperature using 1-n-butyl-3-methyliinidazolium 
halides in the presence of a BrGnsted acid (typically 
H ~ S O ~ ) . ' ~ ~ '  Reaction conditions are significantly milder 
than those required by classical methods. and the products 
are easily removed from the reaction mixture. The proposed 
rnechanisrn involves protonation of the alcohol followed by 

nucleophilic displacement by the halide anion. This step is 
accelerated by the effective charge separation in the 
transition state, which is ensured by the lack of extensive 
solvation in ionic liquids. The assessment of the role of 
these peculiar reaction media on the reaction mechanism is 
still underway. 

CONCLUSION 

PTC is now an established branch of catalysis, and 
applications for it are found in the laboratory as well as 
in large-scale processes. The design of PTC systems able to 
work in the absence of comrnon volatile organic solvents is 
a promising field of research that deserves investigation in 
order to better understand ii~anifold factors (solubility of 
the catalyst. formation of new phases, influence of the 
reactants on the physical state of the bulk fluid. etc.) that 
could influence the outcome of the reaction. However, as 
shown by the examples discussed here, the combined uti- 
lization of PTC and nontraditional reaction media affords 
new opportunities for improving numerous chemical pro- 
cesses while reducing emissions to the environment. 
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INTRODUCTION 

A sensor is a device that responds to an external input 
by generating a measurable signal. The most common 
sensor in chemistry is probably the glass electrode, which 
responds to a change of H' concentration with a variation 
of the eiectrical potential, and, following appropriate 
calibration, directly communicates pH units. Other de- 
vices respond to physical inputs; for instance. a thermo- 
couple is a temperature sensor, and the generated signal 
is still a variation of potential. Noticeably, the definition 
of a sensor can be brought to the molecular level. In this 
case, the sensor is a discrete molecule (or, better, a mul- 
titude of single molecules) that responds to a chemical or 
physical stimulus by generating a signal detectable and 
measurable by an external operator. In particular, the 
molecule constituting the sensor has to be equipped with 
two basic subunits: 1) a fragment capable of selectively 
interacting and recognizing the desired analyte (e.g., H + ,  
c a 2 + ,  C1-, COz); and 2) a functionality that signals the 
occurrence of the recognition. The signal can have a dif- 
ferent instrumental nature. For instance, it can be the shift 
of an NMR line. the displacement of a voltammetric wave, 
a color change with the associate modification of the ab- 
sorption spectrum, or a change of luminescent activity. 
Luminescence, in particular, is a convenient property for 
sensing purposes. for a variety of reasons: it is visual, it can 
be measured with not-too-expensive instrumentation (a 
spectrofluorimeter). and it can be detected with remark- 
able sensitivity. As an essential requirement, the interac- 
tion of the recognizing moiety (the receptor) with the 
analyte must activate a mechanism that substantially mod- 
ifies the light-emitting properties of the luminophore. 

FLUORESCENT MOLECULAR SENSOR 

An efficient fluorescent molecular sensor is available for 
the determination of intracell~llar calcium(I1) concentra- 
tion, [ ~ a ~ ' ] . " ~  The molecular system, 1, has as a receptor 
moiety, a fragment reminiscent of ECTA, a ligand 
displaying a special affinity toward alkaline-earth metal 
ions. In particular; ECTA gives with c a 2 +  a I : 1 complex, 
with a stability constant K that is about 10". i.e., five 
orders of magnitude higher than that of the corresponding 

complex with the competing ion IMg2+. This feature is 
important, because intracellular [ ~ g l + ]  can be up to 
lo4 times higher than [Ca2+]. In system 1. an indole 
fragment is covalently Iinked to the EGTA framework as 
a light-emitting subunit. In particular, this subunit, when 
excited with ultraviolet light (h = 338 nm), emits light 
in the full visible region (h,,, of the emission band is 
500 nm). Ca2' complexation induces a drastic structural 
rearrangement of 1, which causes a modification of 
the energy of the 7c orbitals of the indole fragment, and 
as a consequence, the emission band is displaced to 
A,,,, = 400 nm. This spectral shift is especially useful, 
as the ratio of the emission intensities at the two wave- 
lengths provides a measure of [Ca2+] independently upon 
the concentration of the fluorescent probe and the length 
of the optical path. After the fluorescent sensor B (com- 
mercially known as indo-1), other fluorescent molecules 
were developed by following the same approach. They are 
currently employed in the laboratories of cell physiology 
for the determination of [Ca2+ 1, in real time and real 
space, by using a fluorescence microscope.[21 

COO 
1 ,COO 

The previously outlined approach-covalently link a 
luminescent fragment to the receptor of the envisaged 
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Fig. 1 The fluorophore-spacer-receptor paradigm. It is 
expected that the interaction of the desired analyte with the 
receptor portion drastically modifies the emission of the nearby 
fluorophore. In the case illustrated, the recognition process 
restores the quenched fluorescence. Alternatively, the fluores- 
cence before recognition may be on and after recognition be off. 

analyte--is known as the luminophore-spacer-receptor 
paradigm and is pictorially illustrated in Fig. 1. Such an 
approach was utilized for the design of sensors for a variety 
of substrates, both electrically charged and neutral.'" 

As an example, the two-component system 2 in Fig. 2 
was developed for the fluoriinetric determination of the 
M' ion."] In system 2, the receptor moiety belongs to the 
family of crown ethers: in particular, the macrocycle can 
be considered as deriving from the 18-crown-Oh macro- 
cycle, in which an ethereal oxygen atom was replaced by 
a secondary amine group; -NH-. The 18-crown-NO5 

ring of 2 possesses the right size to selectively include 
("recognize") the K+ cation, in the presence of the other 
alkali metal ions. The problem is now to communicate to 
the outside that recognition has taken place. To this 
purpose, the classical fluorescent fragment anthracene 
was linked. through a -CH,- spacer, to the nitrogen atom 
of the macrocycle. It has to be noted that in spite of the 
presence of a powerful fluorophore, molecular system 2 is 
not fluorescent. In fact, one of the two electrons of the 
lone pair on the nitrogen atom of the macrocycle is 
transferred on the half-filled HOMO .n orbital of the 
photoexcited anthracene fragment, a process that fully 
quenches fluorescence. However: when Kf is included 

Fig. 2 Fluorescent sensing of the K +  ion. Metal inclusion within 
the macrocycle interrupts a preexisting quenching mechanism 
(due to a nitrogen-to-tluorophore electron-transfer process) and 
revives anthracene fluorescence. 

within the macrocycle. the lone pair on the nitrogen atom 
is fully engaged in the metal-ligand interaction with 
K+, and no electron can be transferred to the excited 
fluorophore. Then. in the absence of electron transfer, the 
photoexcited anthracene fragment deactivates in its 
typical radiative way. As a consequence. K +  recognition 
is clearly signaled by the revival of the blue fluorescence 
of anthracene. System 2 is an ingenious device, because a 
typically redox-inactive substrate, Kt .  is able to promote 
an electron-transfer process. This was made possible by 
the presence of the amine nitrogen atom, that behaves as 
an electron relay. 

The design of a luminescent sensor for transition metal 
ions based on photoinduced electron transfer is, at least in 
principle, easier, because d-block metals exhibit a natural 
tendency to uptakelrelease electrons. Thus, a transition 
metal ion should be able to promote the transfer of one 
electron fronlJto an excited luininophore in the absence of 
any relay. An example is provided by system 3. shown 
in Fig. 3, in which (following again the luminophore- 
spacer-receptor approach) an anthracene fragment was 
linked, through a -CH2- group. to the carbon framework 
of a quadridentate chelating agent containing two se- 
condary amide groups and two primary amine groups.'51 
In its neutral form. ligand 3, in  vie^! of the poor co- 
ordinating tendencies of the amide groups. does not co- 
ordinate any metal ion. However. in the presence of 
divalent metal ions late in the 3d series. i.e., CU" and Ni", 
at pH values close to the neutrality, the two amide groups 
deprotonate, and the ligand coordinates the metal ac- 
cording to a square-planar stereochemistry. In each de- 
protonated amide fragment. the negative charge is 
distributed on both nitrogen atoms via a n-deiocalization 
mechanism. Opportunely for sensing purposes. metal 
complexation modifies the light-emitting properties of the 
anthracene subunit and can be followed through spectro- 
fluorirnetric titration experiments. 

Titration of 3 in the absence of metals does not modify 
the emission intensity of the anthracene fragment, IF, 

Fig. 3 Fluorescent sensing of transition metal ions (M = Xi, 
Cu). Following complexation. an intramolecular metal-to- 
fluorophore electron-transfer process takes place that quenches 
anthracene fluorescence. 
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which remains constant on moving from pH = 2 to 
pH = 12 (diamonds in Fig. 4). However, if an equimolar 
amount of CuTT is added to the solution, a sharp decrease 
of I, is observed beyond pH = 5:  and complete fluo- 
rescence quenching takes place at pH = 7 (full triangles 
in Fig. 4). Sigmoidal IF decrease is to be associated with 
the complexation of Cu" by 3. In particular. the 
fluorescent emission is quenched due to the occurrence 
of an electron-transfer process from the Cu" center to the 
excited fluorophore, ~ n ' .  The occurrence of such a 
process can be accounted for on a thermodynamic basis. 

In particular, the free-energy change value associated 
with the Cul'-to-An' electron transfer, AGeTO. can be 
calculated taking profit from the thermodynamic cycle 
illustrated in Fig. 5. by combining pertinent photophysical 
and electrochemical quantities. The obtained value is 
distinctly negative ( 0.50 eV) and accounts for the 
observed quenching efficiency. Thus, in contrast to that 
previously observed for K f ,  CL? recognition is signaled 
through quenching. rather than from revival, of anthra- 
cene fluorescence. A careful examination of the varying 
contribi~tion to ACeTO indicates that the signal controlling 
mechanism; i t . ,  the metal-to-fluorophore electron trans- 
fer, results from easy access to the CL~'" state. Such an 
access is favored by the strongly donating donor set 
consisting of two amine groups and, in particular, from 
two deprotonated amide groups. The intense in-plane 
interactions exerted by the four nitrogen atoms raise the 
energy of the antibonding level. essentially centered on 
the metal, from which the electron is abstracted on ~ u " -  
 to-^^'" oxidation. The presence of a double negative 
charge on the coordinating system f ~ ~ r t h e r  facilitates the 
oxidation process that involves a moderate increase of the 

Fig. 4 The pH dependence of the fluorescence intensity of 
system 3 in the absence (open diamonds) and in the presence of 
an equimolar anlount of transition metal ions (f~111 triangles: 
CU"; open triangles: ~ i " ) .  Other metal ions ( ~ n " .  ~ e " .  col'. 
~ n " )  do not affect the emission of the anthracene fragment. 

An* '. Cull An- + Cull! 

Fig. 5 Thermodynamic cycle suitable for calculating the free- 
energy change value, AGrTo. associated with the copper(I1)-to- 
anthracene electron transfer within system CU"-3. AGeTO is 
obtained from the appropriate combination of photophysical and 
electrochemical quantities. 

overall electrical charge from 0 to + 1 .  It derives that a 
judicious choice of the coordinating tendencies of the 
ligating subunit allows for the transduction mechanism of 
the sensing system to be determined. 

An analogous behavior is observed with Ni". In 
particular, it is observed that the sigmoidal decrease of 
IF (in Fig. 4) is centered at pH = 7.5, i.e., two units higher 
than that observed for Cu". This reflects the lower 
stability of the ~ i "  complex with the deprotonated 
amide-amine ligand, compared to Cu". In this case too, 
fluorescence quenching has to be ascribed to the 
formation of the complex with the doubly negatively 
charged ligand and to the thermodynamically favored 
Ni"-to-An electron-transfer process (AGeTo = - 0.35 
eV). Noticeably, if analogous pH-titration experiments 
are carried out in the presence of other divalent cations of 
the 3d series ( ~ n " ,  ~ e " ,  CoTT, znT1), the anthracene 
emission is not modified over the 2-12 pH interval. This 
behavior is to be ascribed to failure in the formation of the 
corresponding metal complexes, even in a distinctly basic 
solution. In particular. the deprotonation of the two amide 
groups of 3 is an endoergonic process that can be 
compensated for only by the formation of strong metal- 
ligand interactions. This is the case of CU" and Ni" but 
not of the other metal ions. which do not profit too much 
(or do not profit at all) from ligand field stabilization 
effects. Thus, system 3, among 3d cations, recognizes Cu" 
and 1~1" and signals the occurrence of the recognition 
process through fluorescence quenching. 

Let us now consider the case of polyatomic analytes. 
The analyte can be multifunctional, i.e., it can contain 
distinct groups of different natures and electrical 
charges-in this case. the receptor must provide distinct 
binding sites of appropriate characteristics. A represent- 
ative case is that of amino acid in their zwitterionic 
forms: NH3+-CH(R)-COOp. The first exampie of a 
molecular fluorescent sensor amino acid was presented by 
de ~ i l v a . [ ~ '  
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In the ditopic system 4, the light-emitting anthracene 
fragment also displays the function of a spacer, as it links 
the two binding sites for the bifunctional substrate-a 
guanidinium subunit, suitable for electrostatic interaction 
with the carboxylate group of the amino acid: and the 18- 
crown-NO5 moiety, which can establish hydrogen-bond- 
ing interactions with the ammonium residue. As outlined 
with the K' sensor 2, also in this case; the presence of a 
tertiary amine nitrogen atom in the crown, close to the 
anthracene subunit, is essential for the sensing behavior. 
Prior to substrate binding, the amine group undergoes the 
thermodynamically feasible transfer of an electron to the 
nearby excited fluorophore, thus quenching its emission. 
Therefore, one would expect that, following the amino 
acid recognition, and, in particular, after the nonbonding 
electron pair of the nitrogen in the crown becomes 
engaged in a hydrogen-bonding interaction with the 
ammonium group of the amino acid; the eT process is 
interrupted. and the fluorescence is revived. Actually, the 
interaction of 4 with a series of amino acids of general 
formula NH;'-(CH2),,-COO in an aqueous methanol 
solution is signaled through a significant enhancement of 
the anthracene emission. Interestingly, system 4 displays 
linear recognition features, the highest binding constant, 
and the more significant increase of the emission intensity 
being observed with n = 4. It appears that in the case of 
the latter amino acid (-/-amino butyric acid, GABA), the 
distance between the carboxylate and the a~nmoniuln resi- 
dues fits well the separation of the binding sites provided 
by the heteroditopic receptor 4. Interestingly, the natural 
amino acid glycine. as well as glutamic acid [NH3'- 
CH(COO - )  - (CE12)2-CO0 -, the physiological precur- 
sor of GABA]. induces a negligible fluorescence response. 
even if added in large excess with respect to the sensor. 

However, if one is interested in sensing natural amino 
acids, with the general formula NH3'-CH(R)-COO-, 
and in which the distance between the charged groups to 
be recognized, -NH3' and - C O O  , is the same. sensing 
systems of the type of 4 cannot be used. But. in order to 
obtain the most selective recognition of the desired r- 

amino acid, one should try to ignore the common -NH3+ 
and - C O O  fragments and center attention on the R 
residue. In particular, a receptor subunit should be 
designed exclusively for the R moiety of the substrate. 
This case is illustrated by the design of a fluorescent sensor 
for histidine, with an R group that is an imidazolyl 
fragment. An effective receptor for imidazole can be 
designed by taking advantage of its tendency to deproton- 
ate and to act as an ambidentate ligand. Imidazole, ImH. 
pK, = 14.5, is a weaker acid than H 2 0  and does not de- 
protonate in aqueous solution. However, in the presence of 
two prepositioned metal ions M" (M = Cu, Zn), the ImH 
molecule deprotonates, and the I m  anion that forms 
bridges the two metal centers, according to the equilibrium: 

A basic requirement for reaction (1) to proceed is that 
the two M" centers occupy predetermined positions, in a 
rather rigid coordinative framework, at the correct distance. 
This is the case of system 5 in which two tripodal tetramine 
subunits of the trzn type are linked to an anthracene 
fragment that acts both as a spacer and as a f l ~ o r o ~ h o r e . ~ ~ '  

Each tren subunit binds a metal ion, e.g., Zn", ac- 
cording to a trigonal bipyramidal stereochemical arrange- 
ment, in which the fifth coordination site is left available 
for a further ligand, either a solvent molecule or an anion 
(see structural sketches in Fig. 6). At pH = 9-10, the 
dizinc(II) complex 6 forms that behaves as a specific 
receptor for imidazole, to give the bridged imidazolate 
complex 7. In particular, titration with imidazole of an 
aqueous solution of the dimetallic complex 6 induces 
quenching of the anthracene fluorescence, thus providing 
a visual mechanism for recognition. Noticeably, titration 
with 1-methyl-imidazole. which cannot undergo deproton- 
ation, does not induce any modification of the anthracene 
fluorescent emission. confirming that signaling is pro- 
moted by Znl'-~nl'  bridging of the imidazolate fragment. 
Quenching in the dimetallic complex 7 has to be ascribed 
to the occurrence of an intracomplex electron-transfer 
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Fig. 6 Recognition of the imidazole fragment (e.g., from L- 

histidine) by a dizinc(I1) polyamine receptor. Recognition is 
signaled by quenching of the emission of the anthracene subunit, 
which results from an electron-transfer process from the bridged 
imidazolate anion to the excited fluorophore. 

process from a n orbital of the electron-rich im- moiety 
to a K'' orbital of the photoexcited anthracene fragment. 

Spectrofluorimetric titration of complex 6 with the 
natural amino acid L-histidine induces a similar, even if 
slightly less pronounced, fluorescence quenching. Inter- 
estingly, the titration profile is not modified when the 
solution contains even a large excess of any other amino 
acid. As an example, the addition of L-histidine to a so- 
lution buffered at pH = 9.6 and containing the receptor 6 
plus 10 equivalents of any other natural amino acid gave 
the same titration profile. The lack of interference is due to 
the fact that the only anionic group any amino acid other 
than histidine can offer, i.e.. the carboxylate fragment, 
does not display bridging tendencies toward the dimetallic 
core of receptor 6. Thus, 6 recognizes and senses L- 

histidine in the presence of any other natural amino acid. 

CHEMOSENSBNG ENSEMBLE APPROACH 

Other approaches than the Iuminophore-spacer-receptor 
paradigm exist, illustrated in the preceding examples, for 
designing a molecular system for sensing analytes in 
solution. An efficient one-the chemosensing ensemble 
approach-is reminiscent of the antibody-based compe- 
tition test in i m m u n o a s ~ a ~ s . ~ ~ ~  According to this approach, 

the plain receptor interacts in solution with a fluorescent 
indicator, i.e., a light-emitting substrate. Two main re- 
quirements have to be fulfilled: 1) the receptorlindicator 
interaction must not be too strong; and 2) the indicator 
must show significantly different emissive properties when 
bound to the receptor and when dispersed in solution. 
Thus, on titration with the desired analyte, the indicator is 
displaced from the host cavity and released back to the 
solution, where it displays drastically different emission 
features. An example of a chemosensing ensemble suitable 
for determining of inorganic anions is described below.'91 

The receptor, 8, consists of a bistren octamine cage that 
includes two CU" ions. Each metal ion is coordinated by 
the four nitrogen atom of each tren subunit and. as it likes 
five-coordination, offers a binding site available for the 
interaction with a further donor atom. Thus, in the 
intermetallic cavity, there is room for an ambidentate 
anion, i.e., an anion presenting two distinct donor atoms. 
The chosen fluorescent indicator is coumarine 343, 9, 
which, in its anionic form, should be capable of bridging 
the two Cu" ions of 8, with the carboxylate group. In fact, 
titration of a solution of coumarine 343, buffered 
at pH = 7, with a solution of the dicopper(l1) cage com- 
plex 8, induces quenching of the intense coumarine emis- 
sion at kt,,,, = 487 nm. Quenching is associated with the 
bridging of the two metal ions by the carboxylate group 
of coumarine 343 and with the occurrence of an elec- 
tronic energy transfer involving the metal center(s) and 
the excited fluorophore. Thus, the desired chemosellsing 
ensemble can be generated by making a degassed aqueous 
solution 2 x l o p 4  M in 8 and l o p 7  M in the fluorescent 
indicator, i t . ,  two thousands tirnes less concentrated. 

Titration of the resulting cheinosensing ensemble 
solution with a standard solution of carbonate (Fig. 7, 
full triangles) results in an almost complete recovery of 
the coumarine emission. This result indicates that there is 
successf~~l competitive binding of the H C 0 3  ions and 
displace~nent of the indicator from the intermetallic cav- 
ity of complex 8. Full restoration of the coumarine 
emission is also observed when the solution of the 
chemosensing ensemble is titrated with N 3  and with 
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Fig. 7 Titration of the chemosensing ensemble 18 + 91 with 
some inorganic anions. HCO; is able to displace the indicator 
from cape 8. an eT'ent signaled by fluorescence rehival of the 
released indicator 9 (full triangles). Other anions do not 
displace the indicator and do not make fluorescence revive: 
phosphate (open triangles); acetate (full circles): and sulfate 
(open diamonds). 

bite length, A 
Fig. 8 Selective inclusion of arnbidentate anions into the 
dilnetallic cage 8. LogK \-alues refer to the anion inclusion 
equilibrium at pH = 7. The bite is the distance of two consecutive 
donor atoms of the anion (see Fig. 9 for examples). Only anions 
with an inclusion constant K that is higher than 10'"which 
corresponds to the i~lclusion of indicator 9, value indicated by the 
dashed horizontal line) are able to displace the indicator from the 
cage. with consequent fluorescence revival. Anions with a lower K 
are neither recognized nor sensed. 

Fig, 9 The definition of anion bite: the distance of tx'o 
consecutive donor atoms of an ambidentate anion. For linear 
anions like N3 . bite coincides with anion length. 

NCO . However. titration with a variety of a~nbidentate 
anions induces only a slight enhancement of the 
fluorescence. As an example. fluorescence intensity data 
for phosphate (open triangles). acetate (full circles), and 
sulfate (diamonds) are shown in Fig. 7. 

The behavior described above can be interpreted on the 
basis of the diagram shown in Fig. 8. In this diagram. the 
logM values for the equilibrium for the anion inclusion 
into the dilnetallic cage 8. at pH = 7 (f~rll  triangles). are 
plotted versus the anion bite length, i.e.. the distance 
between two consecutive donor atoms of the arnbidentate 
anion. As an example, bite length for N 3  and NO3- 
anions is shown in Fig. 9. 

The diagram in Fig. 8 displays a well-defined se- 
lectivity peak pattern, the highest inclusion affinity 
being observed tvith the N 3  anion. In particular. W3- 
has the correct bite length with which to place its donor 
atoms in the positions required by the two Cu" centers. 
without inducing any endoergorlic rearrangement of the 
cage. Almost ideal bite length values are exhibited by 
HC03 and NCO- . with inclusion affinities slightly 
slower than those for W3-. On the other hand. anions 
like N O 3  and N C S  exhibit bite lengths that are too 
short or too long. respectively. and their incorporation 
within the cage induces an endoergonic rearrangernent 
of the host cavity. either contraction or expansion. which 
inakes inclusion affinity drastically decrease. The 
horizontal dashed line at logK = 4.8 corresponds to 
the inclusion affinity of the coumarine 343 indicator. 

Fig. PO The chemosensing ensemble paradigm. A fluorescent 
indicator occupies the cavity of a receptor. and its emission is 
quenched. Whcn displaced by an analyte showing a higher 
affinity for the receptor, it displays its fnll fluorescence, so 
signaling the occurrence of analyte recognition. 
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Such a line defines the anions that can be revealed 
through the chemosensing ensemble procedure. by using 
cou~narine 343 as an indicator. In particular, those 
anions with logK values that stay above the dashed line 
are able to displace the indicator from the cage and can 
be fluorimetrically detected. On the other hand, anions 
with logK values that stay below the dashed line are not 
able to displace the indicator from the host cavity and 
cannot be fluorimetrically detected. 

CONCLUSION 

The principle of the chemosensing ensemble approach is 
pictorially illustrated in Fig. 10. It has to be noticed that, 
compared to the luminophore-spacer-receptor paradigm, 
the chemosensing ensemble approach presents a signifi- 
cant benefit: it does not involve any tedious synthetic step 
for covalently linking together the luminophore and the 
receptor, which can be used as such. Moreover, a further 
element of selectivity is introduced, in addition to that 
related to the analyte-receptor interaction. This selectiv- 
ity term is associated with the choice of the indicator. The 
indicator's higher or lower affinity toward the receptor 
(i.e.. the height of the dashed line in a diagram like that 
shown in Fig. 8) determines which analytes can be 
detected and which cannot. 

ARTICLES OF FURTHER INTEREST 

Fluoresceizce Sensing oj Anions. p. 566 
Fluo~escerit Sensors, p. 572 
Lunzinescer~t Pmbes, p. 821 
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IN f  RODUGTIQN-TYPICAL ADVANTAGES 
OF PHOTOPHYSlCAL METHODS 

During the last two decades, there has been an enormous 
increase in the use of photophysical methods in supra- 
molecular chemistry. Until recently, photophysical meth- 
ods, such as transient spectrometry and time-resolved 
fluorescence spectrometry, were primarily research tools 
in the arenas of photokinetics of small molecules. mate- 
rials physics, and biophysics. This situation changed 
dramatically with the introduction of commercial. user- 
friendly electro-optical components such as charge-cou- 
pled detector (ED)-based spectrometers, solid-state 
pulsed lasers, and other instrumentation necessary for 
time-resolved measurements. As a result. time-resolved 
spectrometry became more available to the community 
of supramolecular chemists, who now reached the level 
of sophistication that can benefit from the new hori- 
zons offered. 

Photophysical inethods generally offer numerous ad- 
vantages of csucial importance for suprainolecular chem- 
ists. particularly high sensitivity. i.e., reliable output at 
low concentration. Also important is the possibility of 
selectively probing individual chro~nophoric parts of mol- 
ecules and supramolecules. Tne accessibility of the infor- 
mation from dilute samples (typically 10p"10--7 molll) 
is important to a supramolecular chemist. as the typical 
features studied in supramolecular chemistry, such as re- 
ceptor-substrate association and formation and dissocia- 
tion of supramolecular associates and complexes, typi- 
cally suffer from side effects such as receptor-receptor 
self-association and component holnoassociation at high- 
er concentrations (> 1 0 ~ '  molll). Additional advantages 
of photophysical methods are the usually nondestructive 
nature of the measurements and the small sample volume 
required for the experiments. 

Most importantly. however, photoexcitation methods 
allow the detection of transient species. While an entity 
with a lifetime of 50 ns or less can be comfortably ana- 
lyzed by transient absoiption or fluorescence specti-ome- 
try, other physical inethods of steady-state character are 
likely to fail. For example, the timescale of most NMR 
experiments is longer than ca. 100 ms. which renders this 
method unsuitable for studies of short-lived species. 

Moreover. the typical tools of supramolecular chemistry. 
such as NMR spectrometry. require concentrations usually 
in excess of lop4  molll. and other favorite methods such 
as mass spectroscopy [fast-atom bombardment (FAB), 
electrospray ionization (ESI): matrix-assisted laser de- 
sorption ionization (MALDI)], and vapor-pressure os- 
moinetry do not directly provide information about 
supramolecular behavior in solution. The most favorite 
method, x-ray analysis. suffers from the limitation posed 
by the ultimate requirement of being able to grow single 
crystals. While this is. in numerous instances, possible in 
the case of pure molecular entities. supramolecules, being 
mixed molecular objects by nature, are usually difficult to 
grow in the form of a single crystal. 

These statements are not meant to be demeaning of the 
classical tools of supramolecular chemistry. rather to point 
out that photo-techniques offer researchers in this field 
another level of information. The previous paragraphs are 
meant to define the areas where photophysical techniques 
rnay be particularly useful. and a major purpose of this 
article is to alert the suprainoIecular chemistry coinmunity 
to the potential of photo-methodology and to provide 
encouragement for its utilization. 

The focus of supramolecular chemistry is on the devel- 
opment and application of ~nolecules with highly selective 
structure-specific interaction. i.e.. molecules that can 
"recognize" each other and form complexes or supra- 
molecular associates together. A typical object of study 
investigated using photophysical methods is the associa- 
tion of chromophoric species. The requirements for this 
are that at least one of the entities forming the associate 
has to be a chrornophore, or contain a chro~nophoric res- 
idue, and that the process of association must be accorn- 
panied by an observable perturbation of the photophysical 
properties of the chromophore. If this is the case, photo- 
physical methods are able to provide invaluable infor- 
 nation about the behavior and environment of the 
chromophore. silnply by observing the absorption and 
emission patterns and their changes with time. 
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Luminescence Methods 

The most common methods of measuring excited state 
lifetimes involve monitoring the time dependence of the 
sample emission after exciting it with pulsed excitation. 
From the sample response relative to the excitation pulse, 
information about the decay kinetics and about the 
amount of species generated (quantum yield) can be 
obtained. One such instrument used by these authors is 
depicted in Fig. 1 .  This apparatus is based on a nitrogen- 
pumped broadband dye laser [2-3 nm full width at half 
maximum (FWHM)] (PTI GL-3300 N2 laser; GL-301 dye 
laser). The N2-laser fundamental output at 337.1 nm can 
be employed directly, or it can be used to pump the dye 
laser to obtain the excitation pulses. For example, the 
authors used Coumarin 460 (440480  nm) for excitation 
of Ru(11) diimine complexes, see below. Pulse energies 
were typically attenuated to -- 100 pJ/pulse. The lumi- 
nescence was recorded at 90' to thc incident beam via a 
long-pass optical filter to cut out scattered laser light, 
focused through a lens system onto the entrance slit of an 
,fl3.4 monochromator ( t 4  nm). The emission was detected 
with a Hamamatsu R928 photomultiplier tube (PMT), 
wired for fast response, and was negatively biased with a 
Stanford Research PS325 power supply. The PMT signal 
was terminated through a 50 ohm resistor to a Tektronix 
TDS 380 digital oscilloscope (400 MHz). The CRO data, 
representing an average of 128 laser shots collected at 

2-3 Hz, were transfemed to a computer and processed 
using ~icrocal'" originT" software. This system, 
depicted in Fig. 1, allows measurement of luminescence 
lifetimes from a few ns upwards, with excellent signal- 
to-noise and data reproducibility. Such an instrument is 
an excellent choice for studies involving various lumi- 
nescent metallocomplexes that display relatively long- 
lived excited One can find countless examples 
of supramolecular structures utilizing the photophysical 
properties of diiminc and other complexes of Ru(II), 
Os(IT), and Re(1). An important advantage of such an 
instrument is that it can be straightforwardly assembled 
from parts by nonexperts at relatively low cost. The dye 
laser allows excitation tuning over a wide variety of 
visible wavelengths (v. i . ) .  

The instrument described above may be convenient- 
ly used to investigate supramolecular association of spe- 
cies with long-lived excited states. A typical example of 
such a situation is the binding of a substrate to an optical 
sensor. In principle, one can consider two possible sit- 
uations: quenching of the fluorescence intensity or an 
increase in fluorescence intensity. In the first, the fluo- 
rescence intensity is quenched as a result of decreases 
in the fluorescence lifetime or quantum yield on binding. 
The fluorescence quantum yield may decrease because 
of dynamic or static quenching, depending on whether 
the quenching of the excited state is due to diffusion of 
the luminescent entity and the quenches, or whether the 
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Fig. B Ccncral outline of the dye laser lifetime instrument. (Uppcr panel) The instrumental scheme. (Panel A) The whole instrument 
setup and the nitrogen laser housing (N21,) and the digital oscilloscope. (Panel B) The optical path. (Panel C) The emission 
monochromator (EM). photomultiplier (PM), and dye laser (DI,). (Courtesy of Dr. F.N. Castellano, Center for Photochemical Sciences. 
BGSU.) (Vicw fhis art in color czt www.dekkev.con~.) 
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Fig. 2 (Lcft pancl) Structure of sensor 1. (Center pancl) Changes in lumincsccncc intensity of sensor I upon the addition of cyanide. 
[(Inset) Binding isotherm monitored by the intcgratcd luminescence intensity.] (Right pancl) Changcs in the tirnc-resolved PL, decay of 
sensor I upon the addition or cya~iide. [(Inset) Shifts in fractional intensity of the two lifctimc componcnts obtaincd from bicxponential 
analysis.] 

qucnchcr forms a weakly (or non-) luminescent complex 
with the luminophore in the ground siatc. The concen- 
tration quenching process is utilized in so-called iifetime- 
based sensing. The lifetirne here is used to observe the 
degree of saturation of the sensor by the substrate. Such 
lifctime measurements are most effectively performed 
using compounds with long-lived excited statcs, making 
for a higher degree of sensitivity to added substrate con- 
centration, for example, sensors incorporating tris(phe- 
nanthroline)Ru(II) or tri.s(bipyridine)Ru(TT) complexes 
that exhibit long-lived metal-to-ligand charge-transfer 
(MLCT) excited states with lifetimes up to 150 ns,I3' e.g., 
complex 1. Complex 1 is an efficient sensor for fluoride 
and cyanide anions, which are bound to the sensor pre- 
sumably via hydrogen bonding to the pyrrole NH groups 
(Fig. z). '~ '  

Shown in Fig. 2 is the luminescence lifetime quenching 
of sensor B as a function of Lhe cyanide concentration. 
Prior to cyanide addition, 1 exhibits a single exponential 
lifetime ( ~ = 3 8 0  ns). At low [CN 1, the decay profiles 
could be adequately fit by a single exponential function, 

with a slightly reduced lifetime (340 ns). At higher [ C N  1, 
the time profiles exhibit biexponential kinetics. Both ex- 
ponential components remain effectively constant, rang- 
ing from 320-370 ns (long ?) and 13 to 17 ns (short ?). 

The average lifetimes shorten as a function of the CN 
concentration, because the fractional intensity shifts from 
an initial dominant long lifetime component to the short 
lifetime component as the C N  concentration increases 
(Fig. 1, right panel, inset). These data suggest that there 
are at least two distinct luminescent species, consisting of 
anion-bound 1 (short T )  and free 1; the sum of which 
results in the observed lifetime qucnching. In this case, the 
shift in fractional intensity makes 1 a suitable lifetime- 
based sensor for anions. 

While the above-described instrumentation is an ex- 
cellent choice for long-lived excited states such as the 
RU'+ and 0 s 2 +  polypyridyl complexes, organic-based 
chromophores and fluorescence labels frequently used 
by supramolecular chemists require higher time resolu- 
tion. Commercially available time-correlated single 
photon counting (TCSPC) instruments can readily access 

Fig. 3 Two views of a TCSPC spectrofluorimcter from Edinburgh Analytical Instruments (FL/FS 900). (View this art in color at 
www.dckkev.com.) 
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Fig. 4 Sensor 2.  Excited state decays o f  pyrene and Sensor 2 when excited in DPQ moiety and in the pyrene antennae. (Right-bottom) 
The excitation (trace a. left axis, e~uission at 490 nm) and absorbance (trace b, right axis) spectra o f  2. 

lifetimes as short as 500 ps, and longer than 1 ys. Such 
instruments are relatively expensive, but their great ad- 
vantage is modularity. Commercial instruments may be 
purchased as turnkey lifetiine/continuous wave (CW) 
instruments, and their modularity allows for continuous 
upgrading and adding of different excitation sources, 
thus providing avenues for development of the instru- 
ment to suit the increasing needs of the users. The price 
of such instruments (see. for example, Fig. 3) is in the 
U.S. $70.000-100.000 range, depending on the acces- 
sories required. 

An example of a commercially available TCSPC in- 
strument used by the authors is shown in Fig. 3. The ex- 
citation source in the steady-state configuration is a 450 W 
Xe lamp optically coupled to a monochromator (2 nm). 
The emission is gathered at 90" and passed through a 
second monochromator (2 nm). The emitted light is 
detected with a Peltier-cooled ( 30°C), R955 red-sensi- 
tive photomultiplier tube (PIVIT). This same instrument 
can also be configured for TCSPC measurements, when 
the excitation source is a nanosecond flash lamp operating 
under an atmosphere of H2 gas (0.50-0.55 bar, 0.7 nm 
FWHM, 40 kHz repetition rate), the output of which is 
dispersed with a monochromator prior to sample excita- 
tion. This particular setup allows access to lifetimes as 
short as 300 ps. It should be noted, however, that with an 
alternative light source and detector, TCSPC can measure 
lifetimes as short as a few ps. The data from time-corre- 
lated experiments are analyzed by iterative convolution of 

the luminesce~lce decay profile with the instrument re- 
sponse fiinction using software packages that are usually 
provided by the manufacturer. 

One example of the use of this instrument is in the 
investigation of the resonance-energy-transfer-amplified 
sensing of inorganic anions by Compound 2. The dipyr- 
rolylquinoxaline (DPQ) moiety of Compound 2 is an ef- 
ficient energy acceptor for the two pyrene antennae 
inolecules present in the structure. The excitation of py- 
sene does not result in emission from pyrene moiety 
(AF= 395 nm. ~ = c a  30 ns). Instead. the energy of the 
pyrene excited state is rapidly transferred into the DPQ 
residue of the sensor, which emits = 495 nm. r = 1.8 ns). 
This behavior is schematically shown in Fig. 4. The kinetic 
experiments together with the steady-state excitation 
spectrum of 2 (which shows remarkable resemblance to the 
absorption spectrum of 2, including the well-resolved 
bands of pyrene) were recorded using the above-described 
TCSPC instrument. 

Transient Absorption Spectrometry 

The observation of luminescence. in general. and fluo- 
rescence, in particular, requires that the excited state being 
monitored undergo a radiative decay process that is sig- 
nificant with respect to all the other deactivation pro- 
cesses. If this is not the case, then techniques based on 
light emission become useless. However. most excited 
states, radicals, and other transient species of potential 
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interest to the supramolecular chemist absorb light to 
some degree. It is this property that is harnessed in tran- 
sient optical absorption spectrornetry. In the so-called 
flash photolysis instrument, the absorption spectra and the 
kinetic behaviors of transient entities are recorded by 
monitoring their electronic absorption spectra before, 
during, and after photoexcitation of the sample with a 
short laser pulse. While this technique is not routinely 
used in the supramolecular chemistry community, we 
anticipate that it has the potential to become one of the 
[avorite spectrometric methods for study of the behavior 
of multichromophoric suprarnolccular systems. 

Experiments that do not require resolution below a few ns 
have a distinct advantage in terms of the relative sim- 
plicity of instrumentation, because they can be carried out 
using "real-time" detection. In those cases, a suitable 
continuous or pseudocontinuous probe source is generat- 
ed, and the intensity of the probe beam transmitted by the 

sample can be tnonitorcd as a function of time using a 
photomultiplier tube or suitable photodiode. A typical 
response tirnc of a PMT+ampliTier combination is of the 
order of 3 ns, and its o ~ ~ t p ~ ~ t  can be digiti~ed in real time by 
a digital storage oscilloscope; currently, oscilloscopes 
capable of digitizing at 1 Gsamples/s arc found. The os- 
cilloscope records the time profile of transmitted light 
intensity (measured as voltage). The construction details 
of laser flash photolysis instruments vary between re- 
search groups. In recent years, commercial units bccame 
availab~c."~ The schematic layout of a typical nanosecond 
laser llash spectrometer used by the authors is shown in 
Fig. 5. 

The instrument uses an excitation source of one of the 
harmonics (266 nid355 nm1532 nm, 7 11s FWHM) of a 
Nd:YAG laser (Continuum Surelite I) or tunablc visi- 
blc light from an optical parametric oscillator (OPO) 
(Opotelc). Other pulsed lasers can bc employed, the criteria 
being that a short pulse of light (<20 ns) be produced, with 
sufficient pcr pulse energy to generate enough absorbance 
to risc above the noise inherent in the spcctrorneter. 
During the experimcnl, thc laser bcam excites the sam- 
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Fig. 5 Nanosecond time-resolved absorption spectrometer located in the author's laboratory. The excitation source is one of thc 
harmonics (355 nml532 nm, 7 ns FWHM) of a Nd:YAG laser (Continuum Surclite 1) or tunable visible light from an OPO (Opotek). 
Data are acquired at 5 Hz and analyzed with programs assembled using LabView (National Instruments) software. (View zhis art in 
color at w+vw.dekker.com.) 
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ple generating the transient species. In many instru- 
ments, the pump and the probe beams are perpendicular 
to each other, but collinear and co~mterpropagating con- 
figurations are also employed. Continuum light sources 
such as the xenon arc or quartz-halogen lamp are most 
often used for a probe beam source. These lamps in CW 
mode provide useful output across the ranges 200-800 
nm and 300-1000 nm; respectively. In some cases, it is 
advantageous to briefly pulse the monitoring lamp to 
high intensity. 

The CW white light transnlitted by the sample contains 
embedded information on the time-dependent absorption 
spectrum of the generated transients. One method of 
extracting the information is to select a wavelength of 
interest with a monochromator, placing a photo-detector 
at the exit slit. The most widely used detectors are pho- 
tomultiplier tubes (PMT). chosen for their high sensitivity 
and fast tirne response. Solid-state devices, based on Si 
(200-1100 nm), InGaAs (700-1800 nm) and Ge (800- 
1800 nm), were also employed. but their lack of dynode 
amplification necessitates coupling them to high-band- 
width, high-gain amplifiers. 

The electrical charge collected by the anode of the 
detector is caused to run to ground through a load resist- 
ance (most often the input impedance of a waveform 
processing device). This generates a voltage across the 
resistance. which is processed by a digital storage oscil- 
loscope, or other analog-to-digital converter. These de- 
vices can also be used to filter and average signals. The 
digitized voltage-time profile (at one wavelength) is 
transfened to a PC for processing and data analysis. Then, 
the wavelength can be changed by a chosen interval and 
the data acquisition process repeated sufficient times 
until sufficient data are accumulated to assemble an 
absorbance wavelength time, or A(i,.t), surface (see Fig. 8). 
In practice, some signal treatment is required, because 
often the difference between the amplitudes of the incident 
and transmitted monitoring beams is very small. of the 
order of < 1% of the total signal, and severely distorted by 
the intrinsic noise in the spectrometer. In such cases. data 
acquisition is repeated many times at each wavelength 
step, and signal averaging techniques are employed. De- 
scribed above is a method termed "continuous photo- 
electric recording." 

Instead of using the monochromator-detector combi- 
nation and collecting time profiles at single wavelengths, 
a spectrographic technique can be employed. In this 
method, the exit slit of the monochromator is removed, 
and an anay detector (e.g., a CCD) is placed at the focal 
plane of the grating/mirror. In this way. the dispersed 
white light spectrum illuminates the array and each pixel 
views a given narrow wavelength region, depending on 
the dispersion of the grating. Thus, the whole transmitted 
light spectrum is recorded simultaneously. This is termed 
the multiplex, or Felgeit, advantage. Array detectors are 
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Fig. 6 A photochemically driven translation isomerism in a 
[2]rotaxane supramolecular machine according to Ashton et al. 
The flash photolysis data, together with electrochemistry 
observations, allowed the authors to obtain a complete electronic 
picture of the processes governing the switching mechanism in 
this [2]rotaxane. from both energy and kinetic perspectives. 

limited in time resolution, so to use this method for mi- 
crosecond and shorter-lived species, a gating method must 
be used to restrict the time for which the detector views 
the probe beam to short durations. For example, if dealing 
with a transient state having a 500 ns lifetime, in order to 
obtain a time profile with sufficient resolution, it would be 
necessary to sweep the profile with gate widths of no more 
than 50 ns. 

For a supramolecular chemist who wants to investigate 
the association processes between several chromophores 
capable of interaction, such as donor-acceptor pairs in 
resonance energy transfer (RET) or photoinduced elec- 
tron transfer (PET), laser flash photolysis is an indis- 
pensable technique. A particular example is given in a 
report of a light-driven molecular machine by Ashton 
et a1.l'' The authors studied a [2]rotaxane system consisting 
of a rt-electron-donating macrocyclic polyether bis-p- 
phenylene-34-crown-lO and a dumbbell-shaped compo- 
nent that contains a RU" trisbipyridine complex as one of its 
stoppers in the form of a photoactive unit; a p-terphenyl- 
type ring system as a rigid spacer; a 4,4'-bipyridinium unit 
and a 3,3'-dimethyl-4;4'-bipyridinium unit as n-electron- 
accepting receptors; and a tetraarylmethane group as the 
second stopper. The stable translation isomer is the one in 
which the crown-ether macrocycle is docked in the 4,4'- 
bipyridinium unit. Upon excitation of the RU" tr; .s b' ipyr- 
idine moiety of the rotaxane, the photochemical reduction 
of the 4.4'-bipyridinium takes place. As a result, the poly- 
ether macrocycle is shifted to the second receptor site, the 
3,3'-dimethy1-4,4'-bipyridini~im unit. The reverse electron 
transfer from Receptor 1 to the Ru" trisbipyridine complex 
results in a polyether macrocycle shift back from receptor 
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Fig. 7 An ultrafast transient spectrograph used by authors. 
(View this art in color at >i;~vw.rlekker.corn.) 

1 to Receptor 2. This mechanism of photochemical 
switching is shown in Fig. 6. The photochemical behavior 
of the rotaxane. as well as model compounds, was thor- 
oughly investigated by laser flash photolysis, which 
allowed the authors to obser\~e growth and decay of the 
individual excited states of the [2]rotaxane components, 
thus allowing for study of the sequential character of the 
processes involved. 

Ultrafast Techniques 

The major limitation of the photoelectric recording widely 
used for flash photolysis studies on the suprananosecond 
timescale is what can be thought of as the nanosecond 
bawier. This limitation arises because of the intrinsic time 
response of the electronic devices that must be used to 
acquire and process the photon-generated cathode current 
of the PMT or photodiode. All such devices have im- 
pedance, and even the best-designed circuitry has stray 
capacitance of typically 20 pF. which, when combined 
with the 50 R industry standard of electronic amplifiers, 
yields a RC time constant of 1 ns. Hence. instruments built 
from conveniional electronic units will have minimum rise 
times in the ns region. and therefore. chemical changes that 
have lifetimes less than 5 ns. say, will be severely de- 
formed. Of course other reasons may intervene (e.g., 10 ns 
wide laser pulses) that make the illstrument response even 
poorer than implied by the nanosecond barrier. 

It is important to find a way around the nanosecond 
barrier problem if reactions occurring in the subnano- 
second regime are to be investigated, and the pump-probe 

method provides the path. In this: two light pulses are 
generated: one to excite the sample and one to probe the 
system at a given time postexcitation. Early pump-probe 
experiments used high-energy flash lamps for generating 
the transients and lower energy flash sources as interro- 
gating beams. The two flashes were electronically de- 
layed, one with respect to the other. This procedure stems 
from the methodology employed by Norrish and Porter in 
1949 as part of their invention of flash photolysis leading 
to the Nobel prize in Chemistry in 1967 and which rev- 
olutionized the st~tdy of short-lived transient species.17.81 

Flash lamps were superceded by pulsed laser sources, 
which are monochromatic, highly collimated, and have a 
much higher repetition rate. Using a single laser source. 
the probe pulse can be a small amount split from the main 
pump beam and sent to the sample via a variable length 
delay line. Because the pump and probe pulses are of the 
same wavelength. this experiment is restricted to mea- 
suring the kinetics of repopulation of ground state ab- 
sorption removed (bleached) by the pump pulse. In spite 
of this restriction, this method was fruitfully employed 
in several ~aboratories.'"'~' Significantly more informa- 
tion is available when the probe pulse is a white light 
continuum coupled to spectrographic dispersion. Coherent 
continua are generated by taking a few pJ of the laser 
output, sending it around an optical delay line with a step 
resolution of 6.6 fs, and focusing it into a suitable liquid or 
crystal to generate self-phase modulation (a nonlinear 
optical process involving stimulated Raman and multi- 
wave mixing within the waist of a high-peak-power laser 
beam). The resulting white light is directed through the 
irradiated sample, where it picks up the absorption in- 
formation, and from there it is dispersed in the spectro- 
graph and finally incident on a CCD detector at the focal 
plane of the spectrograph. Under these conditions. one 
obtains an absorption spectrum of transient species 
formed or ground-state species removed by the initiating 
pulse. This spectrum will be registered at a time that is 
given by the difference in arrival times of the pump and 
probe pulses at the sample, and it will be an average over 
the temporal width of the probe pulse. An alternative 
method of obtaining spectral information is to employ a 
probe beam of a selected, but changeable wavelength. 
Such a beam can be isolated from a continuum by one of a 
set of interference filters, or it can be generated by an 
optical parametric amplifier that can be scanned to pro- 
vide spectral  overage.^'^"^^ In both instances. the de- 
tector is a commonplace photodiode. 

Repetition of the spectrum acquisition sequence at 
different probe pulse arrival times provides a series of 
spectra delayed with respect to each other. Thus. time 
resolution of the reaction is achieved in a point-by-point 
manner, whereby the A(i,-;t) surface can be produced. In 
this experiment type, the detector of the transmitted probe 
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light (CCD) behaves as a photon integrator only, and 
the time resolution derives from the instrument's capa- 
bility fhr measuring the difference in the time of arrival 
of the pump and probe pulses. This capability provides 
an intrinsic limitation to the pump-probe method, which 
depends critically on the width of the pulses being em- 
ployed. These days, light pulses as short as 20 fs or less 
are available. 

A schematic layout of the ultrafast system extant at the 
Ohio Laboratory for Kinetic Spectrometry at Bowling 
Green State University is shown in Fig. 7. The excitation 
source (H) is a mode-locked, amplified Ti-S laser 
(SpectraPhysics, Hurricane). The output (red line) is 
typically 1 mJ per pulse at a repetition rate of 1 kHz ( 1  W 
average power). To obtain useful excitation wavelengths 
(400 nm, 266 nm) the output of the amplifier is coupled 
to a harmonic generator (CSX, SuperTripler, ST). To 
achieve tunable excitation wavelengths in the visible and 
near 111, the 800 nm beam is employed as a pump for an 
optical parametric amplifier (OPA-400, SpectraPhysics). 
The white light probe is generated (CG) by focusing a 
few pJ of the 800 nm beam into a thin sapphire plate. It is 
delayed with respect to the pump beam with the variable 
delay line (DL). It is overlapped with the appropriate 
pump beam in the sample cuvettc (S) steered into a fiber 
optic cable, then to the spectrograph (CCD). The PC 
controls all aspects of data acquisition and processing. 

This instrument was employed to examine the excited 
state dynamics of supramolecular systems generated from 
self-asseinblies between metal-substituted 18-crown-6 
tetra-substituted phthalocyanines (McrPc) with K+ ions 
contained in the crown sites (McrPcK) and metal-sub- 
stituted meso-tctrakis(4-sul1onatophenyl)porphyrin 
( M T P P S )  o r  rnpso-(4-carboxylphcny1)porphyrin 
(MTPPC). In the absence of added potassium ions, no 
hetero-complexes were formed. In the presence of K', 
absorption spectral changes indicated the formation or a 

ligand-to-ligand charge transfer (LLCT) state between the 
constituent .rc-systems. Excitation could be carried out at 
400 nm, which populated the porphyrin-localized S2 state 
or directly into the CT band (690 n ~ n ) . " ~ ~  

Each complex studied showed transient features and 
kinetics that were independent of the excitation wavc- 
length. The dynamic surface depicted in Fig. 8 shows the 
lirst 15 ps postexcitation of the co~nplex formed between 
NicrPcK and CuTPPS. Subsequent to 400 nm excitation, 
all coinplexes displayed rapid (sub-ps) conversion to the 
low-lying LLCT state, deactivation of which involved 
metal-centered states. In many complexes, the metal- 
centered states were formed within 2 ps, with lifetimes 
that varied somewhat with the metal center. In the case of 
the complex in Fig. 8, repopulation or the ground state 
occurred with a lifetime of 8 ps. In the figure, the im- 
mediate bleaching of the 690 nm LLCT absorption can be 
seen as a rapidly recovering negative absorption. This is 
accompanied by a growing spectral band to the red side of 
the bleach and at shorter wavelengths by the positive 
absorption assigned to the LLCT state. 

Ultrafast fluorescence tcchniq~~cs such as up-conver- 
sion and streak camera methods were not described in this 
article, as these were recently reviewed elsewhere.""' 

CONCLUSION 

After three decades or rap~d development, tune-resolved 
absorption and lurn~nescence \pectrometry emerged as 
powerful tools for \tudy~ng the \upr,~molccular bchav~or 
of molecules '~nd mdterials Such techn~ques provlde 
complementdry inforrnatlon to steady state IJV/Vls nu- 
clear infrared spectroxopy. whlch mdy be uscd to \tudy 
the supramolecular behavior In thc ground state The 
general sensltivlty ot tlme-correl,~ted tecbn~que\ com- 
blned wltb ins~ght Into the procc\\ dynam~cs and low 



Photophysical and Photochemical PvHethods 

amounts of samples required for experiments make these 
the methods of choice for investigation of supramolecular 
behavior of chromophores or chromophore-containing 
materials. With the exception of ultrafast methods, the 
experimental setups are, in most instances, relatively 
straightforward and commercially available to supramo- 
lecular chemists. At this point, the studies reviewed in this 
article illustrate how transient and time-resolved lumi- 
nescence spectrometry can be used to observe and u11- 
derstand the processes of association between molecules 
and ions in solution. The authors believe that future trends 
in applications of photochemical techniques would in- 
volve. among others, the development of instrumenta- 
tion and experiments for application to multicompollent 
(multichromophore) systems and s~ipramolecular behavior 
on interfaces between solid and liquid. liquid and liquid, 
etc. Most notably, with the growing accessibility of in- 
strumentation and widening scope of applications, we 
envision that photochemical methods in conjunction with 
microscopy will constitute the cutting edge in the transi- 
tion from bulk-material to supramolecular chemistry on a 
single-chromophore level. 
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INTRODUCTION 

Porphyrin-like structures received considerable attention 
because of their interesting chemical and physical behav- 
iors, and because of nature's ubiquitous use of porphyrins 
in e1ectro:l-transfer processes. The phthalocyanine (here- 
after referred to as PC) is a porphyrin-like dye that has 
been known for many years. The word phthalocyanine, 
from the Creek for naphtha (rock oil) and cyanine (blue), 
was first used by Linstead in 1933 to describe a new class 
of organic c o r n p o ~ ~ n d s . ~ ' ~  Phthalocyanine was probably 
discovered by accident in 1907. as a by-product during the 
synthesis of o-cyanobenzamide, but it was not until almost 
20 years later that a patent was filed describing a 
manufacturing process. Linstead and coworkers showed 
that a vast range of phthalocyanines, the rnetal (M)- 
substituted forms of the molecules (hereafter referred to as 
MPcs), were all based on the structure depicted in Fig. 1. 
In a classic series of papers, starting in 1935, Robertson 
and coworkers showed that the environment of the metal 
atom in MPcs was square planar and coordinated with four 
pyrrolic N atoms, and moreover, that the entire Pc- 
molecule was flat within the limits of uncertainty.['.31 

To date, a large number of different MPcs were 
synthesized and studied. with a concomitant huge litera- 
ture of thousands of publications. The impact of the 
phthalocyanines is so high that. since 1997. John Wiley & 
Sons Ltd. publishes in regular issues The Jo~ivnal of 
Poi-phyrins and Phfhalocyanines. Also. monographs on 
phthalocyanines and their derivatives can be found in the 
lite~ature. '~' I11 acade~nic laboratories, MPcs received 
extensive attention for the reasons that follow. They 
provide a versatile chemical system. and they can be 
easily crystallized and sublimed, resulting in materials of 
very high purity. Crystals of phthalocyanines are excep- 
tionally stable in a huge range of temperature and pressure 
variations. Also. strong acids or bases do not affect 
conventional MPcs. The conjugated x-system, containing 
18 electrons in the macrocyclic ring, leads to reinarkable 
electronic and optical properties."1 Especially intriguing 
is the ability to adjust the phthalocyanine's structural and 
electrical properties by synthetic means. thus making 
them ideal model compounds. They are. moreover. of 
great interest for their magnetic properties, because 
manganese phthalocyanine (MnPc) was one of the first 

molecular magnets.i61 and iron phthalocyanine (FePc) has 
one of the largest internal hyperfine fields ever reported 
for iron coordination compounds. regardless of the spin 

USES OF METALLOPHT HALOCYANINES 

As a consequence of their chemical and physical proper- 
ties, phthalocyanines are widely exploited in industry in 
a variety of applications.'"."' For example. the English 
Royal Mint uses the popular copper-substituted variety 
(CuPc) as a blue dye in £5 notes. Besides as conventional 
dyestuffs. MPcs are commercially used as coatings for 
readlwrite CD-ROMs: with obvious implications for the 
coinputer and communications industries. Moreover, 
many types of chemical sensors based on phthalocyanines 
were proposed, including thin-film resistive devices, FET 
sensors; and Langmuir-Blodgett films. They are also used 
for electrochromic display devices, photovoltaic and 
electrophotographic devices, shields against electromag- 
netic interference, germicides. and deodorants. In addi- 
tion, cobalt phthalocyanine is used as a homogeneous 
catalyst in the industrial desulfurization of crude petro- 
leum (the Merox process), while iron phthalocyanine 
(FePc) is a useful laboratory catalyst for several oxidation 
reactions: including hydrocarbon  oxidation^."^' Particu- 
larly important, in this respect. is that FePc is currently 
used to prepare arsays in large-scale production of carbon 
nanotubes'"' that have electronic properties currently of 
great interest for promising technological applications. 
Also, in medicine, the fluoroaluminum phthalocyaaine 
was extensively studied for potential use as a target 
molecule in anticancer treatments. For these purposes, 
more than 50,000 tons of Pcs are used per year. 

A VERSATILE CHEMICAL SYSTEM 

The methods of synthesis. originally described by Lin- 
stead, are still the most widely used for preparing 
phthalocyanines. Effective solvents to obtain metal-free 
Pc (M = 2H) from 1,2-dicyanobenzene are found to 
be dialkylalkanolamines. Many MPcs are obtained by 
reacting a derivative of 1,2-dicyanobenzene with a finely 
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Phthaiocyanines 

Fig. 1 Chemical structure of ~netallophthalocyanines. 

dispersed metal or a metal salt. The reactants are usually 
heated in high-boiling-point solvents like o-dichloroben- 
zene and chloronaphtalene. The nature of the sequestered 
metal ions has an influence on the physicochemical 
properties of the MPc. For example, the oxido-reduction 
behavior of the molecular unit or the nature of the 
photochemical excited state may be altered by changing 
the metal ion in the complex. By varying substituents on 
the ring, the range of properties of MPcs may be ex- 
panded even further. In recent years, many reports 
appeared on the synthesis of new phthalocyanine deriva- 
tives. These experiments are aimed at the development 

of materials with specific properties. Of the numerous 
compounds based on Pcs. some selected examples are 
reported in what follows. 

SELECTED EXAMPLES OF 
PHTHALOCYANlNES AND T HElR 
DERIVATIVES WITH SFEClFlC PROPERTIES 
AND POSSIBLE APPLICATIONS 

indium Phtkalocyanines as Optical Limiters 

Phthalocyanines have interesting optical properties that 
may be useful for nonlinear optical applications of these 
complexes. In this respect, optical limiting of indium 
phthalocyanines (InPcs) is particularly promising, as evi- 
denced by the research activity of Nanllack and coworkers 
in the last few years."21 They succeeded in optimizing 
InPc for optical limiting using different axial and 
peripheral substituents and expanding the ring to naphtha- 
locyanines. Among the phthalocyanines, the materials with 
tetra-tert-butyl peripheral substitution and (pnm-trifluoro- 
methy1)phenyl-. and perfluorophenyl- axial substituents 

Fig. 2 The first reported and water-soluble dendritic phthalocyanine. (After Ref. [13]. Reproduced by permission of The Royal Society 
of Chemistry.) 



were found to be useful materials for optical limiters in the 
480-580 nm range. 

A Phthalocyanine-Based Dendrimer for 
Harvesting Low-Energy Photons or for 
Photoinduced Electron Transfer Reactions 

Metallophthalocyanines are poorly soluble in water. A 
way to increase their solubility is by introducing sub- 
stituents onto the aromatic rings. This is the case, for 
example. of the first dendritic phthalocyanine that was 
reported in 1998 by Kobayashi's group.i1" The octa- 
kis[3,5-(dicarboxy)-phenoxy] ZnPc was first synthesized 
and eight triply-branched carboxyethylesters containing 
amino groups were reacted in the presence of dicyclo- 
hexylcarbodiimide. The 23 terminal ester groups were 
hydrolyzed with LiOH in MeOH-H20. A repeat of this 
reaction gave the second-generation dendrimer. After 
hydrolysis, the conlpound became the first water-soluble 
dendritic phthalocyanine (Fig. 2) with an approximate 
diameter of 5 nm. Dendrimers are of great interest for their 
possible uses, because they function for harvesting low- 
energy  photon^^'^' or giving a hydrophobic environment in 
aqueous  solution^."^^ Because Pcs are robust. dendrimers 
of MPcs are promising candidates for future research. 

Electronic Conductors Based on 
Phthalscyanine Complexes 

Similarly, the solubility of PCS in organic solvents is 
increased by introducing bulky substituents on the ring. 
For example, PC derivatives substituted with crown ether 
m a ~ r o c y c l e s ~ ' ~ ~  are soluble enough in organic solvents to 
be deposited from solutions and arranged in thin films. 
which may, thus, be used for electrical devices and 
sensors. Even if these materials are insulators when 
undoped (as are conventional MPcs). they possess, 
however, accessible .n and n* orbitals that make at least 
partial oxidation or reduction of the macrocycle possible 
with gases such as NO2. This yields more or less 
conductive molecular materials. The presence of the 
metal ion is not a prerequisite for high electrical 
conductivity. For example, room temperature measure- 
ments on the 15-crown-5 metal-free PC derivative showed 
that the conductivity increases notably (with satisfactory 
reversibility) when the layers are exposed to NO2 in the 
range of 1-5 ppm.i161 Of importance here there is that 
there are, also, PC complexes of rare-earth ions,"71 which 
are far more easily oxidized and reduced than the PC 
derivatives substituted with crown ether macrocycles. 
These rare-earth-containing derivatives are most often 

Fig. 3 Different ways of assembling phthalocyanines: (a) a ladder polymer: (b) a plane polymer; (c) and (dl stacked a~~angenlents  



dimeric, with the metal "sandwiched" between the two 
Pc rings. Rare-earth ions are normally in the 3+ state, and 
the diiner is a neutral molecular radical. This radical was 
reported to be the first intrinsic molecular semiconduc- 
tor.[18i For a recent review on dimers of phthalocyanines 
and related compounds, we refer the reader to Ref. [19]. 
Organic conductors based on Pcs were investigated ex- 
tensively (see. i.e., Ref. [20]). Large systems of these 
metal con~plexes can be assembled in three different ways 
(Fig. 3). A first a

r

rangement is that of the ladder polymers 
and a second one that of the plane polymers.'21i The latter 
type, e.g., polyCuPc, has conductivity 10"' times higher 
than that of monomeric CuPc. A third possible way of 
assembling MPcs is via the stacked arrangement. This 
arrangement leads to low-dimensional materials and 
permits electron delocalization by n-n overlap of the 
macrocycles. This stacking is thought to be a prerequisite 
for facile electrical conduction. 

Network Planar Poiymers of Phthaiocyanlnes 
as Catalysts or Adsorbents 

Network planar polymers of phthalocyanines (Fig. 3) are a 
subject of ongoing research: because they have potential 
technological applications, such as catalysts and adsorb- 
ents. Because phthalocyanines are highly stable toward 
low pressure, a range of solvents. and elevated tempera- 
tures; they are desirable in applications. The drawback is 
that, in comparison with catalysts and adsorbents made by 
inorganic nanoporous materials, with surface areas as high 
as 1200 m2/g, phthalocyanine-based network polymers 
usually have low porosity, with low values of surface 
areas (e 1 m'lg). However, promising preliminary studies 
of novel phthalocyanine-based network polymers 
showed that the surface area may be notably increased 
(450-950 m2/g) by using bis(phthalonitrile), which pro- 
vides a rigid spirocyclic linker for the phthalocyanine 
m o ~ e c u l e s . ' ~ ~ ~  

MAGNET16 PROPERTIES OF 
METALLOPHTHALOCYANINES 

Polymorphism and Magnetic Interactions 

From the discussion above, it is, thus, clear that the 
packing of the Pc molecules has a strong influence on the 
physical properties of the materials. Pcs seldom crystallize 
in the stacked arrangement shown in Fig. 3. Generally. the 
packing is as illustrated in Fig. 4, for the so-called x- and 
p-forms. These two forms were first reported in the early 
days for the CuPc and. subsequently. for other MPcs. A 
detailed description of the early research on the polymor- 
phism of MPcs can be found in Ref. [23]. In more recent 

alpha 

I 
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Fig. 4 Structural arrangements of macrocycles in the x- and 
8-forms. 

years, several new forms were reported.'' The main 
differences between the polymorphic structures are, for 
example, different angles of the PC molecules with respect 
to the stacking axis, linear or slipped arrangement of the 
molecules along the stacking axis, and, consequently. 
different overlapping of the neighboring molecules. In what 
follows. we will consider only the a- and p-forms, which 
are the most well known. We will see how they determine 
the magnetic properties of some selected examples of 
MPcs. nominally manganese and iron phthalocyanines. 

Manganese Phthalocyanines 

In the a- and a-forms. the molecules are tilted by a 
substantial angle with respect to the chain axis (Fig. 4): in 
the a-form. the angle between the stacking axis and the 
molecular plane of MPc is about 65". while in the a-form, 

"For a detailed description of crystal Ttructures of Pc complexes. see 
Refs. [4.24]. 



Fig. 5 The a,-E, interaction for rx-form (a) and p-form (b), and 
the e,-E, interaction for %-form (c) and p-form (d). 

it is about 45". The angle at the parallel adjacent chain is 
opposite. thus constructing a so-called "herringbone" 
structure. The particular structure in the p-form of 
manganese phthalocyanine (D-MnPc) is thought to cause 
the Mn-Mn ferromagnetic interactions that make this 
colnpound one of the first molecule-based magnets.[6' 
Upon cooling below 8.6 K, a-MnPc undergoes a phase 
transition to a canted ferromagnetic state. The magnetic 
moment associated with each molecule is essentially 
perpendicular to the macrocyclic plane, and, hence, is 
canted with respect to the stacking axis. On the contrary, 
the a-form of MnPc is antiferr~magnetic.'~' To under- 
stand these different behaviors, we will examine the spin 
correlation between Mn ions in adjacent molecules, 
because the orbital overlaps determine the magnitude of 
the magnetic interaction (Fig. 5) .  Here we must notice that 
the orthogonal metal 3ds and Pc x orbitals in the same 
molecule make the ferromagnetic interaction. Under the 
assumption that the electronic configuration of the 3d5 
electrons is (dx,.)2(dx,)' (dJ3j1 (clZ2)', the ferromagnetic 
interaction is caused by the overlap between the dz2 
unpaired electron (a, symmetry) with the 7c orbital of E, 
sylnmetry of the adjacent aromatic ring, which is 
orthogonal to the dz2 orbital of its metal ion. The 
antiferromagnetic interaction is due to the overlap of the 
d,,cl,., orbitals (e,  symmetry) with the same n orbital of Ex 
sym&etry. If the angle between the stacking axis and the 
PC-ring increases from 45" to 6s0 ,  the overlap of the dT2 
and the adjacent n orbital moves from the electron-rich N 
atom towards the node. Consequently, the ferromagnetic 

interaction will become weak. Thus. in the 0-MnPc. the 
ferromagnetic mechanism dominates, while in the 
a-MnPc. the antiferromagnetic path prevail5 over the 
much weaker ferromagnetic path. 

A Fearomagnetically 
Ordered Meta%%oporphyrin 

The search for lnolecular magnets is. at present. a subject 
of intense It follows that the observation 
of ferromagnetic correlations in the p-form of manganese 
phthalocyanine stimulated the research on the magnetic 
properties of this kind of material. Nevertheiess, the most 
interesting results were obtained only recently. Structur- 
ally similar to the phthalocyanines, the metalloporphyrins 
may also stack in different forms. giving rise to different 
magnetic properties. In 1998, it was reported that iron(I1) 
octaeihyitetraazaporphyrin crystallizes in two structures: 
the u-form, which is a canted molecular ferromagnet. 
with a critical transition temperature T,. = 5.6 K, and the 
?-form. which remains paramagnetic down to I K . ~ ~ ~ ~  
Thus, iron(T1) square coordinated complexes also seem 
prone to show different magnetic behavior depending on 
the stacking structure. 

In view of these experimental findings. a detailed 
characterization of the magnetic properties of iron 
phthalocyanines (FePc) was recently carried out.i71 There 
are two forms of FePc described in the literature. The 
a-form is metastable and obtained either as a polycrys- 
talline powder or as a thin film formed by vacuum 
deposition onto a cold substrate. The p-form is the most 
stable and may be obtained from the sublitnation 
technique in the form of a single crystal. Since 1935, 
the p-form of this compound has been repeatedly reported 
to behave as a paramagnet down to the lowest measured 
temperatures. Instead, detailed magnetic studies of the 
a-form of iron phthalocyanine (z-FePc) showed the onset 
of strong ferromagnetic correlations within the Fe ions 
along the stacking axis.[" For comparison. the magnetic 
susceptibilities of the a- and the fi-forms are shown to- 
gether in Fig. 6. 1t can be seen that the two susceptibilities 
are coincident at high temperatures, but that they strongly 
differ once the temperature is lowered below 100 K. The 
fact that the susceptibility of 0-FePc goes to zero at very 
low temperatures was explained in terms of zero-field 
splitting of the S = 1 triplet state of the Fe ion. leaving a 
nonmagnetic singlet as the lowest energy level occupied. 
Differently, the susceptibility of z-FePc increases strongly 
by lowering the temperature, indicating the presence of 
ferromagnetic correlations among the Fe ions. Only at 



Fig. 6 Experimental x,,,T versus T curves for x-FePc (0) and 
0-FePc (a). In the inset: the low-temperature variation of the 
molar magnetic susceptibility of r-FePc. 

about 10 IS does the susceptibility show a change of slope, 
and a rounded maximum is found at still lower temperatures 
(inset of Fig. 6). The decrease below the maximum was 
explained in terms of increasing domain-wall stiffness of 
the fei-romagnetically coupled Fe ions along the stacking 
axes with decreasing temperature. which is common in 
molecularly based ferro~nagnets exhibiting anisotropy and 
low magnetic density. By means of alternate-current 
magnetic susceptibility measurements, it was also reported 
that the maximuin in the susceptibility depends strongly on 
the frequency of the alternate current."' Such a behavior 
was already observed in m e t a l l ~ p o r p h y r i n s , [ ~ ~ . ~ ~  which 
have similar structures to the FePc, and implies that a fully 
ferromagnetic ordered state is not achieved in these 
systems. The reason is again intrinsic to the magnetic 
structure. The low-temperature properties of anisotropic 
ferromagnetically coupled Fe (or Mn) ions along the 
stacking axes are dictated by the thermal excitation of 
domain walls. It follows that if the metal ions belonging to 
neighboring axes are weakly magnetically correlated. the 
establishment of a fully ordered magnetic state can become 
a delicate process that is readily disturbed by the presence of 
lattice defects. i.e.. stacking faults of the inolecular 
arrangement along the axes. The presence of structural 
disorder was already directly observed by means of high- 
resolution transmission electron microscopy in several 
metalloporphyrins and meta l~ophthalocyanines .~~~~ The 
magnetic behavior of cx-FePc strongly reselnbles that of a 
glassy system, in which a freezing of the magnetic 
coinponents is formed below a certain temperature into a 
state of random magnetic disorder. 

Curiously, the magnetic phenomenology of the FePc 
forms is opposite that reported above for the MnPc forms: 
i.e.. FePc is ferromagnetic when it is in its x-form, while 

MnPc is ferromagnetic when it is in its 6-form. To explain 
such a difference, we should again consider Fig. 5 and Fig. 
4. Using the same arguments that we used for the MnPc 
forms. it is easy to show that the only possible electronic 
configuration of the Fe ions giving rise to ferromagnetic 
correlations is given by E,B (d32)~dx,)2(~z)1(d~xy)1. How- 
ever, the intensity of the ferromagnetic exchange should 
probably be weak: because it is in the xy plane, and the 
overlap is small. Thus. most likely, the ferromagnetic 
coupling present in the a-form does not originate from 
exchange interactions. On the other hand. the condition for 
enhancement with respect to the 6-form of the direct Fe-Fe 
interaction is fulfilled. because the Fe-Fe distance is 
reduced from 4.8 Pi (6-form) to 3.8 (a-form). In this 
respect, the overlap between a half-filled and a full orbital 
gives rise to ferromagnetic coupling. It follows that if the 
orbital configuration is ERA (d,,.)2(dA1,,j2(d,7)1(di2)i, as 
proposed by Coppens and coworkers for t h e  p-form from 
accurate x-ray diffraction,i301 the overlap may take place 
between two (d,,)"(rl,,)' orbitals. Of course, this overlap 
will decay strongly when the atoms are separated further 
by 1 A, and so the fe

r

romagnetic interaction weakens to the 
extent of being negligible in the p-form. 

CONCLUSION 

The 6-MnPc and the x-FePc are the only known exam- 
ples of phthalocyanine-based magnets. A strategy to 
achieve molecular magnetic ordering was to couple in 
three dimensions ferromagnetically coupled chains. The 
6-MnPc compound. having the Mn ions ferromagnetically 
correlated along the stacking axes of the molecules, 
belongs to this class, with T,. = 8.6 IS."' Other attempts to 
obtain ferromagnets with this strategy, such as a-FePc and 
the metalloporphyrine electron transfer salts. have in 
common the incomplete achievement of magnetic long- 
range order at low This is inconve- 
nient in the search for molecular magnets. The reason 
for this shortcoming is that the building elements are fel-ro- 
magnetic linear chains. and they are sensitive to defects, 
because a single defect breaks long-range magnetic 
order in a chain. So, the shortcorning is inherent to the 
approach. However, and for the same reason, they provide 
new phenomenology to clarify the interesting field of 
coexistence of ferromagnetism and glassy behavior. 

ACKNOWLEDGMENTS 

I am indebted to Prof. J. Bartolome and Prof. 
L.J. de Jongh for fruitful discussions on the magnetism of 
metallophthalocyanines. 



ARTICLES OF FURTHER INTEREST 

Cro~tlrz Ethers. p. 326 
De~zdrirners, p. 432 
Energy and Electrorz Transfer in Suprarnoleczllar Sys- 

terns, p. 535 
Hemoglobins: O2 Uptake nrzd Ti-ansport. p. 636 
iWnleczrlar-level Machines, p. 93 1 
0 2  Uptake arzd Transpor.t, Models of: p. 1023 
n-7~ Stacking as a Ci-ystal Engirleering Tool, p. 1093 
Porphyrirz Derivatives, F~~nctiorznl. p. 1139 
Porphyrin-Baser1 Cluthmtes, p. 1150 
Pyrrole- arld Polpyrrole-Based Aniorz Receptors. p. 1176 
Slrpramolecular Photoche~?zist~y. p. 1434 

REFERENCES 

1. Linstead. R.P.J. Phthalocyanines. Part I. A new type of 
synthetic colouring matters. Chem. Soc. 1934, 1016- 
1017. 

2. Robertson, J.M.: Linstead. R.P.: Dent. C.E. Molecular 
weights of the phthalocyanines. Nature 1935. 135, 506- 
507. 

3. Robertson. J.M. Orguizic Ciysm1.s arld Molecules: Cornell 
Univ. Press: Ithaca, NU. 1953, and references therein. 

4. The Porphyrin Hc~i~dbook: Kadish. K.M., Smith. K.M.. 
Guilard. R.. Eds.: Academic Press: Oxford. 2003: Vols. 
15-20. 

5. Cook. M.J. Thin film fornlulation of substituted phthalo- 
cyanines. J. Mater. Chem. 1996, 6 ( 5 ) .  677-689. 

6. Mitra. S.: Gngson. A,; Hatfield. W.; Weller, R. Single- 
crystal magnetic study on ferromagnetic manganese (11) 
phthalocyaninate. Inorg. Chern. 1983. 22. 1729-1732. 

7. Evangelisti. M.: BartolomC. J.; de Jongh. L.J.: Filoti, 6. 
Magnetic properties of Y.-iron(I1) phthalocyanine. Phys. 
Re\-. B. 2002. 66 (14). 114410 1-11, 

8. PIzfhnlocl\.c~nines: Properliej and Applicirtioi~s: Leznoff. 
C.C., Lever. A.B.P.. Eds.: VCH Publishers: Nem York. 
1996: Vol. 4. 

9. McKeow-11. N.B. Phthnlocyai~irze ~Waferinls-Synthesis, 
Structure n~ztf Functioi~: Cambridge Univ. Press: Cam- 
bridge. 1998. 

10. Parton. R.F.: Vankelecom. I.F.J.: Casselman. M.J.A.: 
Bezoukhanova. C.P.: Uytterhoeven, J.B.R.: Jacobs. P.A. 
An efficient mimic of cytochroine-p-450 from a zeolite 
encaged iron complex in a polymer membrane. Nature 
1994. 370. 541-541. 

11. Huang. S.: Dai, L.: Mau. A. Synthesis and structures of 
aligned branches carbon nanotubes produced by pyrolysis 
of iron(l1) phthalocyanine. Physica. B 2002. 323. 336-338 
and references therein. 

12. Hanack, M.: Schneider. T.: Barthel, M.; Shirk, J.S.: Flom, 
S.R.: Pong. R.G.S. Indium phthalocyanines and naphtha- 
locyanines for optical limiting. Coord. Chem. Rev. 2001. 
219-221. 235-258. 

13. Kimura. 1'4.: Nakada. M.: Yainaguchi, U.: Hanabusa. K.: 
Shirai. H.; Kobayashi. N. Dendric metallophthalocyanines: 

Synthesis and characterization of a zinc(1I) phthalocya- 
nine[813-arborol. J. Chem. Soc. Chem. Commun. 1999, 
(13). 1215-1216. 
Jiang, D.L.: Aida, T. Photoisomerlzation in dendr~mers 
by harvesting of low-energy photons. Nature 1997, 388: 
454-456. 
Sadamoto, R.; Tomioka, N.; Aida. T. Photoinduced 
electron transfer reactions through dendrimer architecture. 
J. Am. Chem. Soc. 1996. 118, 3978-3979. 
Roisin, P.: Wright. J.D.: Nolte. R.J.M.: Sielcken. O.E.: 
Thorpe, S.C. Gas-sensing properties of semiconducting- 
films of crown-ether-substituted phthalocyanines. J. Mater. 
Chem. 1992. 2 (1). 131- 137. 
Ishikawa, N.; Kaizu, Y. Synthetic, spectroscopic and theo- 
retical study of novel suprainolecular structures composed of 
lanthanidephthalocyaninedouble-deckercomplexes. Coord. 
Chem. Rev. 2002,226.93- 101 and references therein. 
Maitrot, M.: Guillaud. C.: Boudjerna. B.; AndrC, J.-J.: 
Strzelecka, H.: Simon. J.: Even. R. Lutetium bisphthalo- 
cyanine: The first molecular semiconductor. Conduction 
properties of thin films of p- and n-doped materials. Chem. 
Phys. Lett. 1987. 133 (1). 59-62. 
Kobayashi. N. Dimers. trimers and oligomers of phthalo- 
cyanines and related compounds. Coord. Chem. Rev. 2002. 
227. 129- 152. 
Guillaud, 6.; Simon. J.; Germain, J.P. Merallophthalocya- 
nines: Gas serrsors. resistors and field effect transistors. 
Coord. Chem. Rev. 1998. 178-180. 1433-1484 and 
references therein. 
Wohrle. D. Phthalocyanines in macrornolecular phases- 
Methods of synthesis and properties of the materials. 
Macromol. Rapid Commun. 2001. 22 (2). 68-97. 
McKeown. N.B.; Makhseed. S.; Budd. P.M. Phthalocya- 
nine-based nanoporous network polymers. Chem. Com- 
mun. 2002. (23). 2780-2781. 
Moser, F.H.; Tomas. A.L. The Phthaloc~aniizes: CRC Press: 
Boca raton. 1983; Vol. 1, 21-33. Vol. 2. 105. 
Engel. M.K. Single-crystal and solid-state molecular struc- 
tures of phthalocyanine complexes. Report Kawamura Inst. 
Chern. Res. 1997. 8, 11 -54. 
Yarnada. H.: Shimada, T.: Koma. A. Preparation and 
magnetic properties of manganese(I1) phthalocyanine thin 
films. J. Chem. Phys. 1998. 108, 10256-10261. 
Luneau. D. Molecular magnets. Curr. Opin. Solid State 
Mater. Sci. 2001. 5 (2-3). 123-129. 
Sellers, S.P.: Korte, B.J.: Fitzgerald, J.P.; Reiff, W.M.: 
Yee, C.T. Canted ferroillagnetism and other magnetic 
phenomena in square-planar. neutral manganese(I1) and 
iron (11) octaethyltetraazaporphyrins. J. Am. Chem. Soc. 
1998. 120 (19). 4662-4670. 
Griesar. I(.: Athanassopoulou, M.A.; Soto Bustamante, 
E.A.: Tomkowicz, Z.: Zaleski. A.J.; Haase. W. A fer- 
rilnagnetically coupled liquid crystal. Adv. Mater. 1997. 9 
(1). 45-48. 
Kobayashi, T.: Isoda, S. Lattice images and molecular 
images of organic materials. J. Mater. Chem. 1993. 3 (1). 
1 - 14. 
Coppens. P.: Li. L.: Zhu. N.J. Electronic ground state of 
iron(I1) phthalocyanine as determined from accurate dif- 
fraction data. J. Am. Chern. Soc. 1983.105.6173-6174. 



K-x interactions: Theory and Scope 

Ban Dance 
University of New South Wales, Sydney, New South Wales, Australia 

INTRODUCTION 

Intermolecular interactions involving aromatic sections 
of molecules are common in chemistry, biology, and 
materials science. The prototypical properties and con- 
ceptual framework for these interactions are introduced 
first, then the scope of the interaction will be surveyed, 
followed by more detailed description of key current 
fields of investigation and application. 

FUNDAMENTALS 

An aromatic hydrocarbon molecule, usually flat, contains 
a cyclic or polycyclic carbon framework that supports n- 
delocalized electron density. The n-electron density is 
polarizable, and this enhances the stabilizing dispersion 
interactions between the aromatic molecule and its neigh- 
bors. In addition, if there are more polarizable (larger Z )  
atoms or groups involved in the n-delocalized bonding, 
these dispersion stabilizations are further enhanced. In 
these ways, the underlying van der Waals contributions to 
intermolecular stabilization energy are more favorable 
for x-delocalized aromatic molecules than for analogues 
without this bonding. 

There is also an electrostatic component of the inter- 
molecular stabilization, and this provides directionality. 
In an aromatic hydrocarbon, there is small polarization 
of C-I3 bonds, yielding a slightly negative charge over 
the n-bonded core, relative to the slightly positive rim 
of hydrogen atoms on the edge of the molecule. This 
may or may not introduce a lnolecular dipole, depending 
on the structure of the molecule, but it will introduce 
higher multipoles: benzene, for example, possesses a quad- 
rupole moment. 

Maximization of the electrostatic stabilization energy 
between multipoles is the source of directionality in 
aromatic-aromatic interactions. The concepts of multi- 
poles can be substituted with the more chemically in- 
tuitive concepts of favorable orientation of the relatively 
posit i~ e and negative sections of the molecule. Consistent 
with these fundamental properties, there are two com- 
monly observed geometrical relationships between adja- 
cent aromatic molecules. These are illustrated for benzene 
in Fig. 1, and they are known as the offset-face-to-face 

(OFF) motif, and the edge-to-face (EF) motif. In the OFF 
geometry, the molecules are exactly or closely parallel but 
are offset so that the oppositely charged regions of the 
molecules are closest. In the EF motif (sometimes vertex- 
to-face, sometimes called T-shaped) the relatively positive 
hydrogenic rim is directed toward the central negative n- 
electron density. 

There is a third geometrical type, in which parallel 
aromatic molecules are parallel but not offset, i.e., face-to- 
face (FF) or eclipsed. For the electrostatic reasons just 
outlined, this is not an energy minimum for a pair of 
identical molecules in a symmetrical motif and is rarely 
observed. However, if the two aromatic molecules in a motif 
are different, with complementary electron distributions, 
the FF motif can be the energy minimum. One of the better- 
known instances of this is the intermolecular interaction 
between a hydrous arene and a perfluorous arene. Due to 
the opposite polarization of the C-H and C-F bonds, the 
molecular quadrupoles of C6H6 and C6F6 are oppositely 
signed, and so the electrostatic intermolecular stabiliza- 
tion between them is maximized with FF geometry. 

In this article. the adjective "aromatic" is generally 
used to encompass many chemical types characterized by 
delocalized n-bonding and relatively flat local geometry. 

The term "n-stacking" is commonly used for aromat- 
ic-aromatic interactions. This is sometimes appropriate. 
but often is not because only two molecules are involved, 
or because there is EF geometry. Throughout this article, 
the generic description "aromatic-aromatic interactions" 
is used, and the term "stack" is used only for legitimate 
sequences of parallel molecules. 

The content of this article is restricted to systems with 
at least two aromatic molecules: there are other sets of 
intermolecular interactions involving cations, or hydro- 
gen-bonding m~lecules , '~ '  interacting with the n-delocal- 
ized aromatic molecules. 

At the outset, it is important to appreciate the energies 
of aromatic-aromatic intermolecular interactions. The 
stabilizing energy for a pair of benzene molecules in 
either the OFF or EF arrangement is about 2.2 kcal molp ' 
(9 k9 m o l l ) ,  which is about 40% of the energy of a 
hydrogen bond between two water molecules. Further 
energy information is provided later in this article in the 
section entitled "Geometries and Energies of Tntermolec- 
ular Aromatic Interactions." 
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OFF E F 

Fig. I The offset-face-to-face (OFF) and edge-to-face (EF) 
motifs for benzene. (View this art iiz color at ~t,n,+~,.dekker.com.) 

The primary concept for aromatic-aromatic interac- 
tions is nondirectional van der Waals stabilization, 
enhanced by n-polarizability, plus electrostatic stabiliza- 
tion that is directional. This concept needs to be expanded, 
because there are additional sources of stabilization. 
Where two aromatic inolecules have different electron 
affinities, such that there is a complementary relation- 

ship of electron-donor-electron-acceptor, then there is a 
stabilizing charge-transfer component to the interaction 
(see section below entitled "Polarizable R-Donors and 
n-Acceptors and Significant Charge-Transfer Solids"). 
As an extension of this, if one of the aromatic entities is 
charged, there is additional electrostatic stabilization of 
the interaction. and if two adjacent aromatic entities 
have opposite charges, there is strong electrostatic sta- 
bilization that dominates the other intermolecular ener- 
gies. Partial charging of aromatic entities in opposite 
directions occurs when there is substantial difference in 
electron affinities or redox potentials, and electron trans- 
fer occurs from donor to acceptor. 

In addition, the general hydrophobic character of aro- 
matics (at least of aromatic hydrocarbons) leads to a sol- 
vophobic stabilization in polar and hydrogen-bonding 
solvent systems: the concept is that segregation of hydro- 
phobic and hydrophilic components in the condensed 
phases is thermodynamically advantageous. 

Another basic determinant of aromatic-aromatic inter- 
actions is molecular shape. The aromatic sections of 
molecules are generally flat and disc shaped. Purely geo- 

Fig. 2 Comparable representations of the crystal structures of benzene, naphthalene. pyrene, and coronene. Each projection is along 
the appropriate crystallographic axis. and in all structures except benzene, the molecular an-ange~nent is simply translated along the 
projection axis. The different packing of benzene is illustrated by inclusion of part of the layer behind. with carbon colored blue. (Vie$$. 
this art iiz color ut ~~~r.u. .dekkencom.) 
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metric factors are involved in considerations of the modes 
of association. A stacking of discs is clearly efficient but 
also generates substantial intermolecular space around the 
edges of the discs. The area of the disc relative to its 
thicltness influences the modes of association of aro- 
matics. For relatively small areas, the EF motif can be 
developed more effectively than the OFF motif, and the 
herringbone pattern that contains only EF motifs is 
cornmonly observed. As the area of the aromatic face 
increases, the OFF motif becomes more prevalent. This 
trend in geometrical structure for aromatic-aromatic in- 
teractions is manifest in the crystal structures of poly- 
cyclic arenes, as exemplified in Fig. 2 for benzene. 
naphthalene. pyrene. and cossolene. In benzene and naph- 
thalene, the crystal packing is herringbone, with no OFF 
motifs. In crystalline pyrene, pairs of molecules in the 
OFF motif are repeated in herringbone fashion, while in 
the larger corrolene molecular crystal, there are infinite 
offset stacks of aromatics, with the ~naxilnurn number of 
OFF motifs. This analysis was applied to a larger number 
of polycyclic arenes.12] 

herringbone pattern 

In Fig. 2. it is noticeable that there is variation in the 
angle between arene planes in the EF motifs. This is 
characteristic of aromatic-aromatic intermolecular motifs: 
there is little variation in energy with angle, and the 
concept of a continuous range of stability between the 
parallel OFF motif and the angled EF motif is valid. 
Aromatic-aromatic intermolecular potentials are soft. 

At the upper size limit of aromatic systems, nonmo- 
lecular graphite, the structure is completely n-stacked. 
and offset. The shearing softness of graphite manifests 
the soft energy variation with the degree of offset in 
parallel motifs. (Further information on this is provided 
in the section below entitled "Geometries and Energies 
of Intermolecular Aromatic Interactions.") Offset stacks 
are also named "slipped n-stacks'' or "skew stacks." 

THE SCQPE OF 
AROMATIC-ARBMATE INTERACTIONS 

In this section. some of the diversity and scope of 
aromatic-aromatic interactions is illustrated. For example, 
the c~lrved surfaces of C60 and other fullerenes are known 
to engage in parallel and oblique interactions with other 
arenes, mimicking the OFF and EF  motif^.'^' 

Fig. 3 The stacking of the difluorophenyl diselenadiazolyl 
radicals (2. E = Se) showing (a) the almost eclipsed stacking of 
diselenadiazolyl rings and (b) the offset stacking of the difluoro- 
phenyl rings: Se. red: N, blue; F, yellow. (Adapted from Ref. [5] . )  
(View this art in color at ~vw+v.dekker.coriz.) 

Heteroarornatic molecules. and particularly polycyclic 
arenes with N, 0, or S substitution for carbon. are prone 
to aromatic-aromatic interactions. As the size of the 
x-delocalized system increases, the OFF motif prevails 
over EF, but because the charge distribution and occur- 
rence of dipoles and higher electrostatic multipoles can be 
variable in heteroaromatics, the nature of any offset be- 
tween parallel planar molecules can similarly be variable. 
Net charges that can occur on heteroaromatic molecules 
also influence intermolecular energy and geometry. 

Odd-electron aromatic systems, such as the thiazolyl 
radicals lr4] and zL5' form x-stacks. Shown in Fig. 3 are 
details of the stack formed by 2 (Se). revealing that 
the diselenadiazolyl rings are stacked in almost eclipsed 
FF geometry. while the difluorophenyl ring is twisted 
from the plane of the diselenadiazolyl ring so that the 
stack of difluorophenyl rings has the normal offset 
geometry. Some radical species undergo a weak dimer- 
ization and pairing of the electrons. which results in 
irregular stacking: these effects are significant for the 
magnetic properties and applications of these paramag- 
netic aromatic materials. 

Metalloporphyrins 3 and metal phthalocyanine com- 
plexes 4, as well as the metal-free ligands, commonly 
engage in aromatic-aromatic interactions. 
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Metallocene molecules, such as the prototype fesso- 
cene 5. pack in crystals inainly with EF motifs, similar 
to the crystal packing of befizene. 

Organometa: compounds like 6 form n-~ tacks '~ '  as 
illustrated in Fig. 4. 

A significant property of Structure 6 is the intercala- 
tion of polycyclic arenes to form binary stacks of alter- 
nating 6 and arene.'"" The structure of the mixed stack 
of 6 and pyrene is shown in Fig. 5 .  The photophysical 
properties of these cornpounds are significant. and the 
binary stacked compounds with pyrene. naphthalene. and 
biphenyl exhibit strong phosphorescent emissions in 
the red. green, and blue regions. respectively.r71 

Aromatic interactions occur between conducting par- 
tially oxidized polyheteroarene polymers. such as poly- 
thiophene. "I 

Fig. 4 Aspects of the crystal structure of Structure 6, which forms stacks with two different offset motifs. Motif (b) with plane 
separation ca. 3.3 A is that of the outer pairs of (a). and motif (c) (plane separation ca. 3.45 A) is the inner pair in (a). (Vie,!, this art in 
color at w>v,t..dekker.corn.) 
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TCNQ chloranil 

Chart 2 n-Acceptors 

The influences of aromatic-aromatic interactions between 
the ~ i d e  chains of amino acids phenylalanine. tyrosine, 
and tryptophan affecting protein structure and folding 
were reported.19 lo' 

Fig. 5 The alternating n-stack of 6 and pyrene. (Vielv this art 
irz color at \t~\t.lt,.dekker.corn.) POLARIZABLE K-DONORS AND 

K-ACCEPTORS AND SIGNIFICANT 
CHARGE-TRANSFER SOLIDS 

The stacking of the hydrogen-bonded base pairs of 
helical DNA is well-known and is described, together Aromatic molecules containing high-Z heteroatoms are 
with the intercalation of heteroarolnatics into the stack. more polarizable than correspo~lding molecules contain- 
in the section entitled "DNA Base Stacking" below, ing carbon or nitrogen. and this increases the disper- 

TTF BEDT-TTF 

Se Se 

TSeF TMTSeF 

Chart I n-Donors 
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sion stabilization of intermolecular interactions. Further, 
substitution of electron-donating or electron-withdrawing 
atoms or groups at appropriate locatiolls in a molecule 
can change its overall electronegativity. This leads to 

[Wmnt)2lz n-delocalized heteroaroniatic molecules with distinct 
donor and acceptor properties, which then leads to 
partial charge transfer when donors and acceptors are 

\ combined. This charge transfer influences the electro- 
statics of the heteroaromatic-heteroaromatic interac- 
tions. Donor properties correspond to relatively low 
ionization potential (or favorable electrochemical oxida- 

[M(dmit)2]z 
tion potential), and are enhanced by electron-releasing 
substituents or negative charge, while acceptor proper- 
ties are the opposite. Many combinations of polarizable 
n-donors and polarizable n-acceptors are now known 
in condensed phase materials, mainly crystals. Exten- 
sive investigation of these compounds has been stimu- 

[M(tmdt)21 lated by discoveries so that a number of them have 
enhanced electron conductivity and are regarded as 

Chart 3 Some metal-dithiolene complexes. "organic metals." 

Fig. 6 Aspects of the clystal stiuctu~e of TSeF-TCNQ [''I (a) The tuo  components. TSeF (Se. led) and TCNQ. occur In segregated 
stacks. dra~qn with perspectne (h)  The stacks of TSeF and TCVQ are oppositely inclined to the siacklng ax17 (25" TSeF, 34" TCNQ). 
and within each ~tdck,  the molecules are OFF (V le~ i  t h l ~  a i t  In colol at r v w n  dekker coin ) 
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A few typical examples of the hundreds of such donor 
and acceptor heteroaromatic are shown in 
Charts 1 and 2. 

Metal dithiolene c o m p l e x e ~ ~ ' ~ '  such as [M(~nnt)~] '  and 
[M(dmit)2]z (see Chart 3) are electron-transfer active and 
can be readily generated in oxidized or reduced forms 
with variable charge z and can be used as either donors 
or acceptors. 

One of the most studied donor-acceptor complexes is 
TTF-TCNQ, and its selenium homoiogue TSeF-TCNQ. 
Shown in Fig. 6 are aspects of the crystal structure of 
TS~F-TCNQ.["~ It is estimated that the degree of charge 
transfer in this solid is 0.63,"~' i.e., the species are 
TseF+0.63 or T C N Q ~ ) . ~ ' .  The n-interactions occur within 
the stacks of homo-charged species, and the interplanar 
spacings are relatively small. 3.52 A for TSeF and 3.21 A 
for TCNQ. TTF-TCNQ and TSeF-TCNQ are one-dimen- 
sional conductors along the stack direction. 

In Fig. 7, part of the structural chemistry of a different 
example is shown, with the composition (BEDT-TTF)2 
[Br1.311 I~10.6].L161 The anion component is a mixture of 
the mixed trihalides 12Br--. IBrF, BrICIP. and IC12, which 
is specifically required to form this material that has three 
crystal phases. One phase. p". is metallic and occurs in 

two separate temperature ranges; < 185 K and >395 K, and 
is shown in Fig. 7. It contains stacks of BEDT-TTF+'.' 
cations, separated by layers of trihalide monoanions. The 
other phases have different geometrical relationships be- 
tween the BEDT-TTF+'.~ stacks.['61 

There are numerous examples of donor-acceptor com- 
plexes involvi~lg components like those in Charts 1 and 2 
and dithiolene complexes. While there is consider- 
able structural diversity, n-stacking is a common feature. 
Another common property is partial charge transfer from 
donor to acceptor, and anions such as (TCNQ);  occur. As 
intimated in the previous example: small variations in 
structure can have large effects on physical properties. 

Metallic conductivity, superconductivity, and cooper- 
ative magnetic properties are the most significant attri- 
butes of these donor-acceptor (and partial charge transfer) 

These properties derive from the partially 
occupied delocalized n-orbitals of the donor and acceptor 
species. which overlap to form energy bands along the 
stacks. Interactions between the stacks are less important, 
as the conductivities are usually anisotropic. Enlarge- 
ment of the donor and acceptor species diminishes the 
coulombic destabilizatio~~ of stacks of homo-(partially)- 
charged molecules. 

Fig. 7 The crystal structure of the metallic P" phase of (BEDT-TTF)? [ B I - , , ~ ~ ,  lCIO 61.Li61 ill~~strating the stacking of BEDT-TTF+' ' 
cations. The trihalide ion represented in magenta and brown is a disordered mixture of 12Brp, IBr;. BrIC1- and ICIY. (View this art iiz 
color at u~wrv.dekkeecom.i 
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SINGLE-MOLECULE E-STACKED 
METALLIC CONDUCTION 

Most of the molecular compounds with 

able from the practical perspective of sure fabrication. is 
more difficult. The strategy is to choose a molecule 
with small separation between the highest occupied and 

significant elec- lowest unoccupied molecular orbitals (HOMO and 
trical conductivity or magnetic properties contain donor- LUMO), such that they form partially occupied 
acceptor pairs or are comprised of partially charged bands. A ~nolecule that achielTes this is uncharged Wi- 
n-delocalized molecules. The two solids described in (trndt),,"71 (Chart 3) which is metallic down to 0.6 K. The 
the previous section exemplify these two types. The gen- important aspects of the crystal structure are shown in 
eration of these properties in a single molecule, desir- Fig. 8. 

Fig. 8 The crystal structure of ~ i ( t r n d t ) ~ , " ~ ~  space-group PT.  (a) End view of the chains of molecules. and their occurrence as slightly 
offset stacks of chains. Near chains are allllost coplanar. (b) The stepped relationship between molecules adjacent in one stack. (c) 
Detail of the offsets between molecules [colored as in (b)] in a stack: the view direction is perpendicular to the molecules. The C (blue)/ 
S (red) molecule is offset laterally relative to one greenlyellow underlying molecule, and offset longitudinally relative to the next green1 
yellow underlying molecule. Note also that molecules (greenlyellow) in a chain are slightly twisted relative to the chain axis in order to 
reduce interference between the propylene ends of each rnolecule and increase packing density. (View this art in color at 
~t,~c~i..dekkei..coin.) 
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Fig. 9 The [Zlcatenane formed by donor-acceptor interactions between a bis-l.5-dioxynaphthalene cycle (red, donor) and a his-4,4'- 
bipyridiniuin cycle (blue, acceptor). (a) Molecular co~lnectivity: the curved lines represent -(CH2CH2)-. (b) The catenane as it occurs in 
the crystal. (c) View of (b) normal to the planes of the 1,5-dioxynaphthalene and 4.4'-bipyridinium rings. showing the FF geometry of 
red and blue components. (Adapted from Ref. [ IS] . )  (Vie]< this urt in color nt ~vu~lt~.dekker.cor?l.) 

red 
A - 

ox 

Fig. 10 A shvitchable [2]catenane, using a TTF function. (a) The TTF oxidized by one or tlvo electrons outside the positively charged 
4.4'-bipyridinium acceptor sandmich. (b) This is the reduced form. in which TTF is the better K-donor. inside the sandwich. (Adapted 
from Ref. [19].) (Vial  this art iiz color at ,i~rr.u~.dekkei+.com.) 
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Fig. 18 The donor-acceptor stacking of the [2]catenane 
moiecules shown in Fig. lob. The 4,4'-bipyridinium carbon 
atoms are coloured blue; 1.5-dioxynaphthalene carbon atoms are 
red; sulfur atoms of TTF are yellow. (View this ar t  iiz color at 
~t'~~'~..dekker..coi?z.) 

DONOR-ACCEPTOR n-INTERACTBON 
IN CATEMANES 

An extensively studied and deployed donor-acceptor n- 
interaction occurs between a 1,5-dioxynaphthalene system 
(as donor) and a 4,4'-bipyridinium (also known as 
paraquat) acceptor. The association of these two species 
can be used as a ternplate for the cyclization reactions 
involved in the synthesis of mechanically linked chemical 
 structure^,"^^ such as the [2]catenane shown in Fig. 9. 

The augmented electrostatic contributions to a donor- 
acceptor interaction such as this can override the electro- 
static influences that cause a parallel n-aromatic in- 
teraction to be offset. and so the geometry of the motif can 
be FF, as illustrated in Fig. 9c. to maximize the electro- 
static component of the stabilization. 

The TTF molecule (Chart 1) is a n-delocalized system 
with readily accessible redox states. TTF. TTFt. and 
TTF'+. The reduced form functions as a n-donor in FF 
interactions, but the oxidized forms have n-acceptor 
character. Incorporation of one TTF moiety into a donor 
cycle also containing 1.5-dioxynaphthalene, and catena- 
tion with a his-4,4'-bipyridinium n-acceptor cycle. leads to 
a switchable [2]catenane (Fig. 10). In the reduced TTF 
forin (Fig. lob). the TTF molecule, as donor, is sandwiched 
between the two 4,4'-bipyridinium acceptors. When 
oxidized (chemically or electrochemically). so that the 
TTF has a positive 01- 2+  charge (Fig. 1 Oa), electrostatics 
cause rotational translation of one cycle relative to the 
other to displace the positive TTF to the outer section of 
the catenane. This switching is r e ~ e r s i b l e . ~ ' ~ ]  

In crystals. [2]catenane molecules, such as those in 
Fig. 9 and Fig. Job, stack in order to further use n-donor 
and n-acceptor motifs between catenane molecules, as 
illustrated in Fig. 1 1. 

MULTIPLE AROMATBC EMBRACES 

The examples so far involve independent aromatic 
moieties, freely able to arrange into OFF and EF motifs. 
There are also chenlical systems in which the aromatic 
component is a substituent or is part of a more elaborate 
molecule. In these; the rnut~~ally dependent configurations 
and conformations of the aromatic groups influence the 
intermolecular interactions they can form. A considerable 
number of classes of cornpounds allow synergy of 
individual aromatic-aromatic interactions. and the gener- 
ation of concerted sets of OFF or EF motifs. These are 
termed embraces, because they are multi-armed, mutual, 
concerted. and attractive. Some of the principal types of 
embrace are outlined here for representative molecules. 

Fig. 12 The concerted (EF)6 embrace (a) between a pair of PhiE molecules, in\ol\.inp six phenyl groups. and (b) between a pair of 
[M(bipy)?] octahedral inetal complexes. involving six pyridyl groups. The arrows point to the EF primary motifs. two of which are 
obscured in each example. Different colors are used for the carbon atoms of the inversion-related molecules in each embrace. (Vze'e,~ t h i ~  
ar t  i r ~  color. nt ~t~~v~t-.dekker.co~~z.) 
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(exact or approximate) to form a concerted cycle of six 
intermolecular EF motifs (Fig. 12a). This multi-anned 
mutually favorable concert is called a sixfold phenyl 
embrace motif: there are six phenyl rings and a cycle 
of six EF motifs between heterochiral rotors. This 
embrace occurs frequently for molecules of type Ph4E 
and type Ph3EX. A similar embrace motif forms between 
end pyridyl groups of [ M ( b i p ~ ) ~ ] "  octahedral metal 
complexes (Fig. 12b) Again a concerted cycle of six 

Fig. 13 The (EF)4 embrace between a pair of Ph,E ~nolecules 
pyridyl-edge to pyndyl-face motlfs occurs, between 

(V~elt tliz~ n i t  zn co lo~  at T L T L ~ L  dekkei tom ) 
heterochiral complexes 

A tetrahedral molecule PhlE can have more than one 
threefold rotor set of phenyl groups and can form more 

Concerted (EF),, Sixfold Aryl Embrace than one (EF)6 embrace. There are many instances in 
crystals of zigzag chains based on two such embraces per 

Molecules with a threefold rotor conformation of three Ph4E molecule, especially between Ph4P+ ions: -Ph& 
phenyl groups can engage across a center of inversion (EF)~-P~,E-(EF)~-P~&-[~" A [I'~I(bipy)~] complex has 

eilatin 

Fig. 14 The concerted (OFF)(EF)2 embrace as it occurs for (a) a pair of Ph4E molecules and (b) a pair of [M(phen);lL complexes. 
(c) This shows the embrace betu-een two complexes [ ~ u ( ~ h e n ) ~ ( e i l a t i n ) ] ~ + . [ ~ ' ~  emphasizing the OFF motif. Each example is 
centrosym~netric. (Vieli. this art in color at ~vw.~r,.dekkenc.oll.) 
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equivalent ends along its (pseudo) threefold axis and. there- 
by. formi linear chains of (EF),, embraces: -[M(b~py)~]- 
iEF),-[Mibipy ),I-(EF),-. [2J I  

Concerted {EF),, Fourfold Phenyl Embrace 

The fourfold analog of the sixfold embrace just described 
is shown in Fig. 13: four phenyl rings are engaged in a 
concei-ted cycle of four EF motifs. This occurs mainly 
with Ph4E systems, for which the relationship between the 
two molecules involved is simple translation, and infinite 
chains with a repeat of just one molecule occur in crystals. 

Concerted (OFF)QEF), Embrace 

This involves two aryl groups on each molecule, and 
usually it is centrosyminetric. As shown in Fig. 14a,b, there 
is an OFF motif between two groups, each of which is also 
donor in an EF motif. The (OFF)(EF)? embrace is also 
named the parallel fourfold phenyl(ary1) einbrace, 
to differentiate it from the orthogonal fo~lrfold phenyl 
embrace. (EF)~."" As the size of a heteroaromatic lig- 
and increases, as in eilatin. the OFF motif in the em- 
brace becomes dominant (Fig. 14c). and the association 
of the complexes [~u(pl~en)~(eilatin)]'+ in acetonitrile is 
measurable.['" 

This (OFF)(EF)? einbrace and variants cornrnonly 
occur for I~ I (phen)~  and M(phen); complexes,i'41 as 
shown diagra~nmatically in Chart 4. 

The Teapy Embrace Motifs 

Octahedral metal coinplexes with two planar heterocyclic 
tridentate ligands, such as [M(terpy)?] (Fig. 15a), can form 
an OFF(EF)? ernbrace like that already described, involv- 
ing the outer ligand heterocycles. Because the two ligand 
planes arc orthogonal. this embrace is propagated to 
generate a two-dimensional net, shown in Fig. 15b. with 
actual or approxiinate fourfold symmetry.[261 This close- 
packed terpy embrace layer contains deep aiid shallow 
grooves oil each surface, as illustrated in Fig. 1%. 

GEOMETRIES AND ENERGIES 
OF BNTEWMOLECULAW 
AROMATIC INTERACTIONS 

The benzene pair has been the subject of a nuillber of 
experimental investigations in the gas phase, and the 
subject of numerous theoretical studies. There is exper- 
imental evidence (summarized in Ref. [27].) for the less 
symmetric EF geometry and more symmetric OFF 
structures. and for structural variability. The estimates of 
the dissociation energy (Do) are 1.6 0.2 '~" 1.6 a 0 . 5 . ' ~ ~ '  

EF primary OFF Primary OFF (EF)2 P4AE 

V/VA 
OFF chain (outer) vd 

1 1 / OFF chain (inner) / 

L7 L1 hl 
L1 L7 L7 

P4WE - OFF layer 

P4AE - OFF chain type 1 

Chart 4 D~agrams oi OFF, EF. dlld OFF(EF): mot~fs that 
occur for M ( ~ h e n ) ~  and M(phen)? complexes (Adapted from 
Ref [25] . )  

P4AE - OFF chain type 2 

and 2.4 a 0 . 4 ' ~ ~ '  kcal m o l ' .  The more accurate theoret- 
ical calculations are converging toward values of 2-3 kcal 
mol- ' for the binding energy (D,) at the energy minimum, 
for both the OFF and EF geometries. The zero-point 
vibrational energy (ZPE = D, - Do) for the benzene pair is 
estimated to be 0.3-0.5 kcal m o l l .  The general consen- 
sus of experimental and theoretical work is that the 
dissociation energy of a pair of benzene molecules in 
the OFF and EF geoinetries is in the range of 2-2.5 
kcal rnolp '~ 

The rich crystallographic databases for organic and 
organometallic coillpounds and for biological macromo- 
lecules enable statistical analyses of the metrical rela- 
tionships between aromatic fuilctionalities. The metrical 
properties of main interest are the separation and offset of 
the aromatic planes in the OFF motif. and the separation 
of the ring centroids and the angle of inclination of the 
rings in the EF motif. The most commonly observed 
properties of the OFF motif are a plane separation of 3.4- 
3.6 A, with an in-plane offset of ca. 1.8 A, while the EF 
motif for a pair of phenyl groups has a centroid-centroid 
separation of ca. 5 A. A useful reference point for the OFF 
motif is the graphite layer separation of 3.6 A. 
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groove 

Fig. 15 (a) The OFF(EF)2 embrace, or terpy embrace, formed by a pair of [ M ( t e r ~ y ) ~ ]  complexes. (b) The two-dimensional net 
generated by the propagation of terpy embraces. (c) The deep and shallow grooves that occur on both sides of an infinite terpy embrace 
layer. (View this ~ 1 r . f  in color at 1tn,~t.rlekker.c0,71.) 

In this context, it is important to recognize that the 
intermolecular potentials for aromatic-aromatic interac- 
tions are very soft, meaning that relatively large variations 
in geometry are associated with relatively small changes in 
energy. This is illustrated in Fig. 16 for the OFF motif of a 
pair of naphthalene molecules. showing the effect of offset 
or sliding of one naphthalene molecule over the other, in 
the direction pictured.["] For electrostatic reasons, the 
stabilization decreases strongly when the molecules are 
eclipsed, and energy minima occur in the potential when 
there is overlap of H and C atoms. Note that significant 
i~ltermolecular energy remains when the molecules slide 
away from each other. The interactions between aromatic 

molecules operate over long ranges. Analyses of the 
principal contributions to the intermolecular energy 
indicate that the dispersion energy is the principal 
component, and that longer-range electrostatic interactions 
are also significant and provide the directi~nalit~.'"] Since 
the potentials are soft, interpretations of aromatic-aro- 
matic interactions should not ~lecessarily attach signifi- 
cance to deviations from standard geometries. 

In solution; the aroinatic-aromatic interactions are 
ameliorated by solvation and subject to entropic influ- 
ences. Modeling calculations give the free energy of 
association of the benzene pair as -0.4 kcal m o l '  in 
benzene solvent, - 1.0 Iccal mol- ' in chloroform: and 
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energy, 
kcal rnol 

-7 

-2 -1 0 1 2 3 4 5 6 7 

displacement, P\ 

Fig. 16 An i~ltermolecular potential for the OFF motif between a pair of parallel naphthalene molecules and interplanar separation 3.35 
A. illustrated as the energy variation according to the degree of in-plane displacement pictured. (View this ar t  in color a t  
~tw>t,.dekker.com.) 

- 1.5 kcal mol- ' in water."" This sequence illustrates the 
hydrophobic stabilization of arornatic-aromatic aggre- 
gates in hydrogen-bonding solvents. 

A considerable number of chemical systems designed to 
probe aromatic-aromatic interactions were r e p ~ r t e d . ' ~ ~ . ~ "  

Fig. 17 The crystal structure of the centrosymmetric double 
intercalation of DACA lnolecules (large spheres) into a d(CG(5- 
BrU)ACQ2 duplex. (Adapted from Ref. 1401.) Black and white 
stripes are the hydrogen bonds of base pairs: Br, orange: 0. red; 
and N. blue. (Vie>\* this a r t  in color at +swrt.dekker.corn.) 

Many of these are host-guest combinations. in which 
designed host molecules with one or more exposed 
aromatic surfaces are used to measure the thermodynam- 
ics of inclusion of aromatic guests. This approach was also 
used to assess the influence of substituents on aromatics. 
In general, the association energies are determined to be 
ca. 1-2 kcal molp I .  

The involvement of charged species in aromatic- 
aromatic interactions increases the stabilization energy. 
For the benzene pair radical cation. (C6]H6)t, experimental 
values of the dissociation energy are 17, 15, 8. >10 and 
14.8 kcal m ~ l ' . ' " ~  Similarly. for the C6F6 pair, exper- 
imental dissociation energies"61 of 7.2 + 1 kcal m o l l  for 
(CbF6)i and 10.4 t- 1 kcal m o l l  for (C6F0)2 are larger 
than the estimated 4 kcal mol-' for the uncharged pair 
( c ~ F ~ ) ~ . [ ~ ~ ~  

An unusual interaction occurs for T C N E  radical 
anions, which associate as an eclipsed pair ( T C N E ) ~  in 
a number of crystals, with a distance of about 2.9 A be- 
tween the central C atoms of the two molecules. This is 
interpreted in terms of competition between the electro- 
static destabilization of the two anions and weak stabili- 
zation of nascent C-C bonds.''81 
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DACA 9-aminoacridine ethidium 

Chart 5 

DNA BASE STACKlNG 

An essential characteristic of DNA is x-stacking. The 
base pairs are separated by 3.4 A. which is the rise of the 
double helix per base pair. The stacking is not offset: and 
the different base pairs are essentially coaxial with the 
local stacking axis. The stacking stabilizations per single 
base in DNA were measured via the effects of additional 
nucleoside bases at the end of a DNA sequence. These 
experiments, on realistic condensed phases (1 M aqueous 
NaC1, 10 mM sodium phosphate buffer, pH 7, 37"C), 
yield stacking free energies of 1-2 kcal mol l .L ' "  There 
is considerable co~npensation of favorable enthalpies 
and unfavorable entropies in the stacking of nucleotide 
base pairs. 

Many polycyclic heteroaromatic molecules with es- 
sentially planar geometry and extensive n-delocalization 
are able to intercalate the base pair stack, separating the 
base pairs, and then functioning like an extraneous base 
pair in the stack. This is an expanded ~nodification of the 
n-stacking of DNA. An example of such intercalation is 
shown in Fig. 17, where two DACA molecules are 
inserted into a six-base duplex.['01 Other examples of 
well-studied DNA intercalating molecules are 9-amino- 
acridine and ethidiuin (Chart 5 ) .  This intercalation 
interferes with the normal functions of the DNA and 
attracts pharmaceutical interest. There is a substantial 
electrostatic component of the stabilizing energies of the 
base stacking and the intercalation.'"' 

of the intermolecular energy provides directionality to 
the interaction. 

The geometries of these interactions are also influ- 
enced by the molecular planarity associated with x- 
delocalization. Planar molecules (or parts of molecules) 
usually arrange with parallel or steeply inclined geometry. 
and for pairs of equivalent molecules, the OFF and EF 
primary motifs are prevalent. These geometries are 
favored by the electrostatic components of intermolecular 
energy. Dissimilar n-delocalized n~olecules. particularly 
pairs with complelnentary electron-donor and electron- 
acceptor properties, are colnmonly arranged face-to-face: 
in order to maximize the electrostatic energy between 
thern. The parallel primary motifs, OFF, and FF. favor 
continuous stacking (n-stacking). 

The n-n interactions occur in all areas of chemistry 
and for chemically d i ~ e r s e  molecules. The stacking of 
x-delocalized molecules favors cooperative phenome- 
na. such as electron conduction. The n-stacking motifs 
are key components of the design of molecular materials 
with ensemble properties. Nucleotide base-pair stacking 
is fundamental to molecular biology. and aromatic in- 
teractions between amino-acid side chains influence pro- 
tein structure. 

The x-n interactions are valuable fundamental com- 
ponents of contemporary research in the frontier fields 
of ~nolecular engineering. molecular machines, and crys- 
tal engineering. 

ARTICLES OF FURTHER INTEREST 

Catenaiies and Other I~iterlocked Molecziles. p. 206 Identifiable interinolecular interactions and motifs be- 
Cation-n Ir~terc~ctions, p. 214 tween molecules with n-delocalized bonding are ubiqui- 
n-n Stackirig as a Ci-ystal Dlgir~eerirzg Tool. p. 1093 tous. The essence of the interaction is dispersion 
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x-TC Stacking as a Crystal Engineering Tool 
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Although it is widely realized that significant attractive 
interactions can occur between aromatic molecules, and 
they are often described as such in the discussions o f  new 
crystal structures. their deliberate exploitation as tools for 
controlling crystal structure has lagged behind that o f  
hydrogen bonding. However, positive developments are 
now occurring, with crystal packing "synthons" (i.e., 
reliable. recurring crystal packing arrangements) being 
identified and beginning to be exploited. This article is 
divided into two sections. First, examples o f  potentially 
useful structural trends and actual crystal packing syn- 
thons, which were identified through crystal structure 
database searches or through new synthetic studies, are 
reviewed. Second, some examples o f  deliberate crystal 
engineering that rely on the exploitation o f  n - n synthons 
to control crystal structure, and so control solid-state 
reactivity, are described. For discussion o f  the fundamen- 
tal nature o f  aromatic interactions. readers should consult 
the article entitled "n -n  Stacking: Theory and Scope" in 
this Encyclopedia. 

STRUCTURAL TRENDS IN 
MOLECULAR CRYSTALS 

Aromatic Hydrocarbons 

Crystalline benzene adopts a packing arrangement that is 
widely referred to as the "herringbone" pattern'" and that 
is characterized by intermolecular edge-to-face contacts 
(Fig. 1 ) .  That benzene molecules adopt this geometry in 
the crystal is consistent with the theoretical prediction that 
the most stable arrangement for the benzene dimer is 
edge-to-face."' Molecular beam dipole moment measure- 
ments also suggest that the benzene dimer adopts this 
T-shaped geometry in the gas phase.131 For crystals o f  
larger aromatic hydrocarbons (a group o f  32, including 
napthalene, pyrene. etc.). three additional packing modes 
were identified (called stacked hei-ringbone, hi and p), each 
exhibiting edge-to-face or offset face-to-face stacking be- 
tween neighborilig ~nolecules.~" The different packing 
modes were correlated by the authors with the C:H ratios 
o f  the compounds involved: those with high values fa- 

voring face-to-face stacking (i.e., C . .  .C contacts) and 
those with low C:H ratios favoring herringbone (i.e.. C-C 
and C-H contacts). 

Multiple Aromatic "Embraces" 

Dance and coworkers extensively searched the Cambridge 
Crystallographic Database to identify recurring pack- 
ing motifs in compounds that contain multiple aromatic 
groups in the form o f  pyramidal EAr3 units (E=P,  As, B ,  
e t ~ . ) . ~ ' . ~ ]  Such species include transition metal complexes 
o f  triarylphosphines as well as salts containing such ions 
as EPh; (E=?. As) and BPhJ. A number o f  motifs were 
classified, the most symmetrical being the so-called six- 
fold phenyl embrace, or 6PE. illustrated in Fig. 2. In this 
multiple aromatic interaction, two X-PPh3 groups make 
contact through six edge-to-face contacts. so that the 
interaction has local approximate C3 symmetry and the 
two P-X bonds are approximately colinear. The frequen- 
cies with which 6PEs occur was been found to vary 
greatly according to the precise chemical species in- 
volved: however, it was found to be highest for PPhi 
cations. occurring at a probability level o f  ca. 6 0 % . ' ~ . ~ ]  It 
should be borne in mind, however. that ?Phi can engage 
simultaneously in more than one 6PE. and the 60% prob- 
ability value does not refer precisely to a 60% likelihood 
per cation. However, this fairly high probability suggests 
that the 6PE may be a usable crystal engineering synthon 
for this cation. whereas for other species (such as metal 
complexes M-PPh;). which statistically engage in 6PEs 
significantly less often, it seems less likely to be useful. 
Despite this, the 6PE provides an interesting pointer for 
further research: for example, it is quite likely that 
synthetic derivatization can increase the predictability o f  
packing in ?As3 complexes. Attractive energies as large as 
- 60 k.Tmolp ' were calculated for certain 6PEs. cor- 
responding to 9-12 kJ in01 ' per phenyl-phenyl contact. 

Hunter and Sanders correlated the experimentally deter- 
mined packings o f  porphyrins with an essentially electro- 
static inodel o f  the n- x  interaction between two mol- 
ecules.'" The optimum geometry predicted by the model 
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Fig. 1 The 'herringbone' crystal packing in benzene showing 
the edge-to-face ~nteractions. 

is with one pyrrole ring over the n-cavity of its neigh- 
boring porphyrin, and with the porphyrins not rotated with 
respect to each other (Fig. 3). The database study was 
intended to ascertain the accuracy of the electrostatic 
model, and so porphyrins with packings that were 
constrained, for example. with bulky side groups or axial 
ligands, were not included. 

Packing Involving Hydrocarby! 
and Fluorinated Aromatics- 
~ r " .  . .d%arF Interactions 

In 1960, Patrick and Prosser reported that when benzene 
and hexafluorobenzene were mixed under ambient condi- 
tions, 1 .1  cocrystalr formed, which had a melting point 
significantly higher (23.7OC) than that of either of the pure 
components (5.4 and 5.0°C for benzene and hexafluoro- 

Fig. 3 The predicted preferred mutual orientation of two 
p ~ ~ h ~ r i n s . ' ~ '  

benzene, r e spec t i~e l~ ) .~"  The 1 : 1 cocrystal exhibits tem- 
perature-dependent behavior. The lowest temperature 
phase consists of columns in which eq~iispaced face-to- 
face benzene and hexafluorobenzene molecules alternate 
(Fig. 4).'lo1 The face-to-face interactions are slightly off- 
set. or in other words. the planes of the molecules are not 
perfectly orthogonal to the propagation direction of the 
column, tilting away from this "ideal" by 23" for benzene 
and 27" for hexafluorobenzene. The distance between the 
molecular centroids is 3.77 A. The formation of this type of 
AS". . ArF stacked motif was since found to be fairly 
Oeneral,ll 1-2-,- .- 
a """ A crystallographic study was made of 
hexafluorobenzene and its complexes with a range of 
methyl-substituted a r o m a t i c ~ . ~ ' ~ '  A structural trend within 
this series was identified. in that the inter-planar separations 
were generally lower for the greater number of methyl 
subsiituents on the electron-rich aromatic. This was noted 
to be in contrast to the general lack of structural trends 
identified for rc-n':' charge-transfer complexes. Vangala 
et a1.[12] studied the crystal structures of diary1 azines that 

Fig. 4 Crystal packing in the cocrystal C,H,C,F,;. showing the 
Fig. 2 The sixfold phenyl embrace (reproduced with permis- alternating stack5 (H = white, F = black). (View tlzis art in color- 
sion from Ref. [ 5 ] ) .  (Vieu' this art in color at w~t '~~ ' .d~kker . com. )  at i~~wiv.dekher.corn.) 
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Fig. 5 Hydrocarbon and fluorinated molecules used to investigate kH. . . ~ r ~  interactions 
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contained C6H5 or C6F5 groups (1,2, and 3-Fig. 5). It was 
concluded that the cofacial stacking of C6H5 and CGFj 
groups dominated in determining the crystal packing over 
other potentially competing stabilizing interactions such as 
C-H. . .F, herringbone, and F. . .F contacts. Vangala's 
molecules were effectively planar. and the crystal packing 
"synthon" involves fivefold fluorine substitution on the 
aromatic group. The 1.2,3,4-tetrafluorodibenzoxazepine 
(4-Fig. 5): characterized by Saunders and Nieuwenhuy- 
 en,^'^' has a curved shape (due to buckling of the central 
seven-membered ring) and involves only fourfold fluorine 
substitution on one of the rings. Nevertheless, this com- 
pound also stacked in columns with head-to-tail packing so 
that again, alternating ArH.. .ArF stacks occurred. 

A series of investigations by Batsanov. Marder, and 
coworkers. into 1 : 1 cocrystals of perfluorinated aromatics 
and hydrocarbon aromatics, where each component was 
varied over a range of molecular sizes and shapes. showed 
that the basic alternating stack motif occurred in all 
the cocrystals obtained."" Thus. octafluoronaphthalene 
formed alternating stacks with anthracene, phenathrene, 
pyrene, and triphenylene. Even the smaller hexafluoro- 
benzene reliably formed alternating stacks with hydro- 
carbons as large as pyrene and triphenylene. as well as 
with naphthalene and anthracene.'"] The planes of 
neighboring aromatics within the stacks were all almost 
parallel, however, the "slip angles" (the angles made by 
the normals to the molecular planes to the direction of 
propagation of the stack) within stacks and the three- 
dimensional packings varied, and no simple relationship 
between these aspects of the packing and the molecular 
sizes and shapes was identified. Clearly, though. the basic 
alternating stack motif can be expected to occur widely 
and may, therefore; be exploited in controlling the solid- 
state structures of molecules containing diverse hydro- 
carbyl and fluorocarbyl aromatic groups. A 1:l cocrystal 
structure of octafluoronaphthalene and diphenylacetylene 
was also de~cribed."~'  Although this formed the expected 
alternating stack. with an interplanar separation of 3.6 A, 
the octafluoronaphthalene interacted with the alkyne frag- 
ment as well as the phenyl rings, so that the fluorinated 
and nonfluorinated rings were not actually eclipsed. 

The examples above relied on either one or two 
intermolecular ASH. . .ArF contacts per molecule. Seigel 
et al. showed that 1,3,5-tris(pentafluorophenylethyny1)- 
benzene and its nonfluorous analogue 1,3,5-triphenyl- 
ethynylbenzene (Fig. 5) also formed a 1:l cocrystal via 
three ASH.. .ArF stacks, forming slipped stacks of alter- 
nating molecules.['71 

The effect of phenyl and pentafluorophenyl sub- 
stituents on the inter-and intramolecular structures of 
crystalline ferrocene derivatives (5-7, Fig. 5) was inves- 
tigated by Hughes and ~ o w o r k e r s . ~ ' ~ '  In the crystal struc- 
ture of the homoleptic purely hydrocarbyl ferrocene 

Fe(Me2PhCp)? 5, the phenyl groups were found to be in 
anti positions about the central Fe. However, the mixed- 
ligand compound Fe(Me2PhCp)(C6F5Cp) 6 adopted an 
eclipsed conformation with inter-and intramolecu- 
lar stacking between the C6H5 and C6F5 groups. The 
Fe(C6F5Cp)z 7 crystallized again with eclipsed stacked 
rings. Intermolecular stacking in this case occurred 
between the C6F5 groups and Cp rings. It was concluded 
that AsH. . ArF stacking was the dominant crystal packing 
interaction in these compounds. and that it could be of 
further use as a crystal packing synthon. 

Ferrocene was found to form a 1:l cocrystal with 
octafl~oronaphthalene.[I"~ Interestingly, in this case. only 
half of the octafluoronaphthalene molecules in the crystal 
actually formed face-to-face contacts with the cyclopen- 
tadienyl groups of ferrocene, and the structure was not a 
straightforward alternating stack. These workers found 
that hexafluorobenzene did not cocrystallize with ferro- 
cene. The bulky decamethylferrocene was found by other 
workers to form 1 : 1 cocrystals with fluoroaromatics, for 
example, perfluorophenanthrene.[191 Despite the presence 
of the bulky methyl groups on the ferrocene, the 
interplanar separation between molecules was still only 
3.7 A. Short F.. .C(methyl) distances of ca. 3.36 A 
suggested that there may also have been significant F. . .H 
contacts. The bond lengths within the molecules sug- 
gested that the structure was not of the charge transfer 
[Fe(Cp'g)2]+[CloF1J] type. However, Perutz et al. found a 
different situation when yellow-green dibenzenechro- 
inium [ c ~ ( ~ ~ - c ~ H ~ ) ~ ]  reacted with CGFG to give the 
cocrystal [ c ~ ( ~ ~ - c ~ H ~ ) ~ ]  . C& as claret-or yellow-col- 
ored ~ r ~ s t a l s . ' ' ~ ~  The claret crystals consisted of stacks of 
alternating [ C S ( ~ ~ - C ~ H ~ ) ~ ]  and C6F6 units with an inter- 
planar distance between stacked rings of ca. 3.5 A. The 
rings were allnost eclipsed with the angle between ring 
normals being 5.9". Bands in the UV were assigned. in this 
case, to charge-transfer transitions, and EPR spectra were 
consistent with the formation of to some 
extent (3.3% in the presence of a fivefold excess of C6F6 
in toluene solution). 

Gabbai and coworkersiz1' found that the perfluorinated 
planar metallotrinler [Hg(o-C6FJ)13 8 (Fig. 5) could co- 
crystallize with hydrocarbon aromatics to form alternat- 
ing stack structures. For the naphthalene and biphenyl 
cocrystals. it was actually Hg(I1). . .arene interactions 
that were established in the crystal, rather than arene- 
fluoroarene contacts, but for the triphenylene corn- 
plex, arene-fluoroarene contacts were also present. All 
three compounds exhibited luminescence associated with 
the nonfluorinated arene component. but the emission 
from the triphenylene complexes was shifted to longer 
wavelengths than normal for this chromophore. This 
was tentatively correlated with the presence of k H . .  . 
 AS^ interactions. 
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DELIBERATE EXPLOITATION OF AROMATIC 
INTERACTIONS AS TOOLS FOR DESIGNING 
CRYSTAL STRUCTURE AND REACTiVITY 

Desiraju and coworkers cocrystallized cinnamic acids 
bearing electron-withdrawing NO2 or electron-donating 
OCH3 groups, relying on the formation of charge-transfer 
face-to-face interactions between the electron-poor and 
electron-rich aromatic rings (Fig. 6a).122."1 Although in 
all cases the expected packing occurred: and the alkene 
groups were separated by less than 4.2 A, a distance 
criterion for allowing photoche~nical 2 + 2  additions, the 
substitution pattern on the rings of the electron-poor 
aromatics was crucial to the solid-state reactivity. Only 
when NO2 groups were in the 3,5 positions, i.e.: unable to 
conjugate with the alkene, did photochemical cycliza- 
tion occur. 

Some successfi~l synthetic crystal engineering was also 
based on the ArH. . .ArF ~ynthon.~~ ' . '~ '  Daugherty and 
Grubbs et al.'23' exploited phenyl-pentafluorophenyl 
stacking interactions to control the arrangement of 

diaryldiynes in the solid state. and by this method, also 
controlled their solid-state polymerization behavior 
(Fig. 6b). Solid-state polymerization of diynes to give 
trans-polybutadiynes was well documented, but it is 
sensitive to the solid-state packing geometry of the diyne. 
By inducing strictly cofacial orientation of the aromatic 
diyne substituents, through k H .  . .ArF stacking at an 
intermolecular separation of 3.4-3.6 these workers 
anticipated that solid-state polymerization should be able 
to occur, and further that polybutadiynes with novel cis 
geometry might result (Fig. 6b). Diphenylbutadiyne and 
decafluorodiphenylbutadiyne were successfully cocrystal- 
lized from ethanol solution to give a 1:l adduct with 
packing of the two molecules in the expected alternating 
stack. While neither of the pure diynes were susceptible to 
UV-induced polymerization, UV irradiation of the alter- 
nating 1:l cocrystal gave up to 50% yield of oligomers, 
making them markedly more active. The cisltrans ge- 
ometry of the polymeric product was not established. 

In related work,L251 alkenes and dienes bearing phenyl 
or pentafluorophenyl groups were similarly investigated 

Fig. 6 Solid-state organization of alkenes, alkynes, and dienes through ArH. , .ArF interactions for photoinduced dimerization and 
polymerization reactions. 
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by Coates and Grubbs et al. for their crystal packing 
arrangements and associated photoactivity toward [2+2] 
reactions in the solid state. When phenyl and perfluoro- 
phenyl groups were present, they directed the crystal 
packing to give geometries and distances generally 
conducive to the photoinduced reaction. In particular, 
the 1:1 cocrystal of trans-stilbene and tmns-decafluoro- 
stilbene exhibited the expected stacked structure with 
C . .  .C separations of the alkene groups of 3.784 and 
3.749 A. Whereas the pure components were not 
susceptible to solid-state dimerization, under UV irradi- 
ation, this cocrystal gave the photodimerization product 
quantitatively after 5 h (Fig. 6c). The studies were 
extended to the photopolymerization of diolefins such as 
1,4-bis(2-phenylethenyl)-2,3.5,6-tetrafluorobenzene, 9 
(Fig. 5 and Fig. 6d). This diolefin packs in strongly 
slanted stacks because of the expected cofacial arrange- 
ment of the central fluorinated group with the outer 
nonfluorinated groups of its two nearest neighbors. The 
interlnolecular separation of the double bonds was 3.823 
A. Irradiation produced in 15410 a mixture of soluble dimer 
and tetramer, and the insoluble remainder was taken to be 
higher oligomers. However, the "inverse" analogue of 
this diene; trans, trans- l,4-bi.r(2-pentafluorophenylethen- 
yl)benzene, 10, was completely photostable. Correspond- 
ingly. x-ray analysis showed that the packing was not as 
anticipated, with the pentatluorophenyl groups face-to- 
face with the trans-alkenes, rather than with the 1,4- 
phenylene group, resulting in an alkene-alkene separation 
of 4.86 A-too great for the photoreaction. However, 
when this compound was cocrystallized with o-xylene, the 
structure exhibited face-to-face packing of ~r~ and ,ArF 
units, both between the diene units and between the diene 
and included solvent. Irradiation gave dimerization, to 
which the crystal structure was predisposed. The cocrystal 
9'10 was also susceptible to photoreaction, but its crystal 
structure was not determined. 

CONCLUSION 

The field of crystal engineering based on 71 - .n interac- 
tions is now changing from the initially necessary 
surveying of crystal structures (in order to determine 
packing trends and recurring packing arrangements), to 
include the application of synthons to control crystal 
structure and properties. The fundamental natures of these 
interactions are also becoming clearer (see n-n Stacking: 
Theory and Scope, p. 000), which will aid their further 
application in control and prediction of crystal structure. 
The identification and design of further synthons and the 
more detailed testing and application of existing ones. in 
order to den~onstrate control over material properties, are 
likely to be important aspects for future research. 

Synthetic studies aimed at deliberately increasing the 
reliability of some identified synthons will also provide 
stimulating research challenges. 
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INTRODUCTION 

A molecular host that completely surrounds its guest 
provides a means to stabilize reactive and transient chem- 
ical intermediates, to transfer biologically active mole- 
cules to target cells, and to construct molecular-scale 
devices.['-" To design such a host, such a shell requires 
positioning o f  organic and/or inorganic chemical subunits 
in space such that the topological relationship o f  its 
subunits approximates a hollow spherical shell S capable 
o f  packaging single or multiple guests (Fig. I). '" A 
simple design strategy for the construction o f  such a host 
involves utilizing principles o f  solid geometry, wherein 
the chemical subunits positioned along the surface o f  S 
conform to either a Platonic or an Archimedean solid."-" 

SPHERICAL HOSTS 

A spherical virus (e.g., rhinovirus) is a falniliar example 
o f  a spontaneous process o f  self-assembly that gives rise 
to a spherical shell with a closed cavity able to host atoms 
and molecules as guests.[11 Such a spherical structure is 
desirable. because it employs an economy o f  information. 
providing access to a shell with chemical subunits in 
identical chemical environments where surface area is at 
a minimum and strain energy is distributed evenly along 
the surface. Whereas nature utilizes identical chemical 
subunits in the form o f  proteins. which assemble by way 
o f  lloncovalent forces (e.g.. hydrogen bonds), to construct 
a spherical virus. chemists have a wide variety o f  organic 
and inorganic building blocks at their disposal that may be 
used to design atomic- and nanometer-scale shells held 
together by noncovalent or covalent bonds. In a similar 
way to a spherical virus. such a shell may be designed 
to exhibit a targeted property (e.g.. catalysis). The tar- 
geted property rnay be less available, or completely in- 
accessible. by nature. 

SPHEROID DESIGN 

T o  construct a molecular host with a spherical structure. 
the framework must be derigned so that the guest is 
centralized within a hollow spherical shell s.'" From a 
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chemical standpoint, such a framework, however. is 
impossible to design, because atoms and molecules are 
discrete entities. whereas the surface o f  S is uniform. 
Thus, to construct a spherical molecular host, one must 
consider the number o f  identical chemical subunits 12 for 
spheroid design and their placement along the surface o f  
the shell. 

SUBUMlTS FOR SPHEROID DESlGN 

The simplest host chat may be constructed using chelnical 
subunits that approximate a sphere is a shell based on i1=4 
subunits with a structure that conforms to a tetrahedron.'" 
Such a shell consists o f  four identical subunits in the form 
o f  equilateral triangles. where edge-sharing by the tri- 
angular faces provides the curvature along the surface o f  
the shell. The polygonal subunits o f  the tetrahedron are 
related by combinations o f  twofold and threefold rotation 
axes such that the franlework is o f  cubic symmetry (i.e., 
32 symmetry). 

The tetrahedron belongs to a closed family o f  five convex 
uniform polyhedra known as the Platonic solids (Fig. 2). 
named after the ancient Greek philosopher Plato (circa 
427-347 BC),'" who speculated that the five solids were 
the shapes o f  the f~lndamental components o f  the universe. 
Each member o f  this family possesses cubic symmetry 
(i.e., 32, 432. or 532 symmetry) and is inade o f  the same 
regular polygons (e.g.. equilateral triangle. square) ar- 
ranged in space so that its vertices and edges, and three 
coordinate directions. are equivalent. That there is a finite 
number o f  such polyhedra is a consequence o f  the fact that 
a limited number o f  ways exist in which identical regular 
polygons may be adjoined to construct a convex corner. 
Equilateral triangles may be adjoined in three ways. while 
squares and pentagons rnay be adjoined in only a single 
manner. These principles give rise to five isometric 
polyhedra that are achiral. with polygons that are related 
by combinations o f  r7-fold rotation axes. The Platonic solids 
include the tetrahedron, which belongs to the point group Td 
and possesses 32 symmetry; the c~ibe and octahedron, 
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Fig. 1 Hollow spherical shell S.  

which belong to the point group Oh and possess 432 
symmetry; and the dodecahedron and icosahedron, which 
belong to the point group I,? and possess 532 symmetry. 

In addition to the Platonic solids, a family of 13 convex 
uniform polyhedra known as the Archimedean solids 
(Fig. 3) exist, first described by the Greek philosopher 
Archimedes (287-21 1 or 212 BC) . '~ '  The original work 
was lost and was reported second-handedly by Pappus of 
Alexandria (290-350), a Greek geometer. Each member of 
this family of solids is made up of at least two different 
regular polygons and may be derived from at least one 
Platonic solid through either truncation or twisting of 
faces. In the case of the latter, two chiral members, the snub 
cube and the snub dodecahedron, are realized. Like the 
Platonic solids. the Archimedean solids possess identical 
vertices and exhibit 32; 432, or 532 symmetry. The 
Archimedean solids exhibit a larger variety of polygons 
than the Platonic solids. These include the equilateral 
triangle, square. pentagon, hexagon, octagon. and decagon. 

MODELS FOR THE DESIGN OF 
SPHERICAL MOLECULAR HOSTS 

With a synthetic scheme for designing spherical shells 
based on principles of solid geometry realized, chemists 
exploited such geometric principles for the synthesis of 
spherical hosts that encapsulate atoms and molecules as 
guests.['-" In serving as models for the construction of 
spherical hosts, the Platonic and Archimedean solids 
provide a means with which to determine where chemical 
subunits should be placed along the surface of S and the 
bonding arrangements they should adopt. To demonstrate 
these principles. examples of spherical inolecular hosts 
derived from the laboratory and nature will be described. 

PBatonic Solids 

As stated, the Platonic solids constitute a family of five 
convex uniform polyheda made up of the same regular 
polygons and possessing 32. 432. or 532 symmetry. 

Tetrahedral hosts 

The macrotricyclic spherand designed by Lehn was the 
first tetrahedral host (Fig. 421).[~] The bridgehead nitrogen 
atoms and ethyleneoxy units supply the threefold and 
twofold rotation axes, respectively. This molecule, and its 
tetraprotonated fosm, was shown to bind an ammonium 
and chloride ion, respectively. 

Saalfrank was the first to introduce metal-based 
tetrahedral cages by using metal ions as corner units and 
bridging malonate ligands as edges (Fig. 4b).'" Owing to a 
bend in each ligand, these cager are adamantane-like. In 
terms of host-guest behavior, an iron-based system was 
shown to complex a single ammonium ion. 

Octahedral hosts 

A cyclophane-based system reported by Murakami was 
shown to conform to a structure of a cube (Fig. 4c).[" The 
sides of the host consist of tetraaza-[3.3.3.3]paracyclo- 
phane units, and its octaprotonated cation was shown to 
bind anionic guests. A polyoxovanadate. (V06)(RP03)s]' 
(R=tBu,0SiMe3), reported by ~ubieta["' and Thorn,'"' 
was also shown to adopt an octahedral framework 
(Fig. 4d). The vanadium atoms of the shell are located at 
the vertices of an octahedron, while the phosphorus atoms 
are located at the corners of a cube. A cube with a 
structure based on deoxyribonucleic acid (DNA) was 
described by Seeman (Fig. 4e).[12' The directionality and 
ability of the double helix to form branched junctions 
were exploited for the edges and vertices, respectively. 

lcosahedral hosts 

Spherical viruses, found in nature, are examples of 
inolecular hosts related to an icosahedron (Fig. 4f).'I1 
Possessing identical copies of proteins that assemble by 

tetrahedron cube octahedron 

dodecahedron icosahedron 

Fig. 2 The five Platonic solids 
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Fig. 3 The 13 Archimedean solids Truncated tetrahedron (11, cuboctahedlon (2) ,  tluncated cube (3). truncated octahedron (4). 
rhomb~cuboctahedron (5), snub cube (6). icos~dodecahed~on (7), ihomb~truncated cuboctahedron (a), truncated dodecahedron (9). 
truncated icosahedron (10). rhomb~cos~dodecahedron (1 1) .  5nub dodecahedlon (12), and ~hornb~truncated 1co51dodecahedron (13) 

Fig. 4 Spherical hosts based on the Platonic solids: (a) spherand (tetrahedron): (b) metal-organic cage (tetrahedron): (c) cyclophane- 
based cube (cube): (d) the [(V06)(RP03),]+ ion (R=tBu. OSiMe3) (octahedron and cube): (e )  DNA-based cube (printed with permission 
by Professor Nadrian Seeman) (cube); and (f) the rhinovirus (icosahedron). (1~ievt.l; this art in color rrr ~v~~,~v.dekkel:col~l.)  
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way of noncovalent forces (e.g.. hydrogen bonds), these 
hosts range from 15-90 nm in diameter and encapsulate 
strands of ribonucleic acid. 

and is speculated to accommodate five to six molecules 
of dimethylformamide. 

Truncated octahedron 

Archimedean Solids 

As stated. the Archimedean solids constitute a family of 
13 convex uniform polyhedra made up of two or more 
regular polygons and, like the Platonic solids. possess 32, 
432, or 532 symmetry. 

Truncated tetrahedron 

~ u j i t a , " ~ '  §tang,"" and §teel[15' described metal-organic 
cages that are topologically analogous to a truncated 
tetrahedron (Fig. 5a). These systems consist of metal ions 
and aromatic-based bridging ligands that constitute the 
twofold auld threefold rotation axes. respectively. In terms 
of host-guest behavior, x-ray crystallographic studies 
revealed the assembly reported by Fujita to form a 
complex with four adamantyl carboxylate ions, while that 
reported by Steel to encapsulate a molecule of dimethyl- 
sulfoxide. According to mass spectrometric data, the cage 
described by Stang associates with four triflate ions. 

Cuboctahedron 

Gonzalez-Duarte described the ability of eight cadium 
ions and 16 thiolate ligallds to assemble to form a highly 
charged cage. [ClCd8{§CM(CH2CH2)2N(H)Me} 16]15+, 
the sulfur atoms of which sit at the vertices of a 
cub~ctahedron."~' The host contains a central chloride 
ion and an inner tetrahedral array of cadmium ions. A 
large metal-organic shell that conforms to a cuboctahe- 
dron and is baced upon Cu(I1) ions that assemble with a 
triazo ligand was described by ~ o b s o n . [ ' ~ '  The shell 
possesses a cavity with a volume of approximately 816 A' 

Seeman constructed a DNA-based shell analogous to a 
truncated ~ctahedron."~'  The edges of this molecule, each 
of which contains two turns of the double helix, contain 
1440 nucleotides. The molecular weight of the structure, 
which is an overall 14-catenane, is 790,000 Daltons. The 
design strategy relied on a solid support approach, where 
a net of squares is ligated to give the polyhedron. 

Rhombicuboctahedron 

Miiller showed that 24 oxygen atoms of the polyoxomet- 
alate [ A S ~ M O ~ V ~ O ~ ~ ] ~  may be attributed to the structure 
of a rhombicub~ctahedron."~' A strong "tetrahedral 
distortion" of each ion is required to correspond each 
host to the polyhedron. This shell was shown to complex a 
sulfate ion in the solid state. 

Snub cube 

MacGillivray and Atwood demonstrated the ability of six 
resorcin[4]arenes and eight water molecules to assemble 
in apolar media to form a spherical molecular assembly 
that conforms to a snub cube (Fig. 5b).12" Each res- 
orcin[4]arene lies on a fourfold rotation axis and each 
H 2 0  molecule on a threefold axis. The vertices of the 
square faces of the polyhedron correspond to the corners of 
the resorcin[4]arenes and the centroids of the eight tri- 
angles that adjoin three squares correspond to the water 
molecules. The assembly, which exhibits an external 
diameter of 2.4 nm, possesses an internal volume of 
about 1400 A' and is held together by 60 0 - H . .  .O 
hydrogen bonds. 

Fig. 5 Spherical hosts based on the Archimedean solids: (a) metal-organic cage (truncated tetrahedron), (b) calix[4]resorcinarene 
spheroid (snub cube), and (c) bucltminsterfullerene (truncated icosahedron). (Vie~v this art in color at ~vvt~w.dekker.coln.) 
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Truncated icosahedron 

Buckminsterfullerene. an allotrope of carbon, is topolog- 
ically equivalent to a truncated icosahedron, an Archi- 
medean solid based on 12 pentagons and 20 hexagons 
(Fig. 5c).['11 Each carbon atom of the framework cor- 
responds to a vertex of the polyhedron. As a result, CbO is 
held together by 90 covalent bonds. the number of edges 
of the solid. 

CONCLUSION 

Although chemists demonstrated an ability to utilize 
principles of solid geometry to design spherical hosts that 
encapsulate atoms and molecules, it is clear that much 
work remains to be accomplished. Indeed, although there 
exists a limited number of ways (i.e., Platonic and 
Archimedean solids) in which polygons may be arranged 
to enclose space. that chemists are able to mimic such 
structures chemically means that, in principle, an 
unlimited number of shells. with sizes that range from 
the angstrom-to the nanometer-scale level. and beyond 
(i.e.. >10 A), may be constructed. Moreover, a recent 
report by Swiegers illustrated that a classification system 
that accounts for different assembly processes available 
for a given polyhedron is feasible, meaning that a variety 
of routes to Platonic and Archimedean structures remain 
unexplored.1221 Notably. whereas natlire utilizes template- 
directed synthesis to form the polypeptide chains that 
assemble to foi-m a spherical virus, chemists utilized a 
fundamentally different approach to synthesis that relies 
on diffusion-controlled synthesis to construct the subunits 
of spherical hosts.123' Moreover, an ability of chemists to 
mimic such template-controlled processes could provide 
access to spherical hosts with properties not accessible 
using a Inore classical approach synthesis. The imagina- 
tion of the chemist, conco~nitant with an understanding of 
principles of biology and geometry, will lead to further 
advances in this area. 
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INTRODUCTION 

The disco\rery of crown ethers and their unique complex- 
ation properties in the 1960s["' initiated an explosive 
development of the field that is now called "host-guest 
chemi~try" '~] or, within a broader scope of understand- 
ing, "supramolecular c h e m i ~ t r y . ' " ~ ~  This gave rise to an 
enormous number and struct~iral variety of compounds 
all tracing back to the original crown ethers. Apart from 
the parent-type crown compounds, they range over the 
monocyclic coronands, the hi- and oligocyclic cryptands, 
the spherands, cavitands, carcerands, and even more so- 
phisticated structures showing the course of evolution to 
very complex  system^.'^' Weighing the advantages and 
disadvantages of such complicated structures. e.g., high 
selectivity and high stability of complexation on the one 
hand, but high expenditure of preparation and low 
kinetics of complexation on the other hand. contributed 
to the opposite course of development. that is to say, 
design of less-complicated acyclic structures. This 
process resulted in the synthesis of the so-called 
"podands." which are by definition ope11-chained ana- 
logues of crown compounds and cryptands. Podands now 
exist in a great many structural variations ranging from 
single-chained basic compounds to multiarmed dendri- 
mess like inolecules and from highly flexible to rather 
rigidly preorganized molecular  architecture^.'^^" How- 
ever, it should also be noted at the beginning that 
compounds of the podand type were well known, long 
before the discovery of crown ethers, because many of 
the traditional ligands. e.g., oligoamines, salens, etc., 
used to form chelate complexes of metal ions are 
podands in their structural features.'101 Other long-known 
compounds of podand type are the commercial oligo- and 
polyethylene glycols (PEGS) and their dimethyl ethers 
(glymes)." l . i 2 1  ~Woreo~er.  certain natural cation-binding 
ionophores (antibiotics. siderophores) are also close to 
the structure of p~dands , " " . '~~  giving a foretaste of the 
diversity of co~llpound types classified among the 
podands with a broad range of occurrence and applica- 
tions being discussed in the follov~ing sections. 

DEF%NITBON, BASBC STRUCTURE, 
AND TERMINOLOGY 

Coming from supramolecular. coordination, or host-guest 
chemistry, the podands are classified as multidendate or- 
ganic ligands or multido~lor-site host 
Within the general class specification of supramolecular 
ligands and host compounds. the structural feature 
characteristic of a podand are the alignnlent of donor 
atoms (D) in an open-chain f r a m e \ ~ o r k " ~ ~  (Fig. la). Thus, 
within the most generalized system of nomenclature for 
organic ligands, the podands represent noncyclic struc- 
tures, coinpared to the monocyclic corona~lds (Fig. Ib) and 
hi- or oligocyclic cryptands (Fig. lc). Referring to the 
noncyclic backbone of a podand that can be a simple line 
of atoms or a branched or multibranched structural ar- 
rangement. a subdivision is made into mono-, di-, tetra-. 
oligo-. or m ~ ~ l t i ~ o d a n d s . " ~ l  Exemplary cases of general 
construction representative of these structural types are 
shown in Fig. 1. e.2.. mono- (Fig. la) .  di- (Fig. Id). tri- 
(Fig. le). tetra- (Fig. If). pdandobridged tetra- (Fig. lg), 
or multibranched (Fig. Ih) podands. While the single- 
strand monopodands do not involve a so-called anchor 
group (A in Fig. I). the branched oiigo- and inultipodands. 
beginning with the dipodands. have at least one such 
anchor group or branching point i~lcosporated in their 
structure. The anchor groups or branching points refer to 
any construction element or branching unit to which the 
podand segments are attached, mostly being an aromatic 
unit or an oligovalent atom (often N, P. or c)."-" Because 
the donor atoms. as well as the bridging units (ethylene, 
1,2-phenylene) of ordinary podands are lnostly the same 
as used for the construction of the crown ethers, coro- 
nands. and cryptands, it is understandable that the podands 
are sometimes conlpared with Che cyclic or bicylic coun- 
terpart structures of crown and cryptands and are 
called open-chain crown ethers (cf. Fig. Id with Fig. lb) or 
open-chain cryptands Li7. 'S1 (cf. Fig. l e  with Fig. lc) .  
Although the name podand comes from the Greek 
meaning "foot,.' it is also spoken of "arms" in this 
structural context.'"'] So. mono-. oligo-, and multipodands 
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Podand 
Monopodand Coronand Cryptand 

Dipodand Tripodand Tetrapodand 

(i> Ligand (host) Complex 

n 
i D 

0 nni? - Podate 

D D D D Podaplex 

Podand complex f o m a t ~ o n  '& 
Fig. 1 (a)-(h) Definition, specification, and nomenclature of podands. including (i) podand complexes. 

are synonymous with mono-, oligo-, and multiarmed 
open-chain ligands or host compounds, rerpectively. 

Finally, most of the podands were synthesized with the 
formation of complexes (mostly with metal cations, see 
below) in mind. These complexes are termed "po- 
dates,~.[l~.161 or sometimes "podaplexes""9~.201 (Fig. li). 

REPRESENTATIVE COMPOUNDS AND 
SPEClFlC NOMENCLATURE 

Because the acyclic podands were developed by imitating 
the crown ethers to a large extent, the podands featuring 

an open-chain framework with alignment of oxygen atoms 
bridged via ethylene units and having hydroxyl (Fig. 2a, 
R=OH) or alkoxy (especially methoxy) terminal groups 
(Fig. 2a, R=OCH3, OAlkyl) are perhaps the most com- 
monly known conventional podands.'7-91 According to 
their structures, they are oligoethylene (di-: tri-, tetraethyl- 
ene; etc.), polyethylene glycols (polymers of ethylene 
oxide) or their dialkylether derivatives. Although many 
names were applied to the higher polymers of ethylene 
oxide (Carbowax, Jeffox, Nycolene, rnacrogol). they are 
conveniently designated as PEG followed by a number 
(e.g., PEC-200), where PEG is the abbreviation for 
polyethylene glycol. and the number designates the 
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H2K N K MNW2 HS 
H H 

-s s 
R = OH (PEG) 

ASH 

R = Alkyl 

CH3 0 0 CH; 
R', R2 = Alkyl 

Fig. 2 Exemplary cases of linear podand types (monopodands. open-chain crown compounds): (a) conventional: (b.c) modified donor 
atoms: (d)-(g) mixed donor groups: (h i )  rigid building blocks; and (j,k) specific donor end groups. 

molecular weight. which is an average molecular weight 
for commercial compound mixtures (e.g., 190-210 Da for 
P E G - ~ o ~ ) . " ~ ~  The dimethylether derivatives of the oligo- 
ethylene glycols are called "glymes"."2' which is short 
for glycol methyl ethers. or more specifically, diglyine 
(Fig. 2a, R=OCH3. n= 1). triglyme (n=2), tetraglyme 
(rz=3), or oligoglyme (n being a higher number). In 
another naming of these compounds, the number follow- 
ing the class name glyme denotes the total number of ether 
oxygens connected with the ethylene glycol linkages, e.g.; 
glyme-4 is tantamount to triglyme.'73s1 Moreover, numer- 
ous polyethylene glycol relatives exist in which only one 

of the terminal hydroxyl groups of polyethylene glycol is 
replaced by an alltoxy residue1" (cf. Fig. 2a). Importallt 
industrial representatives of this compound typei"."' 
contain a long allcoxy chain as the terminal group. e.g.. 
"Laureth 9," which is short for nonaethylene glycol 
monododecyl (lauryl) ether. In addition. the family of 
industriai compounds known as "nonoxynols" are also 
mcnosubstituted derivatives of PEGS, but they possess a 
p-nonylphenyloxy residue at one end of the PEG chain 
(e.g.. an undecaethylene glycol in the case of "nonoxynol 
11") (cf. Fig. 2a). Similar compounds derived from 
polypropylene glycols are also in existence but play a less 



important part colnpared to the PEGS and their deriva- 
tives.'" A block copolymer of ethylene oxide and 
propylene oxide having a molecular weight of -3.10' 
Da is termed "poloxalene.~ 

On the other hand, open-chain analogues of the 
coronands featuring donor atoms different from oxygen 
are known in an immense v a ~ i e t ~ . ~ ~ - ' ~ ]  including among 
all nitrogen and sulfur podands any mixed arrangement 
of potential donor atoms ( 0 ,  N, S, P, As). Examplary 
cases are given in Fig. 2b-e. As for the crown compounds 
and cryptands, the donor atoms of podands may also be 
an integral part of a heterocyclic ring, a composite 
fuilctional group, or a substituent (Fig. 2f,g). Although 
the most common bridging element connecting the 
donor atoms of podands is the aliphatic ethylene unit, 
the 1,2-phenylene (Fig. 2h) and analogous groups as 
aromatic counterparts are also in use. providing confor- 
mational rigidity of the podand framework and thus 
enhancing the overall organization or preorganizatio~~ of 
the podand. For the same reason, the rigid all aromatic1 
heteroaromatic group containing podands (Fig. 2i) lnay 
be referred to as open-chain s p h e r a n d ~ . [ ' ~ ~ ~ ~ ' ~  A fu rther 
alternative to achieve organized podands is based on 
the so-called "end group c o n ~ e ~ t " . ~ ~ ' . ~ ' ~  Here, use is 
made of a well-considered combination of strong donor 
sites and rigid building blocks to yield the end groups 
that are attached to the termini of a podand chain. The 
8-oxyquinoline (Fig. 2j), 2-methoxyphenoxy (Fig. 2k) 
and analogous units (cf. Fig. 3e) were often used in 
this respect. 

In most published cases of the tripodands (tri- 
podes),L7-91 the three podand subunits are attached to 
nitrogen as the branching point and are usually the same 
in structure, but may be different. making the compounds 
symmetrical triamines (Fig. 3a.b). Also, in many repre- 
sentative cases of this compound class. rigidifying 
terminal groups according to the end-group concept are 
a particular feature of the structure (Fig. 3b). Neverthe- 
less, many tripodands differing significantly from this 
str~rctural principle were such as the deriv- 
atives of glycerol with carbon as the branching point (Fig. 
3c). Others contain a central benzene or a 1,3,5-triazine 
nucleus (Fig. 3d) as the branching unit. Tetrapodands and 
higher polypodal ligands are similarly c o n s t r u ~ t e d , ' ~ - ~ ~  
using ethylenediamine (Fig. 3e), pentaerythritol, benzene 
units. or a calixarene framework (Fig. 3 0  as the multi- 
branching elements. Compounds of the latter type are 
called . 'calixpodands.' 9123.241 A striking example of a 
hexapodand is shown in Fig. 2g. Because of the pictorial 
parallelism to an octopus (in the strict sense a hexapus), 
benzene and other derivatives of this general structure are 
termed "octopus molecules." ["5.'1 However, as it may 
have appeared. podands are not exclusively manmade but 
also originate from nature. A variety of nonmacrocyclic 

ionophore antibiotics, such as grisorixin and nige~icia[ '~] 
or the acyclic sider~~hlores ' '"  are podands in their 
overall structures. It is a common feature of the antibiotic 
structures that many of the donor atoms are located in 
tetrahydrofuran or tetrahydropyran rings (Fig. 3h). An- 
other typical feature of the podal antibiotics is their 
chirality effected by a multitude of chiral centers. This 
structural property was also imitated by artificial podands, 
of which an example is shown in Fig. 2f.[271 

Finally, it is worth mentioning that in the same way as 
for the crown compounds and cryptands. a specific 
notation system was developed for podands.[16' However, 
because of the broad structural range of the podands: it is 
complex in layout and rules and is, therefore, only 
scarcely in use. For instance, applying this notation 
system to the simple compounds of Fig. 2a (R=OCH3, 
n=2) and Fig. 2j (n=3) would result in the designations 
" 1, 10-dimethyl<04 podand-4>" and "< (8)quinolino, O5 
(8)quinolinopodand-7 >.' ' respectively. The latter com- 
pound is sold under the tradename Kryptofix-5% the 
names more common in use for the former compound (see 
above) are triglyme or glyme-4. 

SYNTHESIS OF PODANDS 

Most of the conventional podands, including the oligo-/ 
polyethylene glycols and their rich variety of sinlple 
derivatives (glymes. PEG monoalkyl ethers, nonoxynols, 
etc.) are industrial products: usually obtained by poly- 
merization of ethylene oxide (oxirane) or from oxirane 
and alcohols or oxirane and phenols, r e ~ ~ e c t i v e l ~ . ~ " . ' ~ ~  
Unfortunately, the polymerization process results in a 
mixture of compounds (oligomers of oxirane). causing 
difficulties when pure compounds are required, but the 
reactions per se are without problems. Indeed, even the 
bench synthesis of inore specific acyclic podands is, by 
far, less problematic as for the macrocyclic crown 
compounds and macrobicyclic/oligocyclic cryptands.[2x1 
This is mainly a consequence of their noncyclic structure, 
making superfluous laborious and other specific prepar- 
ative methods (high dilution techniques, template sup- 
port), usually required for the synthesis of macrocyclic 
l i g a n d ~ . ' ~ ~ '  Hence, the podands are generally obtained by 
using conventional synthetic methods including common 
ether. sulfide, ester, or amide bond f ~ r m a t i o n . ~ ~ - ~ ]  

However, certain difficulties may arise from the 
substrates that are often bi- or even oligofunctional in 
their structures: thus causing problems with respect to the 
control of the reactive sites. In order to eliminate these 
problems. protective group techniques are used. in partic- 
ular, when hydroxyl or amino functions are involved. For 
that purpose, the interfering functions are temporarily 
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paralyzed through transformation into the corresponding bisphenolic p ~ d a n d . ' ~ ~ "  Mention should also be made 
labile ether, acetal, ester, or urethane derivatives. In this that many of the podands are simply intermediates of a 
context, it is interesting to note that the purely accidental crown ether, coronand, or cryptand synthetic se- 
discovery of the first crown ether, dibenzo-18-crown-6, by quence.128'"1 Here. they are mostly found at the level 
Pedersen is the result of an incompletely protected before final ring closure and may contribute to the 
substrate (catechol), while he aimed at preparing a accomplishment of a template effe~t. '"~ 

- 
R = Alkyl 

R = t- Bu, K= Alkyl R = Alkyl 

HOOC 

Grisorixin: R1 = OH, R2 = CH3 

Nigericin: R' = CH20H, R2 = OH 

Fig. 3 Representatives of (a)-(d) tripodands: (e,f) tetrapodands; (g) a hexapodand (oligopodands): and (h) podal natural ionophores. 



COMPLEXATION PROPERTlES AND HOST 
BEHAVIOR OF PODANDS 

Because the podands were developed from the crown 
compounds and are seen as their open-chain analogues, 
properties similar to the crown compounds are to be 
expected for the podands. This is most evidently shown by 
the ability to forin complexes.['.51 In case of the podands, 
they are called "podates' '['"'61 or sometimes "poda- 
plexes.. .li9.201 This behavior of the podands to act as 
open-chained multidonor ligands was assessed with a 
variety of metallic and organic However, due 
to the acyclic structure of the podands. as contrasted with 
the macrocyclic crown compounds, there are also differ- 
ences in the behaviors of the two compound types. 
including pros and cons. 

Complexation of Cations (Metal ions) 

To begin with the simple polyethylene glycols and 
glymes. they both were found to form complexes with 
alkali metal cations (Na+. M+) of increasing stability with 
increasing chain length of the podand.[7-91 Incorporation 
of an organizing 1,2-benzo unit into the glyme structure 
does not fundamentally alter the facts. These observations 
accord nicely with the general understanding of the com- 
plexation phenomenon accepted for crown  ether^.'^""^ 
However, when making a comparison between crown 
ethers and the open-chained relatives, the macrocyclic 
crown ethers generally exhibit much higher cation affinity 
than their acyclic podand analogues.'321 To set an exam- 
ple, the stabilities of the potassium cation complexes of 
pentaglyme (glyme-6) (Fig. 4a) and 18-crown-6 (Fig. 4b) 
differ by about four orders of magnitude in favor of 
18-crown-6, depending on the solvent (e.g., methanol). 
The enormous binding difference is said to result from a 
so-called "macrocyclic effect" and may be explained by 
enthalpic and entropic effects, unfavorable in case of the 
podand.L'"l The potassiunl complex of cryptand [2.2.2] is 
still more stable (again by about four orders of magnitude; 
Fig. 4c), as a consequence of the macrobicyclic effect or 
cryptate effect.13" Thus, with reference to the three basic 
types of oligodentate organic ligands (Fig. la-c). one may 
reach the conclusion that the podands give the weakest 
complexes of the series. Nevertheless, the podands profit 
from the well-known chelate effect,'"' which relates to 
the observation that lneial complexes of bidentate or 
oligodentate ligailds are significantly more stable than 
closely related materials that contain unidentate ligands 
(such as diethyl ether or ammonia). When drawing a 
comparison between the cation complexes of simple 
monopodands or dipodands and the topologically higher 
tripodands (open-chain cryptands). the tripod complexes 
are somewhat more stable than the analogous complexes 

of the mono- or d i p ~ d a n d s . ' ~ ' ~ ]  On the other hand, the 
complex stabilities for the tetrapodands were generally 
found to be somewhat lower than for the tripodands. 
which is attributed to potential steric hindrance of the 
terminal groups in the complex arrangement (an effect 
also believed to affect the co~nplexation of higher 
oligopodands). 

However. the affinity for metal cations is also regulated 
by the character of the donor atoms contained in the 
podand framework.'7-" While the all-oxygen podands, in 
keeping with the hard nature of the oxygen donor atoms, 
favor the formation of complexes with alkali and alkaline 
earth metal cations: incorporation of nitrogen and sulfur 
donor atoms into the podand framework is attractive, as it 
alters the binding tendency of all-oxygen podands so that 
they may more readily complex cations of the transition 
metals, such as Ag, Cd, Hg, Co, or ~ i . ' " ]  Several other 
donor atoms (P, As) and types of donor groups, including 
functional units (ester, amide, etc.) may stabilize specific 
podand cation complexes. including complexes with 
NH4+ and organic (chiral) ammoniunl ions.'" But prob- 
ably the most general effect of complex stabilization in 
this context is produced by the end-group concept 
mentioned above, which is effective when sufficiently 
rigidifying donor end groups are present.["-"1 A complex 
stability constant typical of an end-group-assisted podand 
is exhibited by the 1:l K+ complex of Ksyptofix-5% (cf. 
Fig. 2j, n=3)  with log K,=3.5 (in met ha no^).^"' 

Another typical feature of the podands is that the 
stability constants of their complexes are largely indepen- 
dent of the metal cation radius, resulting in relatively small 
discriinination factors K(MI')/K(M2+), i.e., relatively low 
cation selectivity, as compared to the more preorganized 
crown compounds and cryptands [cf. K(K+)/K(Na+) in Fig. 
4a-c1.'~'~ This is a consequence of the flexible podand 
chain that can more readily adapt to the various ions. 
Nevertheless. when circumstances meet the structural 
requirements, podands may definitely achieve useful metal 
cation selectivities, most distinctly manifested by the 
natural ionophores (e.g.. nigericin significantly prefers K+ 
over Na+, while monensin is in the reverse order)["' or the 
so-called "stereognostic ligand~"['~' deti ~ gned for specific 
target cations such as [uo?]'+ or [vo]'+. 

However, in one important respect, the podands are 
undoubtedly superior to the cyclic analogues, which is 
the kinetics of complexation and decomplexation of 
cations.["] In fact, it is a general phenomenon that the 
more rigidly preorganized a host is for cation binding, the 
slower the kinetics of the process are. The same is true for 
decomposition of the complex. Thus, both the forward 
(ki) and reverse complexation rates ( k  of the podands 
are high, while the rates for the forward and back reactions 
of the macrocycles are slower, in practice, 1o2-lo3 times 
slower than with open-chain ligands. The complex 



log Ks 1,5 (Na') 4,4 (Na') 
2,3 (K') 6 1  (K') 

7.9 (Na') 
10,4 (K') 

Fig. 4 Complex formation of podands: (a)-(c) log K, of the Na+ and K+ complexes of (a) pentaglyme, (b) 18-crow11-6. and (c) [2.2.21 
cryptand demonstrating the macrocyclic and cryptate effects: (dl-(f) Rb+ coordination spheres in the solid-state slrnctures of the Rbl 
complexes of bisquinolino podands of different chain length (cf. Fig. 2j); (g)-(i) podand anion complexation: (g) pocland HPOI' 
complex. and podands for (h) halide (Clp. Br

p

) and (i) carboxylate (benzene-1.3.5-tricarboxylate) complexation: and (j.k) complexes of 
podands with uncharged molecules involving (j) thiourea and (k) adenine. 





both in liquid-liquid or solid-liquid systems.i401 Although 
the crown co~llpounds and cryptands are more active in 
complexation and surpass the podands in anion activation; 
these agents also show deficiencies: as compared to the 
podands. In the first place, they are relatively expensive, 
being an obstacle to industrial use, and second, they are 
much slower in the kinetics of the complexation/decom- 
plexation process (see above), which is of general 
disadvantage for the catalysis. Hence, making use of the 
podands as a PT-catalyst saves costs and time. thus 
affording a reasonable alternative to the crown com- 
pounds and cryptands. and in some respect, also to the 
conventional quaternary ammonium salts. This is, in 
particular, true for the siinple oligo-/polyethylene glycols 
(PEGs) and their methyl ethers (glymes) (Fig. 2a). They 
proved to be effective catalysts in a variety of anion- 
proinoted reactions, involving nucleophilic substitutions 
with anions such as fluoride, cyanide, acetate. azide, 
thiocyanate, and sulfide or eliminations using hydroxide 
as a base, both under liquid-liquid and solid-liquid PT- 
 condition^.'^-" Mostly. the reactivity increases by in- 
creasing the ~nolecular weight of the ligands, however, the 
catalytic activity does not appear to be generalizable for 
any kind of anion-promoted reaction. For instance, when 
considering the dehydrobromination of 2-bromoethyl- 
benzene with 60% aqueous KOH, pentaethylene glycol 
(Fig. 2a. R=OH, n= 3) was found to be the optirnum PT- 
catalyst, while higher and lower glycols, and even 18- 
crown-6 (cf. Fig. 4b). proved to be less effective. This 
specific behavior is presumably attributed to the self- 
solvating behavior of PEG, unlike the crown ether. 
Because the PEGs are so inexpensive, they may even be 
used as solvents in processes of this type. Moreover, 
particular end-group-assisted linear podands (Fig. 2j) and 
tripods (Fig. 3b), as well as oligopodands, derived from 
trisubstituted triazine (Fig. 5a). respectively, hexasubsti- 
tuted benzene (Fig. 3g). cyclotriphosphazene, or cyclo- 
triveratrylene, are. in part, very good catalysts, mainly in 
solid-liquid PTC. showing superiority to similar com- 
mercial ligands like the "'Trident" (Fig. 3a).i7-91 Finally; 
the possibility of solving the catalyst recovery problem by 
attaching active catalyst centers to insoluble polymeric 
matrices ("three-phase-catalysis"), which is of high 
interest from the industrial point of view. was also used 
with podands.'"" And last but not least, glymes are 
excellent solvents in the laboratory use of organometallic 
reactions. while the PEGs and other sirnple podands of 
this type are useful starting materials in the preparation of 
crown compounds and cryptandsr'x-"l as well as in the 
synthesis of many other comn~ercial products of the 
chemical industry.'"' A few out of this wide range of 
cornpounds were mentioned in earlier passages. 

Another field of application where the flexible podand 
structure offers advantages to chemical reactions is en- 
zyme modeling.['" Without going into detail, this has 

given rise to a variety of catalysts being inspired of en- 
zyme activity, such as the zn2+  complex of the tripodand 
shown in Fig. 5b. which is an esterase mimic. 

Chemical Analytics 

Compound separation and concentration determination 
are important processes in analytical chemistry. In both 
respects, the podands are useful tools.L422] Considering the 
so-called "solvent extraction" of inetal ions, which uses a 
waterlorganic solvent two-phase system for separation 
and enrichment of metal ions, suitable ligands operate as 
ca~-riers.["~ Their effectiveness not only depends on their 
complexation ability but also on the partitioning between 
the two phases. This factor is taken into account by 
modification of the podand with lipophilic substituents to 
a balanced degree, such as butyl or higher alkyl groups at 
the termini of an oligoethylene glycol chain (Fig. 2a, 
R=OAlkyl). Nevertheless. due to their flexible structures, 
these lipophilic derivatives of glymes were found to be 
much less efficient in the extraction and separation of 
alkali metal ions as compared to lipophilic crown 
compounds. However. amido analogues of this cornpound 
type (Fig. 2g) show clear preferences in the extraction of 
rare earth LUb(lTT), La(III)] and alkaline earth [Ca(II), 
Sr(II)] metal ions, while certain aza and thia derivatives of 
the lipophilic glymes (Fig. 2d) show good carrier 
properties for the extraction of Hg(II). Cu(II), Ag(I), 
Au(III), and other ions of polluting or precious transition 
metals. On the other hand, as compared to the macrocyclic 
hosts, the podands have only scarcely been used as 
carriers in membrane transport, which is another tech- 
nique used to accumulate and separate chemical species 
such as metal cations'"] (e.g.. the podand of Fig. 2f being 
selective for Ag+), though most of the natural podands 
(nonmacrocyclic ionophore antibiotics)['" are typical of 
this behavior. 

Owing to the fast complexatioddecomplexation kinet- 
ics. podands have found wide applications in chemical 
sensing, such as in ion-selective liquid-membrane elec- 
trodes: which in some relevant cases contain a lipophilic 
podand as the sensor ~ornponent."~' These podands 
mostly possess an alnide structure and have long alkyl 
chains that are needed to retain the compounds in the 
lipophilic medium of the membrane. Based on this 
strategy, ion-selective membrane carriers are available 
for nearly all cations of interest in concentration analytics 
(metal ions, ammonium ions), including clinical. biolog- 
ical, and environmental fields. Remarkable cases with 
indication of the ions to be determined are illustrated in 
Fig. 5c-e. Also, among the immense variety of fluoro- 
ionophores designed for cation-sensitive fluorescent sen- 
sors. the fiuorogenic podands rank high.[''] These podand 
structures contain a fluorogenic subunit that tranduces the 
chemical information of the ion-podand interaction, ion 
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Fig. 5 Podands with reference to practical uses: (a) PT-catalyst: (b) enzyme model: (c)-(e) selective membrane carriers (ions to be 
determined in parentheses); (f.g) fluoroionophores: and (h) imaging agent. 



selecti1.e and in dependence of concentration, in an optical 
signal. Often. the fluorophore unit is an anthracene or 
pyrene derivative. while the podand donor sires are oxy- 
gen or nitrogen atoms with affinity for hard alkali and 
alkaline earth or soft transition metal ions, respectively. 
Relevant examples are shown in Fig. 5f,g. Moreover, 
certain paramagnetic lanthanide complexes of oligopo- 
dands (Fig. 5h) are in clinical use as contrasting agents for 
magnetic resonance irnagii~g.'"~ 

Other Uses and Potential Applications 

Although the podands classify a particular compound 
type. including numerous structural certain 
other molec~llar types that have grown into separate 
colnpou~ld classes trace, in part. back to the chemistry of 
podands. This holds, in particular. for the so-called "lariat 
ethers" or more general '"lariat compounds'. (from the 
Spanish "la reata" meaning "the rope," due to their 
graphic resemblance to a lasso) featuring a coronand 
(crown ether) ring with one or more podand side chains 
attached to itrJ7' (Fig. 6a-c). Because the "rope and tie" 
analogy is less satisfactory for the two- and higher-armed 
lnacrocyles (Fig. 4b.c), the term "bracchial" (from the 
Latin "bracchium'. meaning - 'ar~n") was adopted. Thus, 
leading to names bibracchial lariat ether (BIBLE) or 
tribracchial lariat ether (TriBLE) for a two- or three-armed 
system. and so on.'"1 Referring to the general class 
specification of supramolecular ligands elaborated with 
the terminoiogy of podands. the lariat compou~lds go by 
"podandocoronands," e.g., monopodando- or dipodando- 
coronand. and so on."" Moreover, following the previous 
designation open-chain cryptand for the tripodands, the 
podandocoronands are occasionally called "half-open" or 
"semi-closed" cryptands. The overall goal in developing 
the lariat ether (podandocoronand) structures was to 
prepare a class of flexible but selective alkali and alkaline 
earth metal cation complexing agents. Another inspiration 
came from the naturally occurring TriBLE enterobactin, 
which is an iron-sequestering c~mpound.~ '"  leterode- 
rivatives of the side-armed structures were also pursued 
with interest in the complexation of different transition 
metal ions.'"' These compounds are of particular use for 
imaging and targeting p ~ ~ ~ p o s e s ~ " '  as well as for supra- 
molecular 

In recent years, the tree-like molecular constitutions. 
being a logical extension of the oligopodands. developed 
explosively, thus now being classed under new general 
terms. Those multibranched structures consisting entirely 
of branched repeat units are usually called "dendrimers" 
or ' "hyperbranched polymers." The hyperbranched poly- 
mers are irsually the product of a noniterative polymer- 
ization procedure and exhibit an issegular structure with 
incompletely reacted branch points throughout the struc- 

ture. Dendrimers, on the other hand, are highly ordered, 
regularly branched. globular macromolecules prepared by 
a stepwise iterative approach with -'dendronsW (cascade 
branching subunits) being part of it.['81 Numerous 
exa~nples of this class of colnpounds are relevant to 
polypodands. of which typical illustrations are given in 
Fig. 6d.e. Because of their well-defined, unique macro- 
molecular structures, dendritic architectures are attractive 
scaffolds for a variety of high-end applications, including 
nanoscale electronics. energy harvesting and conversion, 
nanoreactors, or highly targeted drugs.'"' 

Another unique type of podands constituting a separate 
class of compounds are the helicands. They feature 
molecular threads containing a number of discrete 
metal-binding domains separated by spacer groups that 
give rise to the formation of helical co~nplexes termed 
.'helicates."["] The majority of helicands contain nitro- 
gen donor atoms, often incorporated in heterocyclic rings 
such as pyridine or 1,lO-phenanthroline. In pasticular 
cases. double and triple helicates are created via self- 
assembly (Fig. 60 .  Similar preorganized compounds, 
closely related to the podands. showed remarl<able ability 
in the construction of molecular cages, grids, and rods 
through metal coordination, having advanced the new 
field of metallosupramolecular chemistry.["' In addition, 
podands of PEG-type, bearing volumiilous stoppers at the 
ends, brought new efficient approaches to rotaxanes to 
fruition.i521 Here. podands are used as the rod-like 
component for threading of the lnacrocyclic components. 
which are held together by mechanical bonds (Fig. 6g). 
All of these fascinating compounds and appealing 
structures suggest the possibility of generating electro- 
chemically responsive and photochemically active mo- 
lecular and suprarnolecular devices and materials at the 
nanoscopic level with precise functions and shapes. thus 
being promising to future high-tech applications."" 

Finally, mention should be made that podands were in 
use long before the term was coined and one began to take 
notice of their complex formation property.'y' Strictly 
speaking, the conventional PEGS and glyme-type com- 
pounds (Fig. 2a, R=OH, OCH3) are broadly used as 
solvents, solubilizers. emulsifiers. lubricants; finishings. 
sizings, softeners, wetting agents. and binders in technical 
products including varnishes. colors and oils, or cosmetics 
and pharmaceutics (such as face lotions. lipsticks, crkmes, 
ointments. and Others involving the PEG 
monoethers with one long alkyl chain or alkylphenyi 
residue as the terminal group (Fig. 2a, R=OAlkyl, 0-13- 
C6H4Alkyl)f generally exhibit amphiphilic, detergent. or 
surfactant properties, and, accordingly, many are used 
industrially, including pharmaceutical preparations and 
emulsifying agents used in foods.i5J1 This may indicate 
that the ordinary podands are probably harmless for 
health. unlike the crown compounds and cryptands. 



Fig. 6 Typical examples of (a)-(c) podandocoronands (lariat and bibracchial ethers); (d,e) dendrimers; (0 a hellcate (double helicate); 
and (g) a rotaxane. 



CONCLUSION 

Despite the fact that the podands were well known before 
crown compounds and cryptands were recognized. it was 
only when the particular cation-binding ability of the latter 
was discovered that the study of podands took on a new 
impetus. This development has given rise to a vast array 
and enormous variety of novel structures of podands. 
which still continues. Beyond that, the podands inspired 
new structural variations such as those given by the lariat 
ethers. dendrimers, helicands, or rotaxanes that have 
grown into separate compound classes. Although the 
fundamental property of podands is to complex metal 
ions, other species, including organic cations, anions, or 
neutral molecules, are also bound. However, in compar- 
ison with the crown compounds and cryptands, the 
complexes of the podands are less stable and, as a rule, 
also less selective but kinetically much faster in formation 
and decomposition, which is advantageous in phase 
transfer, ion transport, sensing, and other promising fields 
of application. The most important advantage podands 
have. however, is their inherent inexpensiveness. The 
synthesis of podands is a comparatively simple one, not 
requiring high dilution or template processes, and is thus 
economic and enhances their commercial utility. Hence, 
there is little doubt that podand frameworks are versatile 
building blocks that will be used increasingly in a variety 
of real and innovative applications, indicated in the text, in 
addition to the ordinary use of podands, e.g., as solubi- 
lizers and detergents. But these latter properties, in the 
true sense, are not explained by the term "podand" and 
are, thus. beyond the scope of this article. 
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Polarity Formation: Markov Chain Model 

JGrg HuBliger 
University of Berne, Berne, Switzerland 

In nature. polarity (defined as a nonvanishin, 0 vector sum 
of dipolar moments) is widely present in living sys- 
t e m ~ . ~" ]  It has been known for more than 35 years that 
bones. teeth, tendons, and other connective tissues show 
effects of macroscopic polarity. i.e., a pyroelectric effect. 
Later. it was shown that host-guest ~ompounds"~ can 
feature a high occurrence of the effect of polarity, and that 
crystals grown from dipolar molecules["61 can show polar- 
ity, although the packing is found to be centrosyinmetric 
by x-ray diffraction. The unifying principle behind these 
phenomena was recently r e c o g n i ~ e d [ ' ~ ~ ~  as a l\/larkov- 
chain mechanism of polarity formation by polar building 
blocks subjected to unidirectional growth. 

The review is arranged as such to first provide an 
introduction to polarity. followed by drawing attention to 
aspects of crystal design and to supramolecular systems 
explicitly found to match the conditions for a Markov 
process of polarity formation. Theoretical aspects are 
reviewed in a separate section. Techniques for mapping 
grown-in polarity are briefly introduced as well. I 
generalization to polarity formation in single-component 
molecular crystals, mechanical objects; and collagen fibril 
fusion in tendon is given at the end. 

POLARITY: DEFBN%TIOM AND 
MACROSCBPLG EFFECTS 

Molecules or crystals can show spatial distribution of 
electrical charge giving rise to a dipolar moment. In 
physics, electrical polarity is described by a vector 
pointing from the negatively to the positively charged 
part of a system. Because of charge separation. polarity 
can only exist in point groups classifying tnolecules and 
crystals that preserve a vector property. For crystals,[9"01 
there are 10 polar point groups called the pyroelectric 
groups (1. m, 2. mm2. 3, 3m. 4, 4mm. 6. 6mm). I11 cases 
where the orientation of the macroscopic polarization 
vector can be changed (inverted or tilted) by action of an 
external electrical field. we have ferroelectricity. or in 
case of stress, w e  speak of ferroelasticity. These properties 
are kilown for many inorganic compounds, however, so 

far. they have not been frequently observed for crystals 
grown from neutral molecules." "12' 

Because species carry positive or negative charges, 
crystals classified by polar group do not show a permanent 
macroscopic polarization at constant temperature (0, 
electrical field (E), or stress (o),  respectively. As a matter 
of existing charges in the environ~nent of a crystal, the 
negative and the positive ends of the polar axis are 
likewise covered by cornpensating charges. Here we 
notice a fundamental difference of magnetic systems, for 
which no compensation of the spontaneous magnetization 
by monopoles exists. A rapid change of temperature (AT) 
or stress (Ao) thus induces a spontaneous polarization P,  
which can be detected by an electrolneter for crystals 
placed into a capacitor. In case of AT. we observe a pyro- 
electric effect. In the case of Ae ,  a piezoelectric effect 
is observed: 

where pi are the pyroelectric vector components, clilk are 
the elements of the piezoelectric tensor (third rank), ojk 

are the elements of the stress tensor (second rank). and A 
indicates that a change is necessary in order to induce a 
macroscopic polarization P.  

At this point. we will make an amendment concerning 
the piezoelectric effect. ~ i ezoe lec t r i c i ty [~ . '~~  is found for 
20 of the 32 point groups describing crystals, 10 of them 
also belonging to the pyroelectric class. Piezoelectricity is 
not a vector property, it is defined by a third-rank tensor. 
Given by symmetry. there are piezoelectric groups that are 
not polar. although effects of polarity can occur (e.g.. 
charged faces). Other effects of polarity are represented by 
a third-rank tensor-the second-order nonlinear optical 
and the linear electrooptical effect.'".'" I summary of 
noncentrosymmetric point groups is provided in Table 1. 
allowing for some solid-state properties of  crystal^.[^-'^' 

Are there further manifestations of a polar axis in crys- 
tals? Obviously, the morphology.['51 the crystal growth 

the form of etch figures,[18' and the chemical 
reactivityL1" of faces are properties that call express a 
polar symmetry. 
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Table B Some symmetry-allowed physical properties 

Piezoelectricity, 
second-order optical 

Pyroelectricity nonlinearity 
Point group Enantiomorphism (vector property) (third rank tensor property) 

1. C, 
2, C2 

m. C, 
222. D2 
mm2. C2, 
4. C4 
4. S4 
422. D4 
4mm. C4, 
42m Dld 
3. C1 
32, Di 
3m. Ci, 
6. C6 
6 C3h 

622. D6 
6mm. C6\. 
6 m2 D3h 
23, T 
432, 0 
43m Td 
Number 

(See Refs. [9,10].) 

Along the present review, we will focus on polarity in nonlinear ~ ~ t i c s ' l ~ . ' ~ ~  generated a large number of com- 
the strict sense, thus being a vector property. pounds crystallizing in noncentrosymmetric structures. 

From the point of view of crystal design,'"' it is clear how 
to align dipolar, functionalized molecules into polar 

ASPECTS QF CRYSTAL DESIGN: HOW chains or planes (driven by synthon interactions'"'). 

TO OBTAIN A POLAR CRYSTAL? however, the striking difficulty enters in preserving po- 
larity in the bulk. 

We consider this approach [supramolecular approach by 
inclusion formation] to be an important achievement that 
points to new methodology. a paradigm of guest-host 
induced dipolar alignment that can be used by chemists to 
engineer solid-state materials with specific properties."' 

Present crystallographic data on the crystal structures 
of molecular compounds show that polar structures 
represent a minority, even among noncentrosymmetric 
(- 24%, n.c.) ones. The main reason for this may be found 
in the electrostatic contribution to the packing energy of 
molecules, tending to align polar subunits (molecules~ 
chains. planes) in antiparallel fashion. There are a few 
structures featuring perfectly aligned dipoles,i20-221 how- 
ever, in most packings of polar structures, dipole moments 
are inclined by an angle 0 to the polar axis. The field of 

Classically. there is only one way to obtain a non- 
centrosymmetric crystal packing. The use of enantio- 
merically pure dipolar cornpounds ensures crystallization 
in one of the 11 enantiomorphic groups, whereof 10 show 
a piezoelectric effect. Only five (namely, those featuring 
an unique rotational axis: 1, 2, 3, 4. 6) of the enan- 
tioinorphic groups that are piezoelectric also allow for 
pyroelectricity (see Table 1). At present. there is no de- 
sign concept with which to obtain a polar point group by 
spontaneous nucleation. 

In the following, we review a supramolecular con- 
~ e ~ t " . ~ ~ '  that demonstrates that the idea of supramolecular 
interactions, may provide an answer. Essentially, this is 
achieved by aligning dipolar molecules into a parallel ar- 
ray provided by an inclusion lattice, in which guest mole- 
cules are subjected to orientational selectivity of the dipoles 
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A-sites: PA,, PA, B-sites: P,,, P,, 

Fig. B Polarity formation for channel-type inclusion com- 
pounds. where A-D molecules enter channels, while the 
crystal grows in the direction of the channels. Orientational 
selectivity for A-D molec~iles is assumed to occur indepen- 
dently for each channel (A-and D-sites). (View this urt in color 
at n,~t.\v.dekker.conl.) 

when included (Fig. 1). A further important effect of a 
channel-type architecture is to weaken lateral interactions 
between dipolar molecules, which frequently tend to an an- 
tiparallel packing. Examples from the literatme are inclu- 
sion co~npounds of thiourea,"' perhydrotriphenylene.'26.'71 
t r i . r (o -pheny lened ioxy)cyc lo t r iphosphaaex l  and 
 other^,'^" including polar molecules, into their channels. 

THE MARKBV GROWTH MODEL 
OF POLARITY FORMATION 

In case dipolar ~noiecules A-D (A: acceptor-type, D: 
donor-type molecular fragment) and a symmetrical host 
molecule H are self-assembling into a channel-type 
inclusion compound (A-D),H. where A-D entities are 
aligned into chains in channels made up by H molecules, 
we may model the system as shown in Fig. 1. Spontaneous 
nucleation has only to create the inclusion-type lattice, 
where existing chains of A-D molecules in channels may 
at this early state show no bulk polarity. If such a seed is 
growing lo macroscopic size. molecular recognition 
(synthon  interaction^^^'^) taking place during individual 
channel formation can provide conditions for orientational 
selectivity, inespective of the type of interactions of guest 
molecules to [he channel wall made up by H entities. 
Generally speaking, interactions of guest to guest and 
guest to surface (wall at entry of a channel) can contribute 
to polarity formation. 

During further attachment (growth), the orientation of 
the incoining guest molecule is subjected to probabilities 
P. For the channel to the left, continuatioll of the 
preexisting polarity is given by PAD; whereas inversion 
is induced by PAA. Similar arguments hold for the channel 
to the right (PDA, P D D )  Because we can assume here that 
the process of orientational selectivity is taking place 
independently at all channels exposed to growth. there is 
polarity formation. if PA/-\# PDD. The queuing system we 
have here can be modeled by a i~arkov-chain:'~~.'~'.~~' 

where XA, XD are the molar fractions of the functional 
groups A or D appearing at the growing surface: q is the 
index for the actual layer of growth. starting at q=0 (seed) 
and rising to q=x, the lnacroscopic crystal. Note that 
PAD+PA4=l .  PDA+PDD=l .  and X A + X D = l .  

Because of the ergodic property of a Markov chain. the 
result at q=x is independent of the initial state of seeding. 
i.e.. the initial values XA(q = 0). X D ( y  = 0). This means 
that the supramolecular approach generating polarity 
through a process of growth is circumventing the basic 
difficulty of creating polarity by spontaneous nucleation. 

rntensrty modulated laser d~ode 
r a 2  a A a  rn w## ma* 

irror rntegraied 
rn opt~cal mrcroscope 

Fig. 2 Experirnental setup for scanning pyroelectric microsco- 
py (SPEM). As indicated, the sample may consist of two domains 
of opposite polarization. Local heating in either domain of 
polarization produces excess charges at both ends of the polar 
axis. This induces a current flow in the outer circuit. Opposite 
polarity is seen because of a change in the current directi~n. '" . '~~ 
(View this art in color rrt ~t.~r,+t..dekker.coriz.) 
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Fig. 3 SPEM images of pcrhydrotripenylene inclusion crystalsi26i with a dipolar guest molecule [l-(4-nitrophenyl)piperazine], 
thinned in three steps. A two-dimensional mapping of the pyroelectric response in the channel direction is shown for a constant 
modulation frequency of the heating laser source of 415 Hz. Color codc: red=positive current; blue=negativc current. Low color 
intensity: no ~urrent.~~'"' Moving from the outer to the inner part of the needle-shaped crystal shows that at all depths, there are two 
main domains of opposite polarization: although somehow interpenetrating. In the middle of the needle, a cone-shaped structure of 
polarity distribution is seen, which is typical for a Marltov-type growth in two dimensions. Qualitative agreement with stochastic 
simulations is obtained. (View tlzis art in color at www.dekker.com.) 

The net fraction X,,,, (where A groups preferably cover 
the surface) of polarity may be defined by 

X,,, = X*(q = xi - X,,(q = mi 

1 - e-AE/ lRT  

where AEA=EAA - EAD, AEE=EAAP EDI); with EAA, 
ED,,, EAD being the three basic interaction energies for 
a collinear gcomctry of A, D functional fragments of 
guest molecules A-D (addit ionally,  we define 
AEl)=EDD-EAI); see Fig. 6) .  Possible interactions to 
the surface other than to groups A, D are not explicitly 
introduced here, although they may exist. 

From the point of view of optimizing the extent of 
polarity we may ask for the best type of A- 
D molecules in order to obtain X,,,, close to 1 at lowest 
possible y. The Markov model gives the answer. Guest 
molecules providing an A-R structure (R: rragment 

~mdcrgoing no typical synthon interactions) featuring 
EAR E ERR=O, EAA>O, can develop an X,,, of more 
than about 0.95 just after about six steps of attach- 
ments, if a strongly repulsive-A- . .A-interaction between 
A-fragments is the dominant contribution at a typical 
van der Waals distance when supposed to enter a 
growing channel. 

We should emphasize here that Markov-grown polarity 
is not the result of a kinetically controlled growth process 
(i.e., fast grow), although we assumc kinetic stability for 
thc grown-in state of polarity. This means that guest 
molecules do not reverse their dipolar direction if 
definitively included in a channel. 

As growth may be allowed along both directions of the 
channcls, bipolar crystals are obtained, showing an 
inhomogeneous polarity distribution essentially because 
of the lateral growth by newly formed channels (see 
scetion on Physical Methods). The interplay of growth 
along channels and in the lateral direction can result in a 
cone-like distribution of polarity (see Fig. 3). 
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PHYSICAL METHODS FOR A 
SPACE-RESOLVED MAPPING OF 
THE MACROSCOPIC POLARlZABlON 
IN POLAR MATERlALS 

Scanning Pyroelectric Microscopy (SPEM) 

The compensation of the macroscopic polarization by 
outer charges in polar materials can be disturbed by a rapid 
change in. e.g.. the temperature producing excess surface 
charge because of the pyroelectric effect. A two-dimen- 
sioilal mapping of the polarization distribution is possible 
when an intensity-modulated beam of a laser is scanning 
over the sample surface coated by a thin absorption layer 
(black). The lateral resolution in surface SPEM is limited 
by the spot size of the laser. An experimental setup is 
shown in Fig. 2. Tomographic information is obtained by 
layered thiililing of a sample (Fig. 3). In the case of 
channel-type inclusion crystals, SPEM was the first 
technique to reveal the bipolar structure, the cone-shaped 
distribution of polarity (Fig. 3d) because of effects of 
lateral growth,"31 and the sign of polarization. 

Phase-Sensitive Second Harmonic 
Microscopy (PS-SHM) 

Norinal second-harmonic microscopy (SHM) may show 
that polarity is present in certain growth sectors, however. 
180" domains cannot be resolved. Sectors featuring an 
opposite average polarity can be made visible by a phase 
sensitive technique,"" introduced in Fig. 4. Provided the 
crystal thickness is in the range or below the coherence 
length of the second harmonic generation (SHG) effect, a 
reference beam of a polarized second-harmonic (SH) 
wave will undergo a constructive or destructive interfer- 
ence with an SH wave generated by the sample. By 
adjusting the phase difference between the fundamental 
and the SH reference wave. all parts of a bipolar crystal 
with the proper sign of the nonlinear optical tensor 
element allowing constructive interference will appear 
bright, whereas the adjacent domain will release an SH 
signal of much lower intensity (ideally zero). Keeping all 
optical settings constant but rotating the crystal around an 
angle of 180" (perpendicular to the incident beam), will 
interchange the brightness of the macrodomains, where 
enhanced or attenuated SH waves are released. Essential- 
ly. the contrast is due to inversion symmetry, changing the 
sign of the nonlinear optic (NLO) coefficient when trans- 
forming the tensor from one coordinate system into the 
other (Side I into Side 11; Fig. 4). 

In Fig. 5 we show the SFIG response of a micrometer 
thin plate of a single component organic crystal, releasing 
green light only from the+and - b-sector (Fig. 5a). Phase- 
sensitive inforination is retrieved from Figs. 5b, c demon- 

strating that this crystal grew into a bipolar state. This is 
the first experimental demonstration that centrosymmetric 
molecular crystals can feature a grown-in bipolar state.'351 

For further details on the SPEM and the PS-SHM 
techniques, see a review in Ref. [36]. 

GENERALIZATION TO 
MECHANICAL OBJECTS, 
CRYSTALS, AND NATURAL TISSUES 

The Markov growth model is generalized in the following 
way.[71 When polar building blocks attach to a surface, 
there is, by symmetry, a difference in the probabilities of 
attaching "tip-first" or "back-first." This difference 
drives polarity formation, irsespective of lateral interac- 
tions that may suppress a parallel alignment of vectors. 
However, if a packing energetically tends to arrange 

Resulting SH signal 

\ sample \ ' sample ' 
1 . 1  4 80" rotated 

phase-shining 
element 

wave 
2 nm) 

reference 
Plb8 material 

fundamental wave 
pulsed laser 

(4064 nm) 

Fig. 4 Far-field phase-sensitive second-harmonic microscopy 
(PS-SHM)."" Oppositely oriented domains (colored in blue. 
red) in a sample with uniform thickness below the coherence 
length emit SH light with a phase shift of n. Domain contrast is 
achieved by using the interference effect between the sample 
and a homogeneous SHG reference crystal. Angle-tuned phase 
shifting is used to adjust the phase between the fundamental 
wave and the SH wave from the reference in  order to achieve a 
maximum interference of the green light of the reference and 
green light produced by the sample in, e.g.. Domain I (blue). 
Keeping optical settings constant but rotating the sample by 
180" leads to an interchange of the interference contrast. For 
clarity. it should be noticed that the laser beam direction is 
perpendicular to what is shown about the sample. (View this art 
in color at ~t,w,~,.dekkei..com.) 
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Fig. 5 Second-harmonic generation ana~~sis~' ."~ to show polarity formation in the centrosymmetric crystal structure of 4-chloro-4'- 
nitrostilbene. Micromctcr thin crystal plate with (001) orientation, grown l inm the melt. (a): Polarization of the fundamental wave (1064 
nm) parallel to the h-axis. Both the upper and lower h-sectors emit green light. (b): Effect of phase contrast for the lower b-sector. (c): 
Correspondingly, uppcr b-scctor. The changc in contrast within sectors allows us to conclude that the average polarization in thc lower 
(b) sector is opposite that in the upper (c) one. (View this art in color at www.dekkeccom.) 

building blocks in a centrosymmetric fashion, the 
Markov mechanism of polarity formation represents just 
a perturbation to a crystal. Examples include crystals of 
dipolar compounds refined to, e.g., P2,/c, for which SFIC 
techniques (scc previous section), nevertheless, may 
reveal some In 4-chloro-4'-nitro-stilbene 
(CNS), crystallizing in P21/c, with phase-sensitive second- 
harmonic microscopy (Fig. 5 )  a bipolar structure was 
round. Polarity in agreement with theoretical predictions 
develops in the + and - h-sectors. 

In centrosymmetric structures, there are at least two 
different growth sites (similar to those shown in Fig. 1) for 
which we may assume independent Markov  chain^,'^'"'"^ 
such as to describe polarity formation by taking into ac- 
count longitudinal (/LEA, AE,,) and transversal (E,,: parallel 
packing, LC,,,: alltiparallel packing; AE- =E,, - E,,) inter- 
action parameters. The general case for crystals calculated 
by a Markov model is summarized in Fig. 6: Assuming 
typical values for AEA, AEL), net polarity X,,,, is shown as a 
function of the transversal parameter AE, at 300 K. 

For a structure strongly preferring antiparallel packing 
(AP, to the right). only little polarity may appear. On the 
other hand, if A E  is negative (P, to the left), the 
stochastic process may to some extent reduce &,, from 
being 1. In between (P', middle), we find a window, where 
polarity strongly depends on AEl. At AElC, a phase 
transition separates structures being centrosymmetric but 
perturbed (AZ-") from those being highly disordered but 

polar (P'). Note that polarity can well exis1 at AEl=O 
(case of inclusion compounds.['2"2"1 To the lest, there is a 
second border given by AE--(T,). Below a certain value 
for AE,, a polar crystal may become metastable with 
respect to growth along one direction of the polar axis (for 
details, see Refs. [5,6,36,37], for which most of the di- 
poles should invert their orientations. 

The Markov-typc analysis lets us conclude that polarity 
in molecular crystals built up by dipolar coinpounds is a 
general property, however, X,,,, depends strongly on spe- 
cific parameters given by intermolecular interactions. A 
further example is given by solid-solution formation j 3 X 4 0 l  

of A-D (crystallizing in a centrosymmetric lattice) with 
A-A or D-D (centrosymmetric as well). The (A-D)l ,(A- 
A), and (A-D)l ,(D-D), crystals call develop polarity 
for the same reasons discussed above. 

Finally, we can extend our view further in demon- 
strating that the stochastic growth of heaps (ID, 2D, 3D) 
using polar mechanical objects is yielding polarity as 

Surprisingly; the existing pyroelectricitylll in 
connective tissues was recently by the fol- 
lowing theory. Driven by chemical recognition, collagen 
fibrils during the process or self-assembly into tendon 
(Fig. 7) show the property of fusingr41742' in a way that can 
produce macroscopic polarity. This occurs because the 
fusion probabilities Pcc for C-termini differ from that 
for N-termini (PNN). Polarity evolution at the level of 
the early state of a piece of tendon may start with an 
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+ 
disorder 

metastable 

uni-oolar 

Fig. 6 ~ u m r n a r ~ " ~ '  of the behavior of stochastic polarity 
formation in crystals. showing the influence of AE, (lateral 
interactions) on net polarity X,,,, for given values AEA=5 kJ/mol 
and AED=2 kJ1lnol at 300 K and a square lattice. Points: Monte 
Carlo simulation (periodic boundary conditions): red curve: 
Markov-chain model taliing into account lateral interactions. P :  
structure with polar order showing some defects reducing 
polarity: P': polar order with Inany orientational defects; AP: 
centrosyrnmetric structure showing some orientational defects. 
For an explanation of boundaries separating AP. P'. and P, see 
Ref. [371. (Vie)\. this ar t  iil color at 1r1tu.dekker.com.) 

Lateral grovdh of tissue: 
many aligned cells in parallei 

equal number of "up" and "down" fibrils exceeding 
elongation (see Fig. 7) in extracytoplasmic channels. 
Following ideas developed for inclusion compounds (see 
Fig. I) ,  we model polarity formation in growing tendon by 
two independent Markov chains (I, 11; see Fig. 7). Driving 
forces for the lateral aggregation may support or work 
against macroscopic polarity formation. As a result of the 
interplay of all interactions, in principle. polarity can 
evolve if a difference in Pee and PNN is effected by a 
stochastic mechanism of self-assembly. A stochastic de- 
livery of small aggregates of procollagen to extracyto- 
plasmic channels (secretion: see Fig. 7) is provided be- 
cause of a translocation time along the cell that is larger 
than the rotational diffusion of small aggregates. In agree- 
ment with experimental findings, only a small percentage 
of collagen fibrils in the bulk of tendon show polar order 
for a reasonably small r a t i ~ [ ~ . ~ '  of PyN and Pcc As found 
experimentally"' in tendon, N-termini are preferably 
oriented in the direction of growth. 

Summarizing. we can say that polarity is a property 
that can arise in systems showing unidirectional stochastic 
growth by use of polar building blocks. In other words, an 
average < P>of the pertinent polar property P of building 
blocks is preserved by a stochastic process of growth, 

Seif-assembly lntolargefibrils' 
by chemlcal iecognlt ion. 
Markow process establishes 1 polarity <P,,,,,> 

Center of 
symmetric 

development 

C e l i u i a r  
directionality and 
IongitLldinai growth 
of tissue (distal): 

Fig. 7 How cells (green part) aligned in the direction of longitudinal growth of tendon produce fibrils (red and blue arrows) from small 
segments secreted (SE) into extracytoplasmic channels. Self-assembly is assunled to occur in the channels. Cells and produced fibrils 
are interwoven. RE: endoplasmatic recticulum: GL: Golgi apparatus; and SE: secretion. I and IT refer to the basic orientations of the 
polarity of fibrils starting growth (compare with channels in Fig. 1). P,,.,,,,i,,,,,: polarization of the molecule:iP>: macroscopic 
polarization. As a result of the Markov process.r81 the sum of red vectors is larger than that of blue vectors, because here P ~ ~ > P ~ ~ . ~ ~ " ~ ~ ~  
Small pink arrows: intercellular translocation of procollagen and aggregates thereof. (Virn. this art  in color a t  ~~'~r~+i:.dekkei-.coi~~.) 
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because the growing system represents polar symmetry as 
well. In essence: there is always some bulk polarity<P>, 
although in most real cases; it may not reach the 
maximum extent. The extent of stochastic polarity 
depends on the ratio of PA, and PDD, both of which 
may be functions of longitudinal and transversal intesmo- 
lecular interactions. Interesting to see that. particularly, a 
supramolecular system (e.g., channel-type inclusion com- 
pounds) can reach X,,, values close to unity. This is 
because the negative influence of transversal interactions 
can be strongly reduced by any approach that succeeds in 
shielding guest molecules, as they do not prefer to align in 
an antiparallel fashion. 
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Purification of a solid organic compound is achieved 
principally by crystallization, a process involving the 
successive formation of prenuclear aggregates of the 
molecules in question. crystal nuclei: and eventually, 
mature crystals. Altering the experimental conditions of 
crystallization of a given substance can lead to its 
isolation in different crystalline forms, or polymorphs, 
each of which is unique in terms of its thermodynamic 
stability and physical properties. Two polymorphs of a 
given compound may exhibit properties as different as 
those displayed by two distinct compounds. This versatile 
aspect of solids. particularly insofar as it presents 
opportunities for selecting an appropriate crystalline form 
for a specific application, continues to be exploited in all 
areas of chemical and materials research. In a systematic 
experimental study of the polymorphism of a given 
compound, investigators are likely to encounter not only 
polymorphs but also solvated crystal forms (sometimes 
called pseudopolymorphs) and amorphous forms, ail of 
which are unique and of practical relevance because of 
their possible interconversion and potential utility. 

OCCURRENCEANDGENERALIMPACT 

Polymorphism and polymorphic transformations are 
phenomena encountered during the manufacture, hand- 
ling, processing. and storage of solid materials, both in 
small-scale operations in academic laboratories and in 
bulk processing in commercial establishments. The 
challenges they present are considerable. the foremost 
being those of establishing the conditions for reproducible 
preparation of a specific solid form with desired 
properties (for application in areas such as suprarnolecular 
chemistry, crystal engineering. explosives manufacture, 
food chemistry. agrochemicals, and pigment and phar- 
maceutical manufacture) and retention of that form during 
the lifetime of its application. Patent litigation hinging on 
the polymorphism and pseudopolymorphism of commer- 
cially or strategically important materials is becoming 
more frequent as companies strive to protect their 
intellectual property. 

CRYSBALLlZABlOM DY NAMlCS AND 
POLYMORPHIC STABILITY RELATIONSHIPS 

Understanding the origin of polymorphism and ultimately 
controlling the outcome of crystallization processes 
require consideration of the thermodynamic and kinetic 
factors involved.''' At specified temperature and pressure, 
only one polymorph of a given compound is thermody- 
namically stable (i.e., has the minimum Gibbs free 
energy): and all other polymorphs are metastable to 
varying degrees. If this factor alone determined the 
outcome of crystallization. then only one polymorph (the 
most stable) should appear. However. because the nuclei 
of different polymorphs have unique structural and 
interfacial properties, their free energies of activation 
differ, and hence, the nucleation rates of different 
polymorphs of the same compound generally differ. 
Consequently, if conditions are such that the nucleation 
rate of a metastable polymorph exceeds that of a more 
stable polymorph, crystallization of the former will be 
favored. The successive crystallization and dissolution 
of increasingly more stable (less-soluble) forms from a 
solution of a compound, described by Ostwald's Rule 
of Stages, is a manifestation of the interplay between 
the thermodynamic and kinetic factors operating in 
such a system. Each polymo~ph has an associated 
"occurrence domain," i.e., solvent medium, tempera- 
ture range, and other conditions under which it will 
crystallize.i21 Simultaneous crystallization of two or more 
polymorphs ("concomitant polymorphism") is not un- 
common[31 and may occur if the occurrence domains of 
these species intersect. Establishing the limits of this 
intersection provides a rational basis for polymorphic 
control in crystallization. 

Thermodynamic stability relationships between poly- 
morphs are conveniently represented in schematic ener- 
gy-temperature  diagram^.'^' Shown in Fig. 1 is such a 
diagram for the system comprising three polymorphs of 
the hypocholesterolemic drug lifibrol (4-(4-[4-(1,l- 
dimethyl)phenyl]-2-hydroxybutoxy} benzoic acid) 1, 
established on the basis of measured thermal, solubility, 
and spectroscopic data.'" Focusing first on the curves GI, 
GI,. and Gli,. which represent the temperature variations 
of the Gibbs free energies of polymorphs I: 11, and their 
common liquid phase. respectively, it is evident that 
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Fig. 1 Semischematic energy-temperature diagram for three polymorphic modifications of lifibrol I. (Reprinted from the European 
Journal of Pharmaceutics & Biopharmaceutics, Vol. 49. A. Burger and A. Lettenbichler. Polymorphism and preformulation studies of 
lifibrol, pp. 65-72. 2000 (Ref. [ 5 ] ) .  with permission from Elsevier Science.) 

polymo1phs 1 and 11 melt at the temperatures Tf,r and Tf,lI, 
where each solid phase is in equilibrium with the liquid. 
The curves GI and GII intersect at the temperature 
Tp,ll which represents their transition point. At 
temperatures less than T,,J~ _ the curve GII lies below 
curve GI; indicating that polymorph I1 is more stable in this 
temperature region. I11 the temperature range between 
Tp.ll and Tf,I, however, polymorph I is the more stable 
form. Thus. heating polymorph I1 above TPII I will 
result in its conversion to the more stable polymorph I, and 
conversely, cooling polymorph 1 below Tp.II will yield 
polymorph II. These features are the hallmarks of 
enantiotropy, and polymorphs I and I1 are said to be 
enantiotropically related. Because the curve GIII (for the 
third polymorph of lifibrol) lies above those of C, and GII, 
polymorph III is evidently metastable with respect to both 
polyrnorphs I and II. Owing to its metastable nature, 
polymorph 111 has a natural tendency to convert (irrevers- 
ibly) to I or TI and will do so under favorable conditions 
(e.g., via solution-mediated transformation or by mechan- 
ical treatment). The polymorphs I and I11 are accordingly 
said to be related monotropically, as are 11 and III. 
Establishing whether polymorphs are enantiotropically or 
monotropically related is of practical significance, because 
it guides crystallization strategy.1G1 For example. in order to 
isolate one of the polymorphs in an enantiotropic system. it 
is necessary to maintain the temperature and pressure 
conditions at which the Cibbs free-energy curve of the 
desired polymorph is below that of the undesired one. 
Included in Fig. 1 are the enthalpy (H)-temperature 
variations for the various phases present, from which the 
relative magnitudes of the enthalpy changes for possible 
solid-solid and solid-liquid transformations can be 

deduced. Ideally, the construction of an energy -tempera- 
ture diagram for each new polymorphic system encoun- 
tered is desirable, as such a diagram summarizes a 
considerable amount of thermodynamic data for the 
system and enables prediction of phase stability and 
possible phase transformations. The conclusion of the 
study on l i f ib~ol[~ '  was that polymorph 11 (stable at both 
room temperature and body temperature) is suitable for 
pharmaceutical formulation. 

Consideration of the general features of energy- 
temperature diagrams has enabled us to formulate several 
practical guidelines (Burger's rules) for distinguishing 
monotropic and enantiotropic systems.[" The heat-of- 
transition rule and the heat-of-fusion rule are especially 
useful. The second, for example, states that if the enthalpy 
of fusion of the lower melting form is greater than that of 
the higher melting form, the polymorphs are enantiotrop- 
ically related. (This is evident in Fig. 1 for polymorphs I 
and II, for which AHf,II>AHf,I). Extension of the theory 
underlying energy-temperature diagrams has led to 
formulae for calculating AG(T), the difference in the 
Gibbs free energy for two polymorphs as a function of 
temperature.i71 Extrapolation of this quantity to zero 
enables estimation of their transition temperature. 

GENERATlON AND CHARACTERIZATION 
OF POLYMBRPHS 

Preparative Methods 

A thorough practical investigation of the propensity for 
the existence of different solid forms of a new compound 
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should follow the type of systematic program that has 
becorne mandatory for drug  substance^.'^] This involves 
isolation of all possible forms of the compound (including 
polymorphs. solvates, and arnosphous phases), followed 
by application of physicochemical methods of analysis to 
establish the identity of each form as well as the stability 
and structural relationships among the various forms. 
Both steps in this procedure are outlined here. 

Methods for generating polymorphs. hydrates, sol\l- 
ates, and amorphous phases have been 
Starting with the raw material (in whatever form 
available), polymorphs may be obtained by sublimation. 
crystallization from solvents (single or mixed), precipita- 
tion from solution by pH adjuslinent (for acidic or basic 
compounds). vapor diffusion, thermal treatment, crystal- 
lization from the melt. seeding. thermal desolvation of 
crystalline solvates, and grinding. As regards pseudopo- 
lymorphs, hydrates may be obtained by crystallization of 
the anhydrous compound from water or by exposure of 
water vapor. Analogous procedures using organic solvents 
may yield the correspoilding solvates. 

Because crystallization from a given solvent may yield 
either a polyrnorph or a solvate, some guideline is 
desirable for predicting the likely outcome. A useful 
recent study assessed the tendency for different solvent 
molecules to be incorporated in the crystallized prod- 
uct.'"' Mere, account was taken of the frequency of 
occurrence of solvates as well as the frequency of usage 
of specific solvents in crystallization experiments. This 
enabled a ranking of common solvents according to their 
probabilities of leading to soivate formation. Thus. 
despite the fact that diethyl ether is used much more 
frequently as a recrystallization medium than 1.4-dioxane. 
it has a inuch lower tendency to form solvates. These 
observations can be rationalized on the basis of solvent- 
solute interactions. Retention of organic solvellts in the 
product crystal is facilitated for solvents such as 1.4- 
dioxane that can interact with appropriate polar functions 
of the solute molecule through multiple-point recognition, 
e.g., via strong O(so1vent). . .H-8,  O(so1vent). . .H-N as 
well as weal< O(so1vent or solute). , ,H-C ilydrogen 
bonds. The practical significance of pseudopolymorphs 
should not be underestiinated. If the parent co~npound has 
a tepdency to solvate. it may crystallize in only one or two 
polymorphs but generate a large number of pseudopoly- 
morphs. On desolvation. the latter produce polymorphs, 
among which hitherto unobserved forms might be present. 
The versatile drug sulfathiazole 2 is remarkable in 
forming over 100 sol~atcs.~" '  Struct~~rally. these crystal 
modifications fall into the classes of clathrates, cocrys- 
tals, and salts. 

Finally, to generate amorphous phases from the parent 
compound, the various methods include rapid cooling of 
the melt, particle size reduction (by milling. with or 
without additives), spray-drying. freeze-drying, eliminat- 

ing solvents from solvated phases, and adjusting solution 
pH. Amorphous phases are thermodynamically metasta- 
ble and, therefore, more soluble than polymorphs of the 
same compound. As such, they may be useful pharma- 
ceutically to enhance bioavailability provided their tend- 
ency to revert to inore stable forms can be prevented. 

Physicochemlcal Characterization 

A wide range of physicochemical techniques is available 
for the characterization of polymorphs and pseudopoly- 
morphs. A brief description of the most widely used 
methods follows, but it should be noted that numerous 
other techniques have been employed in special cases. and 
the ingenuity of future investigators will no doubt lead to 
the application of novel methods. X-ray diffraction 
remains unique in its ability to distinguish different 
polyrnorphs of the same compound, because each species 
yields its own characteristic x-ray powder pattern.'12' 
Shown in Fig. 2 are the distinctly different experimental 
patterns for the polymorphs 1-111 of lifibrol 1''' that 
permit their unequivocal identification. The technique is 
ztlso used dynamically and variable-temperature powder 
x-ray diffraction is being increasingly employed to 
identify polymorphic phase transforinations and to 
determine transition temperatures. When single crystals 
of a polymosph are available, x-ray analysis permits 
complete elucidation of the molecular and crystal 
structures. enabling the investigator to correlate bulk 
properties of the polymorph with details of the molecular 
conformation. crystal packing. and hydrogen-bond inter- 
actions. The refined crystal data (atomic positions, 
displacement parameters. unit cell dimensions) and space 
group data for any structure are also required for the 
computation of the idealized x-ray powder pattern of that 
crystalline phase. Such a pattern is invaluable as a 
fingerprint for future phase identification. 

Standard therrnal methods of analyzing polymosphs 
include differential scanning calori~netry (DSC). thermo- 
gravimetric analysis (TGA), and hot-stage inicroscopy 
(HSM). These methods are applied routinely in the 
pharinaceutical industry to monitor the integrity of 
specific poly~norphs intended for formulation and to 
detect and characterize solvated forms.'"' Whereas 
polyinorphs yield zero mass loss upon heating up to the 
melting point, solvates usually lose their included solvent. 
as indicated by an accurately ~neas~irable mass loss on 
TGA (enabling calculation of the solvate stoichiometry). 
an endothermic peak in the DSC trace. and the formation 
of bubbles of released solvent when the crystals are 
heated under an inert medium in HSM. DSC traces for 
various forms of lifibrol I['] are also shown in Fig. 2. Pri- 
mary data from DSC include characteristic onset and peak 
temperatures of thermal events (polymorphic transitions: 
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Fig. 2 Powder x-ray diffraction patterns (left) for three polymorphs of lifibrol I and DSC traces (right) for lnodifications I and I1 as 
well as the amorphous x-modification that transforms into modification 111. (Reprinted from the European Journal of Pharmaceutics & 
Biopharmaceutics. Vol. 49. A. Burger and A. Lettenbichler, Polymorphism and preformulation studies of lifibrol. pp. 65-72, 2000 
(Ref. [ 5 ] ) .  with pernlissioll from Elsevier Science.) 

fusion). as well as their associated enthalpy changes. Ac- 
curate enthalpies of fusion for different polymorphs are 
used in conjunction with Burger's rules to distinguish en- 
antiotropic and monotropic b e h a ~ i o r s . ~ ~ '  

FTIR and Raman spectroscopy are frequently used to 
characterize p ~ l ~ r n o r p h s . ~ ' ~ ~  Both the molecular confor- 
mation and the crystal packing may lead to differences in 
the FTIR spectra of polymorphs; the differences are more 
pronounced for compounds capable of hydrogen bonding. 
Characteristic shifts in C=O, N-H, and O-H stretching 
frequencies often lead to unequivocal polymorphic 
identification. Differences in fine structure and in the 
positions and intensities of IR bands enabled seven 
crystalline forms of the steroid prasterone 3 to be 
distinguished.'"' The presence of characteristic absorp- 
tion bands due to included solvent molecules allows ready 
distinction between polymorphs and pseudopolymorphs. 

Solid-state WMR (mainly 13c) is rapidly gaining 
popularity as a method for distinguishing polymorphs.1121 
The existence of different crystal-packing schemes 
inherent in a series of polymorphs implies that specific 
iluclei of the parent molecule will generally experience 
different local magnetic environments in the various 
crystals, yielding characteristic shifts in resonance posi- 
tions. The method allows for detection of subtle structural 
features. including differences in molecular conformation, 
crystallographically independent molecules, and molecu- 
lar disorder. It is. however, desirable to confirm the 
presence of such features using x-ray analysis.i121 It 
should be emphasized that thorough and unambiguous 

characterization of polymorphic systems us~~a l ly  requires 
application of several techniques in combination, and that 
all of these should be conridered as supporting the 
definitive technique of x-ray diffraction. 

STRUCTURAL ASPECTS OF 
POLYMORPHIC SYSTEMS 

Rigid or Semirigid Molecules 

For a system comprising two or more polymorphs, x-ray 
crystal structure analyses of the various forms are highly 
desirable, because they reveal, at an extraordi~lary level of 
accuracy and precision; how che~nically identical mole- 
cules can be accoinmodated in different crystalline 
architectures. This knowledge is indispensable for estab- 
lishing and interpreting structure-property relationships. 
The vast majority of polymorphic crystal structures were 
determined using single-crystal x-ray techniques. but 
there is an increasing incidence of successful structural 
elucidation from high-resolution powder x-ray diffraction 
data, especially for metastable phases and in cases where 
the crystallite size is very small. 

Molecules possessing few conformational degrees of 
freedom frequently crystallize in different polymorphic 
forms with retention of a common. low-energy confor- 
mation b ~ ~ t  with different intermolecular relationships, 
reflected in their space group symmetries. Examples 
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Fig. 3 Crystal structures of nitrofurantoin polymorphs: layer stacking (top left) and hydrogen bonding within a layer (lower left) for 
the a-polymorph; and layer stacking (top right) and hydrogen bonding within a layer (lower right) for the P-polymorph. Only the N- 
H . .  .O hydrogen bonds are indicated. (Adapted from E.W. Pienaar, M.R. Cai1.a and A.P. Lotter, Journal of Crystallogl.aphic and 
Spectroscopic Research. 23(10). 1993, 785-790. with permission from Kluwer AcademicPlenum Publishers.) (View this art irz color at 
br,rvw.dekker. conz.) 

include the conlpounds rnaltol 4, sulfamerazine 5 ,  
nitrof~~rantoin 6.'14' and acetaminophen (paracetamol) 
7.r151 Shown in Fig. 3 are the crystal packings in the x- 
polymorph (triclinic? space group PI) and the P- 
polymorph (monoclinic, P21/c) of nitrofurantoin 6, both 
of which are based on the stacking of molecular layers.'"' 
The same types of hydrogen bonds (N- H . .O, C-II.. .O) 
occur in both phases, but their arrangements within the 
layers of the two polymorphs differ substantially. One 
consequence of the structural difference is that the 
dissolution rates of the two polyrnorphs differ signifi- 
cantly. Two polymorphs of acetaminophen 7 provide a 
striking example of such a structure-property relation.'"' 
The crystal structure of the stable monoclinic polymorph 
(P21/c) is based on a colnplex molecular array stabilized 
by intermolecular hydrogen bonds that assume a variety 
of spatial directions, whereas the less-stable orthorhombic 
crystal (Pbca) contains hydrogen-bonded molecules 
assembled in layers that lack strong cohesion. As a 
consequence, the crystals respond differently to the 
application of pressure. The monoclinic polymorph resists 
compaction in the absence of excipients, while the 
orthorhombic polpmorph may be tabletted without addi- 
tives, owing to the presence of graphite-like slip planes in 
the crystal. Numerous polymorphic structure-property 
relationships are documented."" Other bulk properties 
that were correlated with crystal structures of polyinorphic 
systems include electrical conductivity. magnetism, pho- 

tovoltaic and photoconductive effects. nonlinear optical 
(NLO) activity, photochromism, thermochromism, and 
mechanochrornisn~. Such properties are intimately associ- 
ated with special structural features of the polymorphs 
displaying them (e.g., WE0 activity, occurring exclusively 
with noncentrosymmetric polymorphs). 

Conforrnationally flexible molecules frequently possess 
several low-energy conformations, two or more of which 
may appear in different crystal structures. giving rise to 
"conformational polymorphism."['41 Examples of com- 
pounds crystallizing as conforrnational polymorphs and 
the variety of space groups represented include dichloro- 
N-benzylideneaniline 8 (Pi,  Pccn), iminodiacetic acid 9 
(trimorphic, with two polymorphs in P21/c. one in P b ~ 2 ~ ) .  
spironolactone 10 (two poly~norphs in P212121), and 
probucol 11 (two polymorphs in P21/c). Two enantio- 
tropically related polymorphs of piroxicam pivalate 12 
fall into this category.[171 Form 1 is orthorhombic (Pbca), 
with one molecule in the asymmetric unit. Form 2 is 
inonoclinic (P21/c), with two molecules (A. B) in the 
asymmetric unit. As shown in Fig. 4. the molecular 
conformations differ significantly for all observed con- 
formers. Examination of the crystal structures revealed 
that the arrays of A and B molecules in Form 2 are located 
in separate domains, each with a distinct hydrogen- 



Fig. 4 Conformational polymorphism in piroxicam pixlalate 12: the single conformer occurring in Form 1 (top left). two independent 
conformers (A. B) found in Form 2 (lower left, lower right). and the IX absorption bands ( c m  I )  in Forms 1 and 2 in the amide N-H. 
ester C=O. and alnide C = 0  stretching regions (upper right). (Adapted from the Journal of Pharmaceutical Sciences. Vol. 87. M.R. 
Caira, M. Zanol. T. Pe\ eri, 4. Gazzaniga. and F. Giordano. Structural characterization of two polymorphic forms of piroxicam pivalate. 
pp. 1608- 1614. 1998 (Ref. [17]). with permission from Wiley-Liss, Inc.. A Wiley Company .) 

bonding arrangement. These structural features could be 
reconciled with the appearance and positions of the IR 
absolption bands for the amide N-H, ester C=O. and 
amide C=O stretching vibrations (Fig. 4), the Forrn 2 
spectra accordingly showing higher peak multiplicities. 

Conformational polymorphs have been exploited for 
structure-property relationships. A recent study of the 
color polymorphisnl (red. orange. yellow) displayed by 
six confor~llational poly~norphs of 5-methyl-2-[(2-nitro- 
phenpl)amino]-3-thiophenecarbonitrile 13 showed that 
this phenomenon could be explained by confor~nationaI 
differences that change the extent of n-conjugation be- 
tween the o-nitroaniline chromophore and the thiophene 
ring."" This thorough investigation employed optical 
crystallography, polarized single-crystal absorption spec- 
troscopy, and computational methods. In the context of 
polymorphic control (see below). in comparison with 
rigid molecules, the crystallization of conformationally 
flexible molecules is especially because of 

the reduced tendency for such molecules to crystallize 
and the possibility of their crystallizing in a variety of 
structural arrangements. 

CHALLENGES AND 
REGENT DEVELOPMENTS 

Polymorphic Control 

Several challenges in the area of polymorphism continue 
to be the focus of intensive research. These include 
polymorphic control in crystallization, structural elucida- 
tion of polymorphs available only as powders, and the 
central problenl of crystal structure prediction by 
theoretical methods from a knowledge of the molecular 
structure only. Here, the essential features of these 
challenges are described, and some recent developments 
that attempt to address them are outlined. 
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The crucial need to control the outcome of crystalli- 
zation of a polymorphic compound was alluded to above. 
Failure to manufacture the desired polymorph reproduc- 
ibly can lead to massive financial loss and, in the case of 
pharmaceutical compounds, to the more serious risk of 
compromising human health. A recent dramatic case 
involved the anti-AIDS drug ritonavir 14 that failed 
dissolution requirements in m i d - 1 9 9 ~ . [ ' ~ ~  The cause was 
traced to the sudden appearance of a new, thermodynam- 
ically more stable polymorph with a solubility only - 25% that of the known polymorph (measured in 
hydroalcoholic solvents. at the required formulation 
storage temperature of 5°C). The original polymorph 
temporarily "disappeared," having been "displaced" by 
the more stable form. Only after extensive investigation 
were manufacturing processes developed for selective 
crystallization of the two polymorphs. Some of the 
strategies for polymorphic control include recrystallizing 
from specified solvent systems, altering the crystallization 
conditions from "thermodynamic" to "kinetic" or vice 
versa, using of seeding, and employing designed additives 
to induce crystallization of a desired polymorph. The use 
of specific solvents or mixtures of solvents does not 
guarantee isolatio~l of a particular polymorph unless other 

experimental conditions are carefully controlled. Critical 
factors include the degree of solvent purity, solute 
concentration, temperature program, and the time of 
harvesting the crystals. Increasing emphasis is being 
placed on the need to accurately record these conditions to 
ensure reproducibility of the o~tcorne.''~' Metastable 
polymorphs may generally be obtained under kinetic 
( i t . ,  far from equilibrium) conditions of crystallization 
(e.g., rapid cooling of the solution, conditions of high 
supersaturation), whereas more stable forms tend to 
crystallize under thermodynamic conditions (e.g., slow 
cooling. slow evaporation). The latter may also be 
obtained by solvent-mediated transformation, as a result 
of spontaneous dissolution of metastable forms and 
subsequent recrystallization. The seeding technique is 
commonly employed in industrial batch crystallizations 
and enables control of the polymorphic o~ tcome . '~"  Its 
rational application does, however, rely on a thorough 
knowledge of the stabilities and relative solubilities of the 
polymorphs involved. Exclusive crystallization of a 
metastable polymorph is a desirable goal in industry. A 
novel batch crystallizer was recently employed to 
exclusively isolate the metastable form of L-glutamic 
acid 15 from aqueous solution.[231 This was achieved 
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through separate control of the crystallization temperature 
and the nucleation temperature. Another strategy for 
stabilizing and isolating a metastable polymorph from 
solution involves preventing its transformation to a more 
stable polymosph by deliberately adding a trace amount of 
another compound. The latter may be found serendipi- 
tously or by design, and its role is one of inhibiting the 
nucleation and crystal growth of the more stable form. 
Polymorph 1 of sulfamerazine 5 normally undergoes a 
solvent-mediated transformation to the more stable 
polymorph I1 in acetonitrile medium. If, however, any 
of the structurally related species ~~ace ty l su l f ameraz ine  
16. sulfadiazine 17, or sulfamethazine 18 is present as an 
impurity. it retards this transformation significantly.'241 
For this system. it was found that the rank order of the 
inhibitory effect of the three additives corsesponded with 
the rank order of the calculated binding energy of the 
additive to the crystal surface of polymorph 11. These 
results, incidentally. also serve to highlight the possibility 
that discovery of a polymorph might actually be delayed 
due to the presence of unknown impurities in a 
crystallizing system. Rational design of inhibitors is 
possible. provided that detailed knowledge of the 
relationships between crystal structure and crystal mor- 
phology for both the desired and undesired polymorphs 
are kn~wn.~'" This again underscores the constant need 
for x-ray structural elucidation of polymorphs. 

Polymorphic Structures from X-ray 
Powder Data 

Many industrially important polymorphs can be prepared 
in microcrystalline form only, preventing their crystal 
structure solution by conventional single-crystal x-ray 
techniques. However, considerable progress in elucidating 
crystal structures frorn high-resolution powder x-ray 
diffraction data was achieved in recent years. The 
essential steps in the procedure include indexing of the 
powder diffraction pattern; optimization of the molecular 
unit by modeling methods, generation of trial structures. 
and Rietveld refinement. Developments that improved the 
success rate in this area include the use of synchrotron 
radiation for rapid data capture, superior treatment of 
overlapping reflections. more reliable indexing routines, 
and more flexible methods of obtaining trial structures. 
As an illustration of the power of the method, the crystal 
structures of two polymorphs of telrnisartan 19 (an 
angiotensin I1 receptor antagonist with considerable 
conformational flexibility) were solved from high-reso- 
lution x-ray powder diffraction data.i261 Structure solution 
required the determination of 13 degrees of freedom in 
each case (three translational, three orientational, and 
seven torsion angles) and was achieved on a personal 
computer (Pentium I1 350 MHz) in about 2 hours using 

the method of simulated annealing. One limitation of the 
method, however. is that while molecular conformations 
in different poly~nosphs may be determined with high 
precision, the same is not true for bond lengths and angles. 

PoBymorphs and Crystal Structure Prediction 

Finally, what may be considered as a central goal in this 
research area is the complex problem of prediction of the 
crystal structure of a compound, given only its molecular 
connectivity. The problem is better formulated as 
computer generation of a set of potential polymorphs of 
the compound: detection of the most stable one at a given 
temperature, and modeling of the nucleation kinetics to 
determine which phase will actually appear under given 
 condition^.'^'^ This is a vast and rapidly developing 
subject in its own right, and only a brief outline of the 
challenges that this problem presents can be given here. 
Two general approaches to crystal structure prediction are 
discussed in a recent review.L2X1 The first step in one 
established approachL271 is the generation of trial crystal 
structures by utilizing the known, limited number of 
symmetry operations that relate molecules spatially in 
crystals. Frequently, the more populous space groups of 
the 230 theoretically possible are selected for structure 
generation. Structures with the highest possible packing 
efficiencies are accepted as the most plausible, and these 
are further optimized by mini~nization of the lattice 
energy. Crystal structures predicted in this way have 
similar energies, so that several candidates ensue, and 
ranhng their likelihood of representing realizable struc- 
tures is thus difficult. (On the other hand, if the x-ray 
powder pattern of a polymorph is available. its coinci- 
dence with a pattern generated from one of the predicted 
structures immediately characterizes it structurally). 
Conformationally flexible molecules are especially chal- 
lenging for crystal structure prediction. as no general 
algorithms enabling sin~ultaneous optimization of molec- 
ular conformation and crystal structure are available. In 
such cases, the most stable conformations are usually 
determined. each then being treated as a rigid model in the 
approach described above. Pseudopolymorphs clearly 
present a severe challenge for crystal structure prediction, 
as the correct relative positions and orientations of host 
and guest molecules must be established before trial 
structure generation can proceed. 

The factors leading to correct structure prediction are 
not easily defined. Examples of rnolecules with predicted 
(i.e., computed) crystal structures that coincide with their 
observed x-ray structures are shown as 20, 21, and 22. On 
the other hand: for the molecules 23. 24. and 25, which 
superficially do not appear to be any more challenging, 
the observed x-ray crystal structures are very different 
from the most stable coxnputed models. These anomalies 
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and other concerns (e.g., the illaccuracy or inadequacy of able as powders. and accurate prediction of crystal 
current enlpirical force fields, neglect of dynamic effects) structures by co~nputational methods. Different levels of 
were recently brought into perspective by a pioneer in the success were attained in each area. Perhaps the most 
field.['" and the successes and failures of current important outcome of the increasing volume of scientific 
approaches were highlighted. Incorporation of molec- literature relating to polymorphisn~ is the creation of an 
ular dynamics is suggested as a promising adjunct to awareness of its ubiquity and its enormous practical 
current strategies. significance in the science of solids. 
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Borphyrin Derivatives, Functional 
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Porphyrins, named "molecules of life," constitute active 
sites of bacterial photosynthetic systems and important 
groups of enzymes such as cytochrome P450, cytochrome 
C. oxygen carriers (hemoglobin), etc. In supramolecular 
chemistry. posphyrins and metalloposphyrins are frequent- 
ly used building blocks for construction of systems with 
energy- and electron-transfer properties aimed at prepa- 
ration of artificial antenna systems, photosynthetic center 
mimics, photonic wires, gates. and redox switches with 
potential applications in supramolecular devices and ma- 
chines. Due to the well-established synthetic methodol- 
ogies and favorable photophysical properties, posphyrins 
are frequently used for construction of receptor molecules 
with a high degree of constitutional and chiral recognition 
properties. Metalloporphyrin (MP) derivatives with pe- 
ripheral binding and recognition functionalities and 
catalytically active metal ions bound in the macrocycle 
endow new organic oxidation catalysts or cytochrome 
P450 mimics working in bilayer membranes. The ad- 
vantage of coordinative binding of nitrogen and other 
ligands by metalloposphyrins combined with additional 
peripheral binding or coordination functionalities en- 
ables construction of a wealth of impressive supramolec- 
ular architectures and organized multiporphyrin arrays by 
self-assembly processes of predesigned supramolecular 
synthons. This article gives a brief outline of the supra- 
molecular chenlistry of functional porphyrins and pres- 
ents some selected examples illustrating the impressive 
achievements associated with this topic. 

PHOTOINDUCED ELECTRON 
AND ENERGY TRANSFER 

The covalently linked or self-assembled systems con- 
structed from free-base porphyrins or metalloposphyrins 
and various quenchers and related studies of excited-state 
energy-transfer and electron-transfer processes in such 
systems are a widely studied topic of contemporary supra- 
molecular chemistry.'l 21 There are two major reasons for 
the exceptional interest in the topic: a challenge to syn- 
thesize artificial systems for harvesting solar energy of 

efficacy comparable to natural photosynthetic membranes 
of bacteria,"." and the more recent one, directed toward 
preparation of photo- or electroactive organized systems 
suitable for application in the fast-emerging field of nano- 

The building block approach to the 
synthesis of covalently linked posphyrin architectures al- 
lowed "in depth' ' studies of the mechanisms of electronic 
communications such as excited-state energy transfer and 
ground-state holelelectron h ~ p ~ i n ~ . ~ " ~ ~  Both processes 
occur predominantly via a through-bond mechanism, and 
their rates can be tuned over a wide range by varying 
structural and conformational characteristics of the linkers 
joining the posphyrin-acceptor dyads or by changing 
metal ions present in the metalloposphyrin units. The 
numerous studies resulted in successful design of a light- 
harvesting antenna (Fig. la), photonic wires, optoelec- 
tronic gates, and gates with redox-switching sites. Differ- 
ent examples of covalently linked dyads, triads, and 
polyads constructed, in most cases, from a free-base por- 
phyrin as an electron donor and various electron accep- 
tors, were prepared and studied to date. aiming to mimic 
the natural photosynthetic reaction center (see selected 
reviews: Refs. [9-121). Major problems in the artificial 
systems with porphyrins involve the short-lived donor- 
acceptor charge-separated states disabling efficient con- 
version of photonic to chemical energy. Besides quinone 
as the biomimetic electron acceptor, which is present in 
natural photosynthetic systems, fullerenes were also used 
in combination with porphyrins. The lifetime of initial 
charge-separated states in fullerene-based dyads is, in 
general. considerably longer than in similar systems with 
quinones, and the photoinduced electron-transfer pro- 
cesses can take place in nonpolar solvents at low tem- 
peratures. Remarkably, the charge recombination reaction 
occurs in a fullerene-based dyad with a rate constant 
of ~ 2 5  times lower than in a quinone-based dyad.'l3] 
The latter is of the highest importance for designing new, 
more efficient, artificial systems for conversion of 
photonic energy. The following example describes anoth- 
er successful strategy based on competing donor systems. 
The carotenoid (C)-FbP-CGO molecule (Fig. Ib) presents 
the triad, with prolonged lifetime of the final charge- 
separated state and a quantum yield of 0.88. In the system, 
the carotenoid acts as the second electron donor unit by 
giving an electron to the initially formed C-FbP+-CG 
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Fig. 1 (a) A star-like light-harvesting array (antenna) synthesized by modular approach (Ref. 181). (b) The carotene-free-base 
porphyrin-fullerene [(C)-FbP-C,,] triad (Ref. [13]). 

charge-separated state; this process successfully competes 
with C-FbP+-CG charge recombination and gives the 
final long-lived Gf-FbP-CG charge-separated state,'l4] 
Besides the covalently linked porphysin-electron-accep- 
tor molecules, there are numerous recent examples of 
supramolecular systems in which weak intermolecular 
forces hold the components in the complex. The linking 
forces (supramolecular bonds) in the majority of such 
complexes are hydrogen bonds. coordinate bonds with 
MP, hydrophobic, and aromatic n-n-stacking interactions 

or their combinations (see selected recent reviews from 
Refs. [3.10- 121 for examples). The hydrogen-bonded 
and the covalently bonded dyads shown in Fig. 2a are 
conatructed by having the ZnP as electron donor and 
the FeP as an electron acceptor; for the supramolecular 
and the covalently linked dyad. the electron-transfer 
rate constants, kET of 8.1 x lo9 s P 1  and 4.4 x lo9 s-' 
were measured. respectively. The results reveal that the 
double-hydrogen-bond interface between the components 
is more effective in mediating electron transfer than 
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Fig. 2 (a) Hydrogen-bonded and cokalently linked ZnP donor and FeP electron-acceptor dyads (Ref. [15]). (b) The self-assembled 
donor-acceptor system exhibiting through-space electron transfer (Ref. (161). 

is the interface of comparable length consisting of C-C 
o-bonds.'"' Examples of protort-coupled electron-transfer 
processes were also found in the hydrogen-bonded dyads. 
Besides covalent and hydrogen-bond interfaces for elec- 
tron transfer. it was shown that in the properly designed 
supramolecular coinplexes that ensure close spatial prox- 
imity of electron donor and acceptor units (Fig. 2b). the 
electron transfer occurs through space, or more accurate- 
ly. through the solvent molecules occupying the cavity 
between the donor and acceptor Electron-transfer 
processes were also observed to occur in the supramolec- 
ular systems of a high level of complexity, which include 
protein complexes or artificial bilayers. Zinc porphyrili 
bearing ta-o side arms with altogether eight carboxylate 
groups can be inserted into the horse heart apomyoglobin 
as an artificial prosthetic group. Such reconstituted Zn 
inyoglobin was shown to bind positively charged violo- 
gen. and the singlet electron-transfer process from zinc 
myoglobin to viologen acceptor was encountered via 

interrnolecuiar i n t e ~ a c t i o n . " ~ ~  In another remarkable 
achievement. the cholenyl Mn(II)P-i~nidazolyl trianionic 
ZnP complex of linear shape was shown to span the 
artificial biiayer membrane locating trianionic polphyrin at 
the membrane surface. Cytochrome C binds the trianionic 
site. The electron-transfer process occurs by electron 
movement from cholenyl Mn(1I)P via trianionic ZnP to 
Cytochrome C bound at the membrane surface.['81 Recent- 
ly. the artificial photosynthetic reaction center became a 
reality; the carotenoid (C)-porphyrin-(P)-quinone (Q) 
triad and free quinone (Qf) co~lstitute a proton pump 
inserted in the lipid bilayer membrane of a liposome 
vesicle. Upon absorption of light. the charge-separated 
C'-P-& state is generated, which upon subsequent redox 
ioop on Qf produces the proton motive force across the 
bilayer. Remarkably. the addition of ATP synthase and 
ADP into this system results in production of ATP and 
presents a biornirnetic nanoscale machine capable of 
converting sunlight into chemical energy.['91 
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MOLECULAR RECEPTORS 

A porphyrin system provides an excellent platform for 
construction of molecular receptors with well-defined 
geometry. because diverse binding functionalities can be 
introduced at porphyrin nzrso-positions by using well- 
established synthetic procedures.['0."' The favorable 
spectroscopic features of porphyrins, such as the typical 
molar extinction coefficients in the range of 250,000 M-' 
cm--' for the Soret band (B band, S0+S2) and 5000 to 
35.000 M ' cm- ' for the Q bands (So + S1) are due to 
the conjugation of 1 8 ~  electrons and provide the advan- 
tage of easy and precise monitoring of guest-binding 
processes by spectroscopic methods (UV, CD. fluores- 
cence, and NMR). The binding and photophysical 
properties of porphyrins can be varied by selecting metals 
bound in the rnacrocyclic ring or by increasing the number 
of pyrrole units, the latter giving the important family 
of expanded porphrrins (sapphyrins, rubyrins. and tex- 
aphyrins).[22."'l An exhaustive review of porphyrin and 

metalloporphyrin receptors and their binding and recogni- 
tion properties toward differen[ guest molecules (carbo- 
hydrates; amino acid derivatives, and nucleotides) was 
written by Bgoshi et al., and four recently published 
reviews are focused on zinc(1I)-porphyrin receptors. 
allosteric and cooperative  effect^."^-^^' and analytical 
applications of porphyrin receptors.i281 Several basic 
structural types of porphyrin receptors were prepared to 
date: the ~nonoporphyrinic receptors of the picket-fenced. 
strapped, and basket-handled types and acyclic and 
macrocyclic types incorporating two or more porphyrin 
units. In the bast majority of cases. the Zn(I1)-5.10.15.20- 
tetraphenyl- or -5,10-diphenylporphyrin systems are used 
for the construction of receptors by introducing various 
binding functionalities at the ortho-positions of the phenyl 
rings. The tetracoordinated square planar Zn(I1) serves for 
strong axial ligation of nitrogen base guests and also for 
much weaker ligation of the oxygenated ligands. Some 
remarkable examples of the picket-fence, strapped, and 
basket-handle receptors129-" are shown in Fig. 3a, b. and 

Fig. 3 (a) The crJ- (left) atropisomer and ti-cms-r'-atropisorner (right) with bound isoquinoline in the picket-fence porphyrin receptor 
(Ref. [29]). (h) The strapped porphyrin receptor with a rigid phenantholine strap (Ref. [30]). (c) Chiral basket-handle receptor 
exhibiting a high degree of chiral recognition of amino acid derivatives (Ref. 1311). 
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c, respectively. The picket-fence receptor synthesized 
by Imai and Kyuno illustrates the importance of atro- 
pisomerism ["I the x4-atsopisomer binds isoquinoline 
from the open porphyrin face only by axial ligation to 
Zn(Z1) (AGO -25.5 W m o l  '). while the trans-x2 isomer 
exhibits stronger binding (AGO= - 34.1 klrnol- ') due to 
additional CH-x interactions between tert-butyl groups 
and isoqi~inoline.'~" A highly rigid posphyrin receptor 
containing phenanthroline strap strongly binds 2-methyl- 
imidazole in dichloromethane with the association con- 
stant (K,,,) close to 2 x lo7 M ' as a consequence of axial 
ligation to Zn(I1) and two equivalent hydrogen bonds 
formed with phenanthroline nitrogens.'"" Chiral recogni- 
tion of ainino acid guests is achieved. by successf~tlly 
designed chiral polyhyrin receptors. The selected exanlple 
of the chiral basket-handle receptor shows that a high 
degree of chiral recognition can be achieved giving the 
ratio of K,,,L/K,,,D of 7.5 for (-)-isomer of the receptor 
and L- and D - V ~  methyl esters.'"' An important class of 

receptors constructed by capping Zn(I1)-porphyrins with 
the chiral cavity of cyclocholate was synthesized by 
~ a n d e r s . " ~ ~ ' ~ '  The b owl-shaped receptor with four steroid 
units (Fig. 4a) exhibits high affinity for morphine and 
codeine derivatives in dichloromethane due to hydrogen 
bonding with four converging hydroxyl groups. The 
receptors capped with cyclocholate units on one (Fig. 4b) 
or both sides of the porphyrin were also prepared and 
shown to exhibit recognition of axial nitrogen bases. 
Remarkably. the anhydride of 3-carboxypyridine in the 
presence of 2,h-dichlorobenzoic acid binds and reacts 
inside the receptor cavity, giving selectively the mono- 
acylated derivative of doubly capped steroid Zn(1I)- 
posphyrin.'""."j Exclusively aromatic K-n interactions 
could be operative in some receptor-substrate complexes; 
the flexible macrocyclic receptor with two Zn(II)-porphy- 
sin units (Fig. 4c) is capable of binding fullerene due to 
strong n-7~ interactions between surfaces of Zn(1I)- 
posphyrin and f~~llerene.  The complex is so stable that 

Fig. 4 (a) The bowl-shaped receptor with four steroid units (Ref. [33] ) .  (b) Singly capped cyclocholate-porphyrin receptor (Ref. [34]) 
(c) Macrocyclic his-ZnP receptor capable of stronely binding C60 (Ref. [36]) .  
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chromatographic separation is possible.ii61 Chiral as well 
as achiral porphyrin receptors were used as chromophoric 
chirality probes for amine guests. Binding of chiral amino 
acid in an achiral porphyrin receptor or chiral diamine 
with the acyclic bisposphyrin derivative results in induced 
circular dichroism (ICD), with the sign directly related to 
absolute configuration on the chiral  enter.['^-'^] 

CATALYSTS AND ENZYME MODELS 

Cytochrome P450-dependent monooxygenases are mem- 
brane-bound enzymes that illcorporate Fe(II1) protopor- 
phyrin IX as the active site and catalyze many oxidative 
transformations including epoxidation of alkenes and 
hydroxylation of alkanes and aromates. Successful prep- 
aration of porphyrin receptors with guest recognitio~l 
properties inspired supramolecular chemists to consider 
the construction of new organic oxidative catalysts based 
on metalloporphyrin receptor structures with catalyt- 
ically active metal ions, most frequently Fe(III) and 
Mn(III), bound in the posphyrin ring. Several recent re- 
views are available presenting in-depth coverage of this 
topic, [27."421 Some remarkably successful supramolec- 

ular oxidation catalysts are shown in Fig. 5. Chiral 
Fe(II1)-tetraphenylporphyrin bearing two binaphtyl 
bridges in the .x-z-0-P arrangement (Fig. 5a) gives 
high e.e.s (80-9076) and yields (80-95%) in catalytic 
epoxidation of styrene derivatives with iodosylbenzene 
at the rate of 40 turnovers/min ["I Taking advantage of 
the chiral cyclodextrin cavity for binding of lipophil- 
ic substrates. the cyclodextrin-porphyrin models were 
prepared:['71 the porphyrin with four cyclodextrin units 
prepared by 5reslowi4" (Fig. 5b) is capable of binding 
cholesterol and alkene derivatives in a specific orienta- 
tion and can perform site-specific and stereoselective 
hydroxylations and epoxydations of alkene derivatives 
in the presence of iodosylbenzene as the single oxygen 
donor. The Diederich groupi4s5i prepared a water-soluble 
Fe(II1)-porphyrin-azacyclophane catalyst (Fig. 5c) capa- 
ble of oxidizing acenaphtylene to acenaphtylen-I-on in 
the presence of iodosylbenzene. A number of impressive 
self-assembled model systems of cytochrome P450 func- 
tioning in bilayer vesicle membranes were reported.[401 
For example, the lipophilic Mn(1II)-tetraphenylporphyrin 
bearing four cholesteryl units in .x-a-P-P arrangement 
can be incorporated into DMPC bilayers, and in the pres- 
ence of flavoprotein pyruvate oxydase and aniphiphilic 
flavine. the reductive acti~ation of molecular oxygen is 

Fig. 5 (a) Chiral Fe(1II)-tetraphenylporphyrin catalyst bearing two binaphtyl bridges (Ref. [43]). (b) The porphyrin catalyst with four 
cyclodextrin units prepared (Ref. [44]). (c) Water-soluble Fe(1II)-porphyrin-azacyclophane catalyst (Ref. [45]). 
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achieved. The self-assembled system is capable of pro- SELF-ASSEMBLED 
ducing 20 mol of acetophenone per I mol of porphyrin MUbTlPORPHYRlN ARRAYS 
derivative horn ethylbenzene within 15 h at 3 0 " ~ . [ ~ ~ ]  
Also, the amphiphilic rhodiuin bipyridine complex Porphyrins and metalloporphyrins represent a highly ad- 
Mn(II1)-porphyrin-DHP vesicle system described by vantageous class of building blocks for the construction 
~ o l t e ~ " '  is capable of oxidizing %-pinene with turnover of large functional supramolecular architectures. These 
numbers comparable to those of Cytochrome P450 at architectures have potential applications as new photon- 
room temperatnre. ic materials, molecular wires. switches, photon funnels, 

Fig. 6 Examples of stable dimer (a) and pentamer (b) prepared by coordinative assembly of free-base meso-pyridylporphyrins and 
metalloporphyrins (Refs. [52,53]). (c) A triple-decker complex with 4,4'-bipyridine (Ref. [56]) .  (d) The coordinatively self-assembled 
receptor exhibiting strong binding of terephthalic acid derivatives in chloroform (Ref. [57]). 
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elements for information storage, new magnetic materials, 
catalysts. etc., due to their favorable and tunable pho- 
tophysical and redox properties and established synthet- 
ic methodologies enabling the introduction of a diversity 
of binding functions at the periphery of the porphyrin 
ring.["] Selected recent reviews present a wealth of 
impressive self-assembled architectures based on por- 
phyrin building blocks and methods of their construc- 
ti~n.'~"'" Starting with the simplest self-assembly based 
on one free-base porphyrin with an attached single donor 
group at the periphery interacting with a metalloporphyrin 
having a five-coordinate metal (e.g.. Zn) or a six-coordi- 

nate metal with one position occupied by a kinetically 
inert ligand [e.g., Ru(II) or Os(II) coordinated to CO] 
stable d i m e r i ~ ' ~ ~ ~  to pentameric'531 porphyrin complexes 
could be prepared (Fig. 6a,b). In such systems, the 
porphyrins are mutually perpendicular, and there is no 
interaction between their n-systems. The UV spectra are 
the sum of monomer absorptions. Cyclic voltammetry 
confirms that there is no electrochemical communica- 
tion between monomers so that they are oxidized and 
reduced independently. Combining the described coordi- 
nation approach with covalently linked Ru(II)CO-por- 
phyrine oligomers, Sanders succeeded in preparing large 

Fig. 7 Controlled coordinative self-assembly giving a linear supramolecular polymer (a) or a macrocyclic dodecamer (b) achieved by 
altering geometry and length of ligating arms of self-complementary porphyrin monomers (Ref. [60]). 
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assembled assays containing up to 21 p o ~ p h y r i n s . ~ ' " ~ ~ ~  In 
another approach, the use of bidentate ligands with 
metalloporphyrins led to formation of the complexes with 
parallel arrangement of porphyrins: for example, the 
triple-decker co~nplex with 4,4'-bipyridine (Fig. 6c) was 
prepared, and electrochemical studies proved that termi- 
nal porphyrins could interact with each other.L561 Diaza 
compounds such as 1,4-diazabicyclo[2,2,27-octane 
(DABCO). pyrazine, 4.4'-bipyridine. I ,2-bis(4-pyridy1)- 
ethane, and tr-nns- 1,2-his(4-pyridy1)ethySene were most 
frequently used as bidentate ligands with Ru- or Fe- 
porphyrins. Zn-porphyrins also interact with diaza ligands, 
however, giving kinetically and thermodynamically less 
stable complexes. The strategy based on the combination of 
the coordination approach with the self-complementary 
metalloporphyrin components possessing various binding 
functionalities at the periphery (hydrogen bonding, salt 
bridges, other metal coordination sites) endows the self- 
assembled receptors with a higher level of complexity, 
capable of binding and recognizing various guests. 
Impressively, the self-assembled dimes shown in Fig. 6d 
forms with a high association constant (KO,, of 2 x lo8 
M ') and strongly binds terephthalic acid derivatives in 
chlorof~rm.'"~ Organized porphyrin arrays of diverse 
geometries could be prepared by heterocoordination- 
driven self-assembly of appropriately designed porphyrin 
units bearing additional metal coordination sites at the 
periphery.i"g"l Linear suprarnoleclar polymers narned 
"shish kebab" are formed when a bidentate ligand bridges 
two inetalloporphyrins with hexacoordinated metals. 
Supratllolecular structures of this type were studied mostly 
with regard to their conductivity properties.["1 The 
CoiI1)-porphyrins bearing two arn~s  with pyridyl groups 
at meso-positions form supramolecular polymers by 
pyridine-cobalt coordination. Importantly. the Co(I1)- 
porphyrin with a single pyridine arm can be used as 
a chain capping agent to control the average chain 
length.['" S~ipramolecular self-assembly can also be 
controlled by tuning structural and conformational prop- 
erties of the ligating arms of self-complementary porphy- 
rin monomers. By altering the lengths and geometries of 
pyridine-containing arms. the process can be directed 
toward unidirectional self-assembly, giving linear poly- 
mers, or toward formation of a closed macrocyclic 
dodecarner (Fig. 7a,b).[6"1 

The most vivid research activity in supramolecular 
chemistry of functional porphyrin derivatives in the last 
two decades resulted in the preparation of many 
impressive supramolecular systems of high complexity. 
These include artificial light conversioil systems. pho- 

tonic wires. switches and gates, efficient receptor 
molecules exhibiting a high degree of constitutional 
and chiral recognition. new organic oxidation catalysts, 
the artificial ATP-producing nanomachine. and a diver- - 
sity of remarkable supramolecular architectures possess- 
ing well-organized multiporphyrin assays. The success 
achieved is becoming of the utmost importance for the 
present and future scientific and technological activities 
aiming to prepare supramolecular systems of an even 
higher level of structural and functional complexity, 
necessary for the development of nanotechnology. The 
utmost advantage of functional porphyrin derivatives as 
building blocks relies on their favorable photophysical 
properties, the advantage of using coordinatike self- 
assembly, the acceptable complexity of synthetic meth- 
ods that enable introd~lction of a variety of additional 
binding functionalities, and the possibility of modifying 
and fine-tuning their propertiesby an allnost unlimited 
variation of metals bound inthe nlacrocyclic ring and 
binding functionalities at their periphery. 
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The term "clathrate," in its modern version, is defined in 
the Oxford and Webster's English Dictionaries as a 
compound formed by the inclusion of chemical species of 
one kind (guests) within the crystal lattice (host) 
constructed by molecules or ions of another kind. An 
effective building block of such host lattice is often 
characterized by noncompleinentary molecular shape or 
by specific coordination or molecular recognition features 
that prevent a compact intermolecular organization of 
these entities in the condensed crystalline phase. The 
favored aggregation of the host components in the form 
of an open lattice, along with the requirement to 
minimize void space in solids, provide the driving force 
for their cocrystallization with additional species that are 
present in the crystallization environment. Inclusion of a 
guest or solvent in an ordered crystalline lattice (i.e.. 
formation of clathrates or solvates) is a commonly 
observed, though less-frequently predictable; phenome- 
non in the formation of organic and inorganic crystals. It 
was generally considered a by-product of the crystalliza- 
tion process and deserved little attention. However, a 
systematic study of clathrate chemistry, which stasted 
with the pioneering publication by PI. M. Powell in 
1948:"' revealed a number of host compounds with 
consistently high propensity to yield clathrate materials 
with interesting properties. These include, for example, 
the P-quinol, tri-o-thymotide, urea and thiourea. choleic 
acids, Dianin's compound. cyclodextrins. and a number 
of other species, some of which are discussed in other 
entries of this Encyclopedia of S~4pvamolecular Chenzis- 
t n .  More recent investigations revealed and characterized 
the fascinating clathrate features of the meso-tetraaryl 
derivatives of porphyrins and metalloporphyrins. The 
porphyrin platform provides excellent building blocks for 
the design of porous solids with tunable nanosized pores 
(typically between 0.5-2.0 nrn in diameter) and a wide 
variety of new solid receptors for the effective inclusion 
or clathration of other species. With the rapid develop- 
ment of the chemistry of the intermolecular bond in the 
last two decades, the search after, and deliberate design 
of, new clathrate solids with attractive properties lies in 
the focus of ~naterials science. 

THE UNIQUE FEATURES OF THE 
TEPRAPHENYLPORPHYRlN SYSTEM 

The porphyrin ~nacrocycle is one of the most widely 
studied chemical syste~ns in solution and in the solid state 
due to its high relevance to catalysis, as well as to electron- 
and energy-transfer processes and related biological 
functions. It is characterized by an extensive conjugation, 
a nearly square-planar symmetry, and a considerable 
thermal as well as oxidative stability. The synthetic 
coinpound is most readily available in the forms of alkyl 
or aryl derivatives, with the corresponding aliphatic or 
aromatic substit~~ents attached to the betu- or meso- 
positions of the macrocycle, respectively. In this context, 
the 2.3.7,8,12.13,17.18-octaethylporphyrin and the 
5,10,15,20-tetraphenylporphyrin (TPP) provide leading 
examples. The latter is characterized by a more rigid. flat 
conformation and remarkable structural robustness, par- 
ticularly when given in its metallated MTPP form (Fig. 1). 
Insertion of a bivalent metal ion within the porphyrin core 
is associated with elimination of the two inner N-pyrrole 
protons, yielding a neutral species; when metals at other 
oxidation states are applied, the presence of suitable 
counterions in the crystal lattice is required to balance the 
charge. The peripheral aryl groups substituted at the meso 
positions of the porphyrin lnacrocycle are oriented in a 
roughly perpendicular manner with respect to the central 
aromatic core and introduce roughness and the desired 
noncomplementary packing features to the molecular 
shape of this unit. Then, the coordination properties of 
the metal entity in the center of the porphyrin ring, provide 
an element of "programming." by allowing association 
through coordinative metal-ligand interactions with addi- 
tional species along the axial directions. Fmther activation 
of the lipophilic TPP framework can be achieved readily 
by substituting polar functional groups on it during the 
porphyrin synthesis. In a typical system, functionalities 
with coordination or hydrogen-bonding capacity are 
symlnetrically placed at the peripheral positions of the 
aryl rings and may control, to a considerable extent: 
the intermolecular organization of the TPP units along 
the lateral directions. Representative examples include 
replacement of the phenyl substituents by 4-pyridyl 
groups [to yield tetra(4-pyridy1)porphyrin-TPyP], and 
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Fig. 1 (a) The tetraarylmetalloporphyrin building block. 
For MTPP, MTPyP, and MTCPP, X=C-H, N: and 
C-COOH, respectively. M represents a mctal ion inserted 
into the porphyrin core (M=H2 for the free-base porphyrin). (b) 
Space-filling model of the MTPP moiety substituted with OH 
polar groups at the 4-position of the peripheral phenyl ring. 
The M and OH sites symbolize here the molecular recognition 
features active in directional interactions with the sur- 
rounding species. Note that the aryl groups are oriented nearly 
perpendicular to the central porphyrin macrocycle. Fig l b  and 
all the following illustrations of molecular and crystal 
structures wcre produced with the aid of the relevant 
crystallographic information freely available from the Cam- 
bridge Crystallographic  ata abase.'^' (View this art in color at 
www.dekker.com.) 

substitution of the phenyl rings at their 4-positions by 
carboxylic [to yield tetra(4-carboxypheny1)porphyrin- 
TCPPl or hydroxylic (Fig. l b )  functions. The above fea- 
tures make the TPPs versatile and attractive building 
blocks (termed "tectons") for the assembly of open multi- 

porphyrin lattice arrays through diverse interaction motifs/ 
molecular recognition algorithms (termed "synthons"). 

THE "PORPHYRIN SPONGES" AS 
TYPICAL CLATHRATE SYSTEMS 

Numerous publications in the scientific literature conrirm 
that the TPP and MTPP molecules provide remarkably 
attractive building blocks for the formulation of lattice 
clathratcs. Due to a poor packing efficiency in three 
dimensions, thc vast majority of their crystal structures 
was found to contain solvate/guest molecules incorporat- 
ed within the porphyrin lattice. These clathrate structures, 
which are stabilized primarily by weak dispersion forces, 
form readily. The large base of available structural 
information with major contributions from the groups of 
Scheidt and Strouse now amounts to several hundreds of 
TPP-based crystal s t r u ~ t u r e s . ' ~ ~  The TPP clathrates wcre 
structurally systematized by Strouse and c o ~ o r k e r s . ~ " ~ ~  It 
was observed that in many of the materials studied, the 
porphyrin host structure is strongly conserved in two 
dimensions. These materials could be characterized in 
terms of an intercalation-type pattern in  which corrugated 
sheets of stacked porphyrin molecules are interspaced by 
sheets of thc included guest specics (Fig. 2). Two main 
features characterize the intermolecular architecture in  the 

Fig. 2 A typical "porphyrin sponge" clathrate formed by 
MTPP, with nitrobenzene as the included guest, viewed 
perpendicular to the porphyrin Note the alternating 
arrangement of the MTPP and the nitrobenzene species. In the 
third dimension, the clathrate structure is characterized by an 
offset-stacked arrangement of such mixed porphyrin-guest layers. 
The interporphyrin organization in the "porphyrin sponges" 
expands upon the inclusion of larger guest species. (View this art 
in color at  www.dekker.com.) 
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layered TPP-based crystalline solids: 1) An offset stack- 
ing of the square-planar aromatic molecules along a 
direction normal to the porphyrin plane at regular 
intervals (ca. 4.0-5.0 A). This pattern appears to be a 
fundamental property of the porphyrin-porphyrin inter- 
action required to optimize van der Waals stabilization in 
these solids. 2) Face-to-face as well as edge-to-face 
interaction modes between the peripheral phenyl rings 
within the layered arrangement of the TPP frameworks in 
a direction parallel to the porphyrin plane (Fig. 2). The 
intralayer interaction mode between the phenyl rings is 
similar to that observed in solid benzene and other 
structures containing aryl derivatives. 

The lack of specific interactions between the porphyrin 
building blocks (other than by dispersion) allows for little 
constrained expansion of the porphyrin arrays by inclu- 
sion of guest components of versatile nature, size, and 
shape in different molar ratios, giving rise to the 
classification of these clathrate materials as "porphyrin 
~ ~ o n g e s . " [ ' ~ ~ ~  The guests included in such TPP clathrates 
vary from small species such as methanol and water, 
through medium-size aromatic moieties or metallic 
complexes such as anthracene and ferrocene, to the very 
large C60 and C70 fullerene In the latter case, 
the interaction of the curved .n surface of a fullerene with 
the planar 7c surface of a porphyrin macrocycle were found 
to stabilize unique supramolecular porphyrin/fullerene 
aggregation modes (Fig. 3). Smaller guests (e.g . , nitro- 
benzene or pyrene) can also associate strongly or weakly 
with the porphyrin building blocks through coordination 
to the metal center or by 7c overlapping the delocalized 
porphyrin core. The structures of these clathrates tend to 
be centrosym~netric due to the high symmetry of the 
individual tecton unit, with symmetric disposition of the 

Fig. 3 Characteristic inclusion mode of Buckminsterfullerenes 
(C60 is shown) within the crystal lattice of TPP.'~." (Vietv this 
art in color at tv\i~~t~.dekker.com.) 

guest components with respect to the porphyrin core. 
Potential applications of the porphyrin sponges include 
molecular separations by occasionally preferential inclu- 
sion of a given component from solvent mixtures. and 
controlled guest release of volatile organics from the 
porphyrin lattice voids.["-51 A practical example of the 
latter in the area of pest control involves incorporation and 
slow release of fly sex pheromones.[s1 

FROM ""PORPHYRIN SPONGES" TO THE 
"PORPHYRIN SIEVES" CONCEPT 

It is well known that the intermolecular organization in 
organic solids usually reflects molecular recognition 
features (i.e., a scheme of specific and directional 
interactions) between the component species.[8z91 In the 
last decade, this paradigm was also applied effectively to 
the porphyrin-based solids, by activating the porphyrin 
framework, on its periphery, with polarized aryl groups. It 
involved the use of diverse molecular recognition algo- 
rithms to modify and direct the spontaneous buildup of the 
porphyrin lattice,"O-l'l leading to more rigidly assembled 
molecular arrays and to porphyrin-lattice architectures 
with better-defined dimensionality than that in the 
common porphyrin clathrates (see above). For example, 
the addition of functional substituents at the four 
peripheral phenyl groups, capable of forming specific 
directional noncovalent links with the neighboring build- 
ing blocks, allows directed aggregation of the porphyrin 
species in the form of porous layered networks. On the 
other hand. the introduction of polar groups capable of 
axial ligation to metal ions placed in the porphyrin center 
enhances formation of multiporphyrin oligomers and 
polymers by axial coordination of one porphyrin species 
to the metal centers of the neighboring moieties. Forma- 
tion of other kinds of enforced supramolecular porphyrin 
arrays was achieved by the use of external auxiliaries that 
may readily associate with the functional groups of 
several neighboring units at the same time. This includes 
external metal ions and organic ligands that can mediate 
extended connectivity by coordinating to, and linking 
between, the metal centers of the peripheral functional 
groups of adjacent metalloporphyrins. A combined ex- 
pression of the various molecular recognition algorithms 
along the lateral as well as axial directions in the same 
structure represents the most desirable approach to the 
design and construction of mulfporphyrin architectures 
with high structural integrity. As opposed to the sponge 
character of the simple porphyrin-based clathrates, which 
are little sensitive to the nature and size of the guest 
component (see above), the intermolecularly linked 
lattices based on the functionalized porphyrin building 



blocks are characterized by a better-defined pore structure 
and guest selectivity features. 

REALIZATION OF CLATHRATES WITH 
ENFORCED PORPHYRlN LATTICE MOTIFS 

Different types of lattice clathrates based on two-dimen- 
sionally or three-dimensionally interconnected posphyrin 
units were developed. As mentioned earlier, the use of 
peripherally substituted TPPs dictates, in many cases, the 
formation of open-layered porphyrin assemblies (/3-mo- 
lecular networks) sustained by lateral interactions between 
adjacent tecton units. In the crystal, these layers are 
arranged in an offset-stacked manner. The presence of 
intra- as well as interlayer voids drives incorporation of 
suitably sized guest components into the lattice during 
crystallization. Formulations of such flat-layered porphy- 
rin anays can be effected by direct dipolar attractionsr101 
and by multiple hydrogen bonds'"' between adjacent 
posphyrin units. Depending on the type of the functional 
groups involved in these interaction synthons, the observed 
widths of the guest-accessible open space within the 
pol-phyrin layers may vary from 0.4 nm (with halogen and 
hydroxyl substituents) to 1 .O-1.5 nm (with nitrile and 
carboxylic substituents). An example of a molecular-sieve- 
type structure coinposed of hydrogen-bonded two-dimen- 
sional porphyrin layers in which the flat networks stack in 
an almost overlapping manner along the normal direction 
at an average interlayer distance of 4.7 A is illustrated in 
Fig. 4. The posphyrin lattice in this material occupies less 
than 40% of the crystal volume and contains 1.5 nm-wide 
guest-accessible channels propagating through the crystal. 
It is perfectly suited for guest transport applications. 

Structures based on stacked porphyrin networks with 
larger interporphyrin voids are difficult to obtain. When 
the size of the individual building block is smaller than 
that of the interporphyrin cavity, interpenetration of the 
Rat networks occurs to partly fill the void space."41 The 
crystallization template also plays an important role in 
directing the preferred intermolecular organization, when 
the functional porphyrin units can self-assemble in more 
than one Formation of clathrate structures, 
which consist of open-layered porphyrin assemblies aided 
by external inetal ion auxiliaries. is also f e a ~ i b l e . " ~ - ~ ' ~  
The metal ions can coordinate to. and bridge between, 
theperipheral functional groups (e.g., pyridyl. hydroxy- 
phenyl, or carboxyphenyl) of neighboring porphyrins, thus 
yielding robust two-dimensional structural motifs with 
open voids conveniently accommodated by suitable guest 
species. Conespondingly. it is possible to control to a 
considerable extent the porosity of the porphyrin layers. 
and thus the nature of guest components preferably 

Fig. 4 Porphyrin-sieve-type clathrate consisting of stacked 
networks of hydrogen-bonded MTCPP moieties, showing four 
to 5 overlapping layers. The van der Waals width of the 
interporphyrin channels propagating through the crystal and 
accessible to other species is about 1.5 nm.'''' (View this art in 
coloi- nt ~t,wrv.dekker.cori~.) 

incorporated within the interporphyrin cavities. This 
tuning can be accomplished by changing the type of the 
sensor group bound to the porphyrin framework as well as 
by introducing an external bridging template. 

Association of the porphyrin moieties aiong the axial 
direction (i.e.. roughly perpendicular to the porphyrin 
plane) provides another useful tool for constructing en- 
forced supramoIecular porphyrin aggregates. Columnar 
motifs of the porphyrins are readily achieved, for example, 
by means of axial coordination interaction of a bidentate 
bridging moiety (e.g.. of the binitrile or bipyridyl type) to 
transition metal ions (with either five or six-coordination 
preference) inserted into the posphyrin c o ~ e . [ ' ~ ~ ' ~ . ' "  The Y 
can also be constructed by using multiple hydrogen bonds 
between peripheral polar groups oriented in a direction 
perpendicular to the porphyrin plane.120.211 The void space 
created between and within such one-dimensional por- 
phyrin columns leads to the incorporation of guest species 
into the crystal lattice and creation of clathrates. Some 
materials of this type were found potentially ~ ~ s e f u l  as 
molecular magnets"" or solid-state catalysts.[201 

The columnar one-dimensional, or network two-dimen- 
sional, polyineric motifs can be further varied in different 
ways to construct three-dimensional lattices of interlinked 
porphyrin species with better-defined pore sizes. One way 
to achieve this goal is to apply external transition metal- 
bridging auxiliaries with three-dimensional coordination 
features. These include, for example, zinc,"" copper,i221 
and n~olybdenurn,~~" metal ion bridges that can associate 



simultaneously with several neighboring porphyrin units. 
Another way to effect extended supramolecular architec- 
tures is to bring to expression a concerted mechanism of 
the lateral (i.e., parallel to the porphyrin planej as well as 
axial (i.e.: approxi~nately perpendicular to the porphyrin 
plane) interaction schemes between the porphyrin building 
blocks. Different combinations are possible: I )  direct 
interporphyrin hydrogen bonding in the equatorial direc- 
tions combined with axial coordination through a bridging 
organic ligand: 2) equatorial intercoordination through 
metal ion auxiliaries combined with axial coordination 
through a bridging organic ligand; 3) equatorial as well as 
axial interporphyrin coordination through an organic 
ligand; and 4) self-assembly of multiporphyrin coordina- 
tion polymers without resorting to external auxiliaries, in 
which the peripheral functional groups (e.g., pyridyl) of 
one porphyrin associate with the transition metal center 
(e.g., zinc or molybdenurn) of neighboring metallopor- 
phyrin  unit^.'".'^.^" The geometric restrictions imposed 
by directionality and specificity of the intermolecular 
interactions lead, in most of the known cases, to the 
formation of architectures with intralattice voidr of 
restricted dimensions and are. thus. characterized by 
selective guest-entrapment features. 

DESIGN OF PORPHYRIN-BASED 
ZEOLITE ANALOGUES 

Formulation of porphyrin clathrates, which resemble to a 
significant extent the structure and function of the 

Fig. 5 Channel-tqpe molecular-sieve structure based on the 
self-assembly via coordination of MTPyP building blocks. View 
down the channel axis. The width of the parallel one- 
dimensional channels is 0.6 nm. suitable for the storage and 
transport of small mo~ecules.~~'~"'  (vien'  this r r r ~  irz color at 
IV+~,M'. dekker. ~ 0 ~ 1 1 . )  

Fig. 6 Porphyrin zeolite analogue utilizing the MTCPP 
building blocks. along nith bipyridyl and external metal ion 
auxilia~.ies.~'~~ The nearly 1 nm-wide channel voids propagate 
in the crystal in two perpendicular directions parallel to the 
porphyrin planes. (View this art in color- nt +cu~,t,.dekker.co~iz.) 

naturally occurring zeolites, represents one of the high- 
lights of the porphyrin clathrate chemistry. Pioneering 
publications came out simultaneously frorn the research 
groups of ~ o b s o n ~ ' ~ ]  and ~ o l d b e r ~ ~ ~ "  in 1994. The two 
groups reported the first porphyrin materials of this kind 
that represent single-framework open architectures based 
on coordination poiymerization, either direct or through 
an external auxiliary. between the porphyrin tectons. 
Robson et al. used the CU"TP~P units tessellated 
together by ~uhex te rna l  transition metal auxiliaries to 
prepare a solid network structLrre with wide channels 
(diameter > 1 nm). However, these frameworks did not 
survive solvent rernoval and were found to deteriorate 
rapidly in open air at ambient conditions. On the other 
hand. and in order to eliminate the need to use an 
external auxiliary along with its countehon, Goldberg et 
al. used the Z ~ " T P ~ P  building blocks to induce direct 
interporphyrin coordination. These efforts led to suc- 
cessful formulation of a homogeneous multiporphyrin 
honeycomb architecture of trigonal symmetry. which 
contains an array of parallcl -0.6 n:n-wide channels 
centered around the threefold rotation axes and propa- 
gating through the structure (Fig. 5). The inner walls of 
these channels are hydrophilic. facilitating an easy 
absorption of small polar guests in a reversible manner. 
More recent evaluations of identical G ~ ' ' T I P ~ P  and 
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M ~ " T P ~ P  architectures confirmed the high structural 
integrity and thermal stability (up to ca. 400°C) of this 
material, its sorption capacity, and its potential utility in 
shape-selective ca ta ly~is .~ '~ '  

The two other examples of successful construction 
of stable metalIoporphyrin zeolite involve the MTCPP 
building blocks and external organic and metal ion 
auxiliaries. The first represents a single-framework three- 
dimensional coordination polymer fully sustained by a 
specific and directional interaction scheme (Fig. 6). The 
structure consists of porphyrin bilayers held together via 
coordination, through their carboxylic functions, by 
bridging sodium metal ion auxiliaries. These layers are 
then cross-linked in the axial directions by bipyridyl 
ligands. which associate to the central zinc ions of 
successive bilayers. The crystal lattice thus formed is 
perforated by wide-open galleries (0.8 x 1.2 nm2 and 
1 . 0 ~  1.2 nm2), which extend between the bipyridyl 
pillars.i271 The polymeric framework occupies less than 
40% of the crystal volume, the remaining space being ac- 
cessible to the guest component, and maintains it stability 
up to ca. 150°C. 

The second example relates to a functional nanopo- 
rous material based on the supramolecular assembly of 
the CoTCPP tectons, which was fabricated by Suslick et 
al. with the aid of solvothermal t e ~ h n i ~ u e s . " ~ '  Its 
structure is based on peripheral coordination of the 
porphyrin building blocks to each other, into a three- 
dimensional coordination polymer, with the aid of 
external cobalt ion auxiliaries (Fig. 7). The bending of 

Fig. 7 Suslick's porphyrin zeolite, based on a Co-bridged 
CoTCPP self-assembled framework, showing its open architec- 
t ~ r e . ~ ~ ~ '  This structure is also perforated by smaller channels that 
propagate roughly perpendicular to the porphyrin planes. (View 
this art irz color at ,rw~~.dekkencom.) 

the CoTCPP units allows formation of a three-dimen- 
sionally intercoordinated single-framework architecture, 
without the organic bridging ligand applied in the 
previous example. The resulting solid is thermally robust, 
and 74% of its total crystal volume is accessible to 
solvent and guest species. It contains large, refillable 
tridirectional channels (with cross section dimensions of 
0.7 x 0.9 nm2 and 0.7 x 1.4 nm2), exhibiting extraordi- 
nary hydrophilic character. It also reveals selective guest 
absorption properties with considerable preference for 
water and amines, highlighted by its remarkable ability 
to remove water from common organic solvents. In the 
latter context, this porphyrin system was found to 
outperform common zeolites. 

CONCLUSION 

The intensive research on porphyrin-based clathrates over 
the past decade led to interesting formulations of novel 
materials. The properties of the porphyrin sponges and 
their potential applications as slow guest release agents 
were extensively explored. It was further shown that 
suprainolecular chemistry along with crystal engineering 
provide useful concepts and synthetic tools for the 
designed construction of enforced lattices with genuine 
molecular-sieve proper tie^.['^,^^-^^^ Th ese methods in- 
volve the generation of high-order structures with con- 
trolled geometries from robust molecular building blocks, 
by exploring diverse interaction motifs that can exist 
between the functionalized porphyrin molecules. The 
design of organic molecular solids with structural and 
functional similarity to inorganic zeolites and high struc- 
tural integrity remains an exciting challenge in ma- 
terials chemistry. 

Nanoporous solids in general, and the porphyrin sieves 
materials in particular, provide an increasingly important 
class of materials for potential applications in the areas of 
enantioselective separations, molecular sorption and 
sensing, heterogeneous catalysis, and as possible nano- 
scale reaction chambers. Until the end of 2002, only a 
small fraction of the newly designed porphyrin-based 
solids were found to exhibit unprecedented nanoporosity 
and structural rigidity at high temperatures. Most of these 
materials still lose their crystallinity upon expulsion of the 
intercalated guest and are not suitable for practical uses. 
Further effort is required to optimize the porphyrin 
building blocks, reveal more specific and stable interac- 
tion synthons, and improve the preparative techniques in 
order to formulate new zeolite-type materials that can 
rivai the naturally occurring aluminosilicates. The re- 
markable achievements in nanoscale supramolecular 
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synthesis of molecular sieve architectures achieved thus 
far establish strong potential for the successful 
development of a new generation of useful functioilal 
materials in the near future. 
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Preorganization and Complementarity 
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University of  British Columbia, Vancouver, British Columbia, 

Chemists have long been entranced by nature's example 
of sophistication in recognition. Our drive as scientists 
has been to understand how nature manages such ex- 
quisite specificity, and how we can use such information 
to our own ends. Biologists are mostly concerned with 
elucidation of natural processes, with hope that such 
understanding may lead, for example, to new therapies, 
better control in agriculture, and perhaps even to "more 
useful" organisms. Chemists too have been interested 
in elaborating on how such recognition is manifested, 
usually on a more fundamental molecular level. Our ap- 
proach has included mimicry, and this has led us further, 
to create new systems that can potentially perform tasks 
that nature cannot or simply does not. As chemists, we 
are interested in understanding the fundamentals of rec- 
ognition processes and in applying this knowledge to our 
synthetic bent. Thus, we seek to create nonnatural su- 
prainolecular assemblies that are limited in scope only by 
our imagination. 

Our ability to synthesize complex molecules and to 
characterize their structure, conformation, and dynamics 
continues to grow. So does our appetite for grander 
schemes. With enzymes and receptors as nature's exam- 
ples of billions of years of honing recognition, chemists 
sought to capitalize. and perhaps even leap-frog nature. 
Key transitional compounds were available in the 1950s: 
cyclodextrins are naturally occurring compounds that are 
capable of recognizing and binding a variety of organic 
molecules.[" Although naturally occurring cyclodextrins 
manifest some specificity, they do not compare to en- 
zymes or receptors in this regard. In the 1960s came 
cyclophanes, which are synthetic compounds that are 
macrocyclic in structure, but they lacked the elements 
needed for binding of guest  molecule^.^',^' 

A hallmark in supramolecular chelnistry came in 
1967; when Pedersen created the first crown ethers.[41 
These were entirely synthetic, macrocyclic, and capable 
of recognizing and binding small ions. Crowns opened 
the door to many possibilities. Most importantly, new 
ideas began to flood, and a new field was created. called 
host-guest chemistry. Donald J. Cram was among the 
first to recognize the potential of crowns, and he assimi- 
lated his knowledge of cyclophanes, crowns. cycto- 

Canada 

dextrins. as well as recognition in biology, including con- 
cepts such as the lock and key theory of Emil Fischer, 
to create the field of host-guest ~ h e m i s t r y . ~ ' ~ ~ . ~ ' ~ '  
Charle5 Pedersen, Jean-Marie Lehn, and Donald J. Cram 
won the Nobel Prize in Chemistry for their work in host- 
guest chemistry. 

COMPLEMENTARITY 

The synthesis of host-guest chemistry from the above 
elements began with the definitions of the terms that title 
this chapter. Complementarity in simple terms refers to 
host and guest complementing each other, again akin to 
the lock and key model of Fischer. The shape and size 
of the cavity of the host must match that of the guest. 
The electronic interactions between host and guest must 
be attractive. Of all the possible interactions between 
host and guest, including ion-ion, ion-dipole. dipole- 
dipole, hydrogen bonds, TC-TC. and van der Waals inter- 
actions, the more complementary the host and guest, the 
stronger will be their binding. Or as Cram put it, "to 
complex, hosts must have binding sites which can 
simultaneously contact and attract the binding sites of 
guests without generating internal strain or strong non- 
bonded repulsions.' "31 

Two striking early examples of complementarity 
from the lab of Jean-Marie Lehn are cryptands 1 and 
2 (Fig. I).['] Cryptand 1 shows selective binding of Li' 
over Na' by a factor of 4800, and cryptand 2 shows 
selective binding of Na+ over Li+ by a factor of 
440,000. Both hosts are complementary to small spheri- 
cal cations. The inwardly pointing lone pairs of elec- 
trons on the oxygens and nitrogens donate into the alkali 
cations. and thus. they electronically complement the 
guests. The lone pairs form an essentially spherical 
cavity, which is complementary in shape to the spherical 
cations. This is an electronic conlplementarity as well, 
because such cations do not have stringent structural or 
electronic requirements for ligand arrangements, such as 
a square planar geometry. Finally, there is size com- 
plementarity, which is clearly switchable from the 
smaller to the larger, as demonstrated by the two exam- 
ples (vide infra). 
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Cryptand 1 Cryptand 2 

Fig. I 

Preorganization essentially comes down to "you can pay 
me now or you can pay me later." The currency of 
payment in this case is energy. Energy in terms of binding 
affinity and energy in terms of synthetic labor. As Cram 
stated, "the more highly hosts and guests are organized 
for binding and low solvation prior to their complexation, 
the more stable will be their complexes."[31 A highly 
flexible host is not well preorganized. It will show weak 
binding, because there will be only one or perhaps a few 
similar conformations that are optimal for guest binding. 
Although many other conforinations are available to the 
free host. most of these conformations are denied access 
upon binding. This costs energy in terms of entropy, and 
will be reflected in the low energy of binding. As well, 
a poorly preorganized host will be highly solvated. De- 
solvation will be required before binding can take place. 
This will cost energy in terms of enthalpy and entropy 
and again will be reflected in the weak binding of host 
and guest. 

The classic example of preorganization is the contrast 
between podand 3 and spherand 4 (Fig. 2).L"s.91 The 
difference in the binding constants for these two com- 
pouilds for Eif is > 10". The electronics of the molecules 
are nearly identical. For the podand, a multitude of con- 
formations must be denied, which costs energy in terms of 

entropy. The conformation that is most colnpleinentary 
for binding is likely a relatively high energy conforma- 
tion. so there is an enthalpic price to be paid as well. And 
there is the problem of desolvation of each of the ether 
oxygens. In contrast. the spherand pays these prices up 
front, before coming in on binding day. The synthesis of 
spherand 1 is an arduous ~ n e . [ ~ . ~ '  and the host must 
possess a reasonable amount of strain. This up front 
payment brings to the table a host with its six oxygens 
fully preorganized for binding small cations. The lone 
pairs (one from each oxygen) point into the cavity toward 
the guest, and the methyl groups effectively preclude 
solvation. No conformations need to be frozen out, and 
any strain that there may be in the binding conformation 
is already present in the free host. so there is no addi- 
tional price to pay. All advanced payment. i.e., energy, 
goes to binding. In boxing terms. the spherand has come 
to the bout well trained and at the proper weight (pre- 
organized), so it performs with astounding strength. 
In contrast, the podand did not prepare well and is 
overweight (i.e.. is not preorganized). It must work off 
some weight on the day of the bout (i.e., it must arrange 
itself into a binding geometry) and is thus left with little 
energy for the bout. 

One might expect such highly preorganized species to 
slow the process of binding. What is affected considerably 
is the rate of decomplexation. The rates of complexation 
are not as affected.'" In principle, a fully preorganized 
host could shut down the rate of complexation to the point 
where binding is no longer reversible. This is the case for 
carcerands, which are discussed in another article. In 
cases of highly preorganized spherands such as 4. a guest 
can be slowed considerably. to as low as 1 0  12sC1.['1 

One final comment on complementarity. One can intuit 
that it is possible to create a host with a cavity that is 
selective to Eif over Na+ by making the cavity small, such 
that Na+ will cause strain: either host and guest occupying 
the same space or host will have to adjust to a high-energy 
confornlation to avoid occupying the same space as the 

Podand 4 

Spherand 4 



guest. This is illustrated in the example of cryptand B 
showing selective binding of Li+ over Na+ by a factor of 
4800. as stated earlier. What is even more challenging is 
the reverse. The complementarity and preorganization 
lnust be very high for cryptand 2 to show selective 
binding of Na+ oler Li+ by a factor of 440,000. The host 
must be unable to shrink its cavity to accommodate the 
Li+, or if the host can. it must cost a lot of energy. In this 
regard, this is an amazing example. But it is not unique. 
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CONCLUSION REFERENCES 

There are many exainples of complementarity and pre- 
organization. Essentially every article in this encyclo- 
pedia contain5 examples. After all, complementarity and 
preorganization are precepts to supramolecular chem- 
~s t ry ,  and thus, these concepts are integral to all supra- 
molecular assemblies. 
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INTRODUCTION 

Proteins fulfill a variety of fullctions in biological systerns. 
They serve as biocatalysts, inolecular motors, signal re- 
ceptors. building material of cellular structures, and much 
more. Although the strategy of protein chemists was the 
functional characterization of high-purity isolated proteins, 
most proteins seem to act not in an isolated but rather in an 
organized manner, at least from time to time, whether they 
be supramoiecular assembled multiprotein complexes or 
aggregates. In this article, we summarize the recent con- 
tributions to the field of suprarnolecular protein chemistry. 
including the new methods used for the structural charac- 
terization of high-molecular-weight assemblies. 

METHODS FOR THE ANALYSIS 
OF SUPRAMOLECULAR 
PROTEIN COMPLEXES 

Nuclear Magnetic Resonance (NMR) 

New techniques for solution nuclear magnetic 'esonance 
(NMR) studies of molecular and supramolecular structures 
were described by Riek et al.['." The authors combined 
TROSY (transverse relaxation-optimized spectroscopy) 
and CRIPT (cross-correlated relaxation-induced polariza- 
tion transfer) or CWlNEPY (cross-correlated relaxation- 
enhanced polarization transfer) for the two-dimensional 
(2D) NMR analysis of I%-. 'H-labeled homo-oligomeric 
rnacroinolecules with masses ranging from 1 10-800 kDa. 
Practical appiicatioils of these methods are, for instance; 
analyses of intermolecuiar iilceractions in supramolecular 
complexes or conformational changes of a single macro- 
molecule upoil interactioils with other molecules. 

proteins, site-directed spin labeling (SDSL) was presented 
as a general method.13' In the SDSE technique, a nitroxide 
side chain is introduced into the protein by reacting an 
engineered cysteine with a selective nitroxide reagent, and 
the shape of the electron paramagnetic resonance (EPR) 
signal is determined by the motion of the nitroxide ring on 
the nanosecond timescale. It is known that the motion is a 
superposition of the rotary diffusion of the protein. inter- 
nal dynamic modes of the side chain, and local backbone 
fluctuations. Usually, however, the experimental condi- 
tions can be arranged so that contributions from the rotary 
diffusion are negligible. Thus, if the internal side chain 
motions are known at particular sites. the local backbone 
fluctuations can be deduced. In a similar way, collective 
modes in cx-helices of soluble proteins and other internal 
motions can be detected.'" 

Electron Crysmicroscopy 

The applicability of electron cryomicroscopy methods on 
biological macromolecules and their supramolecular 
assemblies was reviewed by ~ i n g e r . [ ~ ]  Examples were 
presented comprising the membrane protein aquaporin, 
the herpes-virus capsid, and the small nuclear ribonucleo- 
protein complex. Developments in electron cryomicros- 
copy and image analysis in combination with x-ray 
crystallography allow scientists to investigate structure, 
assembly. and dynamics of biological supramolecular 
assemblies.[51 This is particularly interesting with regard 
to viral proteins and receptor proteins as: for example, the 
coxsackievirus-adenovirus receptor (Fig. I ) .  Thus, the 
authors were able to resolve the structure of human herpes 
simplex virus 1 capsid at 8.5 A resolution by combining 
5860 images of particles from 130 micrographs. 

Light Scattering 
Electron Paramagnetic Resonance (EPW) 

As a new method for the investigation of the structure and 
conformational switching in soluble and membrane 

Soille supramolecular structures are sensitive to external 
perturbations. which can result from sample prepara- 
tion and "harsh" conditions during fixation of the 
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Fig. 1 Cryo-EM map of the coxsackie~lirus-adenovirus receptor 
(CAR. red and green) bound to coxsackievirus B3 (CVB3, grey). 
Adapted from Ref. [51] with pernlission from Nature Publishing 
Group. (Viebv this urt in color at ~vvrw.dekker.corn.) 

sample (e.g., electron microscopy). Static light scatter- 
ing (SLS) and dynamic light scattering (DLS) are two 
techniques based on the analysis of hydrodynamic 
properties. These methods permit the characterization of 
protein supramolecular structures as they exist in unper- 
turbed solutions. Ehrlich et a1.16' showed by DLS that the 
HTV-1 capsid protein CA is able to forin spherical and 
tubular structures. However, using electron microscopy, 
they found that some protein assemblages were inherently 
sensitive to perturbations. 

Mass Spectrometry 

Matrix-assisted laser desorption/ionization mass spec- 
trometry (MALDI-MS) can be used for primary structure 
verification and protein identification. Belghazi et a ~ . ' ~ ]  
described the application of MALDI-MS for the analysis 
of yeast mitochondrial proteins in a supramolecular 
complex exhibiting NADH dehydrogenase activity. Pro- 
tein complexes were isolated by 2D gel electrophoresis, 
fragmented by Lys C digest and analyzed by NIALDI-MS. 
Protein identification was done in a multistep procedure: 
first, a database search was performed with the mono- 
isotopic masses; second, peptide peaks corresponding to 
promising candidates were analyzed by postsource decay; 
and finally, a search was performed with the postsource 
decay fragments to confirm the first identification. Of 38 
proteins identified in this approach, most were known 
mitochondrial proteins.'"i 

Classical Assays 

The most routinely used methods in pharmaceutical 
research for the characterization of protein aggregations 

are the HP-SEC (high-performance size exclusion chro- 
matography) and native and denaturated PAGE (poly 
acryl amide gel electrophoresis) techniques (for more 
details, see any of a number of classical biophysical and 
biochemical textbooks). 

UNDERSTANDING THE FORMATION 
OF SUPRAMOLECULAR 
PROTEBN STRUCTURES 

The term "am)~loid" was used originally to describe 
certain deposits found postmortem in organs and tissues, 
which gave a positive reaction when stained with 
iodine.'" later.  it was realized that the material was 
predominantly proteinaceous when obtained from many 
ex vivo sources. Amyloids are observed when proteins 
self-assemble into large oligomers that are visible by; e.g., 
electron microscopy, as fibrils. Amyloid deposits are 
associated with several neurodegenerative diseases, in- 
cluding Alzheimer's disease aild the prion diseases. The 
amyloid fibrils isolated from these different diseases share 
similar structural features. In the late 1950s, Cohen and 
~ a l k i n s " ~ ~  demonstrated that all forms of amyloids 
studied exhibit a comparable fibrillar ultrastructure: 
bundles of straight, rigid fibrils ranging in width between 
6-13 nm (average 7.5-10 nm) and in length from 100- 
1600 nm.'1"'21 Perutz et al."" described amyloid fibers as 
water-filled nanotubes. However, the protein sequences 
that assemble into these fibrils differ substantially from 
one disease to another. To understand the relationship 
between the amino acid sequence and the propensity 
to form higher aggregates and protein m i ~ f o l d i n g ' ~ ~ . ~ ~ ]  
like the amyloid s t r~cture ,"~]  different research groups 
employed an approach based on the de novo design of 
synthetic protein ~tructures["~'~' by using combinatorial 
libraries. Basically, two different secondary structures are 
found in most proteins: cc-helical and 13-sheet structures. 
Both are quite different. In contrast to an isolated P-strand: 
which is not stable: an individual a-helix can exist in 
isolation, and thus a-helices can be considered indepen- 
dent structural modules and used as "building blocks" 
for the design of new proteins. This contrast between 
secondary structures stems from the fundamental differ- 
ence in hydrogen-bonding characteristics. In the cc-helix, 
the backbone hydrogen bonding is intrasegmental, in 
which the carbonyl of an amino residue j interacts with the 
amino group of residue j+ 4. This arrangement induces the 
formation of a self-contained structure. by satisfying most 
of its backbone hydrogen-bonding interactions without the 
help of an "external" partner. In P-strands, however. the 
situation for fulfilling maximum hydrogen bonds is 
different. The carbonyl and amino groups in a-sheets 
form a hydrogen-bonding network to amino and carbonyl 
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groups of neighboring strands. Thus, an "external 
partner" is usually required and, as a consequence, 
P-sheet strands tend to form higher supramolecular struc- 
tures via the formation of defined structures to amorphous 
aggregates. Another issue to consider is hydrophobic 
interactions with other molecules with nonpolar surfaces. 
This is especially an issue for P-strands. Both the forma- 
tion of backbone hydrogen bonds and the burial of hydro- 
phobic surfaces require a P-strand to interact with 
neighboring elements of the structure. As an example, 
for a 0-strand going into the page, the neighboring strands 
on its right and left sides can form hydrogen bonds with 
the backbone of the amino and carbonyl groups. Amino 
acid side chains will point up and down, enabling hydro- 
phobic residues to interact with neighbors above and 
below the original strand. Thus, the 0-strand can form 
favorable interactions with neighbors in four directions. 
This neighborliness has significant practical implications: 
0-strands have a tendency to aggregate and to form a 
precipitate in solution. However: nature developed strate- 
gies to avoid protein aggregations. Richardson and 
R i c h a r d s o ~ ~ [ ~ ' ~  analyzed a number of synthetic proteins, 
and from their studies, they concluded that natural P-sheet 
proteins use a negative to avoid edge-to-edge 
aggregation. Naturally occurring 0-sheet proteins are 
mostly stable and aggregate only after a longer period 
of time, as is observed for various diseases, whereas 
synthetically derived peptides and proteins with 0-sheet 
structures have the tendency to form higher molecular 
arrangements of often unknown structure, and insoluble 
aggregates are formed. Nature, therefore, knows some- 
thing and uses strategies we do not know or are actually 
not able to under~ tand .~~"  From their investigations, 
Xiong et a1.[221 deduced that the periodicity of polar 
and nonpolar amino acids is the major determinant of 
secondary structure in self-assembling oligomeric pep- 
rides and is thus responsible for the formation of protein 
supramolecular structures. 

Proteins with regular 0-sheet edges have a pronounced 
tendency to form aggregates, because they are already in 
the correct confornlation to interact with any other P-strand 
they encounter. In their study, Richardson and Richard- 
sonL2" surveyed edge strands in a large sample of 
all-0-proteins to tabulate features that could protect against 
further P-sheet interactions. Of course. P-barrels avoid 
edges by performing continuous H-bonding around the 
barrel cylinder. Parallel a-helix proteins protect their 
0-sheet ends by covering them with loops of other 
structures. The 0-propeller and single-sheet proteins use 
a combination of 6-bulges, prolines, strategically placed 
charges, very short edge strands, and loop coverage. The 
P-sandwich proteins favor placing an inward-pointing 
charged side chain on one of the edge strands, where it 
would be buried by dimerization; they also use bulges, 

prolines, and other mechanisms.i211 One recent P-hairpin 
design has a constrained twist too great for accommodation 
into a larger P-sheet, whereas some 0-sheet edges are 
protected by the bend and reverse twist produced by a 
glycine residue. A11 free edge strands were protected, 
usually by several redundant mechanisms. In contrast, edge 
strands that natively form x-H-bonded dirners or rings have 
long, regular stretches without such protection. The results 
presented by Richardson and ~ i c h a r d s o n [ ~ "  are relevant to 
understand how proteins may assemble into P-sheet 
amyloid fibers.["'.241 The possible strategies as summa- 
rized'"' for the protection of P-sheet edges are shown in 
Table 1. Many edge-protection strategies used by natural 
proteins are beyond our current abilities to constrain by 
design, but one possibility stands out as especially useful: a 
single charged side chain near the middle of what would 
ordinarily be the hydrophobic side of the edge P-strand. 
This minimal negative-design strategy changes only one 
residue, requires no backbone distortion, and is easy to 
design. Wang and ~ e c h t " ~ '  showed with great success how 
to apply the concept of the inward-pointing charge strategy 
to turn highly aggregated P-sandwich designs into soluble 
monoiners. Nesloney and Kelly described another method 
for achieving monomeric 0-sheet designs[2" by the 
methylation of exposed backbone amino groups in edge 
P-strands to prevent aggregation. However, this strategy is 
only applicable for the design of synthetic peptides and not 
for biological protein synthesis. Thirumalai et a ~ . ' ~ "  
recently reviewed the various concepts on the molecular 

Table 1 Various deslgn strategies for the protection of 
P-sheet edges 

Suitability as 
Frequently designable 

Used strategy found? strategy? 

Continuous H-bonding 
Covering loop 
P-Bulge 
Proline 
Inward point charge 
Sheet edge rolls in 
Very short 
Very twisted 

~ p - G l y  bend, 
reverse twist 
Switch between 
sheets 

No 
No 
perhapsd 
perhapsd 

Yei 
No 
No 
Only for two 
strands parts 
No 

- 

'Refened strategy ir frequently found and comrnon 
b~efe r red  rtrategy 1s found and common 
'Referred strategy 15 tarel) found 
d ~ s e d  stiategy in\ ol\ es undeiitand~ng e f fe~ t s  on bdckbone conformation 
(Adapted froin Ref [21] ) 
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bass  that govern protem and pept~de aggregation, identi- 
fying the two global '%blcklng" strategies that nature 
utillres to prcvcnt edge-to-edge aggregation as the moyt 
~mportant the min1mi7at1on and protection of dangling 
hydrogen bonds. and inward pointlng charged residue\ that 
block protein aggregation. 

DESIGN OF PROTElM ASSEMBLIES 

The design of new proteins that can assemble into 
filaments, symmetric cages, and regular assays was de- 
scribed by Yeates and ~ a d i l l a . [ ~ "  These investigations are 
based on the considcration that proteins self-assemble to 
fulfill their biological functions and also as part or a 

pathogenic process. For example, natural linear protein 
assemblies are, in most cases, tubular structures, such as 
filamentous viruses and microtubules, but this is not 
the case for the protein actin, which is one of the well- 
studied examples of a linear filament. Engineered proteins 
comprise head-to-tail, head-to-head, and tail-to-tail 
designed protein filaments. For example, two unrelated 
dimeric proteins were fused genetically, and the 44 kDa 
designed protein could self-assemble into filaments that 
were also seen to associate in bundles and networks (Fig. 2). 
A particular procedure of producing nanofibers is pre- 
sented by Hartgerink et a1.,[2" who reported about the self- 
assembly of pcptide-amphiphiles, in which the supramo- 
lecular aggregation is caused by lipid chains. These fibers 
can reversibly be polymerized to enhance their stability, 

Fig. 2 Various strategies for the design of linear protein assemblies. (a) Beta-sheet polypeptides and proteins tend to associatc at their 
cdgcs to form fibrils that may be related to amyloid structure. (b) Protein filaments arc formed by two polypcptidcs designed to form a 
parallel heterodimeric coiled coil with 'sticky ends.' (c) Protein filarnents are forrncd by a dornain-swapping mcchanisrn from a designed 
protein created as a variation o n  a three-helix-bundle protcin. (d) Filaments are formed by a fusion protein between two distinct, naturally 
dimeric proteins (carboxylcstcrasc (A) and influen~a virus matrix protein MI (U)). Figure is adapted from Ref. 1281 and reprinted with 
permission I'rom Elsevier, copyright (2002). Electron niicrographs (from left to right) arc reprinted with perrnission from Ref. [52], 
copyright (1999) National Academy of Science. USA; Kcf. 1531, copyright (2000) American Chemical Society; Rcfs. 1541 and 1551. both 
copyright (2001) National Academy of Science, USA. (View this art in color at www.delcker.c~orn.) 
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and the formation of supramolecular structure and polym- 
erization produces a remarkably versatile material. Var- 
iants of the peptide-amphiphiles with variations in alkyl 
chain length, the polymerizable region, and the C-terminal 
peptide sequence were shown to self-assemble into a one- 
dimensional fibrous motif. 

STRUCTURE PROTEINS 

Fibrillins are found throughout the connective tissue of 
humans as integral components of extended fibrils, which 
may occur isolated or together with elastin. These poly- 
meric structures were named microfibrils, which are 
particularly abundant in skin, blood vessels, tendons, and 
the ciliary zonules of the eye. Handford et al.[301 reviewed 
existing literature on fibrillins and presented information 
on the elucidated molecular structure and the effects of 
mutations on structural and functional properties. In par- 
ticular, studies of functional domains in fibrillin are 
discussed that are important in assembling microfibrils. 
Immunolocalization of fibrillins can be performed within 
the microfibrils, residing in all tissue locations. Further- 
more, immunolocalization experiments suggest an ordered 
arrangement of fibrillin molecules within the microfibrils. 
The authors conclude, however, that many questions were 
not answered, for example, which regions of fibrillin are 
rigid or flexible, which domains in fibrillins participate in 
the assembly of microfibrils, and whether fibrillin interacts 
with other molecules in the assembly process. 

An important class of aggregate-forming proteins is the 
collagen family, a main component of connective tissues. 
The amino acid sequence of all collagens is now known in 
detail. The sequence shows a distinct domain organiza- 
tion, with the dominant occurrence of the amino acid 
glycine and of the posttranslational hydroxylation of pro- 
line and lysine residues. Although the primary, secondary, 
and tertiary structures of the collagens are well known, the 
different models of supramolecular arrangement, deduced 
among others from freeze-fracture or "normal" trans- 
mission electron microscopy (TEM) and atomic force 
microscopy (AFM), within the collagen fibers proposed 
in literature are far from being accepted generally (see 
review in Ref. [31]). The basic models are comprised of 
five- or eight-stranded helical microfibrils; smectic or 
hexagonal crystals: micelles; cylindrical or spiral lattices; 
compressed microfibrils; and several other arrangements 
(an example is given in Fig. 3). 

Amelogenins are tissue-specific proteins of develop- 
ing dental enamel. Regarding the biomineralization of 
the teeth, amelogenins seem to have an important role as 
a space-filling gel or an intercrystallite packing sub- 
stance,[32,331 No clear definitive secondary structure is 

known; and unusual reversible aggregation properties 

Fig. 3 3D representation of the molecular arrangement of type 
I collagen according to Ref. [56] (left). The molecule is divided 
into five successive segments, identified with different colours. 
On the right. cyclic set of the final model and the telopeptide 
directions. Reprinted from Ref. [56],  copyright (1998) with 
permission from Elsevier. (View this ar t  in color at www. 
dekker.com.) 

reminiscent of liquid crystal mesophases were observed. 
The application of dynamic light scattering and AFM 
exhibited an extreme dependence of the hydrodynamic 
radius of the major compound with a strong increase 
around the physiological temperature. 

Another example of supramolecular protein structures 
is an extracellular aggregation factor (AF), a proteogly- 
can, from the marine sponge Microcionn prol$ercl.[341 The 
species-specific cell adhesion consists of the AF and a 
corresponding cell membrane receptor. Because the 
sponges were the first animals faced with multicellularity, 
it can be suggested that proteoglycan-like macromolecules 
belonged to the first extracellular matrix molecules, which 
originally were designed to allow precise modulation of 
their adhesive properties. Although early work suggested 
a self-association of AF due to a ca2+-dependent in- 
teraction of its carbohydrate moiety, the finding that 
glycan-free recombinant AF provoked specific cell ag- 
gregation of Microciona cells in the absence of ca2' 
proved a direct role of the protein moiety of AF in sponge 
cell adhesion. 
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The viral genome and replicative enzymes of various 
viruses [such as the human immunodeficiency virus 
(HIV)] are encased in a conical shell that is assembled 
from a single protein subunit, the capsid protein.1351 The 
core shell of the virus forms a stable, effective protective 
b a ~ - r i e r . [ ~ ~ . ~ ' ~  However. the shell must permit dissolution 
to allow transmission of the viral genome into its new 
host. The stability of the capsid protein depends on 
environmental factors like pH. The pH-dependency of 
some viral proteins reflects the requirement for a pH- 
dependent alteration in the conformation of the fusion 
protein (found at the outside protein core of viral systems) 
in order to render the protein competent for membrane 
fusion with the host.["l The HIV-1 capsid protein can 
assemble in tubular structures and is also capable of 
forrning spheres, depending on the pH of the protein 
solution. The switch from formation of one to the other 
occurred within a narrow physiological pH range (i.e., pH 
7 -6 .~ ) . '~ ]  Below and above this range, only dimers and 
tubular structures were detected, respectively. Ehrlich 
et al.i6i found that the CA protein possesses the inherent 
ability to form metastable structures, the morphology of 
which is regulated by an environmentally sensitive molec- 
ular switch. Such metastable structures may exist as tran- 
sient intermediates during the assembly and disassembly 
of the virus core. Icosahedral particles were found for the 
assembly of physalis mottle virus capsid protein in 
Eschericlzia coli. Amino acid carboxy termini play a role 
in the formation of these supermolecular protein struc- 
tures.'"' Ou and  collaborator^["^ analyzed the minimal 
sequences on human JC virus, which belongs to the family 
polyoma~iridae, VPl required for capsid assembly. They 
found that the viral capsid is composed of 72 capsomers 
and that five VPI molecules make up each capsomer 
structure. Twelve amino terminal and 16 carboxy terminal 
amino acids of VP1 are dispensable for the formation of 
virus-like particles, and further truncation at either end of 
VPI leads to the loss of this property. Herpes simplex 
virus-1 (HSV-1) virions are large, complex, enveloped 
particles containing a proteinaceous tegument layer con- 
nected to an icosahedral capsid. The major capsid protein, 
VP5 (149 kDa), makes up both types of capsomere, pen- 
tons and hexons. Bowman et a1.1371 found that alterations 
in the geometrical arrangements of the VP5 subunits in 
the capsomeres exposes different residues, resulting in the 
differential association of the tegument and VP26 with the 
pentons and hexons, respectively. The rearrangements of 
VP.5 subunits required to form pentavalent and hexavalent 
capsomeres result in structures that exhibit different 
electrostatic properties. These differences may mediate 
the binding and release of other structural proteins during 
capsid maturation. Also; rotaviruses, a major pathogen 

of infantile gastroenteritis, are made of a large (100 nm) 
and complex icosahedral assembly, which is formed by 
three concentric capsid layers. However, in contrast to 
rotavirus, Norwalk virus, a causative agent of epidemic 
gastroenteritis in humans, has a simple architecture with 
an icosahedral capsid made of 180 copies of a single 
protein.['""1 Recently, the crystal structure of the major 
capsid protein VP6 of rotavirus was determined. It re- 
vealed a trimer containing a central zinc ion, which is 
coordinated by histidine from each of the three sub- 
uni t~ . [~ ' ]  From their investigations. Erk et a1.l"' were able 
to demonstrate that under conditions in which the histidine 
residues are not charged, the properties of VP6 depend 
on the presence of the centrally coordinated zinc atom in 
the trimer. 

ENZYME COMPLEXES 

The photosystem 1 (PSI) is one of the two pigment- 
containing reaction centers of oxygenic photosynthesis 
found in cyanobacteria and plants. The main function is to 
catalyze the light-dependent transfer of electrons from 
reduced plastocyanin or cytochrome c6 to soluble ferre- 
doxin or flavodoxin across the thylalkoid membrane. The 
functional reaction center, for thermophilic cyanobacteria, 
consists of 11 protein subunits and 90 chlorophyll mole- 
cules within a 340 kDa complex. Fotiadis et al.'"ber- 
formed surface relief reconstructions from electron mi- 
crographs and AFMs, and defined the lumenal and stromal 
PSI surfaces. They obtained precise information on the 
integration of the PSI reaction center in the lipid bilayer 
and determined the heights for the stromal and lumenal 
protrusion, which allowed for definition of the boundaries 
of the membrane-embedded complex. 

An impressive approach to identify supramolecular 
protein complexes was done by Gavin et al.'"' and Ho 
et al.["l They used labeled proteins as bait to capture and 
identify protein complexes in the budding yeast. Tags 
were added to the protein cDNA of interest, and these 
constructs were expressed in the yeast, and physiological 
complexes were formed. These complexes were thus 
easily isolated by exploiting the bait and were analyzed 
further by mass spectrometry. In summary, the authors 
reported more than 1000 proteins within several hundred 
supramolecular complexes in yeast, meaning the identi- 
fication of several thousands of protein interactions. 
However, this approach: although powerful, has to deal 
with false positive and false negative results, and the 
authors failed to identify known interactions. 

Grandier-Vazeille et al.[" reported the analysis of the 
supramolecular organization of mitochondria1 dehydro- 
genases by isolation of the complex by non-denaturating 
electrophoresis (first dimension). Further identifications 
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Anions are notoriously intractable targets for selective 
binding. Nonetheless, the field of anion coordination 
chemistry continues to grow after its early beginnings in 
the late 1960s with the discovery by Park and Simmons 
that simple bicyclic diazakatapinands could encapsulate 
halide ions.''' Binding in the liatapinands and in poly- 
ammonium receptors. in general, is governed by elec- 
trostatic and hydrogen-bonding interactions between 
protonated amines and the anion guest. In the decades 
ensuing the initial discovery. many elegantly designed 
azamacrocycles were examined for various types of 
anion-binding properties. These cyclic receptors can be 
divided into three main categories: monocyclic, bicyclic, 
and polycyclic. Structures for various receptors cited are 
depicted in Chart 1 and are labeled numerically in the 
sequence in which they appear in the text. 

Substrates for monocyclic receptors mainly include 
the following: I )  simple inorganic anions-oxoanions, 
halides, pseudohalides, and other halo anions; 2) organic 
anions-dicarboxylates and nucleotides: and 3) anionic 
metal compiexes. 

Simple Inorganic Anions 

Monocyclic polyamines are not especially selective in 
the binding of simple oxoanions and halides. Binding 
constants for singly charged anions with monocycles are 
usually small. if even measurable, as seen for a simple 
monocycle derived from a Schiff base condensation 
followed by reduction, 1: Ar=m-xylyl (Fig. 1). However, 
affinity increases with increasing charge on the anion.'21 
A layered structural motif consisting of alternating anions 
and cations is typical of many of the observed crystal 
 structure^.'^." In keeping with these findings, molecular 
dynamics studies indicate that monocycles tend to be 
somewhat flexible and subject to hydration e f f e ~ t s , ' ~ - ~ '  
thereby decreasing their effectiveness in selective anion 
binding. On the other hand. structural results for certain 

flexible. linear oxoanions. such as pyrophosphate and 
triphosphate, with monocycles such as 1 (Ar=m-furan 
and m-xylyl) indicate a tendency for these ions to thread 
the m a ~ r o c y c l e . ~ ~ ~ ~ '  High affinity is also observed, e.g., 
log MFw ppl~iH,Ll~ppl = 1 3.07 for 1 (Ar = m-xylyl, PP= 

4 - '181 
p207 1. 

Organic Anions 

Monocyclic polyamines are considerably better receptors 
for more complex organic ions."0-'" Even simple penta- 
and hexa-amine macrocycles were found to bind poly- 
carboxylates and to show selectivity for certain dicarbox- 
ylates as opposed to monocarboxylates.il'l This binding 
preference for dicarboxylates was improved by linking 
two such macrocycles together to achieve a tethered 
ditopic receptor (2).'12' An effective strategy for selective 
binding of dicarboxylates of varying chain lengths was 
also found by placing spacer chains between two diethyl- 
enetriamine units, 3, and by matching the length of the 
spacers to the -(C1H2),,- chain in the dicarboxylate. In 
this manner. the complementarity of the receptor can be 
fine-tuned to a targeted dicarboxylate, as denlonstrated 
for x-dicarboxylates with chain length, m (Fig. 2). 
For m=3. the most stable complex was formed with a 
-(CH2)7- chain; for nz=5. a chain length of -(CH2)lo- 
was best. The binding constant, log K,. was 4.4 in both 
cases.'13] 

Nucleotide binding was also studied extensively after 
the 1981 report that polyammonium macrocycles bind 
nucleotides with high Subsequent studies 
indicated that, in addition to binding nucleotides, mono- 
cyciic macrocycles such as 4 cataiyze the dephos- 
phorylation of nucleotides. Certain metal ions such as 
Mg(II), Ca(YI), and La(1TI) were found to provide regu- 
lation by stabilizing or increasing an observed phospho- 
rylated macrocyclic (phosphoramidate) intermediate."41 
These findings, coupled with the observation that the 
attack of 4 on formyl phosphate led to N-formylation 
instead of N-phosghorylation of the macrocycle led to the 
use of this simple ligand in a multistep reaction involving 
formate activation, mimicking ~~~-form~lte t rahydrofola te  
synthetase.'14 Further studies of the chemistry between 
ATP and polyammonium macrocycles of varying ring 
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Monocycles 

3 

Bicycles 

Fig. 1 Stability constants, log K,. for binding of F (spherical), 
NO3- (trigonal planar), and ~ 0 ~ ~ -  (tetrahedral) with monocycle 
1 and bicycle 8, ( A r  = m-xylyl) in H20.  No observable binding 
was observed for NO3- with 1. Data were taken from Refs. [2] 
(No3- and s O 1 2 )  and [24] (Fp). 

Fig. 2 Stability constants, log K,, for dicarboxylate, -02C- 
(CH,),-C02-. binding by 3. The number in the legend (m) is the 
number of atoms separating the two terminal carboxylate 
groups, following this formula, -02C-(CH2),-CO?. Data were 
taken from Ref. 1131. 
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Fig. 3 Stability constants, log K,, for ATP in H20 with 5 (n= 1-7). The solid line represents the first-order rate constant (min-' x 10') 
for the hydrolysis of ATP catalyzed by 5 (11 =2-7) at pH 7.0 and 70°C. The dotted line indicates the slow rate observed for 5, rz=  1 ,  which 
was so slow as to not appear on the scale under those conditions. Data were taken from Ref. [15]. 

sizes (5) indicated an important conelation between size 
of the macrocycle and hydrolysis rate"" (Fig. 3). By 
covalently attaching an additional recognition site con- 
sisting of a pendant acridine unit to enhance binding via a 
.rc-stacking effect, higher recognition for nucleotides was 
achieved. but catalysis was di~ninished."~' Recognition of 
more complex anions such as dinucleotides, NAD, and 
NADP, was reported for 5 (rz = 2) and is proposed to occur 
by virtue of interaction of the receptor with the negatively 
charged phosphate portion of the dinu~leotide."~] 

Anionic Metal Complexes 

Large ring polyammonium monocycles also form com- 
plexes with a variety of transition metal anionic com- 
plexes.r"'l Both square planar [e.g., PdC14 '  and 
P ~ ( @ N ) ~ ~ ~ ] ,  and octahedral [e.g., ~vI(CN)~"-; M=Fe, 
Co, Cr; and Ru: rz=3 and 41 complexes were studied. 
Structural findings often indicate layered structures with 
protonated polyammonium ~nacrocycles alternating with 
the anions in linear arrays.['8"91 However, an inclusion 
co~nplex was observed for a pdCld2- complex with 5 ,  
n=5.L201 As anticipated, affinity tends to increase with 
increasing charge on the complex and increasing degree 
of protonation of the macrocycle (Fig. 4). For a given 
degree of protonation, however, the smaller macrocycles 
bind more effectively. Binding also tends to influence 
ele~trochemical'~" and photochemical[221 properties of 
these supercomplexes. 

Binding constants for the azacryptands with anions are 
often two or more orders of magnitude higher than that 

observed for the corresponding monocycles. Even mono- 
anions show significant affinities (Fig. 1).['.22-"1 

Halides and Pseudohalides 

The first examples of bicyclic receptors forming inclusion 
complexes with anions were the katapinand halide 
complexes, 6. An equilibrium constant of K>lO was 
observed for the binding of the -(CF12)10- bridged recep- 
tor with c h l ~ r i d e . ~ ' ~  

The field expanded with the introduction of the linear 
bis-tren azacryptand '7;[2" which was found to be ex- 
ceptionally complementary for encapsulating the linear 
azide ion, with an aqueous stability constant of log 
K,=4.3. Crystallographic studies also indicated halide 
inclusion within the cavity of 7. While chloride and 
bromide were observed to be centrally located, fluoride 
was found to sit off-center, closer to one of the tren 

This latter finding was attributed to the small 
size of the fluoride as being mismatched with that of the 
large azacryptand. 

More recently, receptors derived from simple Schiff 
base synthetic strategies were found to bind fluoride and 
water in the cavity 8 ( ~ r = ~ n - x y l y l ) . [ ~ ~ ~  In a slightly larger 
cavity derived from a p-xylyl spacer, two fluorides were 
bound inside the cavity, bridged by a single water 
molecule in a type of cascade complex ( ~ r = p - x y l y l ) . ~ ' ~ ~  
The latter motif is reminiscent of the ditopic metal ion 
cascade complexes observed for these l i g a n d ~ . ' ~ ~ '  

A very small azacryptand, 9, binds fluoride with almost 
unprecedented anion affinity and selectivity, log K=8.8 
and log KF/Kc,=7.6 at pFI 5.9.'261 The high binding 
constant was attributed to a perfect match of cryptand 
cavity and fluoride size, and it was speculated that the 
cavity was too small to admit other anions. Subsequent 
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Fig. 4 Coinparison of stability constants, 10s K,, for binding of 
c ~ ( c N ) ( , ~ -  (top graph) and F ~ ( c N ) :  (bottom graph) with 5. 
as a function of size (n=4-6) and degree of protonation. Data 
were taken from Ref. 11 81. 

studies, verified crystallographically, showed that the 9 
also binds chloride internally at pHs below 2.5, presum- 
ably the point of addition of the sixth proton.'"' 

The first example of internal binding of an oxoanion was 
reported for a perchiorate encapsulated in 8 ( ~ r = f u r a n ) . ~ ' ~ ~  
Azacryptands display a variety of binding propensities 
with oxoanions. Even ditopic nitrate binding was observed 
with these versatile receptors (8, ~ r = p n - x y i ~ l ) . [ ~ . ~ ~ ~  

Organic Anions  

Azacryptands also bind nucleoiides strongly.'"' However, 
the bicycles are unlike the monocycles in that they are not 
effective hydrolysis catalysts. This inactivity was attri- 
buted to the presence of the steric constraints imposed by 
the cryptand cavity that might result in a lessened prob- 
ability of forming a phosphorylated receptor intermediate. 
As noted, such an intermediate appears to be a key path- 
way in dephosphorylation. at least in some rnonocycies. 

Dicarboxylates can also be encapsulated as reported 
for the crystal structure of terphthalate in 10.'"' In a series 
of linear chain dicarboxylates. -O2C(CH2),CO2-, PO was 
found to bind adipate (in=4) better than the longer or 
shorter dicarboxylates of the series. 

The macrotricyclic "soccer ball" ligand, 11, is perhaps 
the most famous of the polycyclic systems because of its 
versatility in binding cations such as NH4+, anions such as 
halides; and even a neutral water molecule, depending on 
its degree of protonation. It is especially well-suited for 
spherical recognition, incorporating halides inside its 
cavity with high affinities (log K=4.0) for ClP. A number 
of crystallographic and theoretical studies have been 
performed,'"1 and the latter indicate a complex interplay 
involving anion and receptor hydration and dehydration, 
steric effects, and electrostatic interactions.L341 

Another structural motif effective in binding anions is 
that of two face-to-face 1,3,5-trisubstituted benzenes with 
bridges containing amines (12). These receptors were 
observed to bind small anions with some selectivity. In 
the majority of binding studies, monovalent species such 
as nitrate and chloride bind more weakly (log K,--2.5) 
compared to dianions such as sulfate (log ~ , - 6 . 0 ) . ' ~ ~ '  
This structural motif was expanded even further in the 
elegant azaparacyclophane (13). At pH 4, this cubane is 
tetraprotonated and binds anionic fluorescent molecules 
such as 1-anilinonaphthalene-8-sulfonate (ANS)."~] 

CONCLUSION 

The field of anion coordination chemistry has grown 
tremendously during the last three decades, from the 
discovery of the simple katapinand receptors to complex. 
cleverly designed polycyclic systems. Much of the current 
understanding of the chemistry of anion recognition is the 
result of key contributions provided by protonated aza- 
macrocycles, only some of which have been described in 
this overview. While many types of ligand frameworks 
now exist for anion recognition and binding, the role of 
the aza-macrocycles in the early development of this field 
will always be acknowledged. 
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Pyrrole is an attractive hydrogen bond donating moiety 
that has a unique role to play in the design of anion 
receptors. Unlike amides, ureas, and similar functional 
groups that often self-associate via C=O. . .HN interac- 
tions, pyrrole does not contain a hydrogen bond acceptor. 
As such. it does not compete with itself for the hydrogen 
bonds used to bind potential anionic guests. In spite of this 
attractive feature, i t  is only in the last decade that pynoies 
and pyrrole-containing systems have begun to see ap- 
plication in the area of anion recognition. The first hint 
that this class of compounds could prove useful as anion 
receptors came in 1990. when Sessler and ~bers '"  
succeeded in crystallizing the diprotonated form of sap- 
phyrin, a pentapyrrolic expanded porphyrin, first prepared 
by Woodward and coworkers.L21 While expecting to 
obtain the bis-PF6-sail, what Sessler and Hbers actually 
found was a mixed F p - P F 6  complex, wherein the flu- 
oride anion was centrally bound within the diprotonated 
sapphyrin core. Following this initial serendipitous find- 
ing. considerable effort was devoted to developing first 
sapphyrin and other expanded porphyrins as anion-bind- 
ing agents and then, subsequently. a range of other pyr- 
role-based systems. 

This work, which has flourished as the result of con- 
tributiolls from numerous research groups. served to es- 
tablish that pyxole-containing entities far less complex 
than expanded porphyrins can act as effective anion 
receptors. In fact: Gale and coworkers recently demon- 
strated that pyrrole can stabilize an anion complex, at 
lease in the solid state. Specifically, these latter workers 
succeeded in elucidating the crystal structure of a pyrrole- 
chloride complex prepared by crystallizing tetrarnethyl- 
ammonium chloride from pyrrole (Fig. la).'" In this 
structure, direct hydrogen bonding interactions between 
the chloride anion and two pynole NH protons were seen 
(N. . .C1=3.241 A), as well as ones involving the tetra- 
rnethylamrnonirrm cation. Unfortunately, these interac- 

tions were found not to persist in dichloroinethane 
sol~~t ion for simple pynoles, at least not to an appreciable 
e ~ t e n t , ' ~ '  underscoring the need to incorporate pyxole 
into a complementary host framework in order to bind 
anions effectively in solution. In this entry, the chemistry 
of pyrrole-based anion receptors is reviewed, starting 
from the simplest and moving to the more complex. 
While this presentation order deviates from that in which 
inany of the systems in question were first introduced 
historically, we think it provides a better backdrop against 
which the current state-of-the-art in the field may be most 
fully appreciated. 

AeYeh ic  PYWROLIC AND 
POLYPVWWOLIC RECEPTORS 

In some respects, the simplest approach to generating 
pyrrole-based anion receptors involves modifying the 
pyrrole ring with groups capable of increasing the strength 
of the receptor-anion interaction. Not surprisingly. 
this approach attracted the interest of a number of 
research groups in the last decade. For instance. recently, 
Gale and coworkers prepared and studied a variety of 
simple 2.5-diarnidopyl~ole derivatives, including 1 and 
2.'" Compounds 1 and 2 proved selective for oxoanions 
in polar organic solvent. However. they displayed some 
differences in their individual binding characteristics, 
with peak association constants of 2500 M p l  being 
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3 R = n-Bu 
4 R = P h  

In order to confirm the participation of the two amide 
displayed by Compound 1 when binding benzoate anions groups and the pyrrolic NH group in the complexation 
in acetonitrile-d; while a corresponding K, value of 1450 process, Gale also produced a series of monoamide pyr- 
M - '  was observed for the binding of dihydrogenphos- role derivatives (compounds 3 and 4).[61 Solution studies 
phate by Compound 2 in DMSO-d61H20 0.5%. revealed that these compounds, while still binding 

(a) 

N '" '*?' *H I 
bN\ I: HINyN-H 

H.. .o:' 
~ C H N . , J + ~ , . , H ~ ~  

H ~ C  
8 -N-acetyl-L-alanine carboxylate 

Fig. 1 (a) Chloride coordination environment in tetramethylammonium chloride-(pyrr~le)~ (Copyright Royal Society of Chemistry 
2001, reproduced with permission); (b) the structure of 6-N-acetyl-L-alanine carboxylate: (c) the fluoride complex of meso- 
octamethylcaIix[4]pyrrole; (d) the sapphyrin skeleton: (e) a fluoride-sapphyrin complex: and (f) a bis-chloride sapphyrin complex 
illustrating the perching binding mode. (View this art in color at ~~w~v.dekker.comz.) 
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oxoanions selectively over halides, displayed association 
constants for the binding of benzoate that were at least an 
order of magnitude lower did their bis-amide analogues, 1 
and 2. This finding thus provided important support for 
the postulate that cooperation between the three NH 
groups present in 1 and 2 serves to enhance the anion- 
binding process. 

Schmuck and coworkers reported a series of pyssole- 
functionalired guanidinium species (e.g., Compound 5)[" 
that are excellent receptors for carboxylates. In DMSO 
solution, the association constant for the formation of the 
acetate complex of receptor 5, proved too high to measure 
accurately (K> 10%- l). By moving to a more polar 
solvent mixture (50% water-DMSO), however, it proved 
possible to determine the association constant; it was 
found to be approximately lo3 M".L71 

Schmuck also reported the synthesis of a pyrrole-based 
receptor 6 for N-acetyl-Y.-amino acid carboxylates that 
functions in aqueous solution.[si Compound 6 consists of 
a pyrrole ring substituted in the 2-and 5-positions by an 
amide group and a guanidinium moiety (Fig. lb). In this 
case, acetate was found to be the best bound of all the 
carboxylate anions studied (presumably due to the 
absence of unfavorable steric interactions). A number of 
N-acetyl-E-amino acid carboxylate anions were also 
studied (Fig. lb). The identity of the side chain present 
in these amino acid derivatives presu~nably serves to 
modulate the strength of the anion-receptor complex 
with, for instance, p-stacking interactions between the 
acylguanidinium residue of the receptor and the aromatic 
ring of phenylalanine serving to enhance the stability 
of the 6-Ac-L-Phe complex. 

Acyclic pyrrolic optical sensors were recently reported 
by Sessler and coworkers. Specifically, these researchers 
investigated the anion complexation properties of dipyr- 
rolylquinoxaline 7 using a variety of anionic guest species 
including fluoride, chloride, and dihydrogenphosphate.[91 
While the addition of 100 molar equivalents of the latter 
two anionic species to a dichloromethane solution of 
Compound 7 did not elicit any evident color change. the 
addition of fluoride anion led to a dramatic yellow to 
purple color change not only in dichloromethane, but also 
in DMSO solution. This phenomenon, which is accom- 
panied by a quenching of the fluorescence. was ra- 
tionalized in terms of the orbital overlap between the 
pyrroles and the quinoxaline subunits being changed upon 

complexation of the fluoride anion. The use of 3,4- 
difluoropyrrole in the synthesis leads to compound 
8 that showed an increased affinity for the same anions 
and a higher selectivity for dihydrogenphosphate over 
chloride."01 Hence, Compound 8 shows a naked-eye yel- 
low-to-orange color change upon addition of 100 molar 
equivalents of fluoride or dihydrogenphosphate anions 
in dichloromethane solution, and does not undergo any 
change of color in the presence of the same concentration 
of chloride anion. 

In nature, pyssole also plays a role in the chemistry of 
anionic species. A class of tripyrrolic linear oligomers 
(the prodigiosins, e.g., 9), red pigments produced by mi- 
croorganisms like Streptomyces and Serrutia, and some of 
its derivatives, are believed to syinport HCl and so raise 
intralysosomal p ~ . [ l ' l  Currently, prodigiosins are being 
explored for their potentials in treating neoplastic disease 
and for their potential immunosuppressive 

MACROCYCLIC PYRROklC AND 
POLYPYRROLlC RECEPTORS 

Pyrrole-containing macrocycles represent a class of 
compounds that are widely studied by an increasing 
number of researchers. In addition to the work with 
expanded porphyrins and other polypyrrolic systems 
discussed further in this entry, Sessler and coworkers 
generated a number of macrocyclic systems containing 
more isolated pylrolic subunits. One of the Inore in- 
teresting of these is the bridged dipylsole arzsa-fessocene 
10."~' This compound contains two pyrrolic NFI and two 
amidic NH groups that combine to make it and its 
analogues efficient anion receptors. In the specific case of 
10, Sessler reported that the binding stoichiometry was 
dependent on the size of the anionic guest: Job plots 
highlighted a 2:l ratio (anion-to-host) for fluoride and a 
1: 1 ratio for the other anions (chloride, bromide, hydro- 
gensulfate, and dihydrogenphosphate). Quantitative 
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'H-NMR titration experiments also revealed that this 
macrocyclic receptor possessed an inherent affinity for 
dihydrogenphosphate, fluoride and chloride over a range 
of other studied anions. These findings were corroborated 
by electrochemistry studies that allow detection of a co- 
ordinated anioriic species through specific cathodic shift 
of the ferrocene-ferrocenium redox couple. The largest 
shilt was observed in the presence of dihydrogenphos- 
phate anions (136 mV) followed by fluoride and chloride 
(80 and 24 mV. respectively). Because these observed 
shifts reflect a number of chemical events. including 
relative binding to the oxidized ferrocenium and neutral 
ferrocene forms of the macrocycle, they are not a direct 
measure of binding per se. Nonetheless, the qualitative 
correspondence between the electrochemical and NMR 
analyses is gratifying and is inspiring a range of further 
work. Simple polypyrrole films were recently prepared 
and shown to respond electrochemically to the presence 
of substoichiometric quantities of anions.[I5] 

Porphyrinogens are a well-known class of compound 
that have been in the literature for more than a century. 
However. in the last decade. these molecules emerged as 
a particularly useful and important class of anion re- 
ceptors, in part, because they are incredibly easy to make. 
Specifically. acid catalyzed condensation of pyrrole with 
a ketone leads to the formation of a tetrapyrrolic macro- 
cycle that is reasonably stable to oxidation and therefore 
cannot be regarded as a precursor to porphyrin. Rather, 
they bear a strong structural similarity to calix[4]arenes, a 
congruence that prompted the authors to re-name these 
systems as c a l i ~ [ 4 ] p ~ r r o l e s . [ " ~ ' ~ " ~ ~  In contrast to the 
calix[4]arenes. however. meso-octamethylcalix[4]pyrrole 
11 and other structurally similar calix[4]pyrroles were 
found to bind anions such as fluoride and chloride via the 
formation of four convergent pyrrole-anion hydrogen 
bonds (Fig. lc). Wow extensively reviewed, calix[4]pyr- 
roles are used for a variety of applications, including 
sensing and anion separation t e ~ h n o l o g i e s . ~ ' ~ ~  

Acid-cataiyzed condensation of 3,4-dif-luoropyrrole 
with acetone produces octailuorinated calix[4]pyrrole that 
shows enhanced affinity and selectivity for anionic 

Compound 12: for example, proved to be a 
better anion receptor than 18. binding fluoride, chloride, 

and dihydrogenphosphate anions with higher association 
constants than the corresponding unsubstituted systems; 
they also displayed an increased selectivity for chloride 
anion over hydrogenphosphate. 

In 1999, Sessler and coworkers and, independently, 
Floriani and coworkers, reported the synthesis of deep- 
cavity calixpyrroles (e.g., 13) formed from the conden- 
sation of 4-hydroxyacetophenone and pyrrole.''9.201 The 
zcxxu-isomer of this species may be isolated by column 
chromatography or by fractional crystallization. Gale and 
coworkers recently reported the synthesis of "super- 
extended cavity" calix[4]pyrroles 14 and 15 in which the 
selectivity for fluoride is considerably increased in DiLlSO 
solution.'"' No other anion is bound in this solvent, even 
in high concentrations (i.e., substoichio~netric quantities 
of fluoride are bound in the presence of 100 equivalents of 
chloride that do not interact with the receptor). 

In contrast to what is true in the case of the non- 
fluorinated calix[>z]pyrroles where it has proven difficult 
to isolate species with n > 4. the synthesis of Compound 12 
led to the two isolable and kinetically stable higher-order 

1 6 R = R 1 =  F , n = I  
1 7 R  = R 1 = F , n = 4  
1 8 R  = R V = H , n = 4  
19 R = Ph, R ' =  Me n  = 2 
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by-products, namely. the calix[5]pyrrole 16 and the 
calix[8]pyi~ole ~ 7 . " ~ '  Chloride was selectively co-ordi- 
nated by compound 16 with an association constant o f  
41.000 M ' in acetonitrile containing 0.5% D20,  a value 
that proved to be a factor o f  four greater than recorded 
using the conesponding (but smaller) octafluorocalix[4]- 
py1-role 12. 

Other approaches to the synthesis o f  higher-order 
calixpyrroles were pursued. For instance. the synthesis o f  
me.ro-dodecamethylcalix[6]pyrrole 18 from the previous- 
ly known furan-based analogue was reported by Kohnke 
and coworkers."" This higher-order calixpyrrole was 
found to be a better receptor for chloride than the cor- 
responding ~neso-octarnethylcalix[4]pyrrole 11, probably 
due to the larger core size o f  the macrocycle. Transport 
experiments from an aqueous solution to a DCM solution 
also revealed Compound 18 to be ca. 10 times more 
selective for chloride anion than Compound 11. Mean- 
while, Eichen used a step-wise procedure to prepare the 
calix[6]pyno!e 19 and demonstrated that it shows a se- 
lectivity for larger anions. Specifically, ' H - N M R  titration 
experiments carried out in acetonitrile-chlorofor~n (1:9) 
revealed that this system shows a preference for iodide 
anion over the other halides.[241 

Recently, Sessler and coworkers reported the first 
example o f  cryptand-like calix[4]pyrrole ( Z O ) . ~ ~ ' ~  Com- 
pound 20 provides three identical binding cavities, 
leading to the consideration that it could stabilize anion- 
receptor complexes o f  1:l; 1:2. or 1:3 stoichiometry in 
solution. In point o f  fact, ' w - N M R  experiments carried 
out in dichioromethane-d2 and THF-d8 revealed host- 
guest stoichjometries that were even more complicated 
and depended directly upon the anion considered. For 
instance. fluoride. when added as an anionic guest, was 
found to be bound to six o f  the nine pyssolic subunits. 
presun~ably in a 1 :  1 fashion. By contrast, it was proposed 
that the chloride anion interacts with two molecules o f  
Receptor 28 in solutioil (i.e., 2:l host-to-anionic guest 
binding stoichiometry) and is bound with a stability 
constant o f  3.08 x 106 M-' in dichloromethane-d- 7 so- 
lution. Finally. a 1:2 (host-to-guest) stoichiometry was 
observed upon addition o f  nitrate with the stability con- 
stants K, and M2 being 1740 and 420 M ' ,  respectively, 
in dichloromethane-d2 solution. 

In the year 2000. Sessler et al. reported the synthesis o f  
several so-called calix[~z]phyrins, macrocyclic compounds 
that may be regarded as hybrids o f  calixpynoles and 
porphyrins.'2" Compound 21, a novel hexapysrolic sys- 
tem, was generated by reaction o f  pentafluorobenzalde- 
hyde with an appropriate tripynane precursor (obtained, 
in turn, from the TFA acid-catalyzed condensation o f  
pyrrole and acetone). The crystal structure o f  this com- 
pound reveals a molecule o f  water bound to the pysrolic 
NH protons, a finding that led to the suggestion that this 
system could f~lnction as an anion receptor. However. no 
interaction was observed between Compound 21 and any 
o f  a range o f  targeted anions (chloride. bromide, iodide, 
nitrate. hydrogensulfate), at least when this putative 
receptor was studied in its neutral form. On the other 
hand, both the mono- and his-protonated forms were 
found to interact with chloride, bromide, and iodide 
anions. Unfortunately, only in the case o f  the latter anion 
and only when 21 was fully ( i t . .  di-) protonated was 
evidence for the formation o f  a clean I:1 host-guest 
complex obtained; in this instance. an association constant 
o f  ca. 8 x 107 M '  was estimated for a binding process 
involving the interaction between iodide anion and 
diprotonated 21 in acetone solution. 

Modified porphyrins have been used to bind anions 
selectively. In 2001, Swager and coworkers reported the 
synthesis o f  the doubly strapped posphyrin ~ 2 : ' ~ ~ '  this 
compound proved to be able to coordinate two fluoride 
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anions via a cooperative binding process in dichloro- 
methane solution. Addition of larger anion such as 
chloride, bromide. iodide, acetate. cyanide, and dihydro- 
gen phosphate, did not lead to perturbation of the UV 
spectrum. leading to the suggestion that they were not 
appreciably bound. 

Sessler. Vogtle. and coworkers reported the first 
example of a dipyrrole-based[2]catenane.1'X1 Compound 
23 was synthesized from the appropriate bipyrrole acyl 
chloride and p-xylenediamine building blocks. 'H, 13C, 
and ' 9 ~ - ~ ~ ~  studies carried out in l,l.2,2-tetrachloro- 
ethane-& provided evidence consistent with this com- 
pound being able to bind fluoride anions effectively as the 
result of changing its conformation in solution to 
accommodate the guest anionic species. Even more 
interesting results came from the coordination studies 
carried out in 1,l ,2,2-tetrachloroethane-d2. In this solvent. 
it was found that anionic species, such as chloride and 
dihydrogenphosphate, are bound to Compound 23 with a 
stability constant higher than that of fluoride. These 
findings led to the suggestion that these larger anions may 
be binding between the two rings of the catenane. 

The tetrapyrrolic macrocycles discussed so far all 
contain an arrangement of inward-pointing nitrogens 
within the molecule core. Recently, N-confused porphy- 
rins. tetrapyrrolic macrocycles in which some of the 
pyrrolic subunits are linked through at least one P 
position, were studied by a number of groups including 
~atos-~ra iynski ,~ '" '  and the team of Osuka, Furuta, and 
 coworker^.^'^' One example of this class of compounds. 
tetrapyrrole 24, was synthesized via the acid-catalyzed 
condensation of an N-confused dipyrrolnethane with 
pentafluorobenzaldehyde. While this product proved to 
be stable in air at room temperature, treatment of 24 with 
SnC1' for 8 h while heating in benzene at reflux was 
found to give rise to the f ~ ~ s e d  system 25 in 6% yield. This 
latter compound proved capable of coordinating anionic 
species with association constants comparable to those of 
typical: unsubstituted calix[4]pyrroles (e.g., K,= lo4 M- ' 
for fluoride anion in dichloromethane-d2). 

The potential advantages associated with the presence 
of a large central binding core containing a large number 
of potentially coordinating heteroatoms led to a renewed 
interest in expanded polypy~~olic macrocycles. Sapphyrin 
(Fig. Id). the first pyrrole-based anion receptor to be 
characterized as such (c.f.. "Introduction"), belongs to 
this class of compound and remains one of the better 
studied of all anion-binding  agent^.^"' The synthesis of 
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these compounds (e.g.. 26, 27), which was recently re- 
viewed.[311 was achieved by a variety o f  means, with those 
based on direct condensations o f  pynole and appropri- 
ately chosen linear oligopyrroles remaining the most pop- 
ular. Sapphyrins are planar, rigid molecules that possess 
an aromatic 22 x-electron periphery. Sessler and co- 
workers reported a complete structural and solution study 
o f  this class o f  cornp~und . ["~~~ '  As noted in the intro- 
duction. the diprotonated forms o f  sapphyrins are capable 
o f  encapsulating fluoride in the solid state, holding the 
anion by a pentagonal array o f  N-H. . .F hydrogen bonds 
within a ca. 5.5 A diameter core (Fig. le) .  Other anions are 
also coordinated by the diprotonated form o f  sapphyrin but 
are not centrally bound. as is true for fluoride anion. For 
example, solid-state studies o f  the bis-HC1 salt o f  
sapphyrin revealed the presence o f  a 2:l (chloride-to 
sapphyrin) complex with the two anions being held by N-  
H. .  .Cl hydrogen bonds ca. 1.8 A above and below the 
rnacrocycle (Fig. I f ) .  Presumably as a result o f  this 
structural difference and the enhanced ability o f  fluoride 
anion to act as a hydrogen bond acceptor relative to other 
anions, the diprotonated form o f  sapphyrin acts as an 
unique and selective fluoride anion receptor, exhibiting a 
selectivity at least > 10' relative to chloride or bromide. 

The selectivity displayed for F-relative to other halide 
anions encouraged Sessler and coworkers to investigate 
whether sapphyrin would act as a fluoride anion carsier 
in a model three-phase H20-CH2C12-H20 bulk liquid 
membrane transport system."41 When two aqueous 
solutions; with different fluoride anions concentrations, 
were separated by a dichloromethane solution, slow 
transfer o f  fluoride anions from the more concentrated 

to less concentrated aqueous phases was observed, due 
to simple diffusion o f  the anionic species. The addition o f  
an organic-soluble sapphyrin to the dichloromethane 
phase. however. led to a considerable increase in F- 
transport flux o (greater than 100-fold in the best o f  
cases), at pH 7.0. a regime wherein sapphyrin is known to 
be mono-, not di-, protonated. 

Diprotonated sapphyrins were also found to bind 
rnonobasic phosphate anions in solution and in the solid 
state."21 The same proved true for monoprotonated 
sapphyrins, at least in polar protic solvents. This led 
Sessler and Iirerson to consider the possibility that 
sapphyrins might interact with DNA.["] Consistent with 
this proposition, it was found that addition o f  an excess o f  
calf thymus dsDNA (ca. 200 phosphate anion equivalent) 
to an aqueous solution o f  the water-solubilized sapphyrin 
26, produced an 11 nm bathochromic shift in the 
sapphyrin Soret band. This spectroscopic change gave 
an apparent stability constant o f  25,000 M 1 .  A range o f  
follow-up experiments, including ones based on ' 9 ~ - N ~ ~  
spectroscopy, circular dichroism studies, and DNA 
topoisomerase 1 unwinding analyses, led to the conclusion 
that protonated sapphyrin gives rise to a new type o f  
small-molecule-DNA interaction that involves the specif- 
ic chelation o f  the anionic phosphate diester group by the 
protonated sapphyrin. O f  particular interest is the fact that 
this kind o f  interaction differs substantially from other 
previously reported DNA-binding motifs, including the 
intercalation-based ones most often invoked in the case 
o f  porphyrins. 

In 1995. Sessler and coworkers reported the synthesis 
o f  several novel oligosapphyrins and highlighted the 
efficiency o f  these species as potential carriers for the 
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transport of phosphorylated n u c ~ e o t i d e s . [ ~ ~ ~  The trimers 
28 and 2Ul inea r  and branched) and the tetramer 30, 
showed two distinct Soret bands in the UV spectrum, a 
clear sign of considerable aggregation. Addition of 
phosphate anion was found to induce an increase in the 
intensity of the higher wavelength portion of the split 
Soret-like band at the expense of the one at the lower 
wavelength. This behavior may be explained by consid- 
ering the encapsulation of the anionic species followed by 
the de-aggregation of the oligomer in solution. 

3% The next step was the employment of Compounds 28, 
29, and 38 as carriers for the transport of nucleotides 
across bulk liquid membranes. This was done using the 
same kind of U-tube setup used to study halide anion 
transport. Under these condiditions, Compounds 28 and 
29 were found to be efficient carriers for nucleotide 
diphosphates. However, they failed to effect the transport 
of nucleotide triphosphates. By contrast, Compound 38 
proved to be an effective carrier for all the phosphorylated 
species under consideration. 

In 1996 Sessler and coworkers reported the synthesis 
of a new Lasalocid modified sapphyrin 31 '~~'  that acts as 

32 an efficient carsier for the transport of aromatic amino 
acids in their zwitterionic form. Again, a standard H20- 
CH2C12-F120 U-tube transport model was used to de- 
termine the transport efficiency of Compound 31. This 
receptor showed not only a high selectivity for phenyl- 
alanine and tryptophan (Kt=20 for L-Phe), but was also 
found to be capable in some cases of discriminating 
between the different chiral homologues. 

More expanded pyrrole-based macrocyles were re- 
cently reported in the literature. In 1999. Sessler and 
coworkers presented the synthesis of"01 heptaphyrin 
(1.0.0.1.0.0.0) 32 and ofL3" octaphyrin(1.0.0.0.1.0.0.0) 
33.[381 These compounds, synthesized via a directed 

33 oxidative ring closure of linear polipyrrolic species, were 
crystallized in their diprotonated forms in the presence of 

Fig. 2 (a) The crystal structure of the sulfate complex of Compound 32 (note that sulfate is bound by seven hydrogen bonds) and (b) 
the chloride complex of Compound 33 (including methanols involved in the hydrogen-bonding array). (View this art in color at 
w v t , ~ ~ .  dekker. con,. ) 
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sulfate and chloride anions, respectively. While com- 
pound 32 was found to encapsulate a sulfate anion within 
the macrocyclic core via seven hydrogen bonds in a 
manner reminiscent of the sulfate-binding protein,'"] and 
to assume a planar conformation (Fig. 2a), Compound 33, 
larger and more flexible, was found to bind two chlo- 
ride anions while deviating substantially from planarity 
(Fig. 2b). The latter binding mode is reminiscent of what 
is seen in the solid state for various anion complexes of a 
range of other protonated expanded posphyrins, including 
ones with rather fanciful names such as r ~ b ~ r i n , [ ~ ~ ]  
rosarin,'"] amethyrin.'"' and turcasarin.["] Unfortunate- 
ly, as yet, there is little in the way of solution phase Ka 
information to support these recently reviewed solid-state 
a n a ~ y \ e s . [ ~ ~ ]  

Over the last decade. pyrrole has emerged as an important 
structural motif that may be used to construct receptor 
systems capable of interacting effectively and, in many 
instances, selectively with a range of anionic substrates. 
While early work concentrated on the use of so-called 
expanded porphyrin systems to impart a high degree of 
preorganization and provide systems with intrinsic, 
protonation-derived positive charge, increasingly it has 
come to be recognized that a range of simpler pyrsole- 
containing systems can be used to bind and recognize 
anions, but often at the price of selectivity or affinity. As a 
result. effort continues to be devoted to the synthesis and 
study of increasingly elaborate macrocyclic and poly- 
cyclic systems, just as attention continues to be focused 
on finding easier-to-make pyrrole-based anion receptors 
that can be readily exploited in a range of real-world ap- 
plications running the gamut from sensing and transport 
to perhaps ultimately waste remediation and tailored 
drug development. 

ACKNOWLEDGMENTS 

P.A.G. would like to acknowledge the Royal Society for a 
University Research Fellowship and the EPSRC for a 
project studentship (to S.C.). J.L.S. thanks the National 
Institute of Health (GM 58907 and CA 68682), the 
National Science Foundation (CHE 9725399), and the 
Texas Advanced Research Program for support. 

ARTICLES OF FURTHER INTEREST 

Anzide- arzd Urea-Bcised Ai~iorz Receptors, p. 31 
Anion-Directetl Asseinbly. p. 5 1 
G~~unidirzil~nz-Based Aizion Receptors, p. 615 

Nydrogei~ Bondiizg, p. 658 
Or-gnrzometallic Anion Receptors, p. 1006 
Protoizated A-a-Macrocycles for Aizion Cor~plexatioiz, 

p. 1170 

REFERENCES 

Sessler, J.L.: Cyr. M.J.; Lynch, V.; McGhee. E.: Ibers, J.A. 
Synthetic and structural studies of sapphyrin, a 22 n- 
electron pentapjirrolic 'Expanded Porphyrin'. J. Am. 
Chem. Soc. 1990, 112 (71, 2810-2813. 
Bauer. V.J.: Clive, D.L.J.; Dolphin, D.: Paine. J.B., 111; 
Hanis. F.L.; King, M.M.; Loder, J.; Wang, S.W.C.; 
Woodward, R.B. Sapphyrins: Novel aromatic pentapyrrolic 
macrocycles. J. Am. Chem. Soc. 1983, 105 (21). 6429- 
6436. 
Coles, S.J.; Gale, P.A.; Hursthouse, M.B. The first example 
of an anion-pyrrole complex. Cryst. Eng. Comm. 2001, 53. 
Gale, P.A.: Sessler, J.L.: Kril. V.: Lynch, V. Calix[4]pyr- 
role: Old yet new anion binding agents. J. Am. Chem. Soc. 
1996. 118 (21), 5140-5141. 
Gale, P.A.: Camiolo. S.; Chapman. C.P.: Light, M.E.; 
Hursthouse, M.B. Hydrogen-bonding pyrrole arnide cleft 
anion receptors. Tetrahedron Lett. 2001, 42 (30). 5095- 
5097. 
Gale, P.A.: Camiolo. S.; Tizzard, G.J.: Chapman, C.P.; 
Light. M.E.; Coles, S.J.: Hursthouse, M.B. 2-Amidopyr- 
roles and 2.5-diamidopyrroles as simple anion binding 
agents. J. Org. Chern. 2081. 66 (23). 7849-7853. 
Schmuck, C.; Lex. J. Acetate binding within a supramo- 
lecular network forrned by a guanidiniocarbonyl pyrrole 
cation in the solid state. Org. Lett. 1999, 1 (1 I ) ,  1779- 
1781. 
Schmuck. C. Side chain selective binding of N-acetyl-E- 
amino-acid carboxylates by a 2-(guanidiniocarbony1)pyr- 
role receptor in aqueous solvents. Chem. Co~n~nun .  1999. 
(9), 843-844. 
Blacli. C.B.: Andrioletti. B.: Try, A.C.; Ruiperez, C.: 
Sessler, J.L. Dipynolylquinoxalines: Efficient sensor for 
fluoride anion in  organic solution. J. Am. Chem. Soc. 
1999. I21 (44). 10438- 10439. 
Anzenbacher, P.. Jr.: Try. A.C.; Miyaji, H.; Jursikova. K.: 
Lynch, V.M.; Marquez, M.; Sessler. J.L. Fluorinated 
calix[4]pyrrole and dipyrrolequinoxaline: Neutral anion 
receptors with augmented affinities and enhanced selectiv- 
ities. J. Am. Chem. Soc. 2000. 122 (42). 10268-10272. 
Fiirstner, A,; Grabowski, J.; Lehmann. C.W.: Kataoka. T.; 
Nagai, K. Synthesis and biological evaluation of non- 
ylprodigiosin and macrocyclic prodigiosin analogues. 
Chembiochem 2001. 2 (I),  60-68. 
Montaner, B.: PCrez-Tom& R. Prodigiosin-induced apop- 
tosis in human colon cancer cells. Life Sci. 2001. 68 (17). 
2025-2036. 
Ohkuma, S.; Sato, T.; Okamoto. M.; Matsuya, H.; Arai. K.: 
Kataoka, T.: Nagai, K.; Wassermann. H.H. Prodigiosirls 
uncouple lysosomal vacuolar-type ATPase through pro- 
motion of H+/CI-- symport. Biochem. J. 1998. 334 (Part 3). 
731-741. 



Pysrole- and Polj-pq-rrole-Based Anion Receptors 

Scherer, M.; Sessler. J.L.: Gebauer. A.: Lynch, V. A 
bridged pyrrolic clrzsu-ferrocene. A new type of anion 
receptor. Chern. Commun. 1998, (1). 85-86. 
Gale, P.A.; Bleasdale. E.R.: Chen, G.Z. Synthesis and 
electrochemical polymerisation of calix[4]pymoles con- 
taining IV-substituted pynole moieties. Supramol. Chem. 
2001, I 3  (4), 557-563. 
Sessler. J.L.: Gale. P.A. Calixpyrroles: Novel Anion and 
Neutral Substrate Receptors. In The Por111zyrin Hanilbook; 
Kadish. K., Smith. K.M., Guilard. R.. Eds.; Academic 
Press: San Diego. CA. 2000; Vol. 6, 257-278. 
Camiolo, S.; Coles. S.J.: Gale, P.A.: Hursthouse. M E . ;  
Sessler. J.L. Tetrabutylalnnlonium meso-octamethylca- 
lix[4]pyn.ole fluoride dichloromethane solvate. Acta Cryst. 
2001. E57 (9). 0816-0818. 
Gale. P.A.: Anzenbacher, P., Jr.: Sessler, J.L. Calixpyrroles 
11. Coord. Chem. Rev. 2001. 222. 57-102. 
Anzenbacher, P.. Jr.: Jursikova. K.; Lynch, V.M.: Gale. 
P.A.: Sessler. J.L. Calix[4]pyrroles containing deep 
cavities and fixed walls. Synthesis. structural studies, and 
anion binding properties of the isomeric products derived 
from the condensation of p-hydroxyacetophenone and 
pyrrole. J. Am. Chem. Soc. 1999. 121 (47). 11020-11021. 
Bonomo, L.; Solari. E.: Toraman, G.: Scopelliti. R.: 
Latronico. M.: Floriani, C. A cylindrical cavity with two 
different hydrogen-bonding boundaries: The calix[4jarene 
skeleton screned onto the meso-position of calix[4]pj~r- 
role. Chem. Commun. 1999; (23). 2413-2414. 
Camiolo. S.; Gale, P.A. Fluoride recognition in "super- 
extended cavity" calix[4]pyrrole. Chern. Cornmun. 2000. 
13. 1129-1130. 
Sessler. J.L.: Anzenbacher, P., Jr.: Shrives. J.A.; Jursikova, 
K.; Lynch, V.: Marquez, M. Direct synthesis of expanded 
fluorinated calix[n]pyrroles: Decafluorocalix[S]pyrrole 
and hexafl~1orocalix[8]pyrrole. J. Am. Cheru. Soc. 2000, 
122 (48). 12061-12062. 
Cafeo. G.; Kohnke, F.H.: La Tome. G.L.: White. A.J.P.; 
Williams. D.J. The complexation of halides ions by a 
calix[6]pyrrole. Chem. Commun. 2000. (13). 1207-1208. 
Turner. B.; Shterenberg, A,: Kapon, M.: Suwinska. K.; 
Eichen, Y. Selective anion binding and solid-state host- 
guest chemistry of an extended cavity calix[6]pyrrole, 
Chem. Commun. 2001. ( I ) ,  13- 14. 
Bucher, C.; Zirnmerman. R.S.: Lynch. V.: Sessler. J.L. 
First cryptand-like calixpymole: Synthesis, x-ray structure, 
and anion binding properties of a bicyclic[3.3.3] nona- 
pyrrole. J. Am. Chem. Soc. 2001. 123 (39). 9716-9717. 
Bucher. C.: Zimmerman. R.S.; Lynch, V.; Krril. V.; 
Sessler. J.L. Synthesis of novel expanded calicphyrin: 
Anion binding properties of a calix[S]phyrin with a deep 
cavity. J. Am. Chem. Soc. 200%. 123 (39), 2099-2100. 
Takeuchi. M.: Shioya. T.: Swages, T.M. Allosteric fluoride 
anion recognition by doubly strapped porphyrin. Angew. 
Chem. Int. Ed. 2001, 40 (18). 3372-3376. 
Andrievsky. A.: Ahuis. F.: Sessler. J.L.; Vogtle. F.: Gudat, 
G.; Moini, M. Bipyrrole-based [2]catenane: A new type of 
anion receptor. J. Am. Chem. Soc. 1998. 120 (37). 9712- 
9713. 

Latos-GraZyfiski, L. Core-Modified Heteroanalogues of 
Po~phyrins and Metalloporphyrins. In The P o ~ ~ h y r i n  Hand- 
book: Kadish. K.M.. Smith. K.M., Guilard, R., Eds.; Aca- 
demic Press: San Diego. CA. 2000: 361-416. Chapt. 14. 
Furuta. H.: Maeda, H.; Osuka, A. Oxyindolophyrin: A 
novel fluoride receptor derived from hl-confused corrole 
isomer. J. Am. Chem. Soc. 2001. 123 (26), 6435-6436. 
Sessler. J.L.: Davis. J.M. Sapphyrins: Versatile anion 
binding agents. Acc. Chem. Res. 2001. 34 (12), 989-997. 
Sessler. J.L.; Cyr, M.; Furuta. H.: Kril. V.: Mody, T.; 
Morishima. T.; Shionoya, M.: Weghorn. S. Anion binding: 
A new direction in porphyrill-related research. Pure Appl. 
Chem. 1993, 65 (3), 393-398. 
Shionoya. M.; Furuta. H.; Lynch. V.: Hamiman, A,; 
Sessler, J.L. Diprotonated sapphyrin: A fluoride selective 
halide anion receptor. J. Am. Chem. Soc. 1992. 114 (14). 
5714-5722. 
Sessler. J.L.; Ford. D.A.: Cyr, M.J.: Furuta, H. Enhanced 
transport of fluoride anion effected using protonated sap- 
phyrin as a carrier. Chem. Commun. 1991. (24). 1733- 
1735. 
Iverson. B.L.; Shreder, K.: Kral, V.; Sessler, J.L. Phos- 
phate recognition by sapphyrin. A new approach to DNA 
binding. J. Am. Chem. Soc. 1993.115 (23), 1 1022- 11023. 
Kril. V.: Andrievsky. A,: Sessler, J.L. Oligosapphyrins: 
Receptors for the recognition and transport of nucleotide 
Di-and Tri-phosphate. Chem. Commun. 1995. (22), 2349- 
235 1. 
Sessler. J.L.: Andrievsky, A. Sapphyrin-lasalocid conju- 
gate: A novel carrier for aromatic amino acid transport. 
Chem. Commun. 1996, (lo),  11 19- 1120. 
Sessler, J.L.: Seidel. D.; Lynch, V. Synthesis of [28]hep- 
taphyrin( I .0.0.1.0.0.0) and [32]octaphyrin(l .0.0.0. 1 .0.0.0) 
via a direct oxidative ring closure: The first expanded 
porphyrins containing a quaterpyrrole subunit. J. Am. 
Chem. Soc. 1999. 121 (48). 11257- 11258. 
Pflugrath. J.W.: Quicho, F.A. Sulphate sequestered in the 
sulphate-binding protein of salmonella typhimuriurn is 
bound solely by hj-drogen bonds. Nature 1985, 314 (21 
March). 257-260. 
Sessler, J.L.: Morishima. T.: Lynch, V. Rubyrin: A new 
hexapyrrolic expanded porphyrin. Angew. Chem. Int. Ed. 
Engl. 1991, 30 (8). 977-980. 
Sessler. J.L.: Weghorn. S.J.; Morishima. T.; Rosingana. 
M.: Lynch. V.; Lee. V. Rosarin: A new, easily prepared 
hexapymolic expanded porphyrin. J. Am. Chem. Soc. 
1992. 114 (21). 8306-8307. 
Sessler. J.L.: Weghorn, S.J.: Hiseada. Y.; Lynch, V. 
Hexaalkyl terpyrrole. A new building block for the 
preparation of expanded porphyrins. Chem. Eur. J. 1995, 
1 (I), 56-67. 
Sessler. J.L.: Weghorn. S.; Lynch, V.; Johnson. M.R. 
Turcasarin. the largest expanded porphyrin prepared to date. 
Angew. Chem. Int. Ed. Engl. 1994.33 ( 14), 1509- 15 12. 
Sessler, J.L.; Gebauer, A,; Weghorn. S.J. Expanded 
Porphyrins. In The Porphyrirz Hunclbook: Kadish. K.M., 
Smith. K.M.. Guilard. R., Eds.: Academic Press: San 
Diego. CA, 2000: 55- 121. Chapt. 9. 



Racks, Ladders, and Grids 

Marius Andruh 
University o f  Bucharest, Bucharest, Romania 

INTRODUCTION 

The self-assembly processes of metal complexes into 
highly organized architectures (racks. ladders, grids, heli- 
cates, cages) represent one of the most important topics 
in supramolecular chemistry. Beyond the beauty of these 
supermolecules. the various topologies of the metal arrays 
generate interesting optical, redox. magnetic, or catalytic 
properties, with potential applications in nanotechnology. 

Two components are necessary in every synthetic 
approach leading to inorganic supramolecular architec- 
tures: the suitable designed organic ligand and the metal 
ion. The spontaneous generation of the supramolecular 
entities is based on metal-ion-directed self-assembly. In 
the language of supramolecular chemistry, the ligand is a 
programmed species. that is, an organic molecule with 
binding sites in a correct arrangement. with encoded 
information that is read by the metal ion according to its 
coordination algorithm (stereochemical preference).[" 
The main feature of the instructed polytopic ligand 
consists of the position and the high selectivity of its 
coordination sites (a polytopic ligand contains at least two 
coordination sites). The identity of the coordinatio~l sites 
("pockets") is give11 by their ability to selectively interact 
with metal ions having a dominant coordination geometry. 
For example. tetrahedral pockets (with bidentate coordi- 
nation site) will recognize metal ions with a marked 
preference for the tetrahedral stereochemistry (A$. Cu'), 
while the octahedral pockets (with tridentate coordination 
sites) prefer transition metal ions such as ~ i ' + ,  Fe2+. 
piu2+, Os2+. which currently exhibit the octahedral coor- 
dination geometry. 

Racl<s. [rz]R. ladders, [2n]L. and grids, [IIZ x rz]G, 
(Fig. 1) are examples of inorganic superstructures, which 
are obtained through the spontaneous and coivect sequen- 
tial interaction behveen different and highly instructed 
components ( [ n ] ,  [2n], and [I?% x iz] specify the number of 
the metal ions in the R. L, and G structures). A11 these 
architectures are the result of the thermodynamic 
driving force. which leads to discrete species. rather 
than to coordination polymers. They have in coinmoil 
linear polytopic ligands as building elements, which 
can bridge a preestablished number of metal ions. 
Several ligands of this type are depicted in Fig. 2. 

In the realm of supramolecular synthesis. the construc- 
tion of rack, ladder. and grid architectures represents a 
particular case of self-assembly. which relies on the three 
basic levels of operation of a programmed supramolecular 
system: recognition (selective interaction of complemen- 
tary components): orientation (building up the structure 
through the comect spatial disposition of the components): 
and termination. that is, the formation of the desired 
discrete supramolecular entity."' 

RACKS 

A molecular rack. [i7]R9 is constructed from linear 12-topic 
ligands, which connect rz metal ions in a lineas arrange- 
ment. as well as from ancillarjr ligands attached to the 
metal ions, playing the role of platforms (Fig. la). If the 
polytopic ligand contains octahedral pockets. that is, 
tridentate moieties. than the ancillary ligand must be tri- 
dentate as well, in order to fulfill the octahedral stereo- 
chemistry of the metal ion. The first dinuclear and 
trinuclear racks (Fig. 3) were obtained by coordination of 
linear ligands of type L5 (octahedral pockets) to Ru(ter- 
py)2+(terpy stands for 2,2':6',2"-terpyridyl) (Fig. 3a).'" 
Complexes of this type are redox active. For the ruthenium 
trirnetallic complex. [3]R. the cyclic voltammogram indi- 
cates the inequivalency ofthe RLI sites: the central rutheniuln 
atom, located between hvo dipositive centers, is more 
difficult to oxidize (+1.88 V) than the terminal ones 
(+ 1.47 V). 

The rack-type architecture can be assembled also from 
tetrahedral metal ions, e.g.. Cu+. linear polytopic ligands 
with tetrahedral pockets (El). and bidentate ligands such 
as phenathroline or 2.2'-bipyridyl. One example is illus- 
trated in Fig. 3b. It is a rigid rack or rotaxane-type. the 
ancillary ligand being a macrocyclic molecule with a 
I .  1 0-phenathroline 

LADDERS 

The ladder topology. [2iz]L (Fig. lb) can be obtained by 
using. as ladder sides. two linear polytopic ligands 
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Fig. B Inorganic supramolecular architectures of (a) rack, 
[2]R:  (b) ladder. [2.2]&; (c) square grid. [2  x 2]G; (d) chiral 
[2 x 21 grid; ie) rectangular [2  x 31 grid. 

arranging the metal ions in parallel chains, which are 
further interconnected by ancillary bridging ligands (lad- 
der steps). If the assembling cation is Cuf, then linear 
polytopic ligands of type L1 (Fig. 2a) are suited. 
Bipyrimidine derivatives are used as bridging ligands 
connecting the metal ions from two different chains 
(Fig. 4).'" The orthogonality of the ligand components. 
which gives the orthogonality between the ladder sites and 
the inner "rungs," is provided here by the tetrahedral 
geometry of the metal ions. The formation of the [2n]L 
architecture, by reacting the three components (metal ions, 
rod-like and ancillary bis-chelating ligands) in the 211:2:n 
molar ratio, illustrates a key concept in the supramolecular 
synthesis, namely the multicomponent self-assembly, 
which means that the well-defined superstructures are 
spontaneously generated from a larger set of components 
(at least two types of ligands, metal ions)."] 

By mixing in the same solution two different linear 
ligands (El, with x=0,  and E l  with x = l ) ,  tetraphenyl- 
bipyrimidine, and [CLI(M~CN)~](PF~)  in the molar ratio 
1:1:2.5:5, after 72 h only two products were formed, 
namely, the [2.2]L and [2.3]L species. This means that 
the 19 particles of four different types strictly follow the 
operations of two programs, which generate the two well- 
defined nanoarchitectures. each constructed from two 
different ligands. This is an example of an instructed 
mixture. with components that assemble according to two 
parallel programs, without crossover between the two su- 
perstructures. The instructed mixture paradigm opens wide 
perspectives in supramolecular syn thes i~ .~ '~  

Molecular ladders with finite dimensions are still scarce. 
Much more numerous are the one-dimensional. infinite 

ladder structures. Such architectures, which are obtained 
serendipitously rather than intentionally, are constructed 
from metal ions and eso-bidentate ligands. From the most 
popular ligands. we recall here the his-(4-pyridy1)-deriva- 
t i v e ~ . " ~ ~ ~  Both homo-and heterometallic systems with one 
dimensional ladder structures are characterized. 

The molecular grid. [in x n]G, conslsts of a square (m=n) 
01 a rectangular-matlix array of metal centers (Flg lc,d.e) 
Square grids. [rz x n]G, based on metal ions with tetra- 
hedral coordination geometsy (Cu-. Ag'), are constructed 
from n-topic, rlg~d, ~od-11ke ligands w ~ t h  tetrahedral 
pockets and fa2 metal Ions Alternatively, polytoplc ligands 
with octahedral pockets may generate grids by interacting 
with octahedral metal centeis In general, the l~gands are 
div~ded into two sets, one aboxe and one below the plane 
of the metal ions 

Square Grids 

One of the first square grids was obtained by combining a 
tritopic rigid ligand (L2. x=2) with tetrahedral Ag+ ions: 
[Ag9(L2, X = ~ ) ~ ] ( C F ~ S O ~ ) ~ .  The correct self-assembly of 
the 15 particles into a [3 x 31 grid was proved by means of 
NMR spectroscopy ('H. 13C, ' O y ~ g )  and x-ray diffraction 
~tudies."~ The ' 0 9 A g - ~ ~ R  spectrum recorded in D3- 
nitromethane (566.06. 507.56, 406.13 pprn) is consistent 
with the three types of Ag' ions in a molar ratio 4:4:1 
(four silver ions located at the corners, four silver ions at 
the four edge mid-positions, and the last one located at the 
central site). 

If the cavity within a square grid is enlarged. then it 
can accommodate a guest molecule with appropriate size. 
The dimensions of the cavities can be tuned by using 
ligands with a larger separation between binding sites. 
Such a ligand. E4 (R=c6]Kj), is represented in Fig. 2a. It 
contains tetrahedral pockets. The tetracopper grid is 
obtained almost quantitatively in nitrornetha~~e.'~' Single 
crystals were obtained by slow diffusion of benzene into a 
nitro~nethane solution of the tetrametallic system. The 
cationic grid possesses an internal box-shaped void with 
the dimensions: 4.2 x 3.8 A, and 12.5 '4 depth. The inter- 
nal box of the grid is sufficiently large to accommodate 
six guests: four benzene and two nitromethane molecules. 

Oligophenathrolines (E3, Fig. 2a) are also suited as 
scaffolds for the construction of grids. The reaction of 
ligands of type L3 (R=anisyl, p-C6HI-OCH3. or tolyl, p- 
C6M4-CH3) with CU+ led to interesting tetranuclear square 
grids.'" Two additional uncoordinated ligands are hosted. 
one above and one below the interstitial space. generating 
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Fig. 2 Linear ligands used to generate racks. ladders, and grids: (a) polytopic ligands with tetrahedral pockets; (b) polytopic ligands 
with oc~ahedl-a1 pockets. 

a 3 x 3 grid (3 here means the number of rods). The hosted 
biphenathroline nlolecules (R=anisyl) can be reversibly 
exchanged with two molecules of the tolyl derivative. The 
use of the mesityl derivative did not lead to the expected 
grid architectu

r

e. 
Numerous square grids were obtained by using linear 

ligands with octahedral pockets. E5 (Fig. 2b) and appro- 
priate assembling cations: ~ e ' + [ 2  x 2 1 , ~ " ~  co2+[2 x 2j,["] 
zn2+[2 x 21,"" 19b'+[2 x 21, [3 x 31. [4 x 4j.'12' The crystal 
structures of all these grids were solved. The zn2+  and 
~ o ' +  ions display a distorted octahedral stereochemistry. 

The Zn. . .Zn distances vary between 6.584 and 6.767 A. 
while the Co . .  .Co distances lie in the range 6.453-6.570 
A. In both compounds. the ditopic ligand is of type L5 
with s = O ,  R I  =R2=H; R3=C6H5. The phenyl ring attached 
to the pyrimidine moiety plays an important role in the 
high stability of the tetranuclear complexes, being in- 
volved in interligand n - n stacking interactions. The 
tetraziilc grid exhibits a strong luminescence at 450 nm 
upon irradiation at 335 nm. at room temperature, while 
the uncoordinated ligand shows only a weak emission at 
about 410 nm, when irradiated at 272 nm. The strong 
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Fig. Racks: (a) 

a 

rack constructed from octahedral Ru(1I) 

luminescence of the tetrametallic grid is due to the rigidity 
of the complex, which decreases the radiationless decay. 
The tetracobalt grids are redox active. A unique electro- 
chemical behavior was emphasized for the above-dis- 
cussed [ ~ o " ~ ]  grid: the cyclic voltammogram recorded at 
- 20°C shows 10 well-resolved, completely reversible 
reduction steps (from -0.59 to - 2.73 V) involving 11 
electrons.['31 These are ascribed to C o 2 + i C o 1 +  pro- 
cesses. as well as to ligand localized reductions. A similar 
system (L5, x = O .  RI =RI=R3 =H) was inve~tigated."~] 
The reduction processes of the cobalt(I1) ions (-0.14, 
- 0.24. - 0.44. - 0.83 V) occur at less negative potentials 
than, for example. [ ~ o ( t e r ~ ~ ) ~ l ' + .  One of the reasons is 
the high charge of the tetranuclear grid, which makes it 
easier to 

The stereochemistry of Pb" in the corresponding 
[2 x 21 grid is interesting: it is a hemidirected structure. in 
which the nitrogen atoms from the ligands (LS. x=O. 
R1 =R2 =R3=H) are coordinated to only one part of the 
coordination sphere of the lead ions. This is due to the 
presence of the stereoche~nically active electronic lone 
pair in the Pb2+ ions. The average distance between the 
lead atoms is 6.5 1 A. The structure of the [4 x 41-Pb grid 
was established by means of ES mass spectrometry and 
NMR spectroscopy. The 2 0 7 ~ b - ~ ~ ~  spectrum shows 
three signals in a 1:2: 1 ratio, corresponding to three types 
of lead cations: four at the corners; eight at positions 2 and 
3 on the edges. and four in the interior. It is a spectacular 
case. where 24 components self-assemble through the 

ions; (b) rotaxane-type rack constructed from tetrahedral ions. 

formation of 96 coordination bonds; leading to the 
exclusive formation of the hexadecanuclear complex in 
the solution. 

The case of the tetrairon(I1) grid $5. x=O, R1=R2=H: 
R3=C6H5) is particularly interesting: at room temperature 
(293 K). three out of the four iron(l1) ions are in high-spin 
(HS) state (S=2). with Fe-N distances ranging between 
2.086(5) and 2.287(4) A. For the fourth iron(II) ion, the 
Fe-N distances are shorter [1.977(5)-2.162(3) A], values 
which are intermediate between those expected for HS 
and LS (low-spin, S=O) Fe(II) ions. At 100 K, three out of 
the four iron(I1) ions display distances intermediate 
between LS and HS but closer to LS state [Fe-N: 
1.895(6)-2.117(5) A]; while the fourth ion is in HS state 
[Fe-N: 2.1 16(6)-2.282(5) A]. This is an indication that 
the iron(1I) ions here are subject of a spin-transition 
phenomenon. Clear information on the spin state of the 
iron(1I) ions, both at room and low temperatures. is 
obtained from lWossbauer spectroscopy and from the 
magnetic measurements. At room temperature. the value 
of the jlMT product (10.0 cm'mol lK)  corresponds to 
three HS iron(11) ions and one LS iron(l1) ion is the 
molar magnetic susceptibility). By lowering the temper- 
ature. xMT decreases. reaching a value of 5.6 c m 3m o l  'K 
at 30 K. The spin transition of the tetrairon grid was 
induced also by light (LIESST effect) or by pressure. 

Other ligands displaying octahedral pockets and able to 
generate [2 x 21 and [3 x 31 grids are presented in Fig. 2b: 
L6 and L7. They have in common the presence of the 
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a b 

Fig. 4 Ladders: (a) a [2 .2]L architecture: (b) a 12.. 3]L arcliitecture. 

mononegatively charged oxygen atoms, which can bridge 
two metal ions. The self-assembly process involving 
ligand E6 (Fig. 2b) and CuZi ions leads to a tetranuclear 
complex of [2  x 21 grid type."5i The copper(I1) ions are 
connected through phenoxo bridges and adopt a distorted 
bipyramidal stereochemistry. The exchange interaction 
between the copper(I1) ions located on the edge of the 
square described by the inetal ions was found to be weak 
antiferromagiletic (J= - 0.4 cmF I). The heptadentate 
ligand L7 (R=H) combines with Mn2+. ~ e ' + .  or zn2' 
ions. resulting in a nonanuclear [3 x 31 grid system with 
alkoxo-bridged metal  ion^.^'"."' The cryomagnetic inves- 
tigation of the manganese(l1) derivative reveals an 
antiferromagnetic exchange interaction between the metal 
ions within the nonanuclear [Mn9(p-0) grid (J= - 4.6 
c m  I). The crystal structure of this nonanuclear complex 
is represented in Fig. 5 .  

An alterllative way to design grids (Fig. Id) consists of 
the use of ligands of E8 type (Fig. 2b). They have an 
important peculiarity: the orientation of the "binding 
vectors" of the two terpyridine moieties is antiparallel, so 
they coordinate to the two metal ions once above and once 
below the plane of the four metal ions. Moreover, the 
resuitillg grid, with a D4 symmetry, is chiral. The self- 
assembly process between &8 and zn2' ions leads to a 
racemic; crystallizing in the centrosymmetric C2/c space 
group."" In order to obtain only one enantiorner. the 
ligand E9 was "chiralized" by introducing pinene 

moieties (L9). The combillation of L9 with z n 2 +  ions 
results in a chiral grid. The crystal contains only one 
diastereomer (space group ~ l ) . ~ " '  

A more complex case is that of the grids containing dif- 
ferent metal ions. For a [2 x 21 grid constructed by using 
two different inetal ions; two topoisomers are possible: 
s!,n (two identical metal ions on the same edge of the 
square) and clrzti (identical inetal ions disposed diagonally). 
The sjrnthetic strategy rr,ust fulfill an important condition: 
it has to avoid the scrambling of the metal ions. The 
problem was solved by introducing the metal ions in a 
sequential way, namely. in order of the increasing lability of 
the coordinatioil centers which are formed. Two [ M ~ ~ ~ F ~ ~ ~ ~ ]  
grids (M=Ru, 0 s )  were obtained by using ligands of type 
L5(x=0: R1=R3=H, R~=s-"PS)."" The first step was to 
protect one of the binding sites of the ditopic ligand. by 
methylating the nitrogen atom from one of the two pe- 
ripheral pyridyl rings. Consequently. only one pocket is 
available to interact with the metal ion. The reaction of the 
methylated ligand with RLIC~; or ammonium hexachlor- 
oosnlate leads to chiral mononuclear precursors, which 
result as racelnic mixtures. The [2 x 21 grid structure (the 
urzti-topoisomer) is assembled in the presence of a second 
metal ion (e.g.. I3e2+), which combines with mononuclear 
precursors of the same chirality (R + R or S + S ) .  In other 
words. the process is diastereoselective. the connection of 
an R and an S precursor into a 1w.w diastereoisomer being 
precluded for geometric reasons. 
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(Ag+:L2 = 9:6). The progressive addition of AgCF3SO3 to 
the solution of the ligand leads to a series of species that 
were identified by means of NMR ('H. ""g) spectros- 
copy. These are complexes of [(L2),Ag,,ln+ type (n=3,4-, 
probably triangular and square intertwined structures, with 
all ligands in the tr-ansoid conformation) and grid-like 
species having the compositioil [ ( L Z ) ~ A ~ ~ ] ~ + .  Two of 
these hexanuclear complexes are particularly important. 
In both of them, the L2(x=2) molecules are disposed into 
two sets of parallel ligands: a set of three. and another one 
of two ligands, their superposition making an incomplete 
grid, with the six metal ions disposed on the opposite 
edges. One of the two complexes is made up only of 
ligands in the cisoicl form, C - [ ( L ~ ) ~ A ~ ~ ] .  while in the 
second one, t-[(E2)5Ag6]. three parallel ligands present a 
transoid conformation around the central C-C bond, and 
the other two are in the cisoid form. Ligand exchange 
reactions occur between the [(L2),,Ag,,ln+ and t- 
[ ( I L ~ ) ~ A ~ ~ ] "  species; leading to ~ - [ ( & 2 ) ~ A g , ] ~ + ,  which 
is a prerequisite process in the way toward the [3 x 31 grid. 
The c - [ ( ~ z ) ~ ~ g ~ ] ~ +  entity displays three coordination 
sites available to bind, in a single overall step; three Ag+ 
ions and one ligand molecule. completing the [3 x 31 grid 
architecture (termination). The process is favored by high 
cooperativity between the binding sites of the hexanuclear 
species and those of the incoming sixth ligand. The [3 x 31- 
Agg grid remains the only reaction product, even in a large 
excess of Agions,  that is, above the 9:6 metal/ligand ratio. 

CONCLUSION 

The cases discussed here show that the self-assembly 
process represents a direct, efficient. and econornic inethod 
for the construction of s~rpra~nolecular inorganic architec- 
tures. Because such processes involve highly chemically 
informed systems, they can better be described as "infor- 
mational assembly processes."'251 They are of interest for 
scientific and technological reasons. The emerging fields of 
nanoscience will benefit from the ability of chemists to 
create arrays of metal ions with predetermined topologies 
and useful physicochemical properties arising from the 
electronic communication between the metallic centers 
(redox activity. luminescence. spin-transitions, single- 
molecule inagnet behavior). The grid archi tec~res  are 
particularly attractive, because they might serve as a basis 
for high-density information storage devices. 

A further step in programming inorganic supramolec- 
ular systems consists of the use of ligands with a double- 
code program, that is, ligands with two complexation 
subunits that code the assembly of two different structures 
within the same supramolecular entity. for example. a 
double helicate and a [2 x2]  grid. Each code may be 

~ l e w e d  as a subroutrne. and the process is viewed as a 
"double-subroutine self-assembly "12"'81 

The impiementation of ~nformation features in con- 
rtructlng ~uprainolecular archltectuies as those described 
here represents a h~gher level In understandrng cheinistry. 
gettlng chemical synthes~s closer to the complexity of the 
processes occurring 111 the livlng cell 

ARTICLES OF FURTHER INTEREST 

Cher.rzica1 Topology. p. 229 
Molec~ilar Sqltnres, Boxes, arid Cubes, p. 909 
Self-Assenzbly: Definitiorz and Kinetic arzrl Thevr.rzody- 

~zar.r~ic Considemtio~ls, p. 1248 
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INTRODUCTION 

In the early 1960s, chemists set out to investigate 
mechanically interlocked molecules, among them, cate- 
nanes and rotaxanes (Fig. 1a.b). Catenanes are two 
intertwined macrocycles, while rotaxanes are made from 
an axle threaded into a wheel.".21 The axle is restrained to 
remain inside the wheel by suitable stopper groups that 
prevent deslipping. In contrast, a pseudorotaxane (Fig. I c) 
is formed when noncovalent forces bind an axle inside a 
macrocycle without the help of stoppers. The idea of 
threading one molecule through the cavity of a second 
macrocyclic one was not only appealing with respect to 
molecular geometry and topology but also promised 
insight into fundamental chemical questions: How would 
it be possible to efficiently synthesize these molecules? 
What would their properties be? Appropriately substitut- 
ed. one envisaged a new form of chirality based only on 
the topology of the molecule, without the necessity of 
implementing chiral centers. However, the first attempts 
to synthesize such architectures by low-yield statistical 

or by a tedious multistep procedure[51 in- 
volving a covalent junction between the two subunits and 
subsequent cleavage of the covalent bond between then1 
quickly showed how difficult their preparation was. 

Starting in the mid-1980s, the use of nonco~ialent 
templates[61 greatly facilitated the formation of rotaxanes. 
and the field gained fresh impetus. For years, the focus of 
researchers in this field was the realization of new, more 
complex topologies. such as oligocatenanes, rotaxanes 
with more than one wheel, pretzelanes, and knots (Fig. I).  
Because many of these architectures are chiral without 
bearing a chiral center. topological chirality received 
increasing attention.[71 However. the aesthetics of beau- 
tif~ll molecules lost importance as the driving force for 
new developments, and for modern rotaxane chemistry, 
functionality is of major interest. Because mechanical 
bonding provides ideal features with respect to the 
mobility of the two components relative to each other, 
many reports appeared on controlled motions within these 
complexes.["."' Many researchers in this area ultimately 
aim for the construction of molecular motors and 
functional molecular devices at a nanometer scale. 

TEMPLATED ROTAXANE SYNTHESIS 

A rotaxane can. in principle: be built by slipping the wheel 
over one of the stoppers at an elevated temperature. by 
threading the axle center piece into the wheel and capping 
it with stoppers, by trapping a stopper in the wheel's 
cavity and reacting it with the other half of the axle, or by 
clipping the wheel around the axle and subsequent ring 
closure.i101 All of these pathways only give high yields of 
rotaxanes if attractive forces between wheel and axle are 
operative. This idea led to the development of several 
different template effects based on noncovalent bonding 
between axle and wheel, which greatly reduced the 
synthetic demands of rotaxane synthesis. With the help 
of template effects, the reaction of the rotaxanes' subunits 
can be directed toward the formation of these interlocked 
molecules and avoid, more or less efficiently, undesired 
side reactions. In the next sections, several template 
effects will briefly be discussed as examples for synthetic 
pathways to rotaxanes. Others exist. which we cannot 
describe in such detail, e.g., rotaxanes with cyclodextrin 
 wheel^,'"^ which are based on the use of hydrophobic 
effects, or Crignard-type R-Mg-R compounds"2J bearing 
a crown ether wheel around the central magnesium ion. 

Let us start the discussion with a metal ion template,1131 
which was introduced by Sauvage and his coworkers in 
the mid-1980s (Fig. 2, top left). A Cu(1) ion with its 
preferred tetrahedral coordination geometry is capable of 
binding two phenanthroline units. If one of the phenan- 
throlines is incorporated in a macrocycle, which later 
will become the wheel, the second ligand is drawn into 
the cavity by the copper ion and can be easily equipped 
with two stoppers. The rotaxane precursor can then be 
dernetallated by treatment with cyanide ions to yield the 
desired rotaxane. Siinilarly. catenanes and other mechan- 
ically bound rnolecules can be synthesized. Also, other 
transition metals were used. some of which had an 
octahedral coordination geometry and were reacted with 
terpyridine instead of phenanthroline units. 

Stoddart and his group utilized n-donor, n-acceptor 
interactions between electron-poor paraquat (N-,N-di- 
methyl 4.4'-bipyridinium) and electron-rich hydroquinone 
or napthoquinone moieties in order to preorganize a 
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Fig. B Different topologies of inechanically interlocked molecules: (a) catenane, (b) rotaxane. (c) pseudorotaxane, (d) ollgocatenane, 
(e) [3]rotaxane. and (0 pretzelane. 

pseudorotaxane that can then be functionalized with 
appropriate stopper groups."41 A large number of syn- 
thetic variations using this strategy are available. For 
example. the hydroquinone axle center piece can be 
threaded into a bis-paraquat wheel. and a paraquat center 
piece also binds inside a bis-hydroquinone wheel. Fur- 
thermore, a complete axle can be converted into a 
rotaxane by clipping the macrocycle around its center- 
piece (Fig. 2, top right). Many other combinations are 
possible, and all of the synthetic strategies (slipping, 
threading, trapping. and clipping) were used. 

Of course, hydrogen bonding is an excellent candidate 
for noncovalent templating, in particular because hydro- 
gen bonds are directional in nature and thus may help to 
appropriately position two building blocks for a rotaxane 
relative to each other. Secondary ammonium ions can 
be inserted into crown ethers by hydrogen bonds and 
stoppered to yield a rotaxane.'"' However, hydrogen 
bonding also permits the use of nonionic templates. For 
example, amide groups incorporated in the rotaxane axle 
bind in the cavity of a tetralactam macrocycle with three 
hydrogen bonds (Fig. 2, bottom left). X-ray structures give 
insight into the pattern. Two hydrogen bonds form 
between amide NH protons of the wheel and the carbonyl 
group in the axle. and the third one can be considered as 
"backbonding" of the axle's NH proton to one of the 
carbonyl groups of the wheel. With this type of template 
effect, a large variety of different axles can be incospo- 
rated in the whee~.~ '" . '~]  

As a last example, an anion template should be 
mentioned that was recently discovered by Vogtle and 

his  coworker^.['^-'^^ A phenolate ion is bound with its 
oxygen inside the cavity of the tetralactarn macrocycle by 
two strong hydrogen bonds (K> 1 0 % ~ '  in CHIC12). 111 
other words, the macrocycle serves as an anion receptor 
strongly binding one part of the axle. This supramolecular. 
"wheeled" nuclophile can react with an electrophilic 
semiaxle through the wheel trapping it on the axle 
between two stoppers and thus giving access to rotaxanes 
with yields of up to 95% (Fig. 2. bottom right). 

These examples of template effects illustrate the close 
relationship between host-guest and rotaxane chemistry. 
Appropriate concave host molecules bind convex guests 
in such a way that they can be equipped with two stoppers 
that mechanically prevent dissociation of the host-guest 
complex. Any macrocyclic receptor rnay thus be suitable 
for the formation of rotaxanes. 

STABILITY OF ROTAXANES 

For any application of rotaxanes, as. for example. the 
constuction of machines at a molecular scale. stability is 
a major issue. Stoppers too small in size permit the wheel 
to deslip from the axle so that the rotaxane decays into 
its two free components (Fig. 3).[19' A region of metasta- 
ble rotaxanes exists between pseudorotaxanes without 
stopper groups on one side and stable rotaxanes on the 
other, where the barrier for the deslipping process is so 
high that cleavage of a covalent bond in the axle or wheel 
would be energetically fa~ored."~ '  In some cases, the 
transition from stable rotaxanes to their quickly deslipping 
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Fig. 2 Template syntheses of rotaxanes: the Cu(1) ion binds a phenallthroline ligand inside a macrocycle (top left). A bis-paraquat 
inacrocycle is clipped around an axle bearing a hydroquinone center piece (top right). Hydrogen bonding permits the use of nonio~iic 
template effects for the preparation of amide-type rotaxanes (bottom left). Phenolate anions bound to the macrocycle react as a 
supramolecular nucleophile (bottom right). 

coui~te~parts is abrupt. and only slight changes in the 
rotaxane structures cause huge differences in the deslip- 
ping rates. Stoddart et al. reported an all-or-nothing 
e f f e ~ t . ' ~ "  where a simple methyl group decided the fate of 
the rotasane. With a tri-(t-butylphenyl) methane stopper, 
no deslipping occurred, while the same stopper with one i- 
propyl instead of a t-butyi group easily permitted de- 
composition into axle and wheel. Similarly surprising is 
the increase in half-life for the rotaxanes shown in Fig. 3. 
Replacing just a CH-group in the wheel by an isoelec- 
tronic nitrogen atom causes the'half-life at 333 M to jump 
from ca. 60 h to more than lo6 h."" Here, the analysis of 
the activation enthalpies and eiltropies indicates that this 

effect is almost exclusively enthalpic. This points to a 
significantly more  inf favorable size complenlentarity of 
stoppers and wheel. which is due to hydrogen bonding. 
Molecular modeling yields the geometrical parameters 
given in Fig. 3. A significant decrease of the space 
available inside the wheel's cavity is iliustrated by the N- 
N distances that shrink by about 10% for the pyridine 
wheel relative to that bearing two isophthalic acid amide 
units. Of course, a smaller-diameter wheel corresponds to 
an energetically more demanding barrier for deslipping. 

Deslipping can also be used to determine the steric 
demand of a grou-p of atoms. VJiigtle and his group 
measured the effective size of dendrons by comparing the 
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AH * AS * t , ,  (333 K) 

[kJ mol-'1 [J K" mol-'1 [h] 

"='" ::: X = N  

Fig. 3 Top: The deslipping process. Bottom: Intramolecular hydrogen bonding sigiiificantly decreases the ring size of the tetralactam 
inacrocycle bearing a pyridine dicarboxamide relative to that of a wheel with two isophthalic acid amides. This provokes a more than 
10,000-fold increase in half-life. The activation parameters are given for both rotaxanes, and the effect car1 be almost exclusively 
attributed to enthalpic contributions. i.e.. the size co~nplementarity between stoppers and wheel. Shown in the inset are the preferred 
conforrnations of the two differing building blocks and some parameters from molecular modeling, confirming the reduction of the 
wheel's inner diameter due to hydrogen bonding. 

Fig. 4 Two enantiomers of an amide rotaxane. showing their overall structures. Note that the sulfonamide group in the wheel defines 
an atom sequence (indicated by the arrows in the bottom drawings). The sulfonamide incorporated in the axle permits the two stoppers 
to be distinguished. Such rotaxanes can be separated into the two enantiomers by HPLC on chiral stationary phases. and their CD spectra 
were measured. 
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half-life of several rotaxanes with dendritic stoppers to 
those with tritylphenol or di-t-butyl phenyl s t o p p e ~ s . ~ ~ ~ ~ ~ ~ ~  
Dendritic stoppers appear smaller than a static, computer- 
generated model would imply, because their high flex- 
ibilities probably permit them to deslip in a branch-by- 
branch fashion. Consequently, deslipping experiments not 
only yield information about the stability of rotaxanes but 
also at the same time allow us to address fundamental 
questions in organic chemistry, such as that of spatial 
demand of functional groups. from a new point of view. 

TOPObOGlCAb CHIRALITY 

Let us assume that a rotaxane is formed from an axle with 
two different stoppers and a wheel that bears a direction- 
ality defined by the sequence of atoms in the macrocycle. 
Both of these subunits are achiral, both are identical to 
their mirror images. Nevertheless. the corresponding 
rotaxane exists in two enantiomeric forms, although no 
chiral center is present in the molecule (Fig. 4). It is the 
molecular topology that makes these species chiral. and 
consequently. this phenomenon was coined "topological 
chirality..' It also exists for catenanes, knots. and other 
mechanically bound molecules. Shown in Fig. 4 is a 
detailed structure of such a rotaxane. The wheel contains 
one sulfonamide group that provides the directionality of 

the atom sequence. The two enantiomers of the rotaxane 
call be separated and studied by CD spectroscopy.125' 

For [3]rotaxanes, i.e., an axle with two wheels, even 
diastereomers exist, if both wheels have a directionality 
with respect to their atom ~ e ~ u e n c e . ' ~ ~ . ~ ' ]  Both wheels can 
then display the same clockwise atom sequence yielding a 
mirror symmetrical species that can be regarded as the 
supramolecular analogue of the meso form of tartaric acid. 
If the two wheels assemble on the axle with opposing 
directionality. diastereomers are formed. 

MOLECULAR MACHINES, NANOMUSCLES, 
AND OTHER DEVlCES 

Nature has often been a model for scientists. and the 
functions of many enzymes were rniiniclted by chemists 
with the help of much less complicated model systems. A 
particularly fascinating enzy~ne is ATP synthase, a 
molecular motor that converts the energy stored in a 
proton gradient into mechanical rotation. The rotation is 
then coupled to the production of ATP. the major sollrce 
of energy for most cellular processes. Although we can 
give only a sketchy description of this enzyme here. its 
features are interesting with respect to the construction of 
artificial inolecular motors.'281 First. there is geometric 
resemblance. The Fo ATP synthase consists of a cyclic 

Oxidation - - 
Reduction 

Fig. 5 Controlled molecular rnotion in rotaxanes: light-driven shifting of the wheel along the rotaxane axle (top): and contraction of a 
molecular "m~~sc le ' '  stimulated by electrochemical Cu(1)-CulII) interconversion (bottom). 
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Fig. 6 A molecular shuttle controllable either chemically or electrochemically. 1x1 the resting state, the wheel is located on the 
left. Oxidation or protonation force the wheel to travel to the other side of the axle due to unfavorable charge-charge interactions. 
Considering oxidation and protonation as the two inputs and the motion of the wheel as the output. this system resembles a logic 
OR gate. 

arrangement of membrane-inserted proteins (the stator) in 
which a rod-like protein (the rotor) can rotate. The source 
of energy for rotation comes from differences in the 
proton concentration inside and outside of the membrane. 
Thus; it is clear that the membrane separates the two 
compartments and prohibits immediate equilibration of 
the proton concentrations on both sides. Unidirectional 
rotation is achieved by a helical proton channel inside the 
membrane part of ATP synthase and by a defined 
orientatio~~ of the enzyme in the membrane. Axle rotation 
and the proton migration through the channel are coupled 
to each other, and immediately, it becomes clear that the 
chiral element of a helical proton channel is mandatory for 
unidirectionaiity. Finally. the rotating rod induces con- 
formational changes in the FI part consisting of an x3P3 
protein hexamer. These changes in structure are the basis 
for the production of ATP from ADP and phosphate. 

Based on these considerations. several groups at- 
tempted to construct artificial molecular motors on the 
basis of rotaxanes, the macrocyclic wheel being the stator. 
and the axle representing the rotor. The topic of controlled 
molecular motion was studied intensely. Several types of 
motion are feasible besides rotation.'2y1 namely, shuttling 
along the axle1301 and pivotal rocking of the axle. With 
respect to the energy sources for such movements, let us 
discuss two exam-ples in which motion is induced by 
exposure to light of appropriate wavelengths and by redox 
reactions. Recently. Brower. Leigh. and coworkers pub- 
lished a study describing the light-controlled shuttling of a 
wheel along the axle (Fig. 5).i3'1 In its resting state. the 
rotaxane wheel is bound to the left side by hydrogen 
bonding. A light-induced electron transfer from a donor 
present i11 solution to the stopper on the right generates 
an anion radical with better hydrogen bond acceptor 
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qualities, and consequently. the wheel moves to this side 
suiprisingly quickly. Backconversion to the resting state 
by reduction of the anion radical causes the wheel to shift 
back to the left. The second example from the group of 
Sauvage may be considered as a ~nolecular analog of a 
muscle.'"' Two filaments are each connected to a macro- 
cycle. By the Cu(l) ion template, two of these molecules 
are threaded into each other, as depicted in Fig. 5. One of 
the particular features of copper is that it changes its pre- 
ferred coordination geometry upon oxidation from Cu(1) 
(tetrahedron) to Cu(l1) (trigonal bipyramid). Incorporation 
of one phenanthroline unit in each of the wheels and both 
a phenanthroline and a terpyridine in each of the filaments 
permits a switch between an extended form and a con- 
tracted form. Cu(I) prefers to be bound to two phenan- 
throline ligands. but oxidation to Cu(I1) provokes 
preferential binding to the terpyridine unit. This change 
necessarily involves an increase of the distance between 
the two macrocycles. Reduction of the Cu(I1) ion to Cu(I) 
reverts the process. 

Other applications in nanoscale electronics can be 
envisaged. A molecular shuttle with two different states- 
despite all technical difficulties involved in writing and 
reading information into or from one molecule-may be 
considered as one bit of a miniaturized computer chip.'331 
If the switching between two states can be controlled by 
two different stimuli, logic gates can be constructed that 
combine two different input signals to one output 
(Fig. 6).[""2'S~ch electronic devices at a molecular level 
are one of the chemists9 potential answers to the visions of 
Feynman's bottom-up a p p r o a ~ h . ~ " ~  Because the ongoing 
reduction of the size of conventional electronic devices 
(the top-down approach) has limitations that cannot be 
overcome with current technology. it seems promising to 
start with molecules and construct electronic devices at a 
nanometer level. 

Although the goal of perfectly functional molecular 
motors or electronic building blocks has not yet been 
reached, these examples illustrate how far the develop- 
ment in rotaxane chemistry and the art of controlling 
it has gone. For the future. we expect the field to shift 
more to applications, which might be the focus of the 
next decade. 
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Scanning Tunneling Microscopy 
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Scanning tunneling inicroscopy (STM) was used success- 
fully to image and propose the molecular packing of 
several small molecules adsorbed on surfaces. In supra- 
inolecular chemistry. a large assembly of small molecules 
can take place via weaker forces than covalent bonds. 
Supramolecular structures or their building biocks ad- 
sorbed on a surface can also be studied with STM. 
Physisorption or chemisorption can take place for each 
system. The forces acting in these two types of adsorption 
are important and can govern the final arrangement of the 
species on the surface. The range of molecular interac- 
tions observed in the solid inight be transferred to the 
adsorbed molecular layer. STM also offers the possibility 
of manipulation of the adsorbed species. This could be 
usef~rl in host-guest complexation in situ. STM tip 
functionalization opens the possibility of recognition be- 
tween species that act as hosts and guests in traditional 
supra~nolecular chemistry. 

STM images are a mlxture of topography and elec 
tronic information The coi~tribution of each factor de- 
pends on the system under study Some approaches to 
analyze molecular layers were made, such as ldentlfying 
chemlcal malker groups.i61 tunneling spectloscopy and 
fluorescence," shape of the adsorbed species,r" and 
image simdation [lo l I ]  

STM Operation Modes 

Constant current mode 

In this mode, a cun-ent is chosen, and the feedback loop of 
the STM makes the tip track the surface to maintain this 
preset current. In this condition, the tip moves up and 
down in the : direction, while it scans in the x-9, direction, 
rendering a tridimensional map of the surface. Scan speed 
in this mode is low due to the need to track the sur- 
face features. 

Constant height mode 
THE STM TECHNIQUE 

6. Binnig and H. ~ohrer"." developed STM in the early 
1980s. The technique is used in the study of conductive 
and semiconductive solid surfaces. It is based on a tun- 
neling current between a sensor. the tip, and a sample. 

The tunneling current is an exponential function of the 
separation between tip and sample. An approximate form 
of the tunneling current in the limit of low-bias voltage is 
given by the following: 

V is the bias voltage: ~ = [ 2 m ( ~ ~ - ~ ) ] ' / ~ / h ;  and s is the 
distance between tip and sample. A discussion of the 
tunneling cur-sent can be found e~sewhere .~"~ '  

STM presents a very high lateral resolution, and soon it 
was realized that it cou!d be employed to study modified 
surfaces. The microscope can be used in ultrahigh vacuum 
(UHV). air, and under solutions. which makes it a very 
powerful technique. The STM instru~nent comprises a 
control unit and a piezoelectric device responsible for the 
dispiacements of the sample or tip. These components are 
interfaced to a computer.[" 

In this mode, the feedback loop of the STM is disabled. 
This way. the tip does not move in the ; direction while 
scanning, keeping a constant height from the surface. The 
overlap between the tip states and those of the surface 
renders a tunneling current that is compared to that of the 
preset. Surfaces areas where there is effective overlap 
appear bright in the image. while those where the process 
is not so efficient appear darker in the image. Scan speed 
can be high in this mode, as there is no need to track the 
surface topography. 

Tips 

Tips are normally made of thin metal wires (ca. 0.25 mm), 
such as tungsten, platinum. or alloys (such as platinum- 
iridium and platinu~ii-rhodium). Gold and silver tips can 
also be useful in some systems. To obtain the desired high 
resolution of the STM. it is necessary to h a ~ e  a very shasp 
tip with which to acquire the images. Tips can be prepared 
electrocheinically by etching the metal in a convenient 
solution, such as potassium hjidroxide for W or basic 
aqueous cyanidc solution for Pt-Hr tips. They can also be 

Eiicyclo,v~rlin of SL~[J~-czmolcc~tlar C/~eiizisii.\. 
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prepared mechanically by cutting the wire. This method 
also produces tips capable of providing atomic and molec- 
ular resolutions. More details of tip etching and sharpen- 
ing techniques were reviewed by  hen.^^' 

Electrochemical SBM (ECSTM) 

In ECSTM, a cell with four electrodes replaces the con- 
ventional three-electrodes cell, the tip being the fourth 
one. In this case. a convenient design of the STM is re- 
quired to allow for the inclusion of the p o t e n t i o ~ t a t . ~ ' ~ ~  In 
ECSTM, care should be taken with the tip. The tunneling 
current used in STM ranges from the picoampere to the 
nanoampere regime. The tip can suffer electrochemical 
redox processes in the potential window sampled during 
the experiment. The current deriving from tip redox pro- 
cesses can overshadow the tunneling current. This 
problem is minimized by insulating the tip, leaving the 
smallest surface area exposed to solution. Tips are nor- 
mally coated before the ECSTM experiment using nail 
varnish. wax, or polymers. 

SUBSTRATES 

A very flat surface without defects is normally desired 
when performing molecular adsoiption. The condition for 
large terraces suitable for molecular adsorption is met 
by using the face-centered cubic metal surfaces of low 
Miller index. 

The Au(l11) is often employed in air and ECSTM due 
to its inertness. The Au(l1 I)  can be prepared as a thin film 
grown on mica or glass.["1 Gold beads can also be used as 
substrates. They are formed by melting the end of a wire 
on a torch following the method of ~ l a v i l i e r . [ ' ~ ~  The beads 
present flat areas suitable for molecular adsorption. The 
Au surfaces are cleaned by thermal annealing in a flame 
before molecular adsorption. When well prepared, the 
Au(l1 I )  surface presents a reconstruction known as 22 
x J 3 .  This structure is characterized by a pair of dis- 
location lines[13] and is sometimes preserved upon molec- 
ular adsorption. Other compounds promote the lifting of 
the reconstruction. The other low Miller index faces of 
Au. namely, Au(l10) and Au(100), normally employed as 
monocrystals, were also studied. 

Silver is often used in UHV STM and is also employed 
in air STM as a substrate to adsorb molecules. It can be 
used as a single crystal or as a thin film.['"151 Single crys- 
tals of Cu. Rh, and Pt were also employed as substrates in 
many STM experiments for molecular adsorpti~n.[ '~" '~ 

Layered Materials 

Highly oriented pyrolitic graphite (HOPG) is one of the 
substrates most used for molecular adsorption. The ma- 
terial consists of a layered structure of carbon atoms ar- 
ranged in a honeycomb la t t i~e . "~ '  The atomic structure 
sampled with STM should be carefully analyzed. The 
surface atomic arrangement of HOPG imaged by STM 
was studied. and the conclusion is that a true hexagonal 
structure is not always sampled by the m i c r o ~ c o p e . ~ ' ~ '  

A characteristic of molecular adsorption on HOPG is 
the possibility of imaging the adsorbed layer with one set 
of tunneling parameters and the substrate surface by 
modifying these parameters. In general, the adsorbed layer 
is seen with high resistance in the gap, while the substrate 
structure can be imaged by decreasing the tunneling re- 
si~tance.[ '~ '  This mechanism allows the overlay of the 
molecular structure on the HOPG lattice, giving informa- 
tion on surface site adsorption. 

A layered material with semiconducting behavior, 
MoS2, was used as substrate for STM. A discussion of 
the metals dichalcogenides structures and analyses of 
STM images was presented by Anselmetti and Wiesen- 
danger.' '*I 

SUPRAMOLECULAR STRUCTURES 

The chemistry and properties of supramolecular building 
blocks were presented and discussed in specialized 
texts, w"2'1 The next topics highlight some of the STM 

results reported in the literature for the building blocks 
used in supramolecular chemistry. 

Adsorption of a calix[4]arene and calix[4]diquinone di- 
sulfide was carried out on Au(l1 I )  and analyzed with 
ECSTM.'~~'  The molecules form organized layers on the 
metal. The caiix[4]arene is supposed to bind through hy- 
droxyl groups, while the calix[4]diquinone disulfide is 
expected to interact with the gold through the sulfur atom. 
Calix[4]arenes with different functional groups were ad- 
sorbed on Au(11 1).[231 The molecules form large ordered 
adlayers. The presence of groups such as NO2 and tert- 
butyl in the upper rim of the calix[4]arenes are supposed 
to reduce lateral interaction between the molecules. 

Calix[4]resorcinarene functionalized with a thiol head 
was self-assembled on Au(ll1) from several different 
solvents.r2" The UHV STM was used to acquire the 
images of the layers. The thiol head is thought to bind to 
the surface, leading to molecular-ordered regions, which 
also depends on the preparation method. 
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Benzylic amide[2]catenanes were studied on HOPG by air 
STM.'~'] Molecular adsorption is supposed to take place 
on the surface through the carbonyl groups present in the 
backbone. The authors comment on the possibility of 
molecular diffusion during imaging and also on molecular 
degradation upon adsorption as contributor factors to the 
very few features observed with submolecular resolution 
in the STM images. 

The adsorption from solution of larger [2]catenanes 
consisting of two 87-membered rings was studied on 
HOPG.[~" The STM image shows with submolecular 
resolution that the [2]catenane adsorb on the HOPG 
forming domains. The authors discuss the thermodynam- 
ics reasons for adsorption and the dynamics of the ad- 
sorbed layer. 

Crown Ethers, Cryptands, and Cyclophanes 

The diaza-15-crown-5 molecule adsorbed on Cu(ll1) was 
studied by E C S T M . ' ~ ~ ]  The molecule forms a well- 
ordered layer on the metal under a certain range of 
potentials. The ~nolecular interaction with the substrate is 
thought to be responsible for the adlayer formation. Di- 
benzo-18-crown-6-ether and its inclusion cornpound with 
potassium were studied on Au(ll1).  The STM images 
obtained with submolecular resolution show that the 
species arrange in a two-dimensional (2D) supramolecular 
structure under potential control.'2s1 

A crown ether substituted phthalocyanin was adsorbed 
on HOPC, presenting several orientations. The molecules 
can be manipulated with the STM tip to adopt different 
orientations on the substrate."" The STM irnages of an 
aromatic cryptand adsorbed on HOPG show the formation 
of chains of molecular nanoclusters and areas with a 2D 
arrangement of the molecules.i291 

A cyclophane was studied on HOPG, and the authors 
concluded that the molecule stands upright on the surface, 
forming one-dimensional (ID) tubes.1301 

The STM studies of cyclodextrins ranged from imaging to 
molecular manipulation. The basic units of .A-cyclodextrin 
and P-cyclodextrin adsorbed on HOPG were imaged with 
submolecular re~olution.['~' An inclusion compound of 
a-cyclodextrin and adamantane-methanol was also stud- 
ied; the images showing a pattern similar to the empty 
cr-~yclodextrin.'~" An inclusion complex between P-cy- 
clodextrin and a triphenylphosphine sodium salt was an- 
alyzed by STM with submolecular resolution. The authors 
assign the STM contrast observed to the two phenyl rings 
of the guest molecule, while the P-cyclodextrin struc- 

ture would not contribute to An inclusion com- 
pound of a P-cyclodextrin and calix[4]arene was studied 
on H O P G . " ~ ~  The STM images show stripes with sub- 
molecular resolution for the inclusion compound. The 
adsorption of cyclodextrins f~inctionalized with side 
groups such as thiol and Iipoamide was also pursued 
with the STM.'"".'" The f inal ordering of the molecules 
on the surface was shown to be dependent on the inter- 
molecular interactions that are controlled by the side 
groups. The P-cyclodextrin. adsorbed on Au(ll1) and 
sttidied with the ECSTM. was found to form a nanotube- 
like structure on some potentials.['61 Aggregates of b- 
cyclodextrin threaded to polyrners chains were studied on 
HOQG. The STM images are used to confirin the for- 
mation of pseudorotaxanes on the surface.[371 Molecular 
necklaces of r-cyclodextrin with poly(ethyleneglyco1) 
adsorbed on MoS2 were manipulated with the STM tip. 
The cyclodextrin units can be shuttled along the polymer 
thread reversibly .i381 

Polycyclic Aromatic Hydrocarbons (PAH) 
and barge Shape-Persistent Macrocycles 

One of the methods used to grow layers on the substrate 
surface is molecular sublimation at low pressure.[391 
However, for very large molecules this process does not 
work well. To adsorb the very large PAHs, such as ClzH1s 
and Clj2H3+ on HOPG, a wet technique with careful 
choice of solvent was presented.[391 The molecules are 
then adsorbed through self-assembly on HOPG. The air 
STM irnages were obtained with submolecular resolution, 
allowing the proposal of the molecular packing structure. 
Coronene adlayers were studied by STM on Au(11 I).[~O' 
The adsorbed layer was grown by adsorption from a 
lnolecular solution. The STM imaging was then carried 
out under potential control. The inolecules form a well- 
organized adlayer. and the authors suppose that there are 
multilayers on the surface.'"jl 

Large shape-persistent macrocycles containing thio- 
phene- and pyridine-derivatived moieties were adsorbed 
on HOPG and imaged by STM.["~ The adsorbed layers of 
these large macrocycles present an interesting structure. 
because the large cavities of the molecules can be used to 
trap other molecules or ions on the surface.r311 

Porphyrins and Phthalocgranines 

Several article\ dealing with the imaging of porphyrins 
and phthalocyanines were recently published. The key 
factor to image these layers by STM appears to be the 
ad\orption step. In UHV. the layers are formed by va- 
porization of the molecules on the chosen ~ubstrate.''~.'~' 
Structural defects on the layeru, such a5 missing mole- 
cules, and the domain boundary arrangement are well 
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resolved in the STM images. It was possible to identify the 
ion core of phthalocyanines and porphyrins with high 
molecular r e ~ o l u t i o n . ~ ~ ~ . ~ ~ ~  The chemical identification of 
the porphyrin or phthalocyanine by its central ions enables 
its identification in mixed layers of these 

STM imaging of layers of porphyrins and phthalocya- 
nines assembled from solutions was harder to perform. 
Some methodologies wcre developed to enable this pro- 
cess. A porphyrin was found to adsorb on an Au surface 
previously modified with iodine or s u l f ~ r . ~ ~ ~ , ~ ~ '  The re- 
sulting STM images showed fourfold structures assigned 
to the porphyrin. He et al. showed that it is possible to 
adsorb a porphyrin on a gold surface using only the 
electrochemical potential to promote the growth of the 
molecular layer.r4" A Co porphyrin molecule was imaged 
in the electrochemical environment. The molecule shows 
a bright central core that is assigned to the Co ion due to 
its dz2 orbital, in agreement with the UHV results.i471 
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HYDROGEN BONDS AS A TOOL FOR 
BUILD1NG SUPRAMOLECULAR 
ARCHITECTURESONTHESURFACE 

Some molecules carrying functional groups that can 
intcract via hydrogen bonds were used to grow well- 
defined structures on surfaces. In this category, the mol- 
ecule 2-mercaptopyriinidine (2MPy) was found to form a 
bidiinensional structure made of molecular dimers that 
align in chains separated by channels. Thc coadsorption of 
electron-rich molecules leads to the formation of mixed 
layers.[4"4" The structure of the 2MPy molecule opened 
the possibility of imaging arenes on Au(ll  I ) . ' ~ ~ '  The 
images of Figs. 1A,E show the coadsorption of 2MPy and 
azulene. The bilobed features (marked by B) seen in the 
images were assigned to azulene that adopts two different 
positions in the mixed layer. The features marked by A 
represent the 2MPy molecular dimers. 

Molecules derived from benzoic acid showing optical 
isomerism and with application on nonlinear optics wcre 
adsorbed on Ag(l11) and analyzed in UHV with S T M . ~ ' ~ ]  
The molecules form an ordered surface and bind through 
hydrogen bonds forming dimeric and trimeric rows and 
ribbons, depending on the surfacc coverage.r141 Mole- 
cules having several groups able to form hydrogen 
bonds can present a variety of adsorption behaviors on sur- 
faces. Examples include molecules such as trimesic acid 
(1,3,5-benaenetricarboxylic acid), which was adsorbed on 
Cu(100) and studied by UHV STM at different tempera- 
t u r e ~ . ~ ' ~ ~  The trimesic acid is found to adopt two different 
structures on the surface, depending on the adsorption 
temperature. Adsorption at low temperatures leads to a 
planar arrangement of the molecules, and they bind to 

Fig. 1 (A) Air STM image of a mixed layer of 2-mercapto- 
pyrimidine and a~u lene  adsorbed on Au(ll1).  Bias voltage: 400 
mV; tunneling currcnl: 3.0 nA; and area 76 x 76 A2. (B) Air 
STM image of a tnixcd layer of 2-mercaptop)lrimidinc and azu- 
lene adsorbed on Au(l l I ) .  Bias voltagc: 400 mV: tunneling 
current: 3.0 nA; and arca 80 x 80 A'. (Parts A and B were re- 
printed from Cum. Appl. Phys. 2. Pinheiro, LS; Tcmpcrini, 
M.L.A. 2-mereaptopyrimidine as a suitable matrix to trap arenes 
on Au(ll1):  STM probing of the modified surfacc. 145-153. 
Copyright 2002, with permission from Elsevier.) 
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each other through hydrogen bonding. At room temper- 
ature, the molecules are supposed to stand on the surface 
through their carboxylate groups. The STM data with 
submolecular resolution show that trimesic acid adsorbed 
on Au(ll1) forms dimers on the surface.1511 

The DNA bases, guanine, thymine, cytosine, and ad- 
enine, were studied by STM on several substrates. Some 
authors report hydrogen bonding or stacking of the mol- 
ecules on Au(1 l l).["'l The Cu surfaces are often used as 
substrates for adsorption of the DNA bases. Hydrogen- 
bond patterns were analyzed on this surface.[533541 

Amino acids are molecules that can interact via 
hydrogen bonding in the solid state. The STM studies 
were performed on adsorbed layers on several substrates. 
The adsorption manner is governed by the substrate and 
also by the preparation method.155p571 The use of electro- 
chemical potential control enables the formation of 
different phases on the surface. Lysine adsorbed on 
Cu(001) was studied by UHV STM and found to form 
different phases.[551 The amino acids, with the exception 
of glycine, are chiral molecules, and the STM was used to 
examine this property along with the adsorption mode of 
the s t r u ~ t u r e . ~ ~ ' . ~ ~ ~  

MODIFIED TIPS 

Some reports in the literature proposed the use of mod- 
ified tips to image specific surfaces, aiming to improve the 
STM contrast. These reports use small molecules158i or 
conductive polymers such as doped polypyrrole,[59~ or- 
ganic molecules that are able to hydrogen bond with the 
adsorbed molecule on the substrate.[601 Iodine and sulfur 
atoms were also tried as tips to image a thiol layer on 
HOPC.~~']  Using this approach, it is expected that some 
areas of the adsorbed layer will appear brighter in the 
image. This is assigned to a specific interaction of a func- 
tional group on the adsorbed molecule recognizing the 
molecule or atom working as the tip. Carbon nanotubes 
were also used as tips to probe the surface and improve the 
adsorbed layer cont~ast .~"~ The tip can also be modified in 
situ and used to form molecule-atom species, such as in 
the case of the interaction between Xe and Cu(II) etio- 
porphyrin studied in L J H V . ~ ~ ~ ]  

CONCLUSION 

The STM has proven to be useful in the study of supra- 
molecular structures such as those formed by the tra- 
ditional building blocks or hydrogen-bound layers. The 

. . 
results are still "new, and the best conditions for 
molecular deposition and imaging are being devel- 

oped. The STM data for porphyrins and phthalocyanines 
are encouraging. because the microscope presents high- 
definition image5 of the internal features of individ- 
ual molecules. 

It was pointed out that intermolecular interactions 
should predominate over substrate-molecule interactions 
to enable the formation of supramolecular str~ctures.["~~" 
The expectation is that the STM data in two dimensions 
for the supramolecular structures can reach a point where 
the host-guest interaction can be analyzed in situ. 
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The concept that a transition metal complex can interact 
orderly with neutral molecules to give an outer-sphere 
complex dates back some 90 years to Alfred Werner's 
original description of coordination chemistry. Werner 
found this idea, that we now call second-sphere coordina- 
tion, essential to explain such simple phenomena as the 
dependence of optical rotation on the nature of the anion 
and solvent. the formation of adducts between amines and 
saturated complexes. and solvents of crystallization. The 
modern focus of second-sphere coordination varied from 
simple topics such as stability and ~olubi l i ty .~ ' ]  to biological 

as diverse as transport p r ~ ~ e r t i e s . ~ "  and the 
relaxivity of MRI contrast agents.'" Reviews by Stoddart in 
1996 : '~~  Loeb in 1996, '~ '  and Steed in 2001L7' described the 
second-sphere coordination chemistry of transition metal 
complexes and allcali metals with crown ethers. This par- 
tic~llar entry updates that published by Loeb in Volume 1 
of Corpzpl-eherisive S~~ppmmolec~~lc~r C/zemi.~tq. and is pri- 
marily focused on cationic transition metal co~nplexes in 
which second-sphere coordination is provided by a host/ 
receptoslligand with an organized set of donors, such as a 
crown ether or ~nacropolycyclic ligand rather than the many 
examples that contain second-sphere interactions with sim- 
ple rnonodentate ligands or solvents. 111 particular, a tran- 
sition metal complex that contains hydrogen-bond donor 
groups (i.e., NH3 or H20)  in its primary coordination sphere 
can be considered a guest capable of binding to a hydrogen- 
bond acceptor host via second-sphere coordination. 

METAL AMMINE COMPLEXES A S  GUESTS 

Ando investigated the interaction of a variety ot  
ruthenlum(I1) dmrnlne c~rnp lexes '~  w ~ t h  crown ethers 
( F I ~  1) and dociunented the effect ot second-sphere 
coordlnatlon on a ~a r i e ty  of scluctural and physlcal 
propertleq '"'l Initrall~, pentammineruthenlum(TI) com- 
plexe\ Id, Ih. and 11 (Flg 2) were shown to form adducts 
m ~ t h  18-crown-6 ether, 18C6, through NH 0 hydrogen 
bonds between the ammlne ligands coord~nated to the 
metal and crowil e the~  oxygen atoms L i ' l  Spectrophoto- 

metric, electrocheinical, and 'H-NMR spectroscopic data 
showed that Ru(l1) and Ru(III) ammine complexes form 
adducts with 18C6 that differ in the mode of hydrogen 
bonding. The crown ether binds to tmns-positioned NH; 
groups for Ru(I1) but cis-oriented ammines for Ru(lI1). 
The binuclear complex l i  was shown to form 1:2, 1 :3, and 
1:4 adducts in a stepwise fashion. lit was reasoned from 
electrochemical and 'H-NMR experiments that mixed 
valence Ru(l1)-Ru(I1I)-ammine complexes interact with 
three molecules of 18C6 in acetonitrile solution. In a 
mixed-valence complex, an asymmetric adduct implies 
the possibility of valence trapping and trappingluntrap- 
ping of the delocalized valence by adjusting the con- 
centration of the crown ether."" 

Studies involving Ru(I1) complexes with fewer am- 
mine ligands. 2a-d, 3c-f. and 4, demonstrated that the 
stoichiometry is the same as for pentammine complexes, 
Ic-g. however, the electrochemical behavior is different 
because of the lower stability of the host-guest interaction 
and the steric difficulty of forming a 1:2 comp1ex:crown 
a d d ~ c t . " " ' ~ ~  

It was found that binuclear complexes with delocalized 
mixed-valence states form an asymmetric 1:3 adduct to 
18C6, in which there is a 1:l stoichiometry at one 
ruthenium moiety and 1:2 stoichiornetry at the other. 
Froin the results of this study, it was clear that the valence 
of the metal center significantly affects the composition of 
crown ether adducts of metal complexes."41 

In general, formation of ruthenium complexes with 
crown ethers was controlled by the valence of the nletal 
center and the size of the crown ether. The change in 
redox potential of the ruthenium complexes was affected 
by the number of ammine ligands coordinating to the 
ruthenium, the n-electron acceptability of a ligand not 
interacting with the 18-crown-6. and the flexibility of the 
crown ether A combination of these factors 
makes it possible to design supramolecular adducts that 
possess a range of redox potentials. 

In a series of papers. i15r71 Crumbliss illustrated that the 
siderophore ferrioxamine-B can be selectively recognized 
through second-sphere complexation of the protonated 
amine side chain by different ionophore host molecules. 

The initial study focused on second-sphere coordina- 
tion between Fe(III) complexes of defel-riferrioxamine-B. 

Eric?-clopcdie of  Supi.iiii~olrcrtiar Chei,zi&rg 
DOI: 10.1081lE-ESMC 120012712 
Coplright 1 2004 b) Marcel Dekker. inc. All riptits reserved. 
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Fig. 1 Crown ether hosts used as second-sphere ligands for transition metal con~plex guests 

MHDFB +, and DCI 8 ~ 6 . " "  The defesrifesrioxamine-B 
complex has a distinct side chain containing an ammo- 
nium group, which is not involved in first-sphere co- 
ordination to the metal. It was shown that crown ethers 
could be involved in second-sphere coordination with this 
ammonium group by hydrogen bonding and electrostatic 
interactions to form a second-sphere adduct 5, as il- 
lustrated in Fig. 3. The positive charge was demonstrated 
to be important, as no adduct for~nation was observed 
when the metal complex was deprotonated. Metal ion 
selectivity in a chloroform medium was experimentally 
determined to be Al(III) < Fe(II1) < Ga(II1) < In(1II). 
The effect of counterion was also studied. 

Although siderophore cell receptors are more complex 
than simple crown ethers; these studies are relevant as to 
how ionophores, such as antibiotics. affect the biodis- 
tribution of Fe carriers in the body. The influence of the 

host crown ether substituent and ring size on ferrioxamine 
B host-guest stability was studied.'16' The hosts inves- 
tigated were crown ethers 18C6. B18C6, DBlXC6, 
DB24C8. DB30C10, DC18C6, and DC24C8, as well as 
the natural cyclic ionophores valinomycin and nonactin. It 
was concluded that host-guest formation for ferri- 
oxamine-B with synthetic crown ethers decreases in sta- 
bility with increasing cavity size. These second-sphere 
complexes allowed for a thorough investigation of the 
relative efficiency of various ionophores to effect bulk 
ligand membrane transport of fesrio~amine."~] 

Additionally, functional groups (-RCOOH) were 
added to a crown ether to probe the influence of tethering 
the counterion to the macrocyclic host and to determine 
the optimum tether length for stable host-guest complex 
f ~ r m a t i o n . ~ ' ~ '  At an elevated pH, the substituted crown 
ether serves as host and counterion. It was experimentally 
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Fig. 2 Ruthenium complexes investigated as guests for 
crown ethers. 

determined that a tethered, ionized carboxylate functional 
group significantly enhances host-guest formation. More- 
over, with increased length of the side chain, the stability 
of the complex increased. 

A new class of transition metal containing host or 
metalloreceptor was reported by Loeb, in which PtC12- 
(PEt3) units were coordinated to the nitrogen donors of 
mono- and diazacrown ethers, A15C5, Al8C6; and 
~ ~ 1 8 ~ 6 . " ~ '  These hosts behaved much like crown 
ethers, forming hydrogen-bonded adducts with alkylam- 
moniuin salts. Binding could be measured by 'H- or 
"P-NMR spectroscopy. One unique adduct reported in 
this series was 6, the second-sphere adduct formed be- 
tween the monoainine complex [PtC12(PEt3)(WH3)] and 
the azacrown ether containing complex [PtC12(PEt3)- 
(A18C6)I. This adduct was the first example of a host- 
guest complex in which both the host and the guest are 
transition metal complexes. As in alkylammonium ad- 
ducts of crown ethers, the [M-NH3] guest perches over 

Fig. 3 The second-sphere adduct between a ferrioxarnrnine B 
guest and an ionophore or crown ether host. 

the crown ether ring and forms a three-point hydrogell- 
bonding scheme with alternating oxygen atoms of the 
crown ether host. as shown in Fig. 4. 

METAL AQUA COMPLEXES A S  GUESTS 

The unique second-sphere coordination of 1.1 O-phenan- 
throline to aquabromotri-p-tolyltin 7, was studied by 
~ g . " ~ '  In this structure, the I ,  10-phenanthroline ligand is 
coordinated in a second-sphere fashion through hydrogen 
bonds from the water molecule to the nitrogen atoms 
of the heterocycle. In contrast, the water molecules in 
the crystal structure of 1,lO-phenanthroline hydrate are 
bonded to only one of the nitrogen atoms. It was sug- 
gested that electronic effects and packing forces influence 

Fig. 4 A second-sphere. hydrogen-bonded, host-guest adduct in 
which both the host and the guest are transition metal complexes. 
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Fig. 5 Hydrogen-bonded second-sphere adducts involving 
aqua metal con~plexes. 

the formation of second-sphere adducts in these com- 
pounds (Fig. 5). 

Junk and Atwood recently synthesized a new structural 
isomer of CSCI;(H~O)~, in which this species exhibits 
second-sphere coordination to a molecule of 1 5 ~ 5 . [ ~ ~ ]  
Crystals were obtained after irradiation with UV radiation 
and the addition of HCl(g) to a refluxing toluene solution 
of 15C5. H209  and CS(CO)~.  This complex did not 
crystallize as discrete cations and anions but rather as a 
neutral Cr(II1) complex, 8. The complex is coordinated in 
a second-sphere fashion to two molecules of 15C5 that are 
hydrogen bonded to the three water ligands to generate a 
polymeric array.'201 Interestingly, the 15C5 molecules 
only successively bridge the mer-isomer of C S C ~ ( H ~ O ) ~ ,  
and when the metal center was changed from Mo or W, 
one-dimensional hydrogen-bonded arrays were formed, 
but second-sphere coordination did not occur. 

CONCLUSION 

It is now well established that second-sphere adducts can 
be formed between transition metal guests containing 
hydrogen-bond donor ligands such as ammonia or water 

and hydrogen-bond acceptor ligands such as crown 
ethers. The question for the future is as follows: "How 
can the concept of second-sphere coordination be 
systematically applied to modern areas of interest in 
suprarnolecular chemistry." Two avenues of investiga- 
tion are briefly discussed herein as examples of where 
second-sphere coordination might be applied in the 
future. 

Metailoreceptors Utilizing Simultaneous 
First- and Second-Sphere Coordination 

Loeb reported a series of macrocyclic organopalladium 
complexes 9a-f that were shown to act as efficient hosts 
or metalloreceptors. Studies showed that these complexes 
can selectively distinguish between primary, secondary, 
and tertiary a lky lamine~ , [~ '~  ammonium ions,'211 isomers 
of a m i n ~ p y r i d i n e s , ' ~ ~ ~  and even DNA n ~ c l e o b a s e s . [ ~ ~ ~ ~ ~ ~  
In each case, the substrate was bound to a labile Pd(I1) 
center by o-donation, while noncovalellt i~lteractions such 
as hydrogen bonding and n-stacking to peripheral receptor 
sites on the Iigand were used to selectively bind a 
particular substrate. This was extended to include the 
cavity of a calix[4]arene as the second-sphere binding unit 
that selectivity bound para-phenylpyridine over the ortho 
and nzera isomers (Fig. 6).'25-271 

Solid-State Inorganic Materials 

Shimizu showed the complete encapsulation of hexaqua 
metal ions by 12 hydrogen bonds to the second spheres 
of sulfonate l igand~.[~']  The complexes 18a-c. were 
prepared by mixing M ( N 0 2 ) 3  [M = Fe(III), Cr(III), 
Al(III)] and the sodium salt of 1,3,5-tris(sulfomethy1)- 

Fig. 6 Organopalladium complexes used as metalloreceptors to 
bind substrates via first- and second-sphere coordination. 



Second-Sphere Coordination 

Fig. 7 A trisulfonate host forms multiple hydrogen bonds to 
encapsulate hexaqua transition metal coinplexes by second- 
sphere coordination. 

benzene in aqueous media. In the crystal st

r

ucture of 10a, 
there are two types of (hexaqua)Fe(IIIj centers, one that 
is completely encapsulated by two molecules of the 
sulfonate ligand to give [F~(H~o),(L),]" and one that 
simply acts as a second-sphere adduct held together by 
12 hydrogen bonds: six to each sulfonate ligand, as 
shown in Fig. 7. Thermogravimetric analysis (TGA) of 
the solid showed that the coordinated water molecules 
involved in second-sphere coordination were only lost at 
temperatures -100°C above normal. This demonstrated 
that second-sphere coordination can be purposef~~lly 
applied to provide thermal stability to a polyme

r
ic 

material. 
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The "secondary bond" concept was introduced by N.W. 
~ l c o c k ~ ' ~  and describes interactions characterized by 
interatomic distances longer than single covalent bonds 
but shorter than van dei- Waals distances. These interac- 
tions are weaker than covalent or dative bonds but are 
strong enough to play a structure-determining role in the 
solid state. perhaps even in solution. The secondary 
bonds can be intra- or intermolecular. In the context o f  
supralnolecular chemistry, intermolecular secondary 
bonds leading to self-assembly and self-organization are 
of primary importance, both in inorganic[" and in or- 
ganometallic  compound^.'^.'^ in which discrete super- 
molecules or supramolecular polymeric arrays can be 
formed by connecting individual molecules (tectons). 
Intramolecular secondary bonds will not be discussed 
here, although interesting structural effects are produced 
by this type o f   interaction^."^^' 

Some formal analogy between secondary bonding and 
hydrogen bonding can be noted. In both cases, there is a 
trinuclear. basically linear (but not always) and unsym- 
metrical X-A' "X'  system, in which A-X is a normal 
covalent bond. and A,. .X' is a weaker interaction. called 
an hydrogen bond (when A = I f l  and secondary bond 
(when A # H)(Scheine 1). In rare cases, the hydrogen 
bonds are symmetrical, and this happens more often with 
secondary bonds. Symlnetrical X'  ' .A. ' .X systems are 
formed by an electron density redistribution by which the 
covalent bond is elongated. and the secondary bond is 
shortened, until the interatomic distances are equalized. 
In this case, the A' "X bond order is 0.5, sensibly more 
than in common secondary bonds. 

There are: however. some significant differences 
between hydrogen bonds and secondary bonds; in the 
Ionner, the centrai atom hydrogen is monovalent: where- 
as. in the secondary bonds, the central atom A can be 
plurivalent. i.e., can form several covalent bonds. Thus. 
the number and variety o f  synthons able to participate in 
secondary bond formation. and therefore in supramolec- 
ular self-assernb!y, is considerably greater. In Scheme 2. 
some secondary bond synthons are illustrated. 

In some cases. the hydrogen bonds can be bifurcated, 
but rarely crifurcaced. I n  the case o f  secondary bonds. this 
is a frequent occurrence. As an example, the diorgano- 

ditellurium(1V) halides can be cited,16": these compounds 
d~splay several coordination patterns and numerous modes 
o f  supramolecular self-assembly. 

THEORY 

The structure-determining role o f  the secondary bonds 
even in simple inorganic molecules and ions cannot be 
underestimated. Their formation results in increased 
coordination numbers and distortions o f  the coordination 
geometries. This matter was discussed in terms o f  valence 
bond and VSEPR theories, 18." and a remarkable analysis 
o f  the coordination geometries o f  Sb(1II) halides influ- 
enced by secondary bonds could serve as a model for 
similar discussion o f  other main group elements. 

The secondary bond is now explained as a result o f  
donation from the lone pair o f  X' into a o:%rbital o f  the 
A-X bond or (alternatively and equivalently) as an 
asymmetric four-electron three-center system, with three 
o-symmetric atomic orbitals on A and X ,  X' combined to 
form three molecular orbitals: one filled bonding MO 
located between A and X, one filled nonbonding or weakly 
bonding MO located between A and X' and one empty 
antibonding orbital (Fig. 1 ) .  It seems that the secondary 
bonding is associated with a high electron density at the 
acceptor binding site (usually having one or more lone 
pairs o f  electrons). The bonding in such systems was 
studied in detail on simple triatomic models, and the 
conclusions can be extended to similar synthons incorpo- 
rated in more complex stru~tures.['~-"~ 

Secondary bonds are co~nmon in compounds o f  heavier 
main group elements and can be regarded as a particular 
case o f  donor-acceptor bonds. Strong acceptors, such as 
metals o f  upper rows o f  the Periodic Table, associated 
with strong donors such as fluorine. oxygen, or nitrogen 
(generally described as hard acids and bases) tend to form 
two-electron dative bonds (classical coordinative bonds). 
Seldom. i f  ever, secondary bonds o f  the type discussed 
here are observed for hard donor-hard acceptor pairs (e.g.. 
Be. Zn, AlIF. 0. N ) .  The metals and nonmetals in the 
bottom rows o f  the Periodic Table (soft acids and bases) 
tend to form weaker donor-acceptor bonds and "second- 
ary bonds." Unfortunately, there is still some ambiguity 
about these interactions, and there is not even an 

Eizcyclop'/liii q/ .S~~~~r?tr i~oleci~lnr  Cherni.sti?. 
DOI: 10.1081/E-ESMC 120012970 
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nomal =conday nsmal hydrogen 
covalent bonding covalent bonding 
bond bond 

A Hg, TI, Sn, Pb, Sb, 
Bi, Se, 'Be, et. X=or f t ( '  

Scheme I Analogies between hydrogen bonds and secondary 
bonds. 

unanimously accepted mode of naming them; in addition 
to using the term '.secondary bonds," they are referred to 
in the literature as soft-soft interactions. closed-shell 
interactions, nonbonding interactions, or semibonding 
interactions, with the tendency to cover a broad range of 
interactions under this umbrella. The complexity of the 
matter was analyzed in a comprehensive 

Self-assembly through secondary bonds results in the 
formation of discrete superrnolecules (dimers, trimers, 
tetramers) or supramolecular polymeric arrays, both in 
purely inorganic systems"1 and in organometallic com- 
pounds.i"l'plsi The y are frequently found in derivatives 
of thallium,['01 tin, ' 1211 antimo- 

ny* 
125,161 bismuth,[27-191 ~ e l e n i u i n , ~ ~ ~ ' " ~  t e l l ~ r i u m , [ ~ . ~ ~  io- 

dine[32.33] paired with sulfur, selenium. or heavy halogens. 
and sometimes even with oxygen and nitrogen ligands. 
Some are well illustrated by the main group derivatives of 
phosphor- 1, l -dithiolato and related ~ i g a n d s . [ ~ ~ ~ ' ~ ~  

The most common are the heteroatomic secondary 
bonds, but homoatomic systems containing Sb-Sb' ' .Sb- 
~ b . .  . 134.."] ~ i - ~ i . .  . ~ i - ~ i . .  . [36] or Te-Te" 'Te- 
Te. . .['71 assays are known. Also, Se. . 'Se interactions 
(3.07 A) dimerize the five-membered Se2SN2 rings in 

Scheme 2 Some secondary bond synthons 

A X A  ...XB X" 

Fig. P Molecular orbital diagram of secondary bonding. 

Se2SN2C1, but Se2S2N4 eight-membered ring molecules 
are associated through Se. . .N secondary bonds.i381 Such 
interactions are common between sulfur- and selenium- 
containing inorganic rings and lead to interesting physical 
properties for the design of new materials (e.g., molecular 
conductors).[391 Iodine. . .iodine interactions are important 
in polyiodides and produce a broad variety of supramo- 
lecular s t ruct~res .~"~ 

DlNUCLEAR SUPERMOLECULES 

There is a large number of dimers formed through second- 
ary bonds. A few selected illustrative examples include 
organomercury halides, e.g., [PhN = N C ~ H ~ H ~ C ~ ] ~ , [ " ' ]  and 
phosphor-1,l-dithiolates, e.g., [ M ~ H ~ S ~ P P ~ ~ ] ~ , ~ ' ~ ]  and 
lead phosphor- I ,  1 -dithiolates.["'] Some organoantimony 
phosphor- 1,l -dithiolates and dithioarsinates, [R2SbS2- 
ER1I2 (E = P,As) are also dimers,""."51 but others form 
polymeric arrays.'"631 In dimeric [Ph2SbS2EPh2I2, the 
eight-membered rings are formed through Sb. ' 'S second- 
ary interactions. The bismuth(1II) analogues, Bi(S2ER2)3 
(E = P or As). are also dimers.["-"I In [Me 2T1SPh]2 su- 
permolecules, the four-membered T12S2 rings are nearly 
symmetrical (TI-S 2.748 and 2.991 A), but the difference 
between the two interatomic distances is ~ignificant."~' 
The eight-membered cyclic adduct [ P ~ s ~ s ~ P ~ . I ~ ] ~ ' " ~  
can be cited to illustrate a unique type of quasicyclic 
~tructure."~' Phenyltelluriurn tetraphenyldithioimidodi- 
phosphinate. [PhTeSPh2PNPPh2S]?, is but one of many 
dimeric supermolecules based upon Te '  . 'S inter- 
a c t i o n ~ . ' ~ ~ . ' ~ ~  Some of the cited species are shown in 
Scheme 3. 
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Ph tion are related to formation of the four- and six- 
a 

P h 2 ~ - ~ - ~ g - ~ e  membered rings (Scheme 4). 
// b'. 

S,, //" 
Me-Hg-S-P,.P 

Pk 
TETRANUCLEARSUPERMOLECULES 

P h 

Scheme 3 Dinuclear superrnolecules 

Some tetra~neric supermolecules based upon secondary 
bond self-assembly are illustrated in Scheme 5 .  Bulky 
organomercury chlorides, i.e., [ O - ( M ~ ~ B U S ~ ) C ~ H ~ H ~ C ~ ] ~  
and (2-pyridylphenyl)mercury(II) chloride,is71 the hetero- 
cyclic antimony chloride [ C ~ H ~ S ~ M ~ C I ~ ] ~ , [ ' ~ '  and the 
organotelluriurn iodo derivative [0 -C~H~(CH~Tel l / l e~1)~]~  
containing a Te414 c ~ ~ b e , " ~ '  demonstrate a great diver- 
sity of such structures. Another tetranuclear species 
[ ~ b ~ ~ 1 ~ ~ ] ~  [investigated as a bi.r(diphenylphosphino)fer- 
rocenium saltlr60J is a tetramer formed through secondary 
bond association of four SbC13 molecules (Sb-C1 in the 

TRlNUCLEAR SUPERMOLECULES 
CI -, Hg-C y N 3  

,' 1 Trimers formed through secondary bonds are rare, , I 

probably because of inadequate bond angles, which are 
far from linearity. An example includes the bismuth 
chloro derivative, [{(CSM4Me)Fe(C0)2}2BiC1]3. contain- 
ing bent C1-Bi. . .C1  unit^.'^" In [ ( M ~ ~ s ~ ) ~ c - P ~ c ~ ] ~ ,  the 
lead-chlorine bonds are symmetrized (Pb-Cl, 2.71 and 
2.74 A). whereas in a related dimes [(PhMe2Si)3C-PbC1]2 a = 2.314; b = 3.184; c = 3.442; d = 3.410 A 
the difference in the bond lengths is more significant (Pb- 
C1, 2.729 A; Pb. C1 2.962 Probably the nonline- 
arity of the Cl-Pb' ' T I  and the tendency of symmetriza- 

G(Sir\Ae3)3 
L,M\ ,MLn I 

C,5Bi.6-C, cl*Pb;.G, 

LnM-,di CI ,MLn I 

LnM/ \CI,.Bi\ 
I 

,Pb, ,.Pb\ 
Mbn (Me,Si),C a' C(SiMe,), 

ML, = Fe(C0)2Cp 

Scheme 4 Tr~nuclear supermolecules. Scheme 5 Tetranuclear superrnolecules 
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range 2.397-2.547 A), with four C 1  anions through 
S b  . . C 1  secondary bonds (Sb' ' ' C l  in the range 2.743- 
3.329 A). Each antimony atom is six-coordinate (distorted 
octahedral) and participates in three orthogonal Cl- 
Sb. ' .C1 systems. 

SUPRAMOLECULAR POLYMERIC ARRAYS 

This is the most comprehensive family of supramolecular 
architectures involving self-assembly and self-organiza- 
tion promoted by secondary bonds. Selected examples are 
collected in Schemes 6 and Scheme 7. Scheme 6 com- 
prises organometallic halides. 

Among organometallic halides: organomercury(I1) 
compounds. such as 1,2-C6F4(HgC1)2 and 1.3.5-C6H3- 
( H ~ c ~ ) ~ , ~ ~ ~ . ~ ~ ~  several triorganotin halides, R ~ s ~ c ~ [ ~ ~ . ~ ~ ~  
and triorganolead(IV) halides, R ~ P ~ x : ' ~ ~ - ~ ~ ~  can be cited. 
Triorganotill chlorides are chain-like poly~neric arrays. 
Thus, in ~ e ~ ~ u ' S n C l [ ~ "  and ~ e ~ S n C l , [ ~ "  the secondary 
bond system is unsymmetrical and linear. Diorganotin 
dichlorides are also associated, e.g., ~ e ~ S n ~ l ~ . [ ~ "  In 
triorganolead halides, there is some tendency for bond 
equalization in the colinear bond system, as found in 
P ~ ~ ( P ~ C I I ~ ) P ~ B ~ . " ~ '  but in the iodide Me3PbI, the lead- 
iodine distances are significantly differe~~t."~] 

Organoantimony(lI1) and organobismuth(II1) halides, 
R2EX and REX2 (E= Sb, Bi: R=Me,  Ph, X=C1, 

R = R = Me:a = 2.430; b = 3.269 8. 
R = Me, Fi' = BU~: a = 2.405; = 3.662 8. Sn-el = 2.389; Sn...Cl = 3.433 a 

X =  I; R = R = Me: a ~3 .038 ;  b = 3.360 a 
X =  Br; R = Ph, R' = CH2Ph: a = 2.885; b = 2.985 A 

X =  CI, R = Ph: b = 2.746; c = 2.763 
a = 2.799; b = 2.761; = 3.467; d = 3.398 A X =  w = 5r: a = 2.684; b = 2.825; c = 3.038 W 

X =  R = I: a = 2.882; b = 3.056; c = 3.227 .& 

Scheme 6 Chain-like supramolecular organometallic halides 
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Scheme 3 Other supramolecular chain-like arrays. 

B,, 1),[25-29.68.691 are almost without exception. polymer- 
ic arrays formed through secondary bond self-assembly. 
As an example. Me2SbI is cited; which is a chain-like 
polymeric array with basically linear fragments.[251 In 
Ph2BiC1, the linear secondary bond system is again sym- 
metri~ed,['~' but in the dibromide PhBiBr2, and diio- 
dide PhBiI?. the interatomic distances are significantly 
different, although the difference is Alkylbis- 
muth diodides, RBi12, form a family of linear-chain 
supramolecular arrays with symmetrized triatomic sys- 

tems, resulted from electron redistribution in the I-Bi. ' 'I 
tricenter Organotelluri~im halides also form 
supramolecular polymeric  array^.^'.^] The most recent 
examples are M e ~ e ~ l ~ , ~ ' "  ( C ~ F ~ ) ~ T ~ C I , ~ ' ~ '  and (ChF5)3- 
T e ~ r . ~ ~ ' ]  

Suprainolecular coinpounds other than halides are 
numerous. Among these; methylmercury xanthates, 
M ~ H ~ s ~ c o R , " ~ ]  and organothaliurn thioph~sphinates[~'~ 
can be cited. Tin-oxyg~n (Sn.. .O 3.337 A) and lead- 
oxygen (Pb' ' '0 3.180 A) secondary bonds. much longer 
than usually observed between these elements. connect 
2-nitrobenzenetl~iolato triphenylmetal molecules. Ph3- 
MSC6H4N02-2 (M = Sn. Pb) into supramolecular chains; 
the oxygen atoms belong to the nitro groups. and the S- 
M . . . O  systems are linear.r751 Lead and organolead 
phosphor- 1,l -dithiolates. e.g.. Pb(S2PR2')2 and Ph3PbS2- 

and organoantirnony oxides and amides. e.g.. 
(Me2Sb)20 and (~h~§b)~N"" . '~ ]  provide other examples. 
Diphenylantimony dimethyldithioarsinate, Ph2SbS2- 
AsMe', is the first supramolec~rlar polymer associat- 
ed through dithioarsinate bridges.'"' Mesitylselenenyl 
iodide. 2 . 4 . 6 - ~ e ~ C ~ ~ ~ ~ e ~ . ' ~ ~ "  organotellurium azides, 
A S T ~ ( N ~ ) ~ . [ ~ "  and numerous others can be cited. liodo-ni- 
tro interactions (I' ' 'O=N secondary bonds) are also 
important and call lead to formation of supra~llolecular 
polymeric In (arylsulfon~rli~nino)iodoarenes, 
ArT-NSO2Ar1, supramolecular one-dimensional ( ID)  
chains. ladders. two-dimensional (2D) layers. and three- 
dimensional (3D) stepladders are formed through I. . .O and 
1. . .N secondary bond  interaction^.'^^' Some of the above are 
illustrated in Scheme 7. 

SECONBAWYBONDSENHANCEDBV 
ELECTROSTATIC INTERACTIONS 

Like in the hydrogen-bond systems. when secondary 
bonding interactions occur between charged species, the 
strength of the bond is increased. Numerous examples of 
anion-cation secondary bond interactions call be cited, 
but only a few will be mentioned here for illustration. 
Thus. secondary bonds are responsible for the for~nation 
of the dimeric diphenyliodonium halides. [Ph21X]? 
(X=CI.  Br. I). built through secondary interactions 
between Ph2Tf cations and X-anions: the X' ' '1' ' ' X  system 
is symmetrical. and the 1' ' ' X  interatomic distances are 
each 0.77 A longer than covalent I-X(g) distances.["' A 
tetra~ner [W21BrI4. coexisting with the dimer [R2PBrI2 in 
the same crystal. both built from R21+ cations ( K = p -  
MeC6H4) and h4rp anions kept together by secondary 
bonds. was also reported.LX51 

Some interesting organoiin examples can be cited 
(Scheme 8). In the solid-state structure of [O(Sn- 
Me3)3]+Cip. trigonal planar cations interacting with Clp 
anions through both secondary bonds and electrostatic 
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interactions form graphite-like 2D layers.[861 In another 
tin-oxygen supramolecular array, trinuclear cations 
[Me3Sn(j-l-OH)SnMe3(p-OH)SnMed+, formed through 
dative-coordinate bonds between two Me3SnOH mole- 
cules and a Me3Sn+cation, are interconnected through 
Me3Sn' ' 'Br- secondary bonds, and additionally through 
0-ET. ' .Br- hydrogen bonds, into a complex 3D architec- 
ture. Cation-anion electrostatic interactions probably con- 
tribute significantly to the lattice energy.[s71 

In the structure of triphenylselenonium chloride mono- 
hydrate, hydrogen bonds participate in addition to second- 
ary bonds and electrostatic interactions between Ph3Set 
cations and C 1  anions.[881 

SELF-ASSEMBLY THROUGH 
COOPERATION OF SECONDARY 
BOMBS WITH OTHER TYPES OF 
INTERMOLECULAR BNPERACTIONS 

Innumerable possibilities exist based upon the cooperative 
use of classical dative-coordinate and secondary bonds for 
supramolecular synthesis. This strategy is only in its 
infancy but can serve for the controlled design of 
materials with predictable structures. In a first alternative, 
discrete supermolecular species formed through dative 
bonds are further associated into polymeric arrays through 
secondary bonds. This case can be illustrated by the 

Methyl groups on tin not shown br  clarity 

Scheme 8 Supramolecular structures formed through coopera- 
tivity of secondary bonds and electrostatic interactions. 

X = CI; Bi-CI = 2.717; Bi ... CI = 3.582 a 
X = I ; Bi-l = 3.0857; 3.0698 8; 

Bi..I = 3.8708 ; 3.9091 A 

Scheme 9 Supramolecular structures formed through coop- 
erativity of secondary bonds and dative-coordinate bonds. 

adduct of trimethyltin chloride with the dimeric tristan- 
noxane [C1Me2SnOSnMe2(OSnMe3)]2. The dimer is 
formed through dative coordinate oxygen-tin bonds. In 
the crystal, Sn' ' 'C1 secondary bonds from the terminal 
OSnMe3 moiety of the dimer to C1SnMe3 molecules and 
from C1SnMe3 molecules to the terminal Me2SnC1 
moieties of the dimer. connect the two compounds in a 
supramolecular architecture.r891 

A second alternative is illustrated by the supramolec- 
ular architectures built from 4,4'-bipyridyl and arylbis- 
muth(I1I) halides, in which infinite chains of tmns- 
[BiX2Ph(4.4'-bipy)], (formed through coordination of 
the ditopic ligand 4,4'-bipy) are interconnected into 
intricate 3D structures through Bi. ' .X secondary interac- 
t i o n ~ [ ~ ~ ]  (Scheme 9). 

Complex supramolecular structures involving intermo- 
lecular Sn. ' .S, S' ' 'S secondary bonds and N-H' . 'S 
hydrogen bonds were observed in organotin derivatives of 
substituted 5-mercapt0-1,3,4-thiadiazoline-2-thione.[~~' 
The simultaneous presence of S-Sb.. , C 1  secondary 
bond synthons and Cl-' ' .H-N hydrogen bonds in the 
solid-state structure of dichlorobis(trimethy1enethiour- 
ea)antimony(III) chloride also leads to an interesting 
supramolecular se l f -~rganizat ion. [~~~ The cooperation of 
secondary bonds and Te' ' 'n aryl interactions also pro- 
duces some spectacular supramolecular architectures.[931 

CONCLUSION 

Secondary bonds, alone or in cooperation with other types 
of intermolecular interactions, can serve as a versatile 
bonding motif for the supramolecular self-assembly and 
self-organization, and therefore, may be exploited for the 
design of novel materials. A great diversity of composi- 
tions and structures, based mostly on heavier main group 
elements, can be expected. A new chapter of supramo- 
lecular chemistry, based upon intermolecular secondary 
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bonding, is emerging, and significant progress along these 
lines can be expected in the near future. 
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Selectivity: Thermodynamic and Kinetic 

Franz P. Schmidtchen 
~Wunich Institute of Technology, Garcliing, Germany 

The introduction of selectivity into chemical systems and 
the understanding of its foundations are nlajor motives for 
dealing with supramolecular chemistry. Examples from 
the living world clearly show that it is the capacity to 
distinguish compounds and their conversions with respect 
to a particular function that enables the concerted and 
balanced interplay of components in a complex system. 
Selectivity in the supramolecular context is. therefore, 
intimately connected to a purposef~illy integrated func- 
tion. let it be a simple reversible adhesion phenomenon of 
two particles or highly sophisticated vectorial processes 
like catalysis. transport, or information transfer (signal- 
ing). This also includes the targetted blocking or annihi- 
lation of these functions. The basic platform defining the 
stage for observation of selectivity and ultimately provid- 
ing a means for its deliberate alteration is the molecular 
complex formed reversibly fi-om at least two, in many 
instances. however, many more. molecules. For the 
present discussion. I arbitrarily designate the species 
participating in this interaction as host and guest binding 
partners. Selectivity emerges from two stages tied to the 
occurrence of the lloncovaleiltly bound and truly supra- 
molecular associate species (Scheme 1, Fig. 1). 

At the level of complex formation, compounds can 
compete for binding at a molecular target and will thus be 
differentiated according to their chemical affinities. 
Selectivity here arises from the differential extent of 
binding reflected in unequal concentrations of the various 
host-guest complexes formed from identical guest con- 
centrations in reversible binding equilibria. With a defined 
set of environmental limits given, selectivity will be time 
invariant and a sole function of the thermodynamic state 
of the system. Thus. it is termed thermodynamic selec- 
tivity. expressed as a ratio of binding constants of the 
competing guests. 

Alternatively. selectivity may relate to a nonequilibrium 
process. to the differential transformation of two (or more) 
molecular complexes that may be formed even in similar 
concentrations from the various host-guest partners. In this 
case. the discrimination of one complex species over the 
others depends on differences in the respective rates of the 
forward reactions leading from the complex or the starting 
state (depending on the concentration domain) to the final 

function (Fig. 2). As a corollary, it is the rate of change of 
the system that determines the selectivity pattern under 
these irreversible conditions, justifying the designation as 
kinetic selectivity. 

Both strategic versions of the origin of selectivity are 
widespread in nature as well as in technological applica- 
tions. Typical exarnples for thermodyllamic selectivity 
include molecular aggregations, like the formation of 
rnicelles from amphiphilic inolecules (soaps), or gels from 
certain proteins (gelatine), or artificial gelators. respec- 
tively. Also the strand pairing of DNA. the assembly of 
molecular capsules from urea-appended calixarene deriv- 
atives, or the construction of virus coats from rnonoineric 
protein building blocks belong to this class. Thermody- 
namic selectivity principles lend themselves to the 
rational development of technical applications, as in the 
unperturbed detection of analytes with selective electrodes 
or the extraction and recycling of precious elements from 
sea water or nuclear waste. 

Kinetic selectivity. on the other hand, is a constitutive 
part of all living systems, which necessarily operate far 
from chemical equilibrium. Material fluxes across mem- 
branes via dedicated carriers or molecular channels are 
governed by this type of selectivity, as are the generation 
of signals, e.g.. the light emission of the firefly. Enzyme 
catalysis probably is the most prominent realization of 
kinetic selectivity. providing not only the balanced and 
just-in-time supply of all vital materials but also insuring 
high fidelity in the information transfer in DNA replica- 
tioil and protein synthesis. The technical exploitation of 
kinetic selectivity using supramolecular approaches in 
general is. as yet. less amenable to design than its 
thermodynamically based counterpart. Nevertheless. ki- 
netic optical resolutions and asymmetric chemical induc- 
tions are shiny examples of the implementation of kinetic 
selectivity in high added-value industrial processes, and 
they demonstrate feasibility and utility. 

THERMODYNAMIC SELECTIVITY 

Differentiation between molecular species A. B. or C 
(deliberately designated heie as guests) that compete for a 
certain firnction can be established through theii revers~ble 
fixat~on at another ~noleculal target (named the host), 
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Scheme P Schematic division of the molecular events producing selectivity from the pairwise interaction of supramolecular binding 
partners (the host and the various guests). Thermodynamic selectivity (left-hand side) relates to the differential concentrations at 
equilibrium of the inolecular complexes formed whilst kinetic selectivity (right-hand side) refers to their differential rates of breakdown 
to produce some function. 

resulting in a host-guest complex (Scheme I). In prin- 
ciple; mutual adhesion of molecules is nothing but a 
universal property of matter. Selectivity comes into play 
only if the interaction between host and guest dramatically 
exceeds the usual level. As a consequence, a potential well 
is formed that characterizes the mutual distance and 
orientation of the binding partners and the energetic gap 
separating this peculiar configuration (the host-guest 
complex structure) from the multitude of random collision 
complexes. For expression of selectivity, this state needs 
to be more populated in thermal equilibrium than any 
alternative molecular arrangement. Because the abun- 
dance of energetic states for host-guest structures of 
higher energy is much greater than the unique "best" 
structure. the preferential population of the latter can 
be reached only if either the thermal energy (i.e., the 
temperature) is very low or the energy gap is substantial. 
This requirement also defines the frame for the observable 
selectivity between competing guests, because the respec- 
tive differences in their interactions with the host can only 
be great if the absolute size of the interaction is even 
greater. The central criterion here is the affinity constant 
K,,,, which describes the thermodynamic equilibrium of 
associated and separated binding partners, including all 
solvation changes. The association constant K,,, is related 
to the Gibbs energy AG" of the associative event by 
8 G G =  - RTln K,,, (R=universal gas constant; T=absolute 
temperature). Thus, the optimization of thermodynamic 
selectivity requires maximizing BAG" = AGO {Achost} - 
-AGG { B ~ h o s t } ,  which is equivalent to the ratio of the 
corresponding association constants K,,, { A ~ h o s t J l  
K,,,{B~host}. In this scenario, selectivity is independent 

our understanding of thermodynamic selectivity is tied to 
the concept of a peculiar structure that host and guest will 
attain. The rather frequent observation of enthalpically 
neutral or even endothermic host-guest binding in polar 
hydrogen-bonding solvents and especially in water, point to 
the conclusion that a unique structure as implied by a 
potential well (i.e.. a negative enthalpy of association) is not 
a mandatory requirement for selectivity. The negative 
Gibbs energy necessary for high-affinity binding results 
from a compensatory interplay of enthalpy and entropy, as 
shown by the fundamental Gibbs-Helmholtz equation 
(AG=AH-T AS) and may originate exclusively from a 
large and positive entropy component that outmatches any 
unfavorable (positive) enthalpy contribution. However, 
highly positive association entropies imply less-structured 
modes in the associated versus the starting state that most 

host + 

A, B, C 

3 c host ) 

of the presence of the variety of other guest 'pecies' Fig. 1 Free-energy diagram relaing the pertinent energy 
arguments based On quantities to the thermodynamic selectivity of three competing 

led to the conclusion that, at least in the biological context guest species. The host-guest complexes are formed according 
involving many potential competitors, the observable to their respective host-guest affinities represented by free 
selectivity will depend on the type and concentration of energies of association AGO. Preferential binding is expressed as 
every competing species in the entire ensemble.'" So far, AACO [e.g.. AAGO=AGo(A)-ACO(C)]. 



SeBecti,ihj : Thern~odpnamic and Kinetic 1227 

. . . . . .  

$ .  . . ? . . . . . . . . . . . . . . .  

A G ~  ( C ,  
r 

I AG' ( c ,  X )  
B I 

B 
\ 

% 
. . . . . . . . . . . . . . . . .  

funct ion Y  

2 
? 

1 
A G * ( A , Y )  

function x 4 . . . . . . . . . . . . . . . . .  

reaction coordinate reaction coordinate 

Fig. 2 Free-energy diagram relating the various barriers of activation for two competing guests (A and C) with respect to two different 
functions (e.g., two catalytic pathways leading to different products) to the kinetic selectivity. Two limiting situations need to be 
considered: The left panel shows the case when saturation of the molecular complexes occurred {[A], [C] >> 1/K,,, (A, C ) ] .  In the 
scenario shown, Guest A would be kinetically selected to perform function Y ,  because this is the process with the lowest barrier. 
However, using lorn- coilcentrations of the guests {[A], [q << lIKz,,, (A. C), panel on the right}, the free energies of the host-guest 
complexes are elevated. and the barriers relative to the starting conditions take over. This causes Guest C acting in function X to be 
kinetically selected. 

likely do not oniy emerge from solvent reorganization. It is 
conceivable that on association of the binding partners, 
certain conformational restrictions present in the uncom- 
plexed species are relieved. yielding an associated ensem- 
ble that has more degrees of freedom and thus less pairwise 
correspondeilce of atomic positions, including solvent 
molecules. than before the binding event. The relaxation 
of structural definition is compatible with the selectivity- 
based function but eludes ready comprehension using 
popular co~nplernentarity nlodels like the lock-and-key 
picture of ~nolecular r e c o g n i t i ~ n . ~ ~ '  

Though maximizing affinity is a profitable way to 
boost thermodynamic sAlectivity, there is an upper limit to 
it due to practical limitations. Taking the well-studied 
avidin-biotin system as a prototypical example of a high- 
affinity supramolecular cornplex (K,,, - 10'' M-') and 
assuming the fastest possible association of host and guest 
(diffusion controlled rate -lo9 M-' sec-'); one anrives at 
a dissociation rate constant of kerf = k,,lK,,, = 1 s e c l  
corresponding to a half-life for dissociation of ca. 10 days 
or about 3 months for establishing equilibriurn conditions. 
There are not many relevant processes known that rely on 
the exploitation of thermodynamic selectivity in this 
time regime. 

Biological systems. which usually operate on a n~uch  
shorter time span but are nevertheless in need of high 
affinity and seiectivity, bypass the problem of slow 
dissociation by polyvalent binding.''' This binding mode 
refers to the simultaneo~is fixation of several moieties 
(anchor groups) of one binding partner capable of 

dedicated interaction with a set of corresponding sub- 
structures of the other. The participation of multiple 
interaction sites results in the accumulation of all free- 
energy contributions. compounding the total energy 
available for differentiating action. Contrary to single-site 
binding. the adhesion of host and guest can be destroyed 
in steps by cornpetition with monovalent guest analogues, 
leading to greatly improved dissociation kinetics."' In 
addition, polyvalent binding can be modulated by the 
mutual influence of the anchor groups on one anothe~. '~ '  
This influence can turn out to be opposing to binding, i.e., 
the following binding steps addressing the second. third. 
etc., anchor groups occur with smaller affinities (smaller 
microscopic Y,,, values) than the preceeding ones. 
Though the interaction is progressively weakened in each 
step, the overall affinity increases with every sup- 
plementary site, contributing some free energy AGp 
(AG~o,,l=CAGP: AGP is more negative than AG?,,). 
Cooperativity between the various anchor groups is 
negative, and in general, this situation appears to be more 
common. However, the alternative scheme in which the 
affinities in subsequent binding steps are progressively 
strengthened, giving rise to positive cooperativity (AGP 
more positive than AGP+k). holds a peculiar virtue with 
respect to function: low-affinity binding of the first anchor 
group to a inolecular target can trigger the binding of all 
subsequent steps, thus providing an overall free energy of 
interaction that can exceed a certain threshold value 
defined for initiating some function. Synergistic action 
here approaches an all-or-nothing switch that is useful on 
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many occasions in supramolecular chemistry-from the 
clearance of antigens from the bloodstream by the 
immune system(s1 to the formation of kinetically stable 
molecular capsules from calixarene building  block^.[^-^' 

Tailored shaping of thermodynamic selectivity requires 
considerable insight into intimate molecular details. In 
comparison, the blocking of such delicately balanced 
functions by brute binding force interference should be 
easier to achieve. This lays the foundations for the best- 
established application in tailoring thermodynamic selec- 
tivity: the rational drug design. Guided by complemen- 
tarity principles. artificial compounds are looked for that 
would interact best with a target site, for instance, in a 
protein that is essential for some biological function. 
Better binding of the artificial guest prevents binding of 
the natmal substrate and interrupts its proper function. The 
need for selectivity is basically twofold, because drug 
binding has to override the natural host-guest process but 
also must avoid interfering at any other potential target 
site (here disregarding the equally important so-called 
ADME [Absorption, Distribution, Metabolism, Excretion] 
characteristics["). The approach chosen most frequently 
employs the computational ~naxi~nization of the interac- 
tion enthalpy of drug and target. with or without taking 
solvent participation and the internal flexibility of the 
binding partners explicitly into account (docking). How- 
ever. the tacit assumption that the enthalpies of interaction 
AN" derived in this way reflect or even parallel binding 
free energies AGO is not founded. Rather, it is cominon 
experience that owing to the phenomenon of enthalpy- 
entropy compensation,['O"'l dramatic trends in enthalpy 
variation do not materialize in equilibrium affinities. 
Nevertheless. in the absence of practicable methods to 
account for asyociation entropies and with the proviso of 
conscience of their fundamental limitations; docking 
procedures can provide guidelines in thermodynamic 
selectivity optimization. 

While the conversion of a supramolecular complex back 
into its constituent components is part of the equilibration 
process and, as such, is contained in thermodynamic 
selectivity. any alternative transfor~nation leading to a 
function is characterized by a rate and a corresponding 
monomolecular rate constant. Principally, it can refer to 
just one elementary reaction yielding the function, but 
more likely, function generation will be composed of 
several successive steps. In any case, a pathway is defined 
that features a certain activation barrier that, in turn, 
determines the total flux on this route. Typical kinetically 
controlled vectorial processes include the transport of 
cornpounds across membranes, the photosynthetic elec- 

tron translocation, or chemical transmutations of starting 
compounds into products using a molecular catalyst. 
Because a flux mandates nonequilibrium conditions, this 
defines a sine-qua-non restriction for establishing kinetic 
selectivity. In essence: the term refers to the different rates 
with which a single supramolecular colnplex decays along 
the various options for reaction (Scheme 1, Fig. 2). 
Alternatively, the differences in rates shown by the set of 
host-guest complexes of competing guests for eliciting 
the same function are addressed. The route requiring to 
pass the lowest activation barrier generates the highest 
flux and is thus preferred. 

Optimizing kinetic selectivity does not necessarily 
require a barrier to be lowered and the speed of the 
corresponding process to be increased. Because it is the 
relative height of the barriers that counts, the uniform 
enhancement of the rate-determining barriers of all 
competing pathways excepting the desired one would be 
equally effective. This concept is realized in some natural 
catalytic systems, where it is termed "negative cataly- 
sis.=rl?~ If the desired process cannot be accelerated 

sufficiently to insure preference over another fast side- 
reaction, inhibition of the latter may be the only means by 
which to foster kinetic selectivity. Another facet of the 
same principle is realized in the kinetic shielding 
(dynamic protection) of highly reactive species generated 
in the interior cavity of helnicarcerand hosts."" For 
instance, photolytic decomposition of suitable precursor 
molecules trapped in the cavity of these encapsulation 
hosts can furnish exotic molecular species like cyclobu- 
tadiene,'I4' which are too reactive to survive in free 
solution but can be observed and studied readily when 

---, [substrate] 

Fig. 3 Michaelis-Menten enzyme kinetics. Rate versus 
concentration profile for two competing substrates A and B. 
both showing simple saturation behavior. The kinetic domains 
are defined relative to the respective Michaelis constants Khl that 
represent the substrate concentrations at which just one half of 
the maximal rate is reached. 
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protected from attack from potential reaction partners 
behind the walls of the molecular cage. Control experi- 
ments that address the porosity of the cage can confirm 
that the elongated lifetime of the encapsulated species is a 
consequence of kinetically selective shielding rather than 
due to ground-state stabilization contributed by the host- 
guest interaction. 

The most prominent example in observing kinetic 
selectivity is enzymatic catalysis. By definition, catalysis 
is a kinetic phenomenon, and though the origin of enzymic 
catalysis at present is not totally lucid and is still under 
vivid debate, it is undisputed that it mandatorily relies on 
the formation of a molecular complex (the so-called 
Michaelis complex) that determines the further fate and 
rate of conversion of the substrate. If it were for this fact 
only, it would be justified to describe enzymic catalysis as 
a process that provides an alternative mechanistic pathway 
from starting materials to products, however, with a lower 
activation barrier than in the uncatalyzed reaction. As a 
consequence of the formation of Michaelis complexes of 
the two competing substrates A and B and on the basis of 
fundamental Michaelis-Menten enzyme kinetics that 
describes the typical nonlinear rate versus concentration 
profile (saturation kinetics). by a hyperbolic function 
(Fig. 3), two kinetic regimes must be distinguished. The 
first can be described as follows: at high concentration of 
substrates A or B, respectively. the rates become inde- 
pendent of concentration. and the kinetic selectivity 
approaches the ratio of the unimolecular rate constants 
k,,,(A)lk,,,(B), featuring the decomposition of the Michae- 
lis complexes (cf. Fig. 21). Second. conversely, at low 
substrate conce~ltration, the kinetic selectivity is set by the 
ratio of second-order rate constants (k,dKhI)A/(k,,,/KM)B 
representing the slopes of the tangents in the origin in the 
rate versus the concentration plot of the substrates. 
Formally, this ratio corresponds to the ratio of bimolecular 
productive encounter of the substrates with the enzyme 
molecule on the forward reaction pathway. On the basis of 
this scheme, it is conceivable that the kinetic selectivity 
will change with reaction progress (decreasing concentra- 
tions) and may even switch its preference. That is why 
nonlinear effects are commonplace and are regularly 
observed in applications that involve molecular com- 
plexes, e.g., in kinetic asymmetric inductions or dynamic 
racemate resolutions."" In spite of these complications, 
the kinetic selectivity can reach exorbitant values. In the 
enzymatic interconversion of lactate and pyruvate using 
lactate dehydrogenase and the coenzyme NAD, the 
enantiodifferentiation of the prochiral faces of the nico- 
tinamide ring of the coenzyme is stereospecifically 
reliable to an error of 1 in 5 x lo7 turnovers,[161 cor- 
responding to an enantiorneric excess of L-lactate forina- 
tion of about 99.999994. 

Kinetic selectivity is profitably engaged in instances 
where high fidelity in the selective outcome must be 

guaranteed at reasonable speed. In the biological context. 
the transmission of genetic information from one gener- 
ation to the next, i.e., replication of the genome.i171 or in 
another example, the translation of the base sequence of 
messenger RNA into the primary sequence of amino acids 
of a growing peptide s t ~ a n d , " ~ " ~ '  provide well-studied 
cases. In either case, it is the kinetic distribution of a high- 
energy intermediate between hydrolysis and incorporation 
into the growing biopolymer chain that allows, e.g., in 
replication, the intrinsic thermodynamic selectivity of 
base pairing (A-T versus A-C -- 1 : 10') to elevate to the 
required l : l o X  fidelity ratio mandated by prokaryotic 
survival. Nature set up a kinetic editing mechanism in 
DNA poly~nerase that double-checks the incorporation of 
the correct base that is complementary to the one in the 
parent strand of the duplex. Editing involves the kinetic 
interplay of an initial ligating step that attaches the 
incoming nucleotide according to the Watson-Crick rules 
of base complementarity and a subsequent step of its 
hydrolytic expulsion. If a less well-fitting nucleotide is 
adventitiously incorporated, an exonuclease activity in- 
herent in DNA polymerase cleaves the misincorporated 
nucleotide off again, opening another chance for col-sect 
elongation of the duplex. The hydrolytic exonuclease 
action is not specific, and in order to avoid any erroneous 
incorporation. part of the correctly ligated nucleotides is 
also cleaved. Proofreading of the copied message as 
described is costly for the organism, because phosphate 
ester linkages are destroyed that were introduced at the 
expense of high-energy triphosphates and because part of 
the correctly formed sequence is eradicated. The formal 
analysis reveals that selectivity increases only if a 
substantial cost in essoneously excised bases is tolerated. 
In the concrete case of Escherichia coli, an enhancement 
of the fidelity of correct base pairing by a factor of 10'- 
10' requires about 10% of all correctly incorporated 
nucleotides to be excised again in the editing step.[2o1 

In biological systems, kinetic schemes for selectivity 
augmentation are widespread but are usually built upon 
highly sophisticated interwoven reaction networks. Natu- 
rally, this finding obviates easy adaptation and imple- 
nlentation into abiotic mimicks. though the principles 
seem clear. and attractive applications to artificial chem- 
ical flux systems are readily envisaged. 

CONCLUSION 

The diversity around us, including the biological world 
(life), emerges from and depends on the ability to 
distinguish and exploit alternatives (selectivity). This 
discriminative process can rest on the energetic differ- 
ences in thermodynamically definable and thus time- 
invariant states representing. however, in many cases, a 



Selecti~ity: Thermodynamic and Kinetic 

crude abstraction of the real situation in which the 
selectivity is expressed. Owing to the projection of reality 
onto the panel of concepts offered by current thermody- 
nainic theory and to the. at times, unscrupulous introduc- 
tion of framing conditions as well as to the simple 
omission of as yet untreatable factors (e.g., entropy), 
rudimentary understanding and even prediction of selec- 
tive behavior is possible. The results of thermodynamic 
selectivity are especially helpful for the purposive 
destruction of selective function as demonstrated by the 
undisputable success of tailored drug-receptor bonding. 

Even more demanding is the comprehension of kinetic 
selectivity, because here the appreciation of energetic 
differences at multiple stages along competing functional 
pathways is required. Additional obstacles arise from the 
fuzzy and experimentally hard-to-define nature of transi- 
tion-state structures in chemical conversions or other 
functional processes that need to be correlated with the 
energetic profiles. Minute misassignments there can easily 
ruin all attempts aimed at informed design. It is not clear 
at present whether just one model structure chosen to 
picture a particular position of the profile can be taken as 
a reliable representation of the ensemble of actually 
populated states. 

Beyond doubt, we are rnaking progress in unfolding the 
subtleties of selectivity generation, yet we have not reached 
the positioil at which to decide whether a deeper under- 
standing of selectivity of either type expressed in condensed 
phases is open to encompassing reductionistic analysis. 
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Self-Assembling Capsules 
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INTRODUCTION 

Self-assembly is the spontaneous. noncovalent association 
of two or more molecules under equilibrium conditions 
into stable. well-defined aggregates.['.2i In nature. self- 
assembly is a ubiquitous strategy responsible for the 
formation of cell membranes, double-stranded nucleic 
acids. and viruses. In chemistry, self-assembly offers a 
rapid way to construct receptors. catalysts, and materi- 
als.'" With appropriate curvature and careful positioning 
of self-complementary bonding sites. self-assembling 
systems generate capsules. 

That no~lcovaleilt dimerization of self-complementary 
structures may lead to closed surfaces, capable of encap- 
sulating smaller molecules. was initially recognized by 
Julius Rebek. Jr., a decade ago.[41 while describing the 
structure of synthetic self-replicator B (Fig. I). By defini- 
tion, self-assembling capsules are receptors with enclosed 
cavities that are for~ned through the reversible noncovalent 
interactions between two or more subunits.i51 Typically. 
capsules assemble through hydrogen bonding and metal- 
ligand  interaction^.'^' Hydrogen bonding is directional and 
specific. On the other hand. metal-ligand forces are much 
stronger. and metal-induced assemblies are more robust. 
At the same time, their strength can be controlled by sol- 
vent polarity and pH. Another way to classify capsules is 
by their dimensions; which vary between 50-1500 A

3
. 

In this article. we do not intend to cover hundreds of 
publications on self-assembling capsules. Instead, we will 
overview the most recognized examples. These frequently 
appear in original publications. The analysis will be 
developed on the basis of the increasing complexity of the 
capsule's structures, which is determined by the capability 
to form stable and specific molecule-within-molecule ag- 
gregates. Subsequently. we will examine unique features 
of encapsulating complexes that make them so attractive 
and promising for chemists. 

VARlEBV QF CAPSULES 

Early genelalions of self-as\embllng capsules include 
Rebek's sports balls (Fig 1) The "tenn~s ball' 2 as- 
sembles \ la elght C=O IT-N hydrogen bonds between 
the self-complementary glycolurll NH and C=O groups 171 

The inner volume of 2 is -50 A', which allows for the 
encapsulation of small molecules such as CH4, C2H6, and 
Noble gases. Larger bisglycoluril-containing balls possess 
extended spacers and are capable of encapsulating two 
benzene-sized molecules. For example, the enclosed cavity 
of the "softball" 3 is - 300 A3.L8' 

Typical molecular complexes depend on stereoelec- 
tronic complementarity between receptor and substrate. 
They are held together by hydrogen bonding: metal-ligand 
attractions; ion-ion; ion-dipole. GH-n, and n-n interac- 
tions; and van der Waals and solvophobic forces. In 
contrast. self-assembling capsules rely on so-called cons- 
trictive binding: the stability of these coinplexes is mostly 
provided not through the intrinsic host-guest attraction 
but through mechanical inhibition of the decon~plexation 
process. In other words, encapsulation is influenced by 
energetic barriers for the guest exchange. The guest's size 
and its shape reflect the binding ability of the hosts. In the 
absence of additional intermolecular forces, recognition- 
through-encapsulation is largely determined by host and 
guest volumes. An extensi\/e analysis of occupancy fac- 
tors, or packing coefficients, of molecule-within-molecule 
complexes in solution gave the optirnal value of 55% 
occupancy.[91 This is believed to also be a feature of natu- 
ral biological cavities such as of enzymes. Importantly. the 
encapsulation takes place under subtle control. because the 
capsule's foi-mation-dissipation occurs under equilibrium 
conditio~ls. Capsules form reversibly on time scales of 
! 0 ' - 1 0 ~  S. in between diffusion complexes (- 1 0  ' O  s) 
and carceplexes (- lo1' s).'"~] 

Dimeric calix[4]arene tetraurea capsules 4: which 
arrived shortly after the sports balls. are probably the 
most studied to Noteworthy. calixarenes and their 
relatives had a great impact in the history of self-as- 
sembling capsules. Their rigid, concave surface, cornmer- 
cia1 availability. and rich synthetic chemistry have made 
them extremely popular platforms for elaboration. In 
this article. we will have more examples of calixarene- 
based capsules. In dinlers 4. a seam of 16 intermolecular 
C=O. . ,H-N hydrogen bonds at the upper rim is formed. 
Eight urea moieties. four from each hemisphere. assemble 
head-to-tail. as shown in Fig. 2. This results in a rigid 
cavity of -200 A3, which can accommodate a benzene- 
sized guest molecule. The encapsulated guest exchange is 
slow on the NMR time scale. Experimentally. capsules 4 
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Fig. 1 Capsule formation and early examples of Rebek's self-assembling capsules: self-replicating dimer 1.1, the tennis ball 2. and the 
softball 3. 

include benzene, toluene; halobenzenes, and polycyclic 
aliphatics (e.g., camphor derivatives, 3-methylcyclopen- 
tanone). The encapsulated benzene molecule. for example, 
is observed at - 4 ppm in deuterated p-xylene. For the 
encapsulated tluorobenzene, the CH protons are seen 
between 5.5 and 3 ppm and the para- and ortho-hydrogens 
are separated by more than A6=2 ppm. Encapsulated 
aliphatic guests are seen upfield of 0 ppm. From nuclear 
Overhauser effect spectroscopy (NOESY) experiments 
with the lower-symmetry capsule 4, a rate constant for 
the benzene exchange of 0.47+0.1 s ' was obtained.'"' 
The guest exchange time can, however, be significantly 
prolonged by introducing sterically bulky substituents 
(e.g., 2.6-diisopropylphenyl; 3:s-di-f-butylphenyl; trityl; 
p-tritylphenyl) to the urea n i o i e t i e ~ . " ~ ~  Some of these 
capsules are stable even in polar solvents. 

When two different calixarene tetraureas are mixed to- 
gether. heterodimers form along with the corresponding 
homodirners.'"' From a mixture of tetraurea and tetrasul- 
fonyl urea. heterodimers form The in- 
creased acidity of the S 0 2 N H  urea proton may be the 
reason for such selection. The preference of the aryl urea1 
sulfonyl urea could possibly be the basis of a binary mo- 
lecular code. 

Electrospray ionization mass spectrometry (ESI MS) 
was successfully used to characterize capsules 2-4 in 
solution and in the gas phase. Ion labeling in this case was 
achieved through the encapsulation of quaternary ammo- 
nium ions in CHC13. 

Larger capsules entrap more than one guest. Self- 
complementary cyclic tetraimides built up on the resorcin- 
arene platform and dimerize through hydrogen bonding 
into cylindrical capsule 5.'15' Its estimated internal volume 
is 460 A" and the internal dimensions are 6 x 15 A (Fig. 2). 
In deuterated mesitylene, which is too bulky to fit inside, 
capsule 5 dissociates. but the addition of benzene or 
toluene immediately results in complex 5.2Guest; two 
benzene or toluene molecules were quantitatively encap- 
sulated inside 5 ('H-NMR). The complexes are kinetically 
stable at ambient temperatures, and the encapsulation pro- 
cesses are slow on the NMR time scale. capsule 5 was used 
to entrap such useful chemical reagents as dicy- 
clohexylcarbodiimide (DCC) and dibenzoyl peroxide 
(DBPO). Chemical stability of DCC and DBPO com- 
plexed inside capsule 5 was greatly improved. For 
example, inside the capsule, DBPO is stable for at least 
3 days at 70°C in mesitylene-cl12 solution, while in the 
absence of 5 ,  it decomposes within 3 h under those 
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4 R = Balk, R' = Alk, Aa, Ts 

Fig. 2 Left: calix[4]arene tetraurea dimers 4. wit11 the X-ray structure: Right: cylindrical capsule 5 and its computer-generated 
n~olecular model. 

conditions. Due to the reversible nature of the hydrogen 
bonds stitching 5. competitive guest molecules or polar 
solvents can release the encapsulated DCC and DBPO. 

Metal-induced capsular self-assembly 6 (Fig. 3) of two 
deep. resorcinarene-based cavitands was described by Dal- 
canale and  coworker^."^^ Two tetracyanocavitands were 
connected through four square-planar Pd(l1) or Pt(II) 
entities in CH2C12; CHC13. and acetone. Evidence of 
encapsulation of one triflate anion upon dimerization was 
obtained ("F-NMR. x-ray analysis). For the Pt(1I) case, the 
assembly process was shown to be reversible: Et3N 
dissociated the capsule 6. while the addition of trifluoro- 
acetic acid restored it. 

Examples of Co(I1) and ~e(11)'"' resorcinarene-based 
cages 'I came from the group of Harrison (Fig. 3). These 
are water-soluble and formed by combining CoC12 or 
Feel2 in aqueous solution at pH > 5 with the cavitand, 
functionalized with four iminodiacetic acid moieties. 
Upon synthesis, six water molecules initially occupy the 

inner cavity. When the appropriate guest molecule is 
present in the reaction mixture; it usually goes inside, 
replacing the water. Benzenes, halobenzenes. chlorinated 
hydrocarbons, (cyclo)alkanes, and alcohols were thus 
trapped in aqueous solution. Due to the paramagnetic 
nature, these complexes may act as NMR shift reagents, as 
they cause substantial upfield isotropic hydrogen shifts 
(A6 = 25 - 40) in the guest molecules with a signal sep- 
aration of 6 -1 2 ppm. At lower pH, the Iigand becomes 
protonated, the metal ion is no longer coordinated to the 
cavitand, and the assembly falls apart. 

Fujita and coworkers elegantly combined triangular 
azaheterocyclic ligands with cis-protected square-planar 
Pd and Pt entities into highly symmetric capsules 8 and 
9.['s1 The positively charged metal centers provided with 
water solubility on these capsules, and their hydrophobic 
interiors were able to accornmodate a wide variety of or- 
ganic guests. In capsule 8, Pd- or Pt-atoms occupy each 
corner of an octahedron. formed by four tris(4-pyridyl) 
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6 M = Pd, Pt, 7 M = Ceo(ll), 

L = Ph2P(CH2)3PPh2 

Pat - 1  Pd 1 z;jlYb..th/?. p;yq 1 36' 

Fig. 3 Metallocapsules 6 and 7 and the x-ray structure of 7 [M=Co(ll)]. Below: Fujlta's self-assembling cages 8 and 9. 

triazine molecules, with the longest metal-metal separa- 
tion of 19 A and the internal volume of -500 L"(~ig. 3) .  
The Pt-based assembly 8 is remarkably stable, even in 
HWQ3 and aqueous K2C03. Cavities 8 are large enough 
to encapsulate four guests with the size of adamantane. 
two cis-azobenzenes, or two cis-stylbenes. Mixing six 
tris(pyrimidy1)benzenes with I8 Pd-complexes resulted 
in spectacular hexahedral capsule 9. Unlike 8. each 
face of the hexahedral capsule 9 is con~pletely enclosed 
by the planar threefold-symmetric ligands (Fig. 3 ) .  

The volume of the inner cavity is considerably larger 
and -900 A. This means that guests like C60 can easily 
fit inside. Ho~vever, only water or oxygen moltcules 
may pass through the narrow pores (2 x 2  A) in 
the structure. 

By similar design, homooxacalix[3]arenes bearing 4- 
pyridyl groups at the upper rim form dimeric capsule 10 
with Pd(I%)(Ph2P(CH2)3PPl~2)(OTf)z in a 2:3 ratio in di- 
chlorometha~~e"~'  ((Fig. 4). A kinetically stable complex 
between capsule 10 and fullerene CGO was detected ('H- 
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14 R = (CH2)4CH3; R' = (CH2)2CH3, (CW2)3GH3; M = Gd. Zn 

Fig. 4 Self-assembling capsules 10 and B B  for fullerene entrapment. Atwood's hexamer 12 and its x-ray structure 

and "c-NMR) in C12CDCDC12: values for the association 
constant K,,,, of 39 M ' at 30°C and 54 M ' at 60°C were 
obtained. Complexation of Li' cation at the calixarene 
lower rims induced their more flattened conformation, and 
this appeared to be even more suitable for the C60 inclu- 
sion: the K,,, value jumped to 2100 M '  (30°C). 

Spectacular trimeric assemblies B B  of cavitands f~inc- 
tionalized with four dithiocarbamate units were obtained 
upon their mixing with Zn(II) and Cd(I1) salts in EtOW 
M 2 0  (Fig. 4).[201 In apolar solvents, the 'H-NMR spectra 
were broad, but the complexes nicely crystallized from 
pyridine/H20; they were characterized by x-ray crystal- 
lography. Trimers 11 form stable 1 : l  complexes with 
fullerene C6,) in benzene and toluene solutions: the logK,,, 
values are within the range 3.5-6 (UV/Vis spectroscopy). 

Six molecules of resorcinarene (R=Me or n-undecyl) 
and eight H 2 0  molecules self-assemble into a spectacular 
spherical nanocavity 12 with a diameter of 17.7 A and an 
internal volume of .- 1375 A'.1211 Sixty hydrogen bonds 
hold the nanocavity together (Fig. 4). In wet CE)Cl3. 
hexamer 12 entraps bulky tetraalkylammoniuln and 
tetraalkylphosphonium cations.[221 Molecular modeling 

suggests that 12 is large enough to accommodate even 
fullerenes or porphyrins. 

CAPSULES lN ACTION 

The main feature of self-assembling capsules is, obvious- 
ly: reversibly formed cavities, capable of encapsulating 
smaller molecules. Small capsules entrap single mole- 
cules, and nanosized capsules, for example 12, may 
embrace up to a dozen molecules. By design, the motion 
of encapsulated guests may be restricted, and the guest 
release may be fast or sIo\v. Chirality of capsules is also an 
important issue.i61 Even combinatorial libraries of cap- 
sules were invented. The level of molecular recognition, 
achieved within the capsule's interiors, is extremely high. 
Of particular importance are binary guest selection and the 
control of chemical reactivity. 

The early case of pairwise guest selection through en- 
capsulation was described for cylindrical capsule 5. When 
benzene and p-xylene were added in a 1:l ratio to a me- 
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sitylene-rl12 solution of capsule 5. an unsymmetrically 
filled complex formed[2" (Fig. 5 ) .  Such pairwise selection 
of the guests was also observed for benzene with p-tri- 
fluoromethyltoluene. p-chlorotoluene, 2.5-lutidine, and 
p-methylbenzyl alcohol to give new species with one of 
each guest inside. Moreover, capsule 5 exhibits complex- 
ation of smaller hydrogen-bonded pairs such as 2-pyri- 
donel2-hydroxypyridine diiner. benzamide and benroic 
acid dimers, and tm11s-1,2-c~~clohexanediol d i m e ~ s . ~ ' ~ ~  
When equal ainounis of 2. /3, and 7picolines were added to 
a mesitylene-d12 solution of 5 ,  in addition to the corre- 
sponding homocapsules, nonsymmetrically filled hetero- 
capsules were also formed ( 1 ~ - ~ ~ ~ ) . [ ' 4 1  

The idea of multiple guest encapsulation can also be 
expressed in polym.eric self-assembling capsules. When 

two calix[4]arene tetraureas are covalently linked at their 
lower rims (see 13; Fig. 5). hydrogen bonding results in a 
polymer chain of capsules, or polycaps.[2s1 The polycaps 
form only when a guest of proper size and shape is 
present; in competitive solvents such DMSO or MeOH. 
the polycaps dissociate. By analogy with parent capsules 
4. the formation of heterodimeric systems was explored. 
Specifically, the polycap rapidly broke down to a 
dumbbell-shaped assembly when treated with an excess 
of the simple dimeric capsule (e.g., 4). The dumbbell 
featured a well-resolved NMR spectrum that showed all of 
the expected resonances. Combination of aryl- and sulfo- 
nylurea biscalixarenes effectively afforded heterorneric 
poiycaps.['" Monomers 13 were also functionalized with 
long alkyl groups capable of forming a liquid-like sheath 

Fig. 5 Top: pairwise selection of guests aithin capsule 5: Bottom: reversibly formed polymeric capsules-Rebek's polycaps. 
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about them. At high concentrations. the resulting polycaps 
self-organize into polymeric liquid crystals. 

Fujita used his capsules 8 for the stabilization of 
unfavored conformations. The treatment of an aqueous 
solution of capsule 8 with a solution of 4,4-dimethyl- 
azobenzene (cis-tmrls, 1:6) in hexane resulted in the 
formation of an unusual cornplex within the capsule 
walls:'261 the capsule selectively entrapped two equiva- 
lents of the cis-isomer (2D NMR). The cis-azobenzene 
molecules were stabilized within this encapsulation 
complex (Fig. 6): exposing the solution to visible light 
for several weeks did not result in the production of any of 
the thermodyna~nically favored rmns-azobenzene. Most 
probably: the dimeric hydrophobic guest complex was 
formed inside the capsule: it is too large to penetrate as is. 
so it enters as a single species. 

Another example of stabilization through encapsulation 
was demonstrated with capsule 5 .  Upon encapsulation 
within 5. the tertiary anilide; p-[N-methyl-N-@-toly1)to- 

luamide; is fixed in its Z-configuration["' (Fig. 6). In bulk 
solution. these anilides exist as mixtures of E- and Z- 
isomers. with the E-configuration favored. The E-isomer, 
however, cannot fit inside capsule 5 ,  and its inherent 
stability is overcolne by the CII-n, van der Waals, and 
dipolar interactions offered by the interior surface of 
the capsule. 

Enclosed cavities in self-assembling capsules can even 
stabilize labile molecules formed in situ by the reaction of 
smaller molecular components. Thus, the condensation 
reaction of trimethoxysilanes in the cavity of 8 led exclu- 
sively to cyclic. trirneric silanol 14, which was never iso- 
lated before.[2s1 In a typical reaction, phenyltrimethoxysi- 
lane was suspended in D20  solution of 4 at 100°C (Fig. 6). 
After 1 h. the 'H-NMR spectrum showed the exclusive 
presence of only one complex 8.14. The formation 8.14 
was also evidenced by ESI-MS and single-crystal x-ray 
crystallography. Not only the cyclic trimers 14 are formed 
in a "ship-in-a-bottle" fashion. but they were protected 
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Fig. 6 Capsules in action: exa~uples of stabilization unfavored isomers and co~~troll ing chelllical reactivity through encapsulation. 
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by the cavity. They were stable even in acidic aqueous 
solutions and isolable as pure clatharate compounds. 

A recent paper from the Rebeli's laboratory offers a 
novel concept-autocatalysis with encapsulated re- 
agent~.~" ' When DGC \?/as trapped by capsule 5 (Fig. 6 ) ,  
reaction between 17-toluic acid and p-ethylaniline exhib- 
ited a complex kinetic behavior. Trace arnounts of DCC 
free in solution proinoted the initial formation of an amide 
bond between the acid and the amine. The products of this 
reaction were anilide 15 and dicyclohexylurea (DCU),  
and both are better guests for capsule 5 than DCC. 
Accordingly, increasing amounts of DCC are displaced 
from the capsule by emerging 115 and DCU, so the rate of 
the reaction increases as the reaction proceeds. The 
kinetics possesses a sigmoidal character. Such nonlinear 
kinetics can be viewed as an emergent property of the 
system as a whole. with the partnership of compzrtmen- 
talization and ~nolecular recognition giving rise to 
chemical amplification. 

The impact of self-assembling capsules in chemistry is 
impressive and fully expected to grow. They already made 
an enormous inteliectual contribution to the field of 
molecular recognition, aggressively attacking the prob- 
lems of intermolecular interactions and generating new 
suprarnolecular functions. The 'eversible formation of an 
enclosed cavity is a spectacular function. The notion of 
molecular cavities emerged alinost two decades ago, first 
with cyclodextrins and then with calixarenes and their 
analogs. The anlbitious desire of chemists to have totally 
synthetic molecules permitting great structural variation; 
and to control the cavity's size and shape, led to the 
discovery of exclusive nlolecular containers-cavitands, 
carcerands and hernicarcerands, and subsequently, self- 
assembling capsules.1301 The filnctions came with cavi- 
ties-sensing. separation. stabilization. and controlled 
release of active reagents. In some cases. significant 
KMR shifts of the entrapped molecules offer the possi- 
bility to deduce their structural features "from inside," to 
deterlnine the orientation of the guests and their interac- 
tion with each other and the receptor's interior walls. In 
principle. such host-guest complexes can be used for 
structural information/memory storage. Moreover, as two 
or even Inore guests are encapsulated. reaction/catalytic 
chambers can be envisioned. In biocheinistry and molec- 
ular biology. capsules are aiming at drug encapsulation, 
drug active transport through the cell membranes. and 
drug delivery. Approaches toward water-soluble assem- 
bling cavities and capsule-based poly~neric materials were 
introduced. Construction of novel architectures will offer 
even wider perspectives. 
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Self-Assembling Catenanes 
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Perhaps the most challenging class of molecules to 
synthesize using classical organic chemistry is the inter- 
twined species known as catenanes. Catenanes involve 
two or more cyclic molecular strands that are mechani- 
cally interlocked with each other.''' The resulting attach- 
ment is not chemical in nature, although it is created by the 
formation of chemical linkages. The cycles are instead 
considered to be "topologically" bound to each other. 

The preparation of a catenane involves two processes, 
each of which is difficult to perforin using classical 
preparative techniques: (i) the formation of cyclic species, 
and (ii) the interlocking of two or more such species.[21 
Because traditional synthetic organic chemistry must rely 
on statistical chance in high dilution processes to obtain 
cyclic species, only low yields can generally be obtained. 
Interlocking steps are similarly unfavorable, so that 
achieving cyclization and interlocking si~nultaneously 
is a challenging exercise. 

Self-assembly techniques can, however, be used to 
favorably skew the probability of these processes taking 
place and thereby greatly simplify the preparation of 
ca~enanes. '~] In such techniques, noncovalent interactions 
are exploited to favorably dispose the assembly constitu- 
ents for cycle formation and interlocking, thereby ensur- 
ing high-yielding procedures. A wide range of catenanes 
were obtained using self-assembly processes mediated by 
complementary n-donor-acceptor-, coordinate-, and hy- 
drogen-bonding interactions, among others. 

In this article. a brief and general review of catenanes 
in terms of their nomenclature, self-assembly, and a few 
pertinent properties; will be presented. Exalnples of the 
concepts discussed were limited to representative transi- 
tion metal-mediated processes. 

NOMENCLATURE 

The simplest class of catenane involves two interlocked 
rings, as depicted in Fig. la.  Such singly-interlocked 
species are termed 2-crossing catenanes and are formally 
given the nomenclature 2-crossing-[nlcatenane, where 

n indicates the nurnber of interlocked rings.[" lu l t ip ly-  
interlocked catenanes, such as the doubly-interlocked 
species shown in Fig. Ib: have also been prepared. Such 
species are formally named nz-crossing-[~zlcatenanes, 
where 172 refers to the number of times one strand crosses 
the other in traversing its full length.[" The term 
"catenane" may be replaced in these terminologies with 
the term "catenate" or "metallocatenate"1'~51 to indicate 
the involvement and presence of metal-ion coordination. 
Demetallation of a catenate has also been said to produce 
a catenand."' 

Various multiring catenanes are known. One class 
involves several rings interlocked with a single. central 
ring as depicted in Figs. lc,d. Such species are termed 
"molecular necklaces" (MN) and described using the 
nomenclature [n]MN, where 17 refers to the total nrtmber 
of cycles present.L61 The structure in Fig. 1c depicts a 
[4]MN, while that in Fig. Id is that of a [5]MN. Two 
classes of linear oligocatenanes are known. Illustrated in 
Fig. l e  is the general structure of an [~zlpolycatenane, 
where n refers to the number of cycles present, while 
depicted in Fig. If is a po1~-[2]catenane.[~~ Sanders and 
Hamilton describe the former as catenane polymers. that 
is, polymers created by a series of interlocked rings. The 
latter are polymers containing [2]catenane structures 
within their backbones.[" 

SELF-ASSEMBLY OF CATENANES 

Two self-assembly techniques are predominantly employ- 
ed in the preparation of catenanes: "thermodynamic" self- 
assembly and self-assembly with covalent "modification." 

Thermodynamic self-assembly involves the establish- 
ment of a dynamic equilibrium between the reagents and 
products in which catenane structures are energetically 
highly f a ~ o r e d . " ~  If such systems are kinetically labile. 
the products obtained in greatest proportions will be those 
that are also the most thermodynamically stable: that is. 
catenane structures. In such processes, thermodynamic 
influences drive the cyclization and the interlocking steps 
required in the formation of catenanes. Different types of 

Ei7c~cloi,i~diu oj S~~p~uiiloleculai.  Chemi.rri? 
DOI: 10.1081E-ESMC 120012778 

Copqright 0 2004 by Marcel Dekker. Iilc. All rights reserved. 



Self-Assembling Catenaries 

Fig. B Catenane structures: (a) a 2-cro5sing-[2Jcatenane. (b) a 4- 
crossing-[2]catenane, (c) a [4]MN, id) a [SIMN. (e) an [nlpoly- 
catenane. and (f) a poly[n]catenane. 

thermodynamic driving forces may: however, be em- 
ployed for the different steps. For example, the formation 
of one type of noncovalent interaction may induce in- 
terlocking. while the formation of another creates cycli- 
zation. Entropy may also be employed to drive one of 
the steps,'31 

Hn self-assembly with covalent modification. conven- 
tional organic reactions are typically performed on self- 
assernbled structures in order to lock them into a 
kinetically stable state.'"] For the preparation of catenanes, 
the self-assembly step is generally used to generate a 
precursor molecule with a disposition that allows for 
ready conversion to a kinetically stable catenane structure. 
The self-assembly step is most often employed to bring 
about interlocking. giving rotaxane or pseudorotaxane 
intermediates. These are subsequently converted to cate- 
nanes by simple cyclization reactions. 

THEWMOB'MNAMIGALLV SELF-ASSEMBLED 
CATENANES 

Illustrated in Fig. 2 is one of the most famous examples of 
a metal-mediated, thermodynamically self-assembled 
catenane. The reaction of 1 (M = Pd) with the angled 
bipyridyl ligand 2 was found by Fujita and coworkers to 
lead to the formation of cycle 3, along with the interlocked 
catenane 4.15.81 The nature of the self-assembly process 

was elucidated by the fact that the relative proportions 
of 3 and 4 could be varied by altering the metal ion 
employed, the reaction solvent, the concentration of the 
reagents, and the substituents on the central phenyl 
moiety in the ligand. Thus. the use of Pt(II) led to the 
formation of the equivalent metallocycle 3 (M = Pt) but 
not the spontaneous formation of the catenane 4 (M = Pt). 
Concentration of an aqueous mixture of 1 and 2 (h/I = Pd) 
from 2-50 mM caused the equilibrium to shift strongly in 
favor of 4. Increased proportions of 4 were also obtained 
when using D 2 8  as solvent. Substitution of the central 
phenyl ring in 2 with fluorine atoms led to cycle 5 
(161 = Pd), however, no corresponding catenane structure 
was formed.lS1 

While the lability of the Pd-N bonds clearly induced 
cyclization and allowed interlocking, the interlocking 
step itself must have been brought about by other in- 
fluences. The fact that 5 would not interlock with itself, 
despite the lability of its Pd-N bonds, indicates that n- 
aromatic donor-acceptor interactions between the phenyl 
groups on the interlocking species played an important 

3 (M = Pt, Pd) 

4 (M = Pt, Pd) 

Fig. 2 Thermodynamic self-assembly: Formation of a [2]- 
catenane. mediated by coordinative and other ~loncovalent 
interactions. 
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role in the formation of catenane 4. The fact that changing 
the solvent from water to the more polar D 2 0  increased 
the proportion of catenane produced indicates that 
hydrophobic interactions between the central phenyl 
groups in each iigand also contributed to interlocking. 
Finally, entropy must also have played a role in the 
interlocking step, because concentration of the system led 
to more of the catenane, consistent with the expected 
response of the equilibrium, as predicted by Ee Chate- 
lier's The role of the noncoordinate interac- 
tions was to double the free-energy change of the process, 
allowing quantitative self-assembly of the catenane at 
high reagent  concentration^.[^"' 

The for~nation of 4, therefore, involved several dif- 
ferent noncovalent interactions. The cyclization step was 
brought about by the formation of Pd-N coordinate 
bonds; that is, by a metal-mediated process. The inter- 
locking step illvolved n- and hydrophobiclhydrophilic- 
mediated processes, along with an entropic effect. 
Catenane 4 can. therefore, be considered an example of a 
"'multi-mediated," multiple-interaction s e l f - a s s e m b ~ ~ . ' ~ ~  
Fujita referred to such processes as "double-molecular 
recognition" procedures, in which the two interlocking 
molecules bind each other in their cavities.[',81 

The equivalent reaction with M = Pt is also interesting 
and informative."." As noted earlier, the reaction of 2 
with 1 (M = Pt) led exclusively to the kinetically inert 
metallocycle 3 (M = Pt). Because Pt-N bonds are inel-t 
under normal conditions, the cycle is "locked" in its 
cyclized state. However, at high temperatures in a con- 
centrated, highly polar medium, the coordination bonds 
become labilized, allowing interlocking to occur. Thus, 
the cycle 3 (M = PI) was spontaneously transformed into 
4 (M =PI) by the addition of NaNO, with accompany- 
ing concentration of the mixture at 100°C. The result- 
ing catenane could then be trapped by dilution and 
cooling of the mixture. Fujita referred to this procedure 
as a "~nolecular lock," which mimics. on a ~nolecular 
scale, the interlocking rings trick used by conjurers and 
 magician^.'^.^^ 

While the simultaneous use of several different classes 
of noncovalent interactions provides an elegant means of 
preparing a catenane. such systems are not always easily 
designed. Another method of thermodynarnically self- 
assembling catenanes involves using two or more metal- 
mediated interactions to carry out the cyclization and 
interlocking steps. Illustrated in Figs. 3 and 4 are ex- 
amples of thermodynamic self-assembly of this type. 

In Fig. 3 is depicted the spontaneous self-assembly of 
the ligand strand 6 with Fe(l1) and &(I) to give the 
metallocatenate 7.['" Each cycle in 7 may have either P- 
or M-helicity, so that 7 is formed as an equal mixture of 
nzeso (P,bf-  and racemic (P,P)l(M,M)-diastereoisomers. 
En this assembly, the octahedral Fe(I1) ion selectively 

QPsnab-'i' 
(One stereoisomer depicted only) 

Fig. 3 Thermodynamic self-assembly: Formation of a [2]cate- 
nane, mediated by selective coordinative interactions only. 

binds the central binding sites on the ligand, inducing 
interlocking. Tetrahedral Ag(I) binds the outer binding 
sites on the ligand, inducing ring closure.r91 

In Fig. 4 is illustrated a similar class of self-assembly. 
The [2]metallocatenate 11 could be prepared as a mixture 
of (P)- and (M)-stereoisomers either by the sequential 
addition of Cu(I) and Ru(I1) to a I : I  mixture of 8 and 9 
(left route) or by the simultaneous addition of Cu(1) and 
Ru(1I) to the mixture of ligands (right route).1111 Because 
both approaches give 11, a thermodynamic equilibrium 
must be present with two self-assembly processes oper- 
ating. In the one process, Cu(1). which strongly favors 
tetrahedral four-coordination. selectively interacts with 
the phenylene sites on the two ligands, generating the 
interlocked pseudorotaxane 10. In the other process, 
Ru(lI), which favors octahedral six-coordination. selec- 
tively binds the tris(pyridy1) sites on 8, causing the arms 
of this ligand to cyclize. The interlocking step is therefore 
mediated by Cu(I), and the cyclization step by Ru(II). 
Because the interlocking and cyclization steps are both 
metal-mediated, the formation of 7 and 11 are exan~ples of 
"uni-mediated," multiple-interaction self-assembly.r9' 

The system depicted in Fig. 4 illustrates another note- 
worthy feature of catenane self-assembly; the thermody- 
namically most stable moiety, which would arguably 
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the formation of [ ~ u ( 9 ) ~ ] ' + ,  a specles made unstable by 
the steric h~ndrance of the polyether 11nkages In 9 The 
system, therefore. transformed itself to achieve the great- 
est o\erall thermodynam~c stabll~ty rather than the most 
stable product per se T h ~ s  result ~llustrates the useful- 
necs of stoich~ornetry as a means of manrpulating self- 
assembly processes and the dangers of attempting to 
predlct the products of a thermodynamic self-assembly 
wlthout cons~derlng the other species present 

CATENANESPREPAREDBY 
SELF-ASSEMBLY WITH 
POSTMODIFICATION 

Catenanes have also been prepared by performing 
conventional organic reactions on self-assembled precur- 
sor molecules. In such cases. the interlocking step is 
typically carried out by a self-assembly process. with 
cyclization then achieved using an organic reaction. 

B P 
(Orre stereoisomer 

1 5+ depicted only) 

12 

(One stereoisomer 
depicted only) 

Fig. 4 Thermodynamic self-assembly: Formation of a [2]cate- 
nane, mediated by selective coordinative interactions only, in 
which the therniodynamically most stable moiety is not fonned. 

be the species 12 in Fig. 4, is not obtained.'"' This is 
because the stoichiometry of the reaction mixture, which 
inkolved a 1:l: 1 :1 ratio of 8:9:Cu(I):Ru(lI), means that 
the formation of 12 would have to be accolnpanied by 

Fig. 5 Self-assembly with postmodification: Preparative routes 
to a [2]catenane. 



Examples of such processes are depicted in Fig. 5 in 
which the precursor 84. which is well-disposed for 
interlocking. and the pseudorotaxane 116 are self-assem- 
bled from 13 and ~u(1) /15."~ '  When treated under high 
dilution conditions with a suitable polyether diiodide, 14 

20 
(one Isomer shown only) 

Fig. 7 Thermoclynalnic self-as.;embly of ~nultirin, o catenaries- 

Molecular necklaces. Formation of a [4IAM\/IN. mediated by co- 
ordinative and other noncovalent interactions. 

(one isonier shown only) 
2 1 

Fig. 6 Self-assembly with postmodification. Preparative routes 
to a 4-crossing-[2]catenane. 

or 16 geneiate the interlocked catenane 1'7 in 27% yield 
(top route) or 42% yield (bottom 

Thls class of reaction proked palticulaily usefirl In the 
preparaclon of   no re cornpllcated ~ntertwined 5cruccures. 
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such as multiple crossing catenanes and rnolecular knots. and its corresponding catenand are chiral thanks to the 
Depicted in Fig. 6 is the formation of a 4-crossing- helicity of the precursor 20. 
[2]catenane as described by Sauvage and coworkei -~ . '~~ '  
The reaction of the tritopic ligands 18 and 19 with Cu(I) 
generates the double-helical complex 28, as well as its MULTlRiNGED CATENANES 
corresponding side-by-side complex (not shown in Fig. 6). 
When 20 is cyclized, by treatment with an equivalent A range of multiringed catenanes have been prepared. 
polyether diiodide under high dilution conditions, it One class of such molecules contain multicyclic ~ o r e s . ' ' ~ '  
produces the 4-crossing-[2]catenane 21. Demetallization Somewhat simpler species involve a single-ring core and 
of 21 produces the equivalent, Cu-free catenand. Both 21 are termed molecular necklaces (MN).'~' Depicted in 

&) 
-NH HN- 

Fig. 8 Thermodynamic self-assembly of a polycateaane. Formation of a linear poly[2]catenane containing covalent, topological, and 
coordinative linkages. 
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Fig. 7 is the assembly of a [4]MN by the reaction of 
1 equivalent of the cyclic molecule cucurbituril 22 with 
1 equivalent of the angled metal complex 1 (M = Pt) and 1 
equivalent of the dipyridyl molecule 23 after reaction for 1 
day at 100°C in water.r61 Interactions between 22 and 23 
result in cucurbituril spontaneously threading onto 23, 
completing the intertwining step. Cyclization is brought 
about by the formation of the Pt-N(pyridy1) bonds. As 
Pt-N bonds are labile at high temperature, either step 
may occur first. The structure of 24 was confirmed by an 
x-ray crystal structure determination. as well as by mass 
spectrometry and NMR. Several other [4]- and [5]MNs 
were prepared in a similar vein.'16] 

The self-assembly of [nJpolycatenanes having struc- 
tures of the type depicted in Fig. le. offers perhaps a 
pinnacle of achievement in catenane synthesis. Unfor- 
tunately, it has thus far proved impossible to prepare 
such ensembles by a one-step thermodynamic self-assem- 
bly. Stoddart and Vogtle have, however. obtained [nlpoly- 
catenane structures by multistep, statistically based proce- 
d~res . [ " . ' ~ '  The central problem with the thermodynamic 
self-assembly of oligomers of this type involves inducing 
an oligomerization process and then controlling it. This 
must be achieved in addition to the interlocking and 
cyclization processes required. While Sauvage suggested 
theoretical strategies in which the cyclization and the 
oligomerization steps are cornbined into one process. with 
a separate step for interlo~king,"~ this approach has not yet 
been successf~~lly demonstrated. Controlled oligomerira- 
tion of a similar type has been achieved in only one case to 
the best of our knowledge-the self-assembly of a 
dendritic wedge."" This technique is therefore far from 
being mastered in wider applications. 

Poly[n]catenanes having the structure depicted in 
Fig. If are significantly more easily prepared than [~Ipoly-  
catenanes: relatively few examples are nevertheless 
known. Illustrated in Fig. 8 is the formation of a poly- 
[2]catenane from a precursor 25 containing two covalently 
linked ringed pol yet her^.[^^^ When treated with the 
dibromide 26 and dication 27, the dicatenated structure 
28 is obtained. Subsequently. treatment with Ag(I) pro- 
duced the corresponding poly[2]catenane 29 that 
contained covalent-, topological-, and coordinate-linking 
units down its backbone. 

HIGHER STRUCTURE IN CATENANES 

As noted in a previous article in this Encyclopedia. self- 
assembly processes often generate compounds and mate- 
rials displaying hierarchies of structure. also known as 
higher structures.[31 Self-assembled catenanes display 
similar structural hierarchies. although these are different 
to the hierarchies common in biology and chemistry. 

The interconnectivity of the individual components of 
a catenane must be considered the primary structure; 
that is. the lowest level of structural arrangement. Upon 
self-assembly, a secondary structure is created in the form 
of the closed cycles. The interlocked arrangement can 
also be considered a secondary structural element. 
However. as the term "interlocking" describes the way 
in which the closed cycles are organized relative to one 
another: it is perhaps more conveniently considered a 
feature of tertiary structure. Quaternary structure can be 
observed in oligocatenanes; Figs. le,f describe. for 
example, two different quaternary structural arrangements 
involving catenanes. 

CONCLUSION 

Several decades ago. catenanes were considered to be 
exotic and rare molecules. Today, thanks to self-assembly 
techniques. they are far more prevalent, acting even as 
convenient models for studies of "molec~~lar" machines 
and motors.12" In the future. we will see further sim- 
plifications in the preparation of catenanes, leading, per- 
haps, to oligo~neric catenane structures with novel mate- 
rial and chemical properties. New types of noncovalent 
interactions will also be harnessed in the preparation 
of catenanes. Aurophilic. Au(1)-Au(1) attractions. having 
about the same bond strength as a hydrogen bond. have: 
for example, recently been plausibly employed in the syn- 
thesis of organometallic gold(1) acetylide c a t e n a n e ~ . ' ~ ~ '  
Some practical applications of catenanes are already in 
the offing. Catenanes are, for example, being seriously 
examined as potential molecular switches, on the smallest 
possible scale, in information storage t e~hno log ies .~~ '~  

ARTlebES OF FURTHER INTEREST 

Anion-Directed Assembly, p, 5 1 
Catenarzes and Other Intel-locked Molec~iles, p. 206 
Chemical Topology, p. 229 
C~tcurbituril, Its Honzologues, and Deri~lntives, p. 390 
The Diphenylrnetharze Moieh, p. 452 
b~te7~er1etmtiorz, p. 735 
Macrocycle Synthesis. p. 830 
Rotasarzes and Pseuclorota.xanes. p. 1 194 
Self-Assenlbly: Definition and Kinetic and Tlzerr7zocl?;- 

~za~n ic  Considemtiorzs, p. 1248 
Sev-Assenzbl~: Te~rrzinology. p. 1263 
Strict Self-Assembly and Self-Assernbly with Covnlerzt 

Moclijicafiorzs, p. 1372 
The Ter~~plate Effect. p. 1493 



Self-Assembling Catenanes 

REFERENCES 

Sau~age,  J.-P. Interlacing molecular threads on transition 
metals: Catenands. catenates, and knots. Acc. Chern. Res. 
1990. 23. 3 19-327 and references therein. 
Kern. J.-M.: Sauvage, J.-P.; Weidemann. J.-L. Multiring 
interlocked systems via transition metal-templated strat- 
egy: The single-cyclization synthesis of [3]-catenates. 
Tetrahedron 8996, 52. 10921 - 10934. 
Swiegers, G.F.: Malefetse. T.J. New self-assernbled 
structural motifs in coordination chemistry. Chem. Rev. 
2008, 100. 3483-3537 and references therein. 
Nierengarten, J.-F.; Dietrich-Buchecker, C.O.; Sauvage, 
J.-P. Copper(1) template synthesis of a 4-crossing [2]-ca- 
tenane. New J. Chem. 1996, 20. 685-693. 
Fujita. M. Self-assembly of [2]catenanes containing metals 
in their backbones. Acc. Chem. Res. 1999. 32, 53-61 and 
references therein. 
Whang, D.; Park. K.-M.; Heo. J.: Ashton. P.; Kim, K. 
Molecular necklace: Quantitative self-assembly of a cyclic 
oligorotaxane from nine molecules. J. Am. Chem. Soc. 
1998; 120, 4899-4900. 
Raehm, L.: Hamilton, D.C.; Sanders. J.K.M. From kinetic 
to thermodynamic assembly of catenanes: Error checking, 
supramolecular protection, and oligocatenanes. Synlett 
2002. 1 I ,  1743 - 176 1. and references therein. 
Fujita. M.: Ibukuro, F.: Hagihara, H.; Ogura, K. Quanti- 
tative self-assembly of a [2]catenane from two preformed 
molecular rings. Nature 1994, 367. 720-722. 
Swiegers. G.F.: Malefetse, T.J. Multiple-interaction self- 
assembly in coordiilation chemistry. J. Incl. Phenom. 
Macrocyc. Chern. 2001, 40. 253-264. 
Piguet, C.: Bernardinelli, 6 . :  Williams. A.F.; Bocquet. B. 
Formation of the first isomeric [2] catenates by self- 
assembly about two different metal ions. Angew. Chem., 
Int. Ed. Engl. 1995. 34. 582-584. 
Cardenas, D.J.: Gavifia. P.: Sauvage. J.-P. Construction 
of interlocking and threaded rings using two different 
transition metals as templating and connecting centers: 
Catenanes and rotaxanes incorporating Ru(terpy)2-units in 
their framework. J. Am. Chem. Soc. 1997.119.2656-2664. 
Cardenas, D.J.: Sauvage. J.-P. Templating and clipping 

coordination reactions leading to heteronuclear trimetallic 
complexes containing interlocking rings. Inorg. Chem. 
1997. 36. 2777-2783. 

13. Dietrich-Bucheclter, C.: Sauvage, J. Effect template induit 
par le cuivre (I): Application la synthkse de catCnanes et 
de nceuds molCculaire. Bull. Soc. Chim. Fr. 1992; 129. 
113-120. 

14. Nierengarten. J.-F.; Dietrich-Buchecker. C.O.; Sauvage, 
J.-P. Synthesis of a doubly interlocked [2]-catenane. J. 
Am. Chem. Soc. 1994, 116, 375-376. 

15. Dietrich-Buchecker, C.; Sauvage. J.-P.: Vogtle. F.; 
Frommberger, B.; Liier, I. Multiring catenanes with a 
macrobicyclic core. Angew. Chem.. Int. Ed. Engl. 1993. 
32, 1434- 1437. 

16. Kim. K. Mechanically interlocked molecules incorporat- 
ing cucurbituril and their supramolecular assemblies. 
Chem. Soc. Rev. 2002. 31, 96- 107 and references therein. 

17. Amabilino, D.B.: Ashton, P.R.; Reder, A.; Spencer, N.; 
Stoddart, F.J. Olympiadane. Angew. Chem., Int. Ed. Engl. 
1994. 33. 1286- 1290. 

18. Schwanke, F.: Safarowsky. 0 . ;  Heim, C.; Silva, 6 . :  Vogtle, 
F. Amide-based oligocatenanes by an iterative template 
strategy. Hellr. Chim. Acta 2008. 83. 3279-3290. 

19. Huck, W.T.S.: van Veggel, F.C.J.M.; Kropman. B.L.; 
Blank, D.H.A.: Keirn, E.G.; Smithers, M.M.A.; Reinhoudt. 
D.N. Large self-assembled organopalladium spheres. J. 
Am. Chem. Soc. 1995. 117, 8293-8294. 

20. Hammers. C.; Kocian. 0.; Raymo. F.M.: Stoddart. J.F. A 
poly(bis[2]catenane) containing a combination of covalent, 
mechanical, and coordinative bonds. Adv. Mater. 1998.10. 
1366-1369. 

21. Sauvage. J.-P. Transition-metal-containing rotaxanes and 
catenanes: Toward molecular machines and motors. Acc. 
Chem. Res. 1998. 31. 61 1-619 and references therein. 

22. McArdle, C.P.: Irwin, M.J.; Jennings, M.C.: Vittal. J.J.: 
Puddephate. R.J. Self-assembly of gold(1) rings and re- 
versible formation of organometallic [2]catenanes. Chem. 
Eur. J. 2002. 8. 723-734. 

23. Collier, C.P.; Mattersteig. 6.: Wong. E.W.; Luo. Y.; 
Beverly, K.; Sampaio, J.; Raymo, F.M.; Stoddart, J.F.: 
Heath. J.R. A [zlcatenane-based solid state electronically 
reconfigurable switch. Science 2008. 289, 1172- 1175. 



Self-Assembly: Definition and Kinetic and 
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Self-assembly is often called upon to explain a variety of 
molecular processes, from the spontaneous assembly of 
discrete biological structures, through complex organic 
syntheses. to the design of new materials. This review 
outlines how these processes are classified, delineates the 
enthalpic and entropic factors that drive such phenomena, 
and discusses models developed to interpret the limiting 
factors involved in self-assembly. 

WHAT IS SELF-ASSEMBLY? 

Self-assembly is one of the core concepts of supramolec- 
ular chemistry. It is often defined as the spontaneous 
formation of higher-ordered structures from molecular 
building blocks. This hypothesis first arose through re- 
search into biological systems. As the complex architec- 
tures found in living cells were delineated. the concept that 
such constructs were built by the convergent assembly of 
smaller subunits was increasingly In particular, 
its relevance to one of the core principles of molecular 
biology soon became apparent. 

The central dogma holds that genetic information is 
stored. read, and duplicated by the nucleic acids DIVA and 
RNA, and when required, this information is translated 
into the specific amino acid sequence of a protein, that 
then folds into its functional native form. As this model 
was developed. it became clear that it was ~tnderpinned by 
another assumption: that the final three-dimensional 
structure of a protein. or a nucleic acid, is inherent in 
the linear sequence of its building blocks. In ground- 
breaking work on ribonuclease, the Nobel Laureate 
Christian Afinison labeled this supposition the "Thermo- 
dynamic Hypothesis," suggesting that, in physiological 
conditions, the native structure of a protein is the one in 
which the Gibbs free energy of the system is at its 
lowest.i2i This concept of self-assembly was then 
extended, as subsequent discoveries revealed that. in 
many cases; protein folding is facilitated by other 
factors. [" 

CLASSlFPBlNG SELF-ASSEMBLY 

In an attempt to provide a general framework for 
discussion and research, Lindsey introduced a wide- 
ranging classification scheme. built upon the work of 
others, that encompasses self-assembly processes in 
biology and chemistry.[" This definitive scheme is broken 
up into seven broad, overlapping, classes. 

Class 1 .  Strict Self-Assembly 

As will be discussed later, in many ways, strict self- 
assembly is a restatement of Afinison's Thermodynamic 
Hypothesis and encompasses all processes in which 
components assemble reversibly. The archetype of strict 
self-assembly is tobacco mosaic virus (TMV).",~~ The 
TMV particles consist of a single helical strand of RNA 
embedded in a right-handed helix composed of identical 
coat protein subunits. The TMV particles will dissociate 
into their component parts by changes in pH, temperature. 
or even pressure. However. once the correct conditions 
are again attained. protein subunits and RNA spontane- 
ously reassemble into virus particles that are indistin- 
guishable from the original TMV. 

Glass 2, irreversible Self-Assembly 

This class is the obverse of the previous case. As steps 
toward the final assembly are unalterable, usually full 
covalent interactions, building blocks must come together 
into the final correct structure with no margin of el-sor. 
Under the guise of tandem or domino reactions. this class 
of process is curre~ltly attracting much attention in 
synthetic organic c h e i n i ~ i r ~ . " ~ ~ ~  

Unlike most self-assembly processes (vide infra), 
irreversible self-assembly is under kinetic control. Con- 
sequently. in most irreversible multistep assembly pro- 
cesses, the initial architectures must be precisely located 
and aligned.[s1 However. in some cases, highly complex 
architectures can result from apparently nontemplated, 
irreversible self-assembly .19' 
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Class 3. Precursor Modification 
Followed by SeBf-AssembBy 

These processes involve the synthesis of precursors that 
are subsequently structurally modified. A biological 
example is collagen synthesis. Collagens are fibrous p1-o- 
teins that form the major component of skin and bone. 
They are the most abundant mammalian protein and are 
found in long, extracellular polymeric structures called 
fibrils. In turn, these fibrils are often aggregated into 
larger cables, known as fibers, that are big enough to be 
viewed under light m i c r ~ s c o p e s . " ~ ~  

The assembly of such structures within a cell would be 
fatal. To prevent such an occul~ence, a precursor. known 
as procollagen, is synthesized. Procollagen consists of 
triple helical polypeptide strands capped at their terminal 
ends by amino acid chains, called propeptides, that 
prevent aggregation of procollagen molecules. Once 
synthesized, procollagen is secreted out of the cell, where 
proteolytic enzymes remove the propeptides. The result- 
ing collagen molecules are several orders of magnitude 
less soluble than their precursors, and self-assembly of 
fibrils is rapidly initiated."" 

Class 4. Self-Assembly with Postmodification 

In this case, the self-assembly process precedes the final 
modifications that lead to the targeted architecture. Using 
this powerful methodology, self-assembled structures can 
be irreversibly locked into position. Within supramolec- 
ular chemistry: this strategy is most commonly employed 
in the elegant syntheses of catananes, rotaxanes, knots. 
and other interlocked species.'"' 

Class 5. Assisted Self-Assembly 

Here. external factors that are not part of the final 
assembly mediate the self-assembly process. This concept 
was developed as the function of molecular chaperones 
became apparent.'" Chaperones help in folding nascent 
polypeptide chains by preventing aggregation of peptide 
sequences, and they ~nodulate refolding of denatured 
proteins. Chaperones do not affect the thermodynamics of 
folding-the ratio of folded and unfolded polypeptides is 
left unchanged-but they influence the kinetics of the 
process. It is thought that this is accomplished by 
stabilizing intermediates along the folding pathway, thus 
decreasing activation-energy barriers. 

Class 6. Directed Self-Assembly 

In Lindsey's original definition, this class includes 
processes in which a template participates as a structural 

element in the self-assembly process but does not appear in 
the final assembled architecture. An example from biology 
is the scaffolding protein directed assembly of viral 
capsids. External and internal scaffolding protein frame- 
works direct the construction of the protein coat that houses 
the viral DNA. Packaging of DNA is then accompanied by 
withdrawal of the internal scaffolding, and the final virion 
is produced after removal of the external ~caffold."~'  

An example from chemistry is the use of vesicles, 
liquids, and foams to direct biomimetic mineralization and 
polymerization. Such templates, that may only have a 
transitory existence: were used to template the assembly of 
structurally complex, three-dimensional  architecture^.'^^' 

Subsequently, within supramolecular chemistry, the 
term "directed self-assembly" has become more gener- 
ally understood to include any templated process that 
brings together molecular components, even if the direct- 
ing moiety is part of the final s t ru~ tu re .~"~  

Glass 7. Self-Assembly with 
Intermittent Processing 

This final class incorporates elements from all the 
proceeding classes. It includes all processes where there 
are sequential phases of self-assembly and irreversible 
modification. Such complex processes are still the ex- 
clusive domain of biology. 

WHAT DRIVES SELF-ASSEMBLY? 

With the exception of the previously d~scussed irreversible 
processes. the key steps in self-assembly tend to involve the 
interplay of dynamic. relatively weak. interactions. In 
these conditions. thermodynamic products. where free 
energy is maximized. will be favored. Consequently. 
entropic and enthalpic state functions must be considered. 

Solvophobic Effects 

Superficially, the synthesis of discrete, ordered structures 
from a set of subunits would seem to be a solely 
enthalpically driven process-the formation of new 
favorable interactions is at the cost of losing translational, 
vibrational, and rotational degrees of freedom. However. 
it has long been established that the hydrophobic effect, 
which drives amphiphilic subunits to assemble into 
micelles and lipid bilayer structures such as liposomes, 
is largely an entropic phenomenon.r151 

Water molecules that sunound nonpolar regions of a 
solute form cage-like cavities. Although these arrays of 
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Fig. 1 Synthesis of a 3 x 3 molecular grid. Physical studies 
indicate that recognitioli processes in this assembly involve 
solvation effects analogous to the hydrophobic effect. (Adapted 
from Ref. [15].) 

water inolecules are fiuxionai, there is overall illcrease in 
local order. Creation of a bilayer means that while the 
polar part of the a~nphiphiie is solvated, the nonpolar 
sections are not. allowing water molecules to be released 
into the bulk solvent. thus increasing the degrees of freedom 
in the system. Even in nonaqueous solvents, a~lalogous 
effects drive recognition processes. 

Investigating self-assembly processes involving aceto- 
nitrile solutions of ditopic 2.2'-diaryl-8.8'-bis-1;lO-phe- 
nanthroline ligands and copper(1) metal centers, Siegal and 
co-workers observed the formation of a 3 x 3 lnolecular 
grid with four ligands coordinated to metal centers, 
forming a molecular square host, while two additional 
ligands filled interstitial spaces as guests (Fig. 1).i'61 

Studies using the sterically demanding ligand 2,2'- 
dimesit~~l-&.8'-bis-l~l0-phena1lthroline indicated that the 
grid was not the product of a two-step process involving 
self-assembly of the square followed by a host-guest 
interaction, but it was, rather, a genuine cooperative 
process involving host and guest components. Further- 
more, spin saturation transfer spectroscopy studies indi- 
cated that the host-guest interaction had a large entropic 
component. These observations hint that a solvation effect, 
analogous to the hydrophobic effect, partially drives the 
self-assembly process. 

Further evidence of a generai solvophobic effect was 
revealed in an isothermal titration calorimetry study 

probing the recognitioll of carboxylates by gua~lidinium 
residues. a common motif in protein-substrate binding. 
When investigating this interaction in acetonitrile solu- 
t i o n ~ . ~ ' ~ '  Schrnidtchen and colleagues obtained evidence 
that the elltropic component to the free energy of binding- 
the release of solvent molecules and couilterions engaged 
in the solvation of the free binding site-is not a marginal 
factor but may constitute the major part of AGO. 

However. even if such solvent effects are disregarded, 
it may be argued that for strict self-assembly processes, 
discrete structures are still thermodyna~nically favored. 

Enthalpy and Entropy Considerations 

Consider a simple hypothetical system. where 12 compo- 
nents can reversibly associate. via a single, weak, 
enthalpically favored interaction, into a discrete four- 
membered cyclic structure; or alternatively, an open 
oligomeric structure (Fig. 2). Clearly. the formation of 
any oligomeric structure is enthalpically favored, as new 
interactions are created. but. as Lawrence et al. pointed 
out,[lxl discrete structures are slightly favored. 

The number of interactions per component created in 
the assenlbly of tetrarners (one interaction per unit) is 
larger than that in the formation of the open oligonler 
(0.9167 interactions per unit). If there is more than one 
interaction between components, then assembly of the 

Fig. 2 Subunits that call assemble into two possible products: 
a discrete four-membered cyclic structure or an open oligo- 
meric structure. 
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tetramer is even more advantageous. For example, if there 
are two interactions between individual components, then 
the tetramer has two interactions per unit, while the 
oligomer only has 1.834 interactions per unit. While it is 
clear from an extension of such arguments that the 
enthalpic advantage of assembling tetramers over open 
polymeric structure incorporating a large number of 
components will rapidly become extremely small; it 
is also true that a cyclic structure with N components 
will be enthalpically favored over an open structure with 
N components. 

Conversely, due to losses of translational and confor- 
mational degrees of freedom, the formation of any 
oligomeric structure is entropically unfavorable. Never- 
theless, compared to self-assembly of discrete structures, 
generation of open oligomers (and especially polymers) is 
particularly unfavorable. Again, consideration of the 
system shown in Fig. 2 illustrates this argument. Relative 
to the tetramer: it seems likely that self-assembly of the 
less rigid, open oligoiner results in a smaller change in 
conformational degrees of freedom. On the other hand, 
the formation of one oligomer particle, as opposed to 
three tetramer particles, will result in a much larger loss in 
translational degrees of freedom. If more components are 
incorporated within this polymer, the entropic disadvan- 
tage, relative to the tetramer, increases. 

Seen in this light, preferential self-assembly of' 
discrete architectures over open oligomeric structures is 
related to the widely studied phenomenon known as 
enthalpy-entropy ~om~ensation['".'~'-the enthalpic ben- 
efits of interactions are balanced by the entropic costs in 
losing degrees of freedom. In reports by Fujita and 
colleagues and Hong et al., the subtlety of this interplay 
is revealed. 

FLUXIONAL SELF-ASSEMBLY AND 
DYNAMiC COMBlNATORlAL LIBRARIES 

In 1990, using the suitably hindered square-planer metal 
center [(en)Pd(N03)2] (en = ethylene- l,2-diamine) and 
4,4'-bipyridine, Fujita and coworkers reported the self- 
assembly of macrocyclic supramolecular squares.i21i Later 
work revealed that the replacement of 4,4'-bipyridine with 
more flexible dipyridyl ligands such as trans-1,2-bis(4- 
pyridy1)ethylene resulted in an equilibrating mixture of 
molecular squares and triangles (Fig. 3). 

The ratio of products in this equilibrium was found to 
be concentration and temperature dependent. At low 
concentrations, the equilibrating reaction mixture contains 
significant amounts of the triangular product, while at 
higher concentrations, the square is the predominant 
product. At very high concentrations, the product mixture 
contains significant amounts of unidentified oligomeric 

structures.[221 A similar equilibrium shift toward the 
triangle is observed on heating the reaction mixture. 
These results suggest that this system is held in a fine 
thermodynamic balance: entropically, the triangle is 
favored. because it is assembled from fewer components, 
while enthalpically, the less-strained square assembly 
is favored. 

In further studies on the same system, Hong and 
coworkers found that by exploiting host-guest interac- 
tions. it is possible to bias the equilibriuln toward a 
specific product architecture.[231 The addition of p- 
dimethoxybenzene to the reaction mixture induced an 
equilibrium shift toward the triangle, while the addition of 
sodium 1.3-adamantanedicarboxylate resulted in the 
formation of the square as the only product (Fig. 3). 
The directing principal is supplied by hydrophobic inter- 
actions: in an example of the thennodynamic template 
effect, the free energy difference created by the appropriate 
guest is enough to make a specific host the favored product. 
These studies illustrate the protean nature of systems at 
the interface of self-assembly and receptor-substrate 
recognition. This interface was further exploited in the 
creation of dynamic combinatorial libraries (DCL). 

A DCL consists of higher-order molecular architec- 
tures that reversibly self-assemble from a set of molecular 
building blocks.[241 Because the whole system is held in 
thermodynamic equilibrium. it is highly fluxional: a 
template that binds to one member of the library will 
drive the preferential assembly of this library member. 
Thus, through Le Chatlier's principle, the equilibrium 
shifts, evolving toward architectures that tightly bind the 
target template. Work by Sanders and colleagues deline- 
ates the power of this rapidly developing technique. Using 
hydrozone-based pseudopeptides that interconvert via 
transimination at the hydrozone bond, they utilized an 
equilibrating covalent DCL to identify and isolate a macro- 
cyclic receptor that binds to N-methyl alkylammonium 
salts such as acetylcholine ch10r ide . l~~~ This approach is 
not just limited to the design of new hosts: Lehn and 
coworkers showed that a DCL of folding isomers can be 
directed toward a specific folded form of a linear 
molecule.[261 While in work reported by Karan and Miller, 
a DCE consisting of various salicylamides ligands and 
Cu2' ion was used to identify a compound that binds to an 
RNA hairpin with a high affinity, showing remarkable 
selectivity relative to D N A . ' ~ ~ '  

SWITCHING FROM TTHEMODYMAMIC 
TO KlNETlG REGIMES 

While strict self-assembly is a particularly attractive 
strategy in the construction of complex molecular archi- 
tectures, there are disadvantages. As the disaggregation of 



Self-Assembly: Definition and Kinetic and Thermodynamic Considerations 

OMe 

# COO' 

1-9 OMe 

Fig. 3 Reaction of square planar inetal centers with flexible dipyridyl ligands leads to an equilibrating product mixture containing a 
square and triangle inacrocycle. Host-guest recognition processes bias this mixture toward specific products. (Adapted from 
Refs. [22.23].) 

TMV particles illustrates. as the final product is thenno- 
dynamically selected, it is not necessarily kinetically 
robust. Consequently. synthetic chemists working to create 
functional architectures often adopted self-assembly with 
postmodification s t ~ a t e ~ i e s . ~ " '  However. another strategy 
was also pursued-one ill which construction by strict self- 
assembly is then followed by whole-system switching into 
the kinetic regime. thereby locking complex architectures 
into structurally resilient entities. 

That such an approach was possible became ap- 
parent with the work of Lehn and colleagues on ~ i "  
ternplated triple helicate complexes.r2s1 It was found that 
on crystallization. spontaneous partial resolution of A- and 
A-enantiomers rook place. Presumably due to cooperativ- 
itp inherent within such structures, these complexes 
racemized at much reduced rates, compared to related 
monomeric systems. The first true approach to kinetic 
locking, reported by Williaills and colleagues, involved an 



Self-Assembly: Definition and Kinetic and Thermodynamic Considel 

Fig. 4 Self-assembly using labile ~ a ' "  results in the synthesis 
of kinetically stable tetrahedral cages. (A) Structure; (B) Crystal 
structure of AAAA-tetrahedral cage. NEt,-guest was removed 
for clarity. (Adapted from Ref. [33].) 

electrocheinically active dinuclear triple h e l i ~ a t e . ~ ~ ~ '  In 
this case, self-assembly was ternplated via Co", and then 
locking was achieved by oxidation of the labile ~ o "  metal 
centers to relatively kinetically inert ~ o ' " .  The racemic 
product mixture was then resolved into its component 
enantiomers via chromatography. 

Fujita and coworkers developed a generalized strategy 
for the kinetic locking of self-assembled architec- 
ture~. [ '~ ." ~ They exploited the dual character of plati- 
num(II)-pyridine coordination, which in normal ambient 
conditions is kinetically inert. However, at elevated 
temperatures and in highly polar media. or in the presence 
of a suitable template, this interaction becomes relatively 
labile. Using this effect, they reacted (en)Pt(N03)2 
with appropriate ligands to isolate macrocyclic, cate- 
nated,'''] and nanosized cage'" architectures. Unlike 
their Pd(I1)-based analogues, these structures are remark- 
ably stable. For example, the isolated catananes do not 
dissociate at teinperatures as high as 100°C. The addi- 
tion of excess ( ~ I I ) P ~ ( N O ~ ) ~  to the square macrocycle 
constructed in this manner showred no sign of subsequent 
product redistribution. 

Using a similar high-temperature approach to labilize 
RL?. Thomas and colleagues reported the self-assembly 
of a molecular cube incorporating eight [ ~ u ( [ 9 ] a n e ~ ' ) ] ~ +  
([9]aneS3 = 1,4,7-trithiacyclononane) corners and 4,4' 
bipyridine edges. The final structure enhanced the kinetic 
stability of the individual components. While the 
analogous ~nonomeric complex, [ ~ u ( [ 9 ] a n e ~ ~ ) ( b ~ ~ ) 3 ] ~ + :  
is relatively kinetically labile toward ligand substitution 
reactions, the final assembly was stable even at elevated 
temperatures. ["I 

However, perhaps the most spectacular example of 
kinetic locking was reported by Raymond et al. Using 
highly labile gallium(1II) metal ion (M) to template the 
self-assembly of inflexible C2 symmetric bis-catecholate 

ligands (L), the researchers prepared chiral tetrahedral 
[M4L6] (Fig. 4). In the presence of a chiral 
anion, N-methylnicotinium, which is encapsulated within 
the cluster cavity. the holnoconfigurational AAAA and 
d Ad A clusters were completely resolked. 

Usually. raceniization of tris(catecholate)galliui11(III) 
complexes takes place quickly via a Bailar twist 
mechanism. Even in bimetallic helicates, where there is 
strong mechanical coupling between metal centers, 
racemization rater of 0.10 s-' were determined by NMR 
studies. In contrast, the tetrahedral [M4L6] assemblies are 
so inflexible that metal centers cannot independently 
racemize. Once formed. the guest N-methylnicotinium 
molecule can be replaced by Et4N+ with complete 
retention of chirality-the clusters retain enantiopurity 
even after remaining in aqueous solution for months. 
Racemization is still not observed after extended boiling 
of such solutions. The rigidity of the assembly results 
not from the individual components but the way they 

Kopen 
Longer - 

Polymers - 

Where = L ~ I I C  porph4rin subunit 

Fig. 5 Equilibria involved in the self-assembly of porphyrin 
macrocycles. (Adapted from Ref. [34].) 
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are assembled. This work demonstrates that. through 
judicious design. highly labile components can be made 
to self-assernble into architectures of extraordinary ki- 
netic stability. 

THEORETlGAL MODELS OF 
SELF-ASSEMBLING SYSTEMS 

While synthetic studies on self-assembly are rapidly 
developing in number and sophistication, thermodynamic 
models for such systems are relatively less common. One 
of the first studies to address this issue was presented 
by Hunter and colleagues."" Exploiting the relatively 
weak coordination of pyrjdine to zinc porphyrins, they 
investigated the strict self-assembly of cyclic porphyrin 
oligomers. Using structural variants of porphyrin subunits, 
a variety of macrocycles we

r

e targeted. Although the 
individual interactions used to drive these assemblies are 
almost identical. their behavior is quite different. A 
colnparison of dimeric and tetrameric systems illustrates 
this point. 

Defining critical self-assembly concentration (csac) as 
the concentration at which half the porphyrin inonomers 
are assembled into a macrocycle. the concentration 
dependence of the self-assembly process was investigated. 
It was found that csac for the dilner is 3 x lop9  mol dm-.', 
while the tetramer only assembles at much higher 
concentrations, csac=3 x lop' lnol dm

p

'. These results 
were rationalized by considering the equilibria shown in 
Fig. 5 and the relationship between csac and the effective 
molarity, EM (EM=Kcio\cd/ ISopen). leading to Eq. 1: 

1 
csac = 

.I, ( " - I )EM~, ( n l ) K n l i n p l )  (1) 
1 ei 

Where 11 is the number of subunits within a structure, 
and Krej is the equilibrium constant for the association of a 
zinc porphyrin subunit with a reference ligand structurally 
analogous to those used in the self-assembly process but 
incapable of assembling into a closed structure. This 
equation indicates that as i z  increases, csac rises. Further- 
more, as n i x ,  csac= l/Krei. In these conditions, signifi- 
cant self-assembly occurs only between 1/Kref and EM. 
This analysis indicates that provided EM is kept high 

$ 3 ~  bk) 

Fig. 6 Molecular structures of hydrogen-bonded cyanuric acid.melamine aggregates and corresponding scheinatics based on ball. rods. 
and string (BRS) models. (Reprinted with permission from Ref. [%I.) 
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by using preorganized monomers, even very large multi- 
component systems will self-assemble into stable. dis- 
crete structures. 

In studies on derivatives of cyanuric acid and mel- amine 
(Fig. 6), Whiteside and coworkers developed a model to 
predict the relative stability of a series of hydrogen-bonded 
aggregates.1351 This model was developed after an analysis, 
analogous to that of Hunter and colleagues, revealed that 
the extent of aggregation is not directly reflected by the 
magnitude of AGO but depends strongly onN, the number of 
particles in the aggregate. Further consideration revealed 
that for self-assembly of a given aggregate, ASoc(N- 1) 
and the number of hydrogen bonds. HB x AH. Using these 
relationships, indices that estimate the stability of cooper- 
ative and noncooperative assemblies in terms of N and HB 
were introduced. In particular, they showed that the index 
IT,w = HBIN - 1, relates to AFI/AS, and, for cooperative 
assemblies. correlates well with experimental stability 
measurements obtained from studies of deaggregation 
using polar solvents such as DMSO. 

In a related study, Whiteside and colleagues went on to 
particularly focus on the entropic cost of assembling these 
aggregates.1361 After partitioning the entropy of self- 
assembly into translational. rotational, vibrational, and 
conformational components, they pointed out that, while 
there are adequate theoretical treatments for rotational and 
vibrational entropy, models for conformational and 
translational entropy changes are not accurate. 

Translational entropy, St,-,,,. reflects the possible 
number of unique arrangements of a collection of mole- 
cules in a given space. Classically, this is described by the 
Sackur-Tetrode equation: 

Where M and T, [XI are the mass (glmol), temperature 
(M), and concentration (mol/L) of the particle, respec- 
tively, and R, h, k, e ,  and NA are constants with their usual 
meanings. This equation is a good predictor of the entropy 
of monoatomic gases. However, St,,,,, of molecules in 
liquid or solution phase is significantly lower than that 
predicted by the equation. By taking into account the 
volume occupied by the molecules in a solution. White- 
side and his colleagues used free volume theory to obtain 
an extended version of the Sackur-Tetrode equation that 
offers a significantly improved estimate of St,,,,. This new 
model was used to predict the entropy of association of a 
six-particle aggregate compared to that of a four-particle 
aggregate, and agreement with experimentally obtained 
free energy differences was obtained. 

Going on to consider conforinational entropy changes 
on self-assembly. the researchers employed a model based 

on balls (hydrogen-bonding subunit) that may be free or 
connected by rods (rigid covalent linkers) or strings 
(flexible tethers) (Fig. 6). This model indicated that the 
conformational entropic cost of self-assembling an aggre- 
gate connected by flexible tethers would be approximately 
23 kJ r n o l l  more than that of an assembly with rigid 
tethers: figures that were, again, in agreement with ex- 
perimental data on the free energy of aggregate assembly. 

CONCLUSION 

If complex andlor functional molecular assemblies are to 
be derived from supramolecular chemistry, a comprehen- 
sive exploration of the factors that govern self-assembly 
processer will be required. While theoretical models for 
these processes are sparse, progress in synthetic arpects of 
self-assembly has been relatively swift, leading to entirely 
new concepts such as DCEs. Concurrent to these 
developments, methodologies for irseversibly locking 
self-assembled stuctures are also beginning to emerge. 

ARBBCLES OF FURTHER INTEREST 
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The term "self-assembly" has been used to describe a 
wide range o f  processes, including the capiliary force- 
driven association o f  micrometer-sized plates[" and the 
asrangenlent o f  protein monolayers on gold surfaces. 

For the scope o f  this article, we will limit our survey to 
those processes that occur naturally (i.e., within living 
systems). and we will define self-assembly as the 
spontaneous, reversible association o f  large molecular 
components to form larger. ordered structures by way o f  
noncovalent forces. The process leads the components 
from a less-ordered state to one o f  higher order.'" The 
self-assembled product then carries out a task not 
achievable by the individ~lal components. 

Though an exhaustive description o f  self-assembly 
processes in living systems could fill many books. our 
goal is to provide representative examples that illustrate 
the diversity o f  the process. 

THE IMPORTANCE OF SELF-ASSEMBLY 
TO LIFE PROCESSES 

Self-assembly i s  important to life processes. I f  self- 
assembly did not occur, it is certain that life could not 
exist.'" Natural selection has long been a central tenet in 
theories of  the origin o f  life on easth, but it alone is not 
likely to have given rise to the emergent order o f  life. This 
order can be explained by considering that nature is 
operating under the influence o f  inherent principles o f  
self-assembly .I3' 

The conventional method that a chemist employs to 
synthesize new compounds in the laboratory relies on the 
sequential formation o f  covalent bonds. This approach is, 
however. limited. when it comes to constructing large or 
complex entities (e.g., a cell). One can imagine the sorts o f  
difficulties that would arise i f  the conlponents o f  a cell. for 
example. were all covalently bonded and part o f  one giant 
inolecule. Synthetic chemists have met tremelldous 
challenges in making natural products with procedures 
that can involve upwards o f  30 steps."l I f  nature ap- 
proached synthesis o f  these molecules or even more com- 
plicated structures in the same manner. not only would the 

kinetics o f  life processes be inordinately slow, but each 
step would need to be carried out with absolute fidelity.15i 
Mistakes could not easily be corrected because o f  the 
comparatively high energy required to break and reform a 
covalent bond. Nature circumvents these limitations by 
creating relatively simple building blocks that spontane- 
ously assemble into more complex structures.[" 

Nature uses self-assembly to build highly structured 
systems for specific functions. Examples include the 
transfer and storage o f  genetic information in nucleic 
acids.[61 the organization o f  lipids into protective cell 
membranes that serve as molecular receptors for the cell, 
and the hierarchical structure o f  spider silk, still one o f  the 
strongest known fibrous n~aterials.['~ yet flexible enough 
to absorb the impact energy o f  an unlucky fly. 

ASYMMETRICAL SELF-ASSEMBLY: 
PROTEIN FOLDING 

The mechanism whereby complementary parts o f  a long 
peptide chain. often located far apart in the amino acid 
sequence, find each other and form a unique, biologically 
active, three-dimensional structure predetermined by that 
sequence remains prrzzling. Because proteins need to 
recognize a diverse array o f  molecules through complex 
three-dimensional interactions. their secondary structure 
varies widely. Within this panoply o f  secondary struc- 
tures, however, there are recognizable regularities. 

Kendrew's x-ray crystal structure o f  myoglobin from 
1958. the first o f  a globular protein. revealed that the 
amino acid side chains found on the interior o f  the protein 
were almost exclusively hydrophobic.[s1 Further structural 
studies o f  small proteins led to the idea that the main 
driving force behind folding o f  water-soluble globular 
proteins is to pack hydrophobic side chains into the core. 
leaving a hydrophilic surface. The problem comes when 
one considers that the hydrophilic main chain (with one 
NH hydrogen bond donor and one CO acceptor per 
residue) must assemble, or fold, into the interior along 
with any hydrophobic side chains. The main chain is 
neutralized by the formation o f  regular hydrogen bonds to 
create (usually) one o f  two common motifs within the 
protein interior: the Y.-helix or the P-sheet (Fig. I), each 
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Fig. 1 Two common protein folding motifs: (a) the rx-helix, (b) the p-sheet. Side chains are omitted for clarity 

with a distinctive hydrogen-bonding pattern. These motifs 
are connected by short loop  region^.'^' 

THREE-DIMENSBONAL 
'"SPHERICAL" STRUCTURES 

lcosahedral Viruses 

A virus consists of a strand of n~tcleic acid contained in a 
protective protein shell, the capsid. which serves to relay 
the genetic information of the core to a host cell, where it 
may arrest the cell machinery and replicate. Some viruses 
have an additional lipid bilayer membrane. an envelope, 
enclosing the capsid. There are two main structural types 
of simple virus:110' icosahedral, discussed here, and 
helical, discussed later. 

Crick and Watson were the first to suggest that small 
viruses were built up of small protein subunits packed 
together symmetrically to form a protective shell for the 
nucleic acid.lH1 They reasoned that formation of small 
identical molecules was an efficient use of the limited 
information contained in the virus nucleic acid. They also 
realized that, of the types of symmetry possible for a 
three-dimensional structure enclosing space, only the 
cubic point groups could lead to an isometric particle, 
which was the known symmetry of many viruses at the 

To account for large molecular weights of viruses, 
Caspar and Klug introduced the idea of "quasi-equiva- 
lent" structure units.'lZ1 They showed that an icosahedron, 
with 20 equilateral triangular facets, has therefore 60 T 
structure units, where T is the triangulation number 
(Fig. 2) ,  given by T = P ~ '  [P  is any number of the series 
(1, 3, 7, 13. 19. 21. 31.. .). and f is any integer]. Sub- 
units can therefore be arranged on the facets of an 
icosahedron to give icosahedral symmetry. The same 
types of noncovalent contacts are used between the 
structure units in the shell, even though they are not in 
equivalent environments. 

The genetic material of a virus, then, contains the code 
for one of these structure units, which is read many times 
to make the number of proteins needed to assemble via 

time. Three types of cubic symmetry exist; namely. Fig. 2 An icosahedron with each face showing triangulation 
tetrahedral. octahedral, and icosahedral. For a virus numbers of, clockwise from top. T =  I ,  T =  4. T =  9, T =  16, 
particle, these imply, respectively, 12, 24; or 60 subunits, and T = 2 5 ,  respectively. (View this art in color at ~ ~ ~ t ~ v v .  

arranged identically on the surface of a sphere. dekkeu.conz.) 



Self-Assembly in Biochemistry 1259 

noncovalent forces into a convergent, icosahedral capsid. 
In addition to the capsid, enveloped viruses like Sindbis 
virus are enclosed on the outside by a self-assembled lipid 
bilayer. The 400 A diameter capsid of Sindbis virus has 
T=3 icosahedral symmetry and is therefore composed of 
180 subunits. It is surrounded by a polyhedral lipid 
membrane 40 A thick. Finally, anchored in this membrane 
are 80 large spikes projecting from the surface, visible by 
electron microscopy. The spikes are arranged in a T=4 
icosahedral lattice. The volume of each spike, as measured 
from electron density maps, corresponds to three copies of 
each of the two different spike polypeptide chains. The 
RNA in the core, therefore, codes for three separate pro- 
tein subunits: one for the capsid and two for the spikes.L91 

Fesritin has two functions within the body: it protects cells 
from the potentially toxic effects of free iron by se- 
questering the metal in a mineralized form within a 
protein shell, and it stores iron for later use by the cell in 
the synthesis of heme. The shell is made of cylindrically 
shaped protein subunits. each composed of a bundle of 
four long helices, a short helix. and an extended loop. 
Twenty-four of these subunits self-a~sernble"~] to give a 
hollow shell with octahedral symmetry and a cavity 
(diameter -80 A) capable of storing up to 4500 Fe(II1) 
atoms (30% by weight)"" as the mineral ferrihydrite 
( 5 ~ e ~ O ~ . 9 ~ ~ 8 ) . " "  The shell is thermally stable and 
stable to treatment with urea or guanidinium chloride. 

This stability is largely due to intra- and intersubunit salt 
bridges and hydrogen  bond^.^"' 

Iron(I1) atoms are oxidized at specific ferroxidase sites 
on the protein shell and can then enter the host through 
one of six hydrophobic channels about 4-5 A wide, which 
lie along the fourfold symmetry axes. Once core nuclei are 
formed inside the structure, iron(11) oxidation can occur 
on the mineral surfaces."61 

Lipid Membranes 

Lipids are amphipathic inolecules composed of a polar, 
hydrophilic "head" connected to a nonpolar, hydrophobic 
hydrocarbon "tail.""71 When in an aqueous environment, 
lipids tend to associate noncovalently. There are two 
driving forces for this association: the hydrophobic effect 
due to the nonpolar tails. and the van der Waals inter- 
actions between the hydrocarbon portions of the mole- 
cules. This behavior in water can cause lipids to spon- 
taneously form surface monolayers, bilayers, micelles, or 
vesicles, depending on the structures of the head and tail 
of the lipid molecule. We shall direct our attention here to 
the cell membrane bilayer, the most inlpostant of these 
biological assemblies. 

The lipids of cell membranes fall into four groups: 
phospholipids, sphingolipids, glycolipids, and sterols 
(Fig. 3). The acyl chains generally have chain lengths 
from C l o  to C18 and can be saturated or unsaturated. 
Notably, the dominant lipids in membrane formation have 
highly polar head groups and, usually, two hydrocarbon 

Fig. 3 The four principal groups of cell membrane lipids: (a) phospholipids, (b) sphingolipids. (c) glycolipids (cerebroside pictured), 
and (d) sterols (cholesterol pictured). 
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tails. If a large head group were attached to a single 
hydrocarbon chain, the resulting wedge-shaped molecules 
would tend to form spherical micelles upon self-associ- 
ation. A double tail results in molecules that can easily 
pack in parallel to form extended bilayer membrane 
sheets, with the hydrophilic head groups facing inside and 
outside toward the aqueous regions. 

To say that a cell membrane is essentially a lipid 
bilayer would be an oversi~nplificatio~l. The basic struc- 
ture of the lipid bilayer abounds with specific proteins 
contained within the membrane or attached to its surface. 
These serve as transport and recognition agents for the 
cell. Animal and some plant and fungal cells contain sugar 
residues on their surfaces. These have an important role in 
cell recognition processes, antigenic properties. and hor- 
mone 

ROB-SHAPED, HELICAL, OR 
CYLINDRICAL STRUCTURES 

Helical Viruses 

Viruses with helical symmetry, or "linear" viral capsids, 
have their genetic material encased in a helix of identical 
protein subunits, the length of which is determined by the 
length of the encased nucleic acid. There are three main 
classes of simple helical viruses: the rigid rod viruses, 
the flexuous plant viruses, and the filamentous bacte- 
r i o p h a g e ~ . ~ ' ~ '  The most studied of these viruses is the 
rigid rod Tobacco Mosaic Virus (TMV). 

The TMV is composed of about 2100 identical protein 
subunits. each of molecular weight -- 18,000. These self- 
assemble to forin a right-handed helix with 16 '13 subunits 
per turn. The final rod measures 3000 A in length and 180 
A in diameter. A single strand of RNA follows the basic 
turns of the helix from the inside, at a radial distance of 
40 A from the central axis, with three nucleotides binding 
to each protein subunit. Assembly is initiated by a pre- 
formed protein disk that serves as a sort of jig upon which 
the first few turns of the viral helix can assemble to reach 
sufficient size to be stable. It also provides a mechanism 
for the recognition by the protein of its R E \ I A . ~ ' ~ ~  

Electron microscopy studies of the elongation pro- 
cess~ l".?01 showed that during elongation, the 5' and the 3' 

ends of the RNA extend from the same end of the growing 
nucleocapsid. As elongation proceeds, the 5' end of the 
RNA is pulled up and through the central channel of the 
growing rod. Assembly of the capsid around the 3' end is 
much slower and may not occur until the 5' end is entirely 
coated. It is possible that coat proteins are continually 
synthesized in vivo during the encapsulation of the 
remainder of the RE~:A.['" 

There are two charge clusters in the viral structure that 
provide stability for the capsid through electrostatic 
interactions. The largest is found near the inner surface 

of the virus, between 20 and 50 A from the central axis. It 
is composed of a number of carboxyl groups in close 
proximity, which was described as a "carboxyl cage." 
Such intersubunit carboxyl clusters are a characteristic 
feature of many virus structures. A smaller charge cluster 
is found between 55 and 60 A from the 

Motion Machines 

Biological systems have a number of ways of producing 
motility, where self-assembly plays a central role. The 
most familiar is muscle contraction that produces bodily 
movement, where the interaction of two proteins, actin 
and myosin, is critical.i61 For smaller organisms, including 
cells and the chromosomes and organelles of cells inside 
the bodies of larger organisms. motion is produced 
through interactions with microtubules, which are fila- 
mentous assemblies of the protein t u b u ~ i n . ' ~ ~ ]  

Actin and myosin 

Actin exists as a long, fibrous. helical polymer (F-actin) of 
a globular protein monomer a actin in).'^] The polymeri- 
zation is initiated by binding ATP to a 6-actin monomer. 
Myosin, on the other hand, is composed of six polypeptide 
chains: two identical heavy chains and two each of two 
different light chains. The two heavy chains have long E- 

helical tails. which intertwine to form a coil at the end of 
the myosin structure, and globular heads to which the light 
chains are bound. Between the head and tail domains of 
the heavy chain is a flexible stalk. The helical tails of 
myosin can join together to form a bipolar thick filament. 
Actin and myosin filaments interact to form long myo- 
fibers, or individual inuscle cells. When a muscle moves 
from a relaxed to a contracted state, the headpieces of the 
thick (myosin) filaments pull the thin (actin) filaments 
together, shortening the myofibril by successively making 
and breaking cross-bridges in conjunction with binding 
and hydrolyzing ATP.[~] 

Microtubule systems 

Microtubules are noncovalent assemblies of the protein 
tubulin (Fig. 4). There are two closely related types of 
tubulin subunit, a and P, which alternate in the helical 
microtubule structure, with 13 subunits per turn. Each 
subunit weighs 55,000 Da. Assembly is initiated when an 
T P  dimer binds to a molecule of GTP. The resulting 
microtubule is a hollow cylinder of 250 A outside diameter 
and 15 A internal diameter. The length is variable by 
assembly or disassembly of the subunits. a process that is 
sensitive to changes of cellular activity and conditions. In 
vivo. a continuous flow exists between assembled micro- 
tubules and the pool of free tubulin (which may represent 
up to 50% of the total tubulin). Because of the weak forces 
that hold them together, microtubules can be assembled 
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when and where they are requested and disassembled 
when they are of no more use.f221 

Microtubules are used in such diverse places as the 
mitotic spindle. protozoan and sperm flagella. and nerve 
ax on^.['^] They, along with actin filaments, provide the 
rod-like tracks upon which molecular engines (the proteins 
dynein and kinesin) transport packages around the cell; as 
well as provide scaffolding upon which a cell can alter its 
shape-an amoeba extending a pseudopod, for example. 
Cilia, used to propel microorganisms through solution and 
to push dirt-filtering mucus around the respiratory tract, 
and eukaryotic flagella, which propel the cell by an 
~lndulatory motion. both achieve movement with a highly 
organized bundle of microtubules called an axoneme. 

The process of biomineralization involves the well- 
ordered construction of discrete or extended self-assem- 
bled arrangements of organic inolecules (the "organic 
matrix"), which subsequently associate with inorganic 
solids in vivo to give precisely controlled biolnineral 
structures. The incorporation of iron into ferritin illus- 
trates biomineralization within a discrete organic struc- 
ture, the type predominant inside cells. Here we will 
discuss the case of biominei-alization arising from extend- 
ed organic matrices, which happens mostly in the 
intercellular spaces of multicellular organisms to produce 
structures such as bones. shells. and teeth.12'] 

The topology of the organic matrix involved in biomin- 
eralization (e.g., tubular, fibrous. pleated sheet) differs 
depending on the targeted structure. but there is a common 
theme underlying the process. Hydrophobic proteins first 
assemble into a structural framework. Then. acidic proteins 
like aspartic acid. often associated with sulfated poly- 
saccharides. are built onto the insoluble fra~nework and 
draw minerals, like CaCO; or S O 2 ,  out of the surrounding 
aqueous environment and into an ordered arrangement. It 

0 a-tubulin 

@ P-tubulin 

Fig. 4 Assembly of a microtubule from tubulin dimers. 2- 

Tubulin is shown in white: P-tubulin is shown in black. 

is thought that this molecular recognition process is 
controlled by electrostatic. structural. and stereochemical 
colnplernentarity at the organic-inorganic interfa~e.'~; '  

From a few simple inorganic saltr, nature can coilstruct 
a wide array of mineralized structures able to perform 
diverse functions. This shows the degree of control that 
can be exercised by the organic matrix, simply by con- 
trolling the crystal growth environment.[241 

For example, molluscan shells are organized compos- 
ites of two different polymorphs of calcium carbonate 
(calcite and aragonite) arranged within a matrix of glyco- 
proteins rich in acidic amino acid residues. The shell has a 
strength -3000 times greater than that of its composite 
crystals. Different arrangements of crystals are formed, 
depending on the composition of the organic matrix, to 
give nacreous, prismatic: foliated. or crossed lamellar 
layers. It is thought that the chemical structure of the 
matrix surface complements a specific crystal face of the 
mineral so that nucleation is directed along a preferred 
crystallographic axis.'"' It is known that after a layer of 
calcite has grown on the nucleating protein sheet of a 
molluscan shell; there is an abrupt transition to production 
of aragonite to form nacre (mother of pearl). The pro- 
duction of each crystal type is accompanied by production 
of specific polyanionic proteins, allowing the organism to 
induce phase changes as needed by controlling the state of 
the organic-inorganic interface.[251 Though the matrix 
proteins typically make up less than 2 wt% of the shell. 
they determine its structural organization and properties. 

WHY IS SELF-ASSEMBLY 
UBlQUlTOUS IN NATURE? 

Self-assernbly is driven by many weak, reversible inter- 
actions to obtain a final structure that represents a ther- 
~nodynainic minimum. In other words. it operates under 
equilibrium control. Consequently, incorrect structural 
units are easily rejected in the dynamic equilibrium as- 
sembly. giving the process high fidelity.[261 

Self-assembly is highly efficient. because it proceeds 
by organizing many small subunits that were made by 
sequential covalent processes to form the final, large 
structure. For example. if the protein coat of TMV were 
coded by a single, continuous gene. then the structure 
would require a section of RNA approximately 1 x lo6 
base pairs long. As 2130 identical subunits capable of self- 
assembling are utilized to form the protein coat. the 
complete structure may be coded for in a gene of around 
500 base pairs in This represents an economy of 
information. Additionally, only a few different molecules 
are normally involved in self-assembly. This means that a 
limited set of binding interactions is required to cause the 
final structure to form. allowing for further economy 
of information. 
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Finally, complementarity in molecular shape provides 
the foundation for association between components. This 
allows for molecular recognition between two specif- 
ic components. 

CONCLUSION 

Nature has demonstrated an ability to outperform humans 
in efficiency of design and strength of materials. If ma- 
terials scientists can learn to mimic the controlled 
synthetic processes employed to make durable materials 
such as bones, teeth, and shells, significant advances could 
be realized. 

Thus. in a coming age of nanotechnology, it is likely 
that synthetic chemists will strive to make molecules of 
larger molecular weights, while lithography will make 
possible the reduction of engineered structures to roughly 
1 ym. Indeed, the size gap between these two efforts is 
converging within a range of many self-assembled 
biological structures. It is therefore reasonable to assert 
that a better understanding of self-assembly processes in 
biological systems will lead to the engineering of 
functional molecular structures with nanometer-scale 
dimensions, and beyond. 
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Self-assembly processes can today be found in a variety of 
fields ranging frorn biology to materials science and elec- 
tronics. While self-assembly has proven to be a valuable 
tool in the formation of supramolecular assemblies, it 
remains less a discipline in its own right than a compi- 
lation of principles that have been applied to an apparently 
disparate collection of research fields. One outcome of 
this historical development is that the concepts of self- 
assembly were typically defined in discipline-specific and 
sometimes overlapping ways. This fragmentation ob- 
scures their underlying coherence and universality. It also 
hinders a widespread understanding of self-assembly. 

In this article. the various terminologies used to de- 
scribe important concepts in thermodj~na~nic self-assem- 
bly will be reviewed. In so doing, an attempt is made to 
illustrate. wherever possible, the underlying unity of the 
concepts and eliminate confusion arising from the differ- 
ent terminologies used. Most of the terminologies derive 
from the fields of chemistry. biology, and biochemistry. 

TERMINOLOGIES TO 
DESCRIBE HIERARCHICAL 
SELF-ASSEMBLED STRUCTURES 

The dramatic development of biochemistry in the twen- 
tieth century can largely be attributed to breakthroughs in 
the understanding of the supramolecular structure of 
biomolecules. Pauling and Corey's work on the structure 
of proteins and the discovery of the DNA double 
demonstrated the critical importance of supramolecular 
structure in biology and stimulated interest in its study as 
well as in the processes by which it is formed. 

One of the most remarkable properties of self-assembly 
is its ability to generate exceedingly coinplicated supra- 
molecular structures frorn fairly simple components. 
Perhaps the most elegant embodiment of this phenomenon 
is protein structure. Proteins exhibit at least four hier- 
archies of structure: prirnary, secondary, tertiary. and 
quaternary structures.['.21 Primary structure describes the 
co~alent  connections making up the sequence of amino 
acids in each strand. Secondary structure involves local 
architectural elements created when portions of a strand 

twist or loop into regularly repeating arrangements, like r- 
helices or P-sheets. The overall folding of each polypep- 
tide chain is considered to be tertiary structure: while the 
spatial arrangement of several strands relative to each 
other is known as quaternary structure. Some of the 
hierarchies may be further subdivided. For example. 
repetitions of a secondary structural feature within one 
particular fold of a protein are sometimes referred to as 
supersecondary s t r~c tu res . " .~~  The tertiary structures of 
large proteins may also consist of domains, each of which 
comprises a fold or series of folds having their own interior 
surface and connected to other domains by an intercon- 
necting strand of the backbone.['." The individual con- 
stituents of an extended quaternary structure are typically 
known as protomers.[' ." 

These levels of organization are hierarchical, because 
each level cannot exist without the preceding level. For 
example. a tertiary structure requires the presence of 
secondary structural elements. These cannot exist without 
a primary structure. When viewed in a widening perspec- 
tive, from an atomic level to a more macroscopic level. 
each of the hierarchies of organization becomes progres- 
sively obvious. 

Similar levels of structural hierarchy can be discerned 
in nonbiological self-assernbled compounds such as 
coordination complexes.r31 Metal helicates display sec- 
ondary structure in their overall helical architectures and 
primary structures in the covalent connections of the 
organic ligands.'"' Tertiary structure can be observed in 
the cyclized metal helicates known as circular heli~ates, '~ '  
while quaternary structure is present in certain coordina- 
tion The only important difference, from a 
self-assembly point of view. between an r-helix in 
biology and a metal helicate in coordination chemistry 
is the type of noncovalent interactions that drive the self- 
assernbly process, i.e., the formation of coordination 
bonds in the latter case and the formation of hydrogen 
bonds. ion-pairing interactions, and hydrophobic-hydro- 
philic interactions in the former. While coordinate in- 
teractions are more directional and stronger (bond 
energies ca. 10-30 kcal molp') than the biological inter- 
actions (bond energies ca. 0.6-7 kcal mol-'): all are 
nevertheless nonco~ralent in nature. 

In the study of self-assembled supramolecular assem- 
blies directed by n donor-acceptor interactions, Stoddart 
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noted the existence of structural hierarchies. In his 
ter~ninology,[~' assemblies exhibiting secondary structure 
are termed super~nolecules, with individual components 
that are designated as primary molecules or tectons. 
Assemblies displaying tertiary structures are called su- 
pramolecular arrays. while quaternary structures are found 
in macroscopic conglomerates. 

These descriptions and terminologies are conceptually 
analogous, differing only in their discipline-specific fram- 
ing and the nature of the interactions involved. 

TERMINOLOGIES FOR DYNAM\WIC 
SELF-ASSEMBLY PROCESSES 

Self-assembly in biology-the so-called dance of life-is 
largely driven by the enthalpy of formation of the three 
fundamental noncovalent interactions mentioned earlier. 
Other classes of interaction employed in self-assembly 
include coordinate bond folmation and x-n acceptor- 
donor interactions. Steric factors, conformational prefer- 
ences, and entropic driving forces also play significant 
roles.f3' In a kinetically rapid, dynamic, thermodynamic 
self-assembly; all of these possible contributions are 
continuously at play. They act to ensure a never-ending 
association and dissociation of all possible products, with 
the lowest-energy products being present in the greatest 
proportion at any one time.17' Thus. a combinatorial 
library of products, each with their own structural archi- 
tecture. exists in self-assembling mixtures.[s1 Because of 
their high energies, most of the members of such a library 
are present in infinitesimally small proportions; the 
assembly can therefore be considered to be a virtual com- 
binatorial library.LX1 Each member of the library, never- 
theless, represents the whole library, because it can be 
disassembled and reassembled into every other member. 
The main constituents of the library can be changed by 
varying an external factor. like temperature or concen- 
tration. which affects the thermodynamic stabilities of 
the members. Thermodynamic self-assembly is therefore 
truly a dynamic combinatorial process.[81 

TERMINOLOGIES DESCRIBING 
REPRODUClBlLlTY IN SELF-ASSEMBLY 

The existeilce of life depends, crucially, on the reproduc- 
ibility of self-assembly processes in biology. Without un- 
qualified fidelity. protein-based ion-pumps and enzymes. 
among other biological devices, could not operate.[21 But 
what are the origins of this noteworthy characteristic? 

The property of reproducibility generally arises from 
the thermodynamic equilibrium present. In strict self-as- 
se~nbly. '~ '  the system uniformly seeks and settles upon the 
lowest-energy arrangement."' Thermodynamics dictates 

that this state will always be the product of the self- 
assembly under a determined set of physical conditions. 
"Strict" or "thermodynamic" self-assembly refers to 
processes dominated by a kinetically rapid, reversible 
thermodynamic equilibrium. This equilibrium exists at all 
times during the assembly. The products are, therefore: ob- 
tained in proportions determined by their relative thermo- 
dynamic stabilities. 

It has long been known that certain types of compo- 
nents can drive the self-assembly of particular structures. 
For example, the amino acid residues alanine and leucine 
promote E-helix formation when they are present within a 
polypeptide chain, while glycine and tyrosine are consid- 
ered "helix  breaker^.""^ 

These preferences usually originate in stereochemical 
and structural limitations that affect the thermodynamics 
of the system. As such, they can be considered instructions 
that direct the self-assembly process.L9i In some cases, the 
preferences are extreme, so that they dominate the system 
regardless of alternative influences. In others, they are less 
intense and must be weighed against other factors. In a 
complicated multicomponent system. for example, not all 
of the component preferences will be aligned, i.e., the 
instructions may be contradictory. In such a case; self- 
assembly becomes a process in which the preponderance 
of instructions and their intensities dominate. But how 
does this take place? 

Lehn proposed considering self-assembly in coordina- 
tion chemistry to be akin to a computer program driven by 
an '.interactionalu The algorithm is 
established by the interplay between the structure of the 
ligands and the stereochemistry of the metal ions. i.e., by 
the preferences of the components. Algorithms, however, 
involve a linear hierarchy of commands that execute to 
completion and then stop. As mentioned earlier, thermo- 
dynamic self-assembly is, by contrast; entirely pathway 
independent. and it never stops. Where then is the linearity 
and hierarchy implied in the analogy? It is energetic in 
nature, and it applies to the system as a whole rather than 
to any one constituent molecule. Thus, thermodynamic 
self-assembling systems transform themselves. linearly. 
from a high-energy to a low-energy state.[71 While many 
individual pathways inay be followed in this process, all 
are characterized by a process known as positive coop- 
erativity. This effectively involves the stepwise optimiza- 
tion of structural elements from those producing the 
greatest thermodynamic stabilization to those producing 
the ~mal les t . '~]  The strongest and most intense preferences 
or instructions must be finalized first, followed by a 
hierarchy of instructions from most to least energetically 
important. For example, self-assembly of a metal helicate 
involves the initial formation of an increasing number 
of coordination bonds. However, the instruction for the 
characteristic helical twisting is, for all pathways, carried 
out only during the last step.i71 Self-assembly processes 
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involving the formation of coordination bonds (strong) 
and TC-n acceptor-donor interactions (weak) must, there- 
fore, first optimize elements involving the former inter- 
actions and then those involving the latter. In following 
this linear hierarchy of thermodynamic instructions, it is, 
of course, conceivable that the combined instructions at 
the lower end of the hierarchy may overturn those at the 
top. but this can only happen after the former are satisfied. 

This concept has important implications. It explains, 
for example, how proteins fold as fast as they do. For 
example, a protein containing 100 amino acid residues 
should take at least lo2' years to reach its lowest energy 
state if it does so by exploring all of its possible con- 
fo r~na t ions . '~~  Instead. such proteins typically fold within 
minutes. This can only occur because energetically highly 
favored local folds are formed first, and these then serve 
as nuclei that attract and stabilize other elements of 
secondary ~tructure. '~] 

Instructed, reproducible self-assembly of this type can 
be seen in numerous disciplines. In polymer chemistry, 
certain oligo(pheny1ene ethylenes) undergo solvophobic 
folding into helical conformations in polar solvents.[111 In 
peptide science. synthetic polypeptides containing unnat- 
ural p-amino acids spontaneously adopt helical disposi- 
tions in solution, despite being unable to form the hydrogen 
bonds that drive self-assembly in normal b i ~ p o l ~ m e r s . ~ ~ ~ ~  

TERMINOLOGIES DESCRIBING 
THE COMPLEXITY OF 
SELF-ASSEMBLY PROCESSES 

The thermodynamic hierarchies discussed in the previous 
section offer important opportunities to manipulate self- 
assembly processes. In particular, they raise the possibility 
of innovatively assembling novel structures that display 
unusual physical properties or that can be switched 
between different physical states. The latter aspect is 
particularly important, because it prospectively provides a 
means of creating a rnolecular comp~~tat ional~"~ or infor- 
mation storage system.i141 As Inany self-assembled struc- 
tural motifs cannot be easily obtained by other means, this 
concept also opens the way to a wide variety of supra- 
molecular co~npounds displaying novel properties, such as 
self-assembling catalysts.'1s1 

Several researchers recognized and sought to exploit 
this approach. Fujita and coworkers. for example, devel- 
oped so-called multiple-molecular recognition processes, 
in which the self-assembly of coordination bonds is 
accompanied in situ by the formation of weaker interac- 
tions: such as n donor-acceptor and hydrophobiclhydro- 
philic  interaction^."^' Illustrated in Fig. 1 is an example of 
such an assembly. in which a molecular switch is created 
by the interlocking or diassociation, upon command, of 
two cyclic m ~ l e c u i e s . ~ ' ~ ~  

Lehn and coworkers developed a similar approach. 
which they term double code or double subroutine self- 
assembly.[1x1 In this technique: different metal ions in a 
mixture are induced to selectively interact with different 
binding sites on a single. hybrid ligand, giving assemblies 
displaying novel structures. An example of such a process 
is shown in Fig. z?."~] 

In general, it is possible to distinguish two classes of 
self-assembly in this respect:[201 single-interaction self- 
assembly and multiple-interaction self-assembly. Single- 
interaction self-assembly, also referred to as single-code 
self-assembly, involves the formation of one specific 
interaction during the self-assembly process. In Fig. 3a, an 
example of a single-interaction process is depicted in 
which a metal ion interacts with a multitopic ligand strand 
by forming the same type of metal-ligand coordination 
bond at each binding site. 

U 

2 

Fig. P Multiple rnolecular recognition: Free metallocycle 1 is 
formed in dilute solution because of the enthalpy of formation of 
the Pd-N coordination bonds. When the solution is concen- 
trated from 2-50 mM, the lability of these bonds allows the in 
situ formation of the interlocked catenane 2. This is driven by 
hydrophobic interactions to minimize the contact of the metallo- 
cycle cavities with the water solvent, the folmation of n-stacking 
interactions between two such rings. and an entropic effect 
due to a decline in the number of species present in solution 
after interlocking. 
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Fig. 2 Double subroutine self-assembly: The formation ;f a 
metallocatenane. (Frorn Ref. [19].) 

Multiple-interaction self-assembly involves the forma- 
tion of more than one type of interaction. Illustrated in 
Fig. 3b is a multiple-interaction process in which two 
types of coordinate bonds are formed (i.e.. double sub- 
routine self-assembly). Depicted in Fig. 3c is a multiple- 
interaction process in which one type of coordinate bond 
and one type of hydrogen bond are formed (i.e.. a multiple 
inolecular recognition process). Processes like that de- 
picted in Fig. 3b involve mediation by one class of 
interaction only, and can therefore be referred to as un- 
mediated.12"' Processes of the type depicted in Fig. 3c 
involve mediation by two different classes of interaction 
and are therefore refened to as multi~nediated."~~ 

The three processes illustrated in Fig. 3 differ funda- 
mentaliy in their self-assembly properties, because they 
exhibit different thermodynamic hierarchies.1201 Their 
potentials in regard to self-assembly are therefore also 

quite different. For example. in Fig. 3a. only one bond 
angle is possible: the range of architectural alternatives is 
therefore similarly limited. In Fig. 3b, two types of bond 
angles are possible, so that a greater range of po55ible 
architectures are ava~lable. The self-assembly in Fig. 3c 
prospectively aliows for the most architectural variety. 
because the noncoordinate interactions are weak and 
poorly directed. 

TERMINOLOGIES TO DESCRIBE 
2-D AND 3-D CYCLIC ASSEMBLIES 

Self-assembled two-dimensional (2-D) and three-dimen- 
sional (3-D) cyclic assemblies are known in fields in- 
cluding biology (e.g., spherical viruses) and chemistry 
(e.g.. cryptands, polyoxometallates). While such capsules 
are exceedingly important entities. their architectures are 
highly diverse,1211 a fact which long hindered their 
systematic classification. MacGillivray and Atwood have. 
however, formalized the description of such species using 
an analogy based on the principles of solid geometry."21 
Their system employs the Platonic and Archimedean sol- 
ids, along with prisms, antiprisms, duals. irregular poly- 
hedra, and other pseudospherical asrangeinents as models 
of spheroidal design. The structure of a self-assembled 
capsule is classified according to its rese~nblance to these 
structures. The comparative nature of this approach is 
topologically correct, because most of the above solids 

Ligand Strands Self-Assembled Complexes 

Fig. 3 Classes of self-assembly: The forination of metal 
helicates by: (a) single-interaction self-assembly. (b) unime- 
diated multiple-interaction self-assembly. and (c) multiniediated 
multiple-interaction se~f -a s sembl~ . [~~"  The circles and diamonds 
represent metal ions with preferences to bind the semicircular 
and half-diamond binding sites, respectively. on the hybrid li- 
gand strands. 
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where: -..-O - donor site --( acceptor site 

Fig. 4 Self-assembly of dn edge-defined molecular squale by 
the Molecular Eibrdry app~oach (From Ref. [25].)  

can be continuously deformed into spheres. However. as 
noted elsewhere.["' it can produce ambiguities due to the 
sometimes subjective nature of the comparisons; real 
supramolecular structures do not always clearly corre- 
spond to idealized polyhedral structures. 

Various techniques -were developed to aid in the 
rational design of self-assembling systems. The best 
known of these are the Molecular Library method and 
the Symmetry Interaction method. 

The Molecular Library approach employs complemen- 
tary components to generate geornetrically shaped assem- 
b l i e ~ . ' ~ ~ ]  The highly directional formation of coordination 
bonds between suitably rigid, complementary donor 
(ligand-based) and acceptor (metal-based) components 
makes this approach most appropriate to coordination 
chemistry. In Fig. 4. the formation of a inolecular square 
by this approach is ill~strated.['~' A wide variety of sec- 
ondary structures displaying polygonal and polyhedral 
geometries have been self-assembled using this technique, 
including molecular triangles; hexagons, triangular 
prisms, octahedra, cubes. and adamantanoid and other 
boxes.[261 The Molecular Library approach is most 
suitable to the formation of edge-defined polyhedra, in 

which the components lie on the corners and edges of 
the structures. 

The basis of the Symmetry Iilteraction approach lies 
in the recognitioil that many natural suprarnolecular 
assemblies are formed in symmetry-driven processes 
involving incoinmensurate lock-and-key  interaction^.'^'^ 
A polyhedral structure can therefore be designed by 
determining the symmetry interactions and the associated 
geometric relationships necessary to generate that struc- 
ture from a combination of preorgaaized ligands and metal 
ions. The following terms describe these relationships in 
coordination chemistry.[271 The coordinate vector of a 
binding group bisects the chelate in the direction of the 
metal ion to which it is bound. The chelate plane of a metal 
ion is the plane that contains all of the coordinate vectors 
of the bound groups. The approach angle describes the 
arrangement of three bidentate chelators about a metal ion: 
it defines the angle between the plane holding the 
coordinating atoms of a bidentate chelating group and 

Face-occupied Tetrahedron 

Fig. 5 Self-assembly of a face-occupied inolecular tetrahedl011 
b) the S5mmetry Tnte~action approdch (From Ref [28] ) 
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the major symmetry axis of the metal center. Each class of 
polyhedra involves different relationships between these 
variables. The Symmetry Interaction approach is particu- 
larly suited to the formation of face-defined polyhedra, in 
which the components lie on the corners and faces of the 
structure.'231 Illustrated in Fig. 5 is the formation of a face- 
occupied tetrahedr~n."~' 

Several terminologies were created to describe the 
composition of self-assembled structures and therefore 
also of the self-assembly process. Stang's assembly de- 
scriptor terminology involves treating the assembly 
components as linear (L), or angular (A), and then listing 
the numbers and types of each constituent with super- 
scripts to describe their respective topicities.12" An 
assembly, such as the square shown in Fig. 4 is therefore 
assigned the descriptor A ~ ~ L ~ ' ,  because it consists of four 
ditopic angular units and four ditopic linear units. This 
approach offers a convenient abbreviation of the self- 
assembly process and also provides information about the 
number of linkages formed and the coordinative saturation 
of the resulting cycle. 

Stang's assembly descriptor terminology was recently 
amended to include a designation of the nature of the 
linkage sites on the assembly components.[291 In this ter- 
minology, each component is further superscripted with 
d's or a 's  to indicate the types of binding sites present. 
The designation d signifies a donor site and a an acceptor 
site. A unique descriptor is thereby obtained that fully 
describes the self-assembly process. This approach has a 
number of advantages: it allows for a systematic analysis 
of all of the self-assembly pathways leading to a particular 
polygonal or polyhedral structure.'301 It also offers a sim- 
ple means of identifying commonalities between different 
self-assembly processes, including identical processes. 

where: 

0 -- metal ion - 
= ditopic ligand 

(acceptor component) (donor component) 

Fig. 6 Switchable molecular structures displaying the same 
stoichiornetries and component topicities. 

near-identical processes, and processes involving common 
~ o m p o n e n t s . ~ ~ ~ ~ " ~  Polygons and polyhedra that can be 
switched between structures are easily identified using 
this approach.'29' For example, illustrated in Fig. 6 are an 
A ~ ~ ~ L ~ ~ ~  molec~~lar tetrahedron and an A ~ ~ ~ L ~ ~ ~ ~  cube. 
Despite their different overall shapes, these structures 
have the same stoichiometry and component topicity and 
would therefore likely switch from one to the other if the 
directing angles of the angled component were toggled 
between 109.5" (tetrahedron) and 90" (cube).[29' 

CONCLUSION 

Self-assembly processes offer important opportunities to 
inexpensively fabricate novel, molecular-based structures 
and devices. Underlying all thermodynamic self-assembly 
processes is a set of common principles with a complexity 
that has not yet been fully exploited. Recent advances 
provided significant new insights into self-assembly. 
These are already generating new ways to manipulate 
self-assembly in the formation of coinplicated nonbiolog- 
ical entities. Developments such as these are mere 
precursors for what is still to come. Thanks to self- 
assembly, molecular engineering will undoubtedly take 
over from nanoscopic engineering as the dominant and 
topical theme of the day. 
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A semiochernical. derived from the Greek word seineiorz 
meaning sign. is a chemical signal mediating interactions 
between organisms, either of the same species (phero- 
mones) or between different species (allelochemicals). 
Examples of sex pheromones employed by mating moths 
are well known. Male moths. with their large antennae, 
locate females using an odor plume of sex pheromone. 
The first chen~ically characterized example was bombykol 
1, the sex pheronlone of the silkworm moth Bombxx 
mori,"' an organism still used as a study model (see 
below). Identifying the sex pheromones of insect pest 
species, particularly lepidopterous pests, led to pest 
inanagement strategies in agricultural systems that disrupt 
mating by the release of competitively high concentrations 
of the sex pherornone. An alternative strategy is illustrated 
by use of the aphid sex to lure pests away 
from crops to areas where biological control or localized 
pesticide spraying can be used, minimizing the environ- 
mental iinpact of conventional pesticides.['1 Pheromones 
can elicit behaviors other than the familiar mating 
response. Alarm pheromoiles elicit escape behavior in 
aphids or lnuster an attack in social hymenopterous in- 
sects, such as honeybees and some ant species. The ag- 
gregation pheromone of the ladybird. Coccirzella septenz- 
pulzctata, is an example of an epideictic or dispersal 
pherornone. The mosquito, C~lles  quirzqz~efasciatus, has an 
oviposition pheromone. All these are important aspects of 
insect behavior that may be regulated by semiochemistry. 

I - Bombykol 

Allelochemicals are most notable in examples of host- 
plant and nonhost-plant selection, a process that is vital 
for phytophagous pest insects to locate food plants and 
avoid unstiitable or toxic hosts. Aphids have taxonorni- 
cally unrelated summer and winter hosts. The bird-chelsy- 
oat aphid, Rhopalosiphunt yadi. is able to detect species- 
specific odors from each of its hosts, the bird-cherry tree. 
Platnus pnclus. in winter and summer cereal crops. One 
such allelochen~ical from the winter host is methyl 

salicylate 2, and the aphid's behavioral response changes 
from attraction in winter to repulsion, as it migrates to its 
summer host. Hematophagous insects such as mosquitoes 
or midges also use chemical odors from their animal hosts 
for location. These are examples of kairomones. which 
are defined as semiochemicals where only the receiver of 
the semiochemical benefits from the interaction. Insect 
antifeedants such as ajugarin are examples of allomones, 
compounds that benefit the emitter of the semiochemical. 
Ajugarin is not toxic at natural concentrations but 
prevents susceptible insects from feeding on the labiate 
plant, Ajztga remota. Synomones benefit emitter and 
receiver, for example, the attraction of pollinating insects 
to flowers; and apneurnones are compounds emitted from 
nonliving material. It is common for semiochemical 
components to have multiple roles and exert effects on 
multiple trophic levels. Nepetalactone 323 is the sex 
pheromone of the grain aphid, Sitobion avenue, but also 
attracts parasitic braconid wasps. e.g., Praon sp., that 
inject an egg into the aphid, which subsequently develops, 
consuming the host. Nepetalactone therefore acts as a sex 
pheromone and also as a kairomone. An even more 
sophisticated example is the release of isothiocyanates by 
cruciferous plants under attack from herbivores, such as 
the diamondback moth, Pl~ltella .qlostella. Herbivorous 
insect attack on the plant releases myrosinase enzymes 
(specific thioglucosidases) in the damaged plant tissue 
that catalyze the decomposition of glucosinolates to 
isothiocyanates. These compounds are repellent to many 
insects, but P. xylostella is adapted to feed on crucifers 
and is attracted by them. Furthermore, compounds such as 
ally1 isothiocyanate 4 also attract parasitoids, such as 
Cotesia xylosrella, that can destroy the herbivore, thereby 
acting as a synomone working in a tritrophic system. 

2 

Semiochemical biogenesis employs biosynthetic path- 
ways cornmon to many organisms. and this, combined 
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with the requirenlents for most semiochemicals to be 
lipophilic, of low molecular weight, and, therefore, vol- 
atile. limits their structural diversity. As a consequence, 
behavioral response often depends on the detection of 
more than one semiochemical component in a blend. 
These blends are often detected at the same site of the 
antenna by co-located olfactory organs, and so the semio- 
chemicals must be in the same odor plume to be recog- 
nized, verifying to the insect that they originate from the 
same source. Many species of aphid use nepetalactone 3a 
and nepetalactol3b as their sex pheromone but respond to 
species-specific ratios. Also, the aphid alarm pheromone, 
(E)-p-farnesene 5 is a ubiquitous plant semiochemical, 
but in plants, it is generated along with P-caryophyllene, 
which is inhibitory to the behavioral response. Pure 5, 
however, elicits the full-alarm response. Despite the exis- 
tence of thousands of moth species, structural diversity 
of their sex pheromones is also low, and only a few hun- 
dred compounds, derived from fatty-acid metabolism, are 
used. By utilizing species-specific blends, as well as tem- 
poral, geographic. or habitat parameters, mating signals 
are not confused. 

3 - Nepetalactone 

%b - Nepetalactol 

The use of single semiochemicals in the field is not 
usually sufficient for pest control, but by combining semi- 
ocheinicals, substantial protection can be achieved using an 
integrated approach called the push-pull system. The push 
is located in the crop and rnay comprise antifeedants, non- 
host serniochemicals, attraction of predators or parasitoids, 
ovipositiou deterrents, or epideictic pheromones. The pull 
component comprises lures or trap areas away from the 
crop containing the sex pheromone, host odors, oviposition 

stimulants, or aggregation pheromones. The effectiveness 
of this approach can reduce broad-spectrum pesticide use 
by preventing, or even just delaying. the point at which pest 
populations reach economically damaging levels, so 
reducing the number of pesticide applications. Insect 
resistance to pesticides results from mutations that either 
allow eilhanced detoxification of the chemical or that 
change the target site protein. These insects. which cannot 
be destroyed by the pesticide and so are at a significant 
selective advantage in treated areas, can subsequently 
multiply to produce a resistant population. Semiochem- 
icals, however, affect insect behavior and prevent the 
damaging population explosions that occur in agricul- 
tural monocrops, so maintaining wild-type populations and 
avoiding a selection process comparable to pesticide use. 
Selniochemicals can, therefore, provide part of a success- 
ful, long-term pest-management strategy. 

The primary difficulty in researching the field of 
semiochemicals is structure elucidation. Selniochemicals 
are produced in small quantities and are typically available 
in the range of subnanogram to microgram quantities and 
in complex mixtures. While modern NMR techniques of 
Microcell- or Microprobe-NMR using high-field instru- 
ments make the upper range aluienable to elucidation, gas 
chromatography-mass spectrometry (GS-MS) is the usual 
analytical method. As structural data are limited and 
stereochemical data are severely limited from mass 
spectra, structure verification by chemical synthesis is 
almost always required. The structure of the sandfly 
L~~tzornyiu longipalpis sex pheromone was determined by 
GC-MS as methyl-x-himachalene 6. however, syntheses 
of all four diastereoisomers and subsequent syntheses of 
both enantiomers of the correct diastereoisomer were 
required to determine the structure.i51 The synthesis of 
semiochemicals appears straightforward due to their low 
molecular weight. but it requires rigorous stereochemical 
control, as isomers (geometric, diastereomeric, or enan- 
tiomeric) can have different biological activities and 
interfere with the desired response. The field-scale of 
application also presents problems in the synthesis of the 
necessary quantities. 
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Fig. 1 GC-EAG response of the banana weevil, Cori~zopozltes sordzdus. to host-plant ~ o l a t ~ l e s  

Biologically active isolates, especially plant volatiles. 
are extremely complex mixtures of compounds. By GC 
analysis, there may be 200-300 compounds. Insects, 
however, only detect and utilize a limited number of 
these, and as the compounds that insects need to detect 
are specific to a plant or insect, they are often not major 
peaks. presenting the problem as to which peaks should 
be analyzed. This problern has been tackled by a 
technique called gas chromatography coupled electro- 
antennography (GC-EAG), whereby the analytical GC 
effluent is split (Fig. I). One half is passed through the 
flame ionization detector as usual, while the other is 
siinultaneousiy passed over an insect antenna that has 
electrodes attached to each end. Antenna1 response can 
be correlated to specific peaks. and these peaks are 
subsequently analyzed by mass spectrometry. This was 
developed further to a technique called single-cell re- 
cording (SCR). In this case, an electrode can be placed 
in an individual olfactory cell within the antenna. so 
locating the actual site of olfaction for particular 
~emiochemicals . '~~ These techniques show that the insect 
is capable of detecting a particular odor at the peripheral 
system and avoid the problems of demonstrating such 
detection through observing a behavioral response, 
which is only observed after the detection process is 

neurally processed and is less reproducible. Despite 
these techniques, electrophysiological responses are 
often observed to such vanishingly snlall quantities that 
peaks cannot be detected in the GC trace. The large 
number of compounds in the traces also means that al- 
though a compound in the active region may be iden- 
tified, the activity actually comes from a much smaller 
co-eluting peak. 

Insect perception of volatile semiochemicals is mediated 
through olfactory sensilla, located mainly on the anten- 
nae. These sensilla have a porous cuticular surface 
through which semiochemicals can pass and make con- 
tact with the sensillum lymph. Semiochemicals are usu- 
ally hydrophobic. organic chemicals. For land-living 
insects, these molecules must be transferred across the 
aqueous lymph to membrane-bound G-protein-coupled 
receptors (GPCRs) 011 the olfactory neurones, from 
which signal transduction o c c ~ r s . ' ~ '  Transfer across the 
sensilluln lymph is an evolutionary adaptation to 
terrestrial habitation and is mediated by odorant-binding 
proteins (OBPs). These are small (14-20 kDa), acidic, 



water soluble. and highly concentrated (-10 mmol) in 
sensillum lymph. Initially it was thought that the function 
of OBPs was passive transport of any suitable hydropho- 
bic, organic compounds across the aqueous sensillum 
lymph, and protection of the chemicals from degradative 
enzymes. However, it is now suggested that OBPs may 
bind a particular odorant specifically, or with at least some 
degree of specificity. and deliver it by dissociation at the 
receptor, or allow the receptor to recognize the entire 
odorant1OBP complex. Most current research is investi- 
gating the role OBPs play in molecular recognition of 
specific chemicals at the cuticular surface and at the 
interface with GPCRs, where molecular recognition must 
also reside. 

ODORANT-BINDING PRQTElNS 

Insect OBPs were initially identified from lepidopteran 
species such as the tobacco hawkmoth. Ma~zd~tcn sextn, 
and silk moths, Antheraer* ~ p . . ' ~ '  but they have now been 
found in examples from the orders Diptera (Culrx 
yuirzquefa.sciatus-mosquito), Hymenoptera (Apis rnelli- 
,fern-honeybee). Coleoptera (E,xonznla orierztalis-Ori- 
ental beetle), and He~niptera (Lygus 1ineolnri.s-tarnished 
plant bug). The molecular techniques used to identify 
OBPs are numerous: as outlined in a recent review.191 

OBPs are classed into three groups based primarily on 
sequence homology and tissue expression patterns: 

Pheromone-binding proteins (PBP). These are ex- 
pressed mainly in ~na le  antennae and are concentrated 
in sensilla responding to pheromones (sensilla trichoi- 
dea in lepidopterans). although smaller quantities are 
commonly found in female antennae. They show little 
amino acid sequence identity between species, al- 
though they have higher homology if the insect 
pheromones are structurally related. 
General odorant-binding proteins (GOBPs). These are 
expressed in male and female antennae and are lo- 
calized in sensilla responding to food or host semio- 
chemicals (sensilla basiconica in lepidopterans). They 
exhibit higher sequence similarity between different 
species, suggesting that they may bind to a broad range 
of common semiochemicals, though it is still possible 
they selectively bind particular chemicals. There are 
two groups of these. GOBPl and GOBP2. that differ 
from each other in their C-terminal amino acid 
sequences, and both differ considerably from PBPs. 

The amino acid sequences of OBPs show little 
homology between orders and no homology to analogous 
proteins found in vertebrate olfaction systems. implying 
conkergent evolutionary processes. However. there is 
conservation of six cysteine residues in all insect OBPs, 

and these form disulfide bridges important for the protein 
structure. The cysteine pattern in insect OBPs can be 
generalized as X I  8-C-X30-C-X3-C-X42-m 10-C-X8-C- 
X21-26. There are other classes of small, putative binding 
proteins related to insect olfaction, including the rapidly 
expanding group of chemosensory proteins (CSPs). These 
have only f o ~ ~ r  cysteines, and, as Inany CSPs are not 
antennal specific and there are no ligands yet identified, 
they are not examined f ~ ~ r t h e r  in this review. 

Pheromone-Binding Proteins 

Experiments to probe the specificity of PBPs to insect 
pheromones were carried out by chemical synthesis of 
pheromone analogues and measurement of the electro- 
physiological response of the insect antennae by EAG. 
This technique, however, only reveals the result of PBP 
binding and receptor response and does not reveal where 
any discrimination resides. Analogues of the gypsy moth 
sex pheromone. (7R.8S)-cis-2-inethyl-7.8-epoxyocta- 
decane. or (+)-disparlure 7,  have been synthesized in 
attempts to create behavioral agonists, antagonists, or 
pheromone synergists to use in mating disruption of this 
pest species. Analogues with different methyl gro~lp or 
epoxide positions proved unsuccessful, and a study where 
electronic properties were analyzed by replacing the 
epoxide of (+)-'7 with various cyclopropanes or aziridine, 
revealed the overall system of detection at the antennal 
level to be highly stringent.i101 Studies probing the struc- 
tural requirements of the sex pheromone of the turnip 
moth, Ag7oti.r segeturn, were done by synthesizing 
conformationally restrained analogues of the pheromone 
component, (2)-5-decenyl acetate. The enantiomers of 
cis- and t1-nns-3-(4-propyl-cyclope11t-2-enyl)-propyl ace- 
tate (Fig. 2) mimic both enantiomers of the cisoid and 
trn~zsoicl conformations of the sex plleron~one.'"l Elec- 
trophysiological recordings from single sensilla showed 
the cisoid (1S.4R)-conformation to be two orders of 
magnitude more active than its enantiomer and three 
orders more than the trarzsoirl isomers, providing evidence 
of a cisoid conformation of the pheromone in its bioactive 
state. A complementary study in the same moth, A. 
segetunz. tested analogues of (Z)-5-decenyl acetate, in 
which the acetate group was replaced by different polar 
functional By comparing molecular electro- 
static potentials determined by ab initio calculations with 

the results of electrophysiological single-cell recordings, 
the results indicated a probable H-bonding iilteraction of 
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Fig. 2 (3-5-decenyl acetate and conformationally restrained analogues reveal structural requirements for peripheral detection by the 
turnip moth, Agi-otis segeturn. 

the carbonyl group in a direction pointing away from the 
hydrocarbon moiety (Fig. 2). 

The question as to what degree molecular recognition 
resides at the OBP binding level remains. The insect is 
able to identify particular chemicals in an environment 
containing structurally related compounds, isomers, or 
even enantiomers, so how much molecular recognition 
resides at the OBP level? Many lepidopterous species use 
two or three compounds in their pheromone blends, often 
the same chemicals as related species but in different 
ratios, so it is possible that each component is recognized 
by a specific PBP. Incubation of Bombyx mori phero- 
mone-binding protein (BmPBP) with its pheromone, 
bombykol 1. produced a complex stable enough to un- 
dergo mass spectrometric analysis to reveal a noncova- 
lently bound complex at neutral pH (see the followi~~g 
section describing pH dependence).[13' However, other 
structurally related molecules also bound to the protein, 
albeit with lower binding efficiencies. Of three PBPs from 
the cabbage armyworm, Manzestra brassicae, only two 
isoforms bound the pheromone component (Z)-1 l-hex- 
adecenyl acetate.['" This PBP was also found in the 
female antennae at low concentration, belying the concept 
that only inales can detect the pheromone. As mentioned 
before, the gypsy moth, L. dispar, uses (+)-disparlure 7 as 
its sex pheromone, but the (-)-enantiomer acts as an 
antagonist. Two recombinant PBPs from gypsy moth 
antennae reversibly bound with each enantiomer, but one 
PBP had a higher affinity to the (-)-enantiomer, and the 
other bound preferentially to the (+)-enantiomer. Two 
sibling moth species, A. polyphernus and A, pemyi, use 

the same three compounds in their sex pheromone blends. 
(E,Z)-6,ll-hexadecadienyl acetate, (E,Z)-4,Y-tetradeca- 
dienyl acetate, and (E,Z)-6,11-hexadecadienal. Three 
PBPs were isolated from each moth species and displayed 
a range of > 1000-fold binding affinites measured for 
structurally related These PBPs also 
showed different binding affinities to different compo- 
nents of the pheromone blends, with Kd values ranging 
from 0.6-30 yM. These examples, and others of 
lepidopteran PBPs that also bind their respective pher- 
omones with Kd values of 0.1 - 10 yM, imply that an 
insect PBP will selectively bind its pheromone. However, 
in contrast to the ligand selectivity described above, only 
one PBP gene encoding an identical protein was isolated 
from two strains of the European corn borer, Ostrinia 
nubilalis, and from the closely related Asian corn borer, 
0 .  ji~rnacalis. These insects use different pheromone 
isomers, suggesting that the molecular recognition here 
does not reside on the PBP."~] In addition, two species of 
scarab beetle, the Osaka beetle (Anomala osakaaa) and 
the Japanese beetle (Popillia japonica), use opposite 
enantiomers of (3-5-(1-decenyl)oxacyclopentan-2-one 
8 as their sex pheromone. The pheromone enantiomer 
of one species is a behavioral antagonist to the other 
species, yet the PBP from both species' antennae had the 
same binding affinity to both enan t i~mers ,~ '~ '  suggesting 
that molecular recognition lies at the membrane receptor 
in this case. However, the finding that there are at least 38 
OBP genes annotated in the Dr-osophila melarzogasfer 
genomei1s1 suggests some specificity between OBPs and 
particular ligands. In addition, more than 50 genes en- 



coding putative receptors were also identified, so it may 
well be that semiochemical olfaction involves combina- 
torial interactions between BBPs and GPCRs and mo- 
lecular recognition at both proteins. 

Early attempts to characterize the binding site structure 
of PBPs were performed by Prestwich, who was the first 
to purify high levels of recombinant PBP from the moth 
Anfhemca polyplzem~ls. by gene expression in E. coli. The 
active site of the PBP was probed by photoaffinity 
labeling using analogues of two components of the natural 
sex pherornone (6E, 1 la-hexadecadienyl acetate and 
(4E,9Z)-tetradecadienyl acetate. The photoaffinity labels 
prepared were [%I-(6~.  1 la-hexadecadienyl diazoace- 
tate 9 and ["I-i4~.9~)-tetradecadienyl diazoacetate. On 
photoactikation, these conlpounds degrade into a highly 
reactive carbene that forms a covalent bond, presumed to 
be with the nearest amino acid, i.e.. one in the binding 
pocket. Subsequent degradation of the protein can identify 
this amino acid and its position in the protein se- 
cjuence."" The 16-carbon label covalently bonded to a 
major hydrophobic do~nain comprising a helix-sheet-helix 
motif that shows sequence variatioil among insect PBPs 
and could explain the hydrophobic binding site of the 
alkyl chain. The bound amino acid, however, was 
threonine-44. found in a hydrophilic subfragment. next 
to arginine-46. a highly conserved amino acid. that could 
be involved in binding the acetyl group. The 14-carbon 
photoaffinity label was found bound to two sites in the 
biilding pocket, one in the same region as the 16-carbon 
unit and one at aspartate-32. This is explained as a result 
of different chain lengths. al!owing a different fit into the 
binding pocket. Indeed, the PBP binds the pheromone 
component i4E.9Z)-cetradecadie11yl acetate poorly com- 
pared to the 16-carbon component. which may explain 
why the labeled pheromone analogue fits into the binding 
site less specifically. 

PBPIPheromone-binding mechanism 

Analysis of recombinant bombyko! pheromone-binding 
protein. BrnPBP, has given information on the protein 
structure and suggested a mode of action that is pH 
dependent. BrnPBP can exist as a dimeric structure at 

neutral or slightly acidic or basic pH but dissociates at 
low pH and undergoes conformational change.i201 Single- 
crystal x-ray diffraction studies were carried out on the 
protein with bound bombykol, and they revealed some 
interesting structural  feature^.^"' The structure contains 
many a-helices and has a novel protein fold different 
from that found in vertebrate olfactory proteins. The 
surface is covered in charged residues, as expected for a 
highly water-soluble protein, and it contains residues 
that may interact to form an asymmetric dimes. The 
monomeric structure shows bombykol bound in a large 
flask-shaped cavity with a very small opening. The 
residues most conserved between lepidopteran PBPs, 
including some highly conserved aromatic residues, form 
the hydrophobic surface of the cavity around the bound 
bombykol. The opening to the bombykol-binding pocket 
is small, and it is unclear from the x-ray structure how 
bombykol enters or leaves the binding pocket, as the 
hydroxyl end of bombykol is covered by a loop, 
stabilized by hydrogen bonding. that acts as a rigid lid. 
This lid. however, can be destabilized by a drop in pH, 
causing protonation of conserved histidine residues 
allowing release of the bound pheromone. Structural 
NMR studies show that BmPBP undergoes reversible 
conformational change on acidification between pH 6 and 
pH 4.9: and as expected, the more basic form generates 
better-dispersed NMR data, i.e.. it is more structurally 
rigid, than the data from the acidified protein.r221 The 
BmPBP binds the pheromone only at neutral and basic 
pH. A. poljplzenzus PBP also only binds its pheromone 
above pH 5.6. There is evidence that the structural 
rearrangement of PBPs under acidic conditions may be 
more fundamental. The NMR studies of the BmPBP at 
pH 4.5 show a G-terminal helix occupying the phero- 
mone-binding site."" Complementary reports from a 
hymenopteran (Apis rnellifera-honeybee) OBP called 
ASP2, expressed in the yeast Piclzia pastoris, found that 
ASP2 had cysteine residues identical to BmPBP and was 
dimeric at neutral The ASP2 protein bound a 
number of floral odorants. but this was reversed at pH 3 
when the protein also became monomeric. The proposed 
mechanism is that the PBP binds the pheromone at 
neutral surface lymph pH. transports it across the aqueous 
sensilla lymph to the membrane-bound receptor. where 
lower pH at the membrane surface. or other local ionic 
conditions. cause the PBP structure to alter with 
concomitant release of the molecule that then elicits 
signal transduction. 

General Odorant-Binding Proteins 

While many ~nolecular genetic approaches to studying 
COBP proteins were reported, little has been achieved by 
chemistry-based studies. Current theories propose that 
these proteins bind either a wide range of semiochemicals 



Semiochemistry 

poorly or have a high affinity to one of a broad range of 
semiochemicals. This makes determination of ligands for 
study extremely problematic. So, work has generally 
focused on PBPs, where ligand identification (the sex 
pheromone) is simpler. A recombinant COPB from the 
moth. Manduca sexta, could be photoaffinity labeled by 
the moth pheromone analogue ['HI-(E,z)-6, 1 l-hexadeca- 
dienyl diazoacetate, but plant odors (3-3-hexen-1-01, 
geraniol, and ljmonene displaced it in competitive binding 

These same plant volatiles, however. were 
unable to displace the pheromone analogue when it was 
bound to its PBP. This suggests that the GOBP is tuned to 
a broad range of plant volatiles, although it is also pos- 
sible that it binds highly selectively to a different 
semiochemical not used in the study. The GOBP also 
displayed similar properties to insect PBPs, as ligand 
binding was dependent on pH and salt concentration. and 
the protein structure was highly %-helical. In another 
study, a D. melarzognster mutant was created that lacked 
an antennal-specific gene containing six conserved cys- 
teines named  LUSH.'^" The nomenclature is derived from 
the mutant's attraction to abnormally high concentrations 
of ethanol. propanol. and butanol that repel wild-type flies. 
In low concentrations, these alcohols are attractive to both 
wild-type and mutant flies and are important seinio- 
chemicals in nature, as the flies feed on: and lay eggs 
in. fermenting plant material. where short-chain alcohols 
are present. 

SEMIBCHEMICAL DEACTIVATION 

After the olfactory receptor is activated, the semiochem- 
ical signal must be destroyed to prevent continued 
stimulation. Esterase, dehydrogenase. aldehyde oxidase, 
epoxidase, and glutathione-S-transferase activities have 
all been detected in the sensillum and could degrade the 
signal. A f ~ ~ r t h e r  example is found in the pale-brown 
chafer. Phylloperthu di~,ersa. which uses 1,3-dimethyl- 
2,4-(1N,3H)-quinazolinedione 80 as its sex pheromone. 

Degradative hydroxylation and dernethylation were ob- 
served. and a species-specific membrane-bound P450 
system was found only in male antennae.[271 Signal 
degradation must be extremely fast, especially for insects 
locating odor plumes in flight. and it has been argued that 
enzymic methods are too slow to achieve this. An 
alternative model was suggested in A. polypheinus. where 

it is proposed that signal inactivation occurs by 
modification of the pheromone1PBP complex.'2s1 In this 
case, A. polyplzer~zus PBP was found to exist in a reduced 
state with two disulfide bridges that bound the phero- 
mone, [ 3 ~ ] - ( ~ , ~ ) - 6 ,  1 1-hexadecadienyl acetate, and 0x1- 
dized in the presence of sensory hair material to a 
complex with three disulfide bonds. The concept is that 
oxidation of the pheromonePBP coinplex occurs at the 
activated receptor, and the oxidized forin traps the 
pheromone and prevents further stimulation. Subsequent- 
ly, the complex is degraded enzymically. 

CONCLUSION 

The extraordinary ability of insect antennae to recognize 
particular odorants and blends of odorants in highly 
complex olfactory environments. through molecular 
recognition, has led to research into technologies to 
exploit this. Using live insects or excised antennae linked 
to electrodes, volatiles from a desired medium can be 
analyzed for specific signals. A mobile robot linked to a B. 
77zori antenna was able to locate the organism's pheromone 
source.['91 Also. a company, Inscentine, is making efforts 
to detect food deterioration semiochemicals for quality 
control of supennarket foods."01 In addition. fingerprint 
patterns using multiple antennae can be used to analyze 
anthropogenic signals, and American scientists are 
creating detectors for illegal drugs or explosives. This 
approach is vastly superior to other artificial nose 
technologies in that it relies on molecular recognition 
rather than simple physical properties. making it possible 
to analyze highly complex samples. 
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Siderophores are compounds produced by microo,, roan- 
isms for scavenging iron from the environment. They are 
low-molecular-weight compounds (500-1000 daltons) 
possessing a high affinity for iron(IT1) (Kf>lo3'), the 
biosynthesis of which is regulated by iron levels and the 
function of which is to supply iron to the cell. Because of 
these roles, siderophores are of interest to biomedical 
researchers who are working on treating anemia and 
helping recipients of blood transf~~sions. This article 
briefly describes the classification and chemical proper- 
ties of siderophores, before outlining the research on 
siderophore transport and interactions with metals. 

BACKGROUND 

During the period 1949-1 952. three different siderophores 
were isolated and identified as growth factors. namely. 
mycobactin 8, ferrichrome 2A and coprogen 3. Snow, in a 
classic study, largely characterized mycobactin, correctly 
identifying its coordination groups and demonstrating that 
mycobactin possesses a high affinity for iron(111).~'.~~ This 
seminal work was followed in 1960 by the discovery of 
the ferrioxamines 4.'" A key observation concerning the 
mode of action of these growth factors was made by 
Garibaldi and Neilands in 1956,'~' when it was dernon- 

strated that the production of ferrichro~ne A 2B was en- 
hanced by growing the organis~n Ustilago sphaerogena in 
a medium deficient in iron. This finding was subsequently 
confirmed for mycobactin and other hydroxamate side- 
rophores. The first tricatechol siderophore. enterobactin 5 
was independently isolated by Pollock and Neilands from 
Snlr~zorzella ~~~h imur iurn ' "  and O'Brien and Gibson from 
Escherichia ~ o l i . ' ~ '  The isolation and characterization of 
siderophores was greatly facilitated in recent years by the 
use of HPLC and mass spectrometry, thus, the number of 
well-characterized siderophores has risen to over 500. The 
majority of these molecules fall into ihe hydroxamate. 
catecholate. or hydroxycarboxylate classes and. despite 
considerable structural variation, chelate iron in a hexa- 
dentate fashion. In addition, there are some tetra-. tri-. and 
bidentate ligands that also function as siderophores. 
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Iron is not a rare element, but its availability is limited 
by the inherently low solubility of iron(II1); under aerobic 
conditions. the limiting concentration of ferric ions is 
close to 1 0 l s  M at pH 7.0. For this reason. microorga- 
nisms evolved strategies for the solubilization and absorp- 
tion of iron, iron being essentia! for all living processes. 
Siderophores are products of the vast majority of 
microorga~lisms. be they bacteria. or fungi. l i ~ e  in soil, 
fresh water. or the sea. For some microorganisms. a 
correlation was established between siderophore produc- 
tion and viru~ence.'~' The synthesis of all known sidero- 

phores is controlled by iron availability to the cell. Under 
conditions of high iron availability. the biosynthesis of 
5iderophores and the corresponding transport proteins are 
repressed: however, as soon as the soluble iron levels drop 
below approximately 1 pIW, siderophore synthesis and 
secretion are activated. 

There is no evidence for siderophore-like molecules in 
multicellular animals, and with the exception of grasses 
and the related cereals, there is no evidence for the ex- 
istence of siderophores in plants. Grasses secrete phyto- 
~ ide ro~hores , '~ '  for instance, mugeneic acid 6. into the soil 
under low iron conditions and. consequently. are able to 
thrive in allialine soils. 
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Table P Hexadentate siderophores 

Siderophore Organism Structure Ligands 

Enterobactin Esclzerichia coli 5 Catechol 
Agrobactin Agrobacteri~~m t~~taefaciens 7 Catechol and hydroxyphenyloxazoline 
Protochelin Azotobacter 8 Catechol 
Desferrioxamine-B Nocardia 4 Hydroxamate 
Desferrioxamine-E Nocardia 9 Hydroxamate 
Ferrichrome Ustilago sphnerogena %A. 2B Hydroxamate 
Triacetylfusarine Fllsariurn rosel~m 10 Hydroxamate 
Coprogen Penicilli~tn7 3 Hydroxamate 
Exochelin Mycobacterium smegmatis 11 Hydroxamate 
Mycobactin Mycobncterictm P Hydroxamate and hydroxyphenyloxazoline 
Pseudobactin Pseudornonas 12 Catechol, hydroxamate, and a-hydroxycarboxylate 
Aerobactin Klebsiella pneunzoaia 13 Hydroxamate and a-hydroxycarboxylate 
Rhizobactin RIzizoOiz~nz meliloti 14 r-Aminocarboxylate and a-hydroxycarboxylate 
Mugineic acid Hordiurn vzllgare 6 r-Aminocarboxylate and a-hydroxycarboxylate 
Rhizoferrin Rhizobus 15 r-Hydroxycarbox~~late 

The major chelating functions found in siderophores are 
catechol, hydroxyphenyloxazolone, hydroxamate, phenol, 
a-hydroxycarboxylic acid, 3-aminocarboxylic acid, and 
thiazole (Tables 1 and 2). 

Hexadentale Siderophores 

The basic design of hexadentate siderophores is such that 
the bidentate functional units are placed at suitable 
distances in order to create a stable intermolecular 
complex. This spacing is achieved via cyclic and acyclic 
esters (3, 5 ,  10); by cyclic and acyclic wamino acid 
amides (2. 112. $3) by cyclic and acyclic o-amino acid 
amides (4. 9. PI), and by mixtures of ester and amide 

Table 2 Tetra-. tri-. and bidentate siderophores 

bonds (11). The structural framework can also be based 
on spermidine, related polyamines, and citrate. The 
advantage of a cyclic structure appears to be twofold. 
First, they are more resistant to attack by proteolytic 
enzymes. Second, due to a decreased entropy difference 
between the free ligand and the complex as compared 
with the acyclic analogue, they possess a higher affinity 
for iron(1II) than their acyclic analogues. A wide range 
of siderophore-iron(II1) complexes were subjected to 
x-ray diffraction ~tudies . '~ '  As typified by ferrioxamine 
D 25, all possess a distorted octahedral coordination, the 
distortion being greater in complexes possessing non- 
equivalent ligands, for instance, mycobactin P. Although 
most hydroxamate siderophores possess three identical 
ligands. relatively few possess a threefold symmetry, 
examples being triacetylfusarine 10, desferrioxamine E 
9, and enterobactin 5. 

Siderophore Organism Structure Ligands 

Rhodotorulic acid 
Azotobactin 

Uersiniophore 
Desferrithiocin 
Chrysobactin 
Aspergillic acid 
Pyridoxatin 
Cepabactin 
Aminochelin 

Rhodotoruln 
Azotobacter vinelandii 
Aep-ornonus hydrophilin 
Yersina er~terocolitica 
Streptomyces arltibiotic~ls 
Er~+inia chnsanthemi 
Aspergillzrs j7avu.r 
Acrenzorziunz 
Pse~ldornonas cepacia 
Azotobacter vinelandii 

Hydroxamate 
Catechol 
Catechol 
Phenol. thiazole. and carboxylate 
Phenol, thiazole, and carboxylate 
Catechol 
Hy droxypyridinone 
Hydroxypyridinone 
Hydroxypyridinone 
Catechol 
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Most hexadenlate hydroxamate and catecholate sidero- 
phores are stereochernically restricted to the cis isomers. 
The stereochemistry of a range of siderophore iron 
complexes was determined by x-ray and CD methods 
(Table 3)."01 These isomers are stable in aqueous 
solutioi~. Although iron(II1) phytosiderophore complexes 
have not beer, crystallized. structures of the analogous 
cobaltiI11) coinplexes were determined. Again. a distorted 
octahedral geometry is observed but with two of the 
ligands being nitrogen atoms 26. 
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Table 3 Stereochemistry of siderophore metallate(II1) 
colnplexes 

Siderophore Structure Stereochemistry 

Ferrichrolne 
Rhodotorulic acid 
Aerobactin 
Mycobactin P 
N.N,N- 
triacetylfusarinine 

Ferrioxamine E 
Ferrioxaniine B 

Enterobactin 
Enantioenterobactin 
Agrobactin 

A-cis 
A-cis 
A 
A-cis 
A-cis (solid state); 
predominately 
A-cis (solution) 
Racemate-cis 
Racemate-cis 
and -tmns 
A-cis 
A-cis 
A-cis 

Tetradentate Siderophsres 

Tetradentate siderophores interact with iron(II1) in three 
different manners, forming a 1:1 complex or a 3:2 
complex (Fig. 1). The vacant coordination sites on the 
1:l complex can be occupied by a bidentate ligand 
forming a ternary complex. and thus, the coordination 
chemistry is more complex for this type of ligand when 
compared to the corresponding hexadentate molecule. The 
3:2 complexes are generally favored at high concentra- 
tions (>lop4 M), whereas the 1:1 complex will predom- 
inate at lower concentrations ( < l o p 6  M). For some 
tetradentate ligands, e.g.. rhodotorulic acid 16, the 1:l 
complex is sterically forbidden, and only the 3:2 complex 
was characterized. With simple alkyl links between two 
bidentate functions. a chiral trihelical conformation is 
formed in the 3:2 complex.L1 l1 

ferrithiocin 27. will be favored under nonacid conditions 
and at high concentrations. 

Bidentate Siderophores 

The only well-characterized bidentate siderophores are 
based on the catechol or hydroxypyridin-2-one function. 
Some are probably intermediates in the synthesis of hexa- 
dentate siderophores. Nevertheless, they can be present at 
high concentrations in the immediate vicinity of secreting 
organisms and undoubtedly mobilize iron froin insoluble 
ores. Bidentate catechols favor the 2:l complex over the 
pH range 4.0-8.0, whereas the hydroxypyridinones 22 and 
23 favor the 3:l complex, which carries a net zero 
charge."" The structure of the iron(II1) complex of the 
parent 1-hydroxypyridin-2-one is a cis-distorted octahe- 
dron 28. By virtue of their neutrality and hydrophobicity, 
these ligands and their iron(II1) complexes are toxic to 
some microorganisms and, as such, are recognized as 
antibiotics, e.g.. aspergillic acid, 22. 

CHEMICAL PROPERTIES 

Tridentate Siderophores Thermodynamic Stability 

As with tetradentate ligands, more than a single complex Mexadentate llgands are likely to possess higher iron(II1) 
species call exist in aqueous solution, namely, the 1 : 1 and stability constants than the corresponding tri- and biden- 
the 2: 1 complexes. The 2: 1 complex, for instance, tate ligands. due to entropy factors. However, the effect is 

Fig. 1 Modes of iron(II1) chelation by tetradentate ligands: A. 1: 1 complex: B. 3:2 cornplex with ligands in nonequivalent positions; C. 
3:2 complex with ligands in equivalent positions. 
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frequently suboptimal due to deviation from ideal stereo- 
chemistry and the associated influence on the enthalpy of 
the interaction. The smaller the conforinational space of 
the free ligand, the higher the stability of the complex: as 
the flexibility of the ligand and its corresponding iron 
complex decreases. so does the entropy difference. Thus, 
cyclic ligands typically possess a higher affinity than 
linear analogues and ligands with a good deal of pre- 
organization in their structures, for instance, enterobactin 
5, possesses particularly high affinities for iron(1IIj. 
Irrespective of the framework. catechol and hydroxamate 
functions provide excellent iron(Il1) coordinating centers. 
as indicated in Table 4. The pM parameter provides a 
more reliable comparison of the affinity of the various 
ligands for iron(1TI) under physiological conditions.'"' 
The pM is defined as pM= L o g  [F~(H~o)~"] ,  thus a 
large. positive value of pM corresponds to a low 
concentration of free Fe(1II) and, hence, effective binding 
by the ligand. The most powerful ligands at pH 7.0 are the 
hexadentate triscatechols as exemplified by enterobactin 
(pM = 35 j; the hexadentate trishydroxa~nates have appre- 
ciably lower pM values. typically 25-28. The substitution 
of a single hydroxamate function by a hydroxycarboxylate 
leads to a significant drop in the pM value, as indicated by 
aerobactin 13 (pM = 23 j. Due to the concentration depen- 
dence of the tri- and bidentate ligands, their pM values are 
lower than those of the hexadentate class (22-25). The 
amino carboxylate phytosiderophores also possess rela- 
tively low pM values. typically in the range of 17-18. 

Kinetic Stability 

As the affinity of hexadentate siderophores for iron(1II) is 
so high, the dissociation rate of iron from the complex is 

Table 4 

extremely low at neutral pH values. Thus, the exchange of 
iron between two siderophores is also exceedingly slow. 
The halftime for exchange of ""F between desferriox- 
amine-B 4 and fel-richrome-A 2B (4 mM, pH 7.4) is over 
200 h, although the rate can be increased by acidification 
of the medium. Tri- and bidentate siderophores are more 
kinetically labile. and this results froin the relative ease 
of removing one of the ligands from the complex.1'" With 
bidentate ligands, even at pH 7.0. there will be a trace 
of the 2:l. 1igand:iron complex, and thus, the reactions 
indicated in Eqs. 1 and 2 reach equilibrium rapidly. For 
this same reason, the iron complexes of bidentate hydro- 
xamates, in contrast to those of hexadentate hydrox- 
amates, undergo rapid racemization in aqueous solution. 

Thus, the role of bidentate siderophores may be to 
solubilize iron and, by virtue of their kinetic lability, 
then donate the iron to the more kinetically inert hexa- 
dentate siderophores. for specific delivery to the secret- 
ing organism. 

In contrast to hydroxamates, catechols are susceptible 
oxidation. The oxidation products, semiquinone and qui- 
none. are also able to coordinate cations. but generally 
with reduced affinity. Assignment of a formal oxidation 
state to the coordinated metal is not always unambiguous; 
as the orbitals involked are delocalized over the metal and 
at least one ring. The electronic structure of the iron che- 
late ring can be viewed in terms of three isoelectronic 
for~ns 29. These various complex types can be induced 

Enterobaciin 5 Catechol 
Protochehn 8 Catechol 
De\fernox,~~n~ne B 4 HI droxamate 
Ferrichrome 2A HI dl oxamate 
Coprogen 3 Hydroxamate 6 
Aerobactin 13 Hydroxainate and 3-hydroxycarboxylate 6 
Mugineic acid 6 a-Aminocarboxylate 6 
Rhizoferrin 14 a-Hydroxycarboxylate 6 
Rhoclotrulic acicl 16 Hydroxainate 4 
Ainonabactin IS Catechol 4 
Desferrithiocin 20 Phenol. thiazole. and carboxylate 3 
2.3-Dihydroxybenzoic acid Caiechol A 3 

Aminochelin Catechol 2 
1 -Hydroxy-4-inethoxy-3- Hy droxypyridinone 2 
methyl-pyridin-2-one 23B 

,'The p ~ e "  is defined as log [Fe3-] when [~e"" ' ]~ , , , ,~  = 1 pM and [Ligand]T,,,, = 10 pM, pH 7.4. 



electrochemically by the addition or removal of electrons 
via an electrode surface or a chemical agent. Thus, iron 
catechol complexes are capable of undergoing intra- 
molecular electron transfer reactions. Such internal redox 
reactions are stro~lgly influenced by pH, thus at pH 7.0. 
the iron(II1) catechol complex is most stable, but under 
more acidic conditions: for instance, pH<5.0, the cor- 
respondi~lg iron(I1) semiquinone complex becomes the 
dominant species.'"l 

TRANSPORT OF 
IRON-SIDERBPHORE COMPLEXES 

Bacteria 

A large proportion of bacterial siderophore uptake studies 
were centered on enteric bacteria as typified by E. coli and 
S. hphir~zul-iurn These bacteria possess a cell wall con- 
sisting of an outer membrane layer and a peptidoglycan 
layer. The former acts as a molecular sieve-type barrier, 
and the latter confers mechanical stability. Thus, the 
metabolically active cytoplasmic membrane is protected 
against bile salts and hydrolytic enzymes found in the 
mammalian gastrointestinal tract. The outer membrane 

consists of a lipid bilayer, rich in lipopolysaccharide and 
porins, which renders the outer membrane freely perme- 
able toward small hydrophilic molecules. The region 
between the outer and cytoplasmic membl-anes is termed 
the periplasmic space and contains approximately 20% 
of the total cell water. As iron(1lI) siderophores possess 
molecular weights in excess of 600, their ability to per- 
meate porin structures is low, and specific carrier proteins 
are necessary. Studies with mutants provided evidence for 
independent carriers being associated with iron-entero- 
bactin, iron-hydroxamates. and iron-citrate (Fig. 2).'16' 

The outer membrane proteins, for instance FecA. 
FepA, and FhuA, were recently characterized by x-ray 
crystallography and shown to be homologous structures 
with inolecular weights in the region of 80.000."~~ '~ '  The 
basic structure consists of a transmembrane P-barrel 
consisting of 22 transmembrane P-strands. The barrel is 
"corked" by a globular domain constructed from a mixed 
x-helical/P-strand framework. There is also an extracel- 
lular domain that covers the smface of the barrel and is 
fully exposed to the extracellular environment. The 
different proteins are selective for particular iron com- 
plexes. for instance, FepA (ferric-enterobactin permease) 
is selective for iron-enterobactin. The affinity of the outer 
membrane receptors for the iron-siderophore complexes 
is high (0.5-50 nM). and thus, they are able to scavenge 
the complexes from the environment. The complexes bind 
to the top of the P-basel, and as a result of a conformation 
change in the cork domain, which is transmitted by the 
TonB protein. are translocated to the periplasinic 
space."" Here they are picked up by binding proteins 

FeCitaate FeEnterobactin Ferrichrome Fe.Coprogen Ferrioxamine 

Periplasmic 
space 

Cytoplasmic membrane 

I I I 
C C C Cytoplasm 

Fig. 2 Iron(II1) transport system in E. coli and other enterobactriaceae. The donation of the iron-siderophore complex to the 
periplasrnic binding protein is facilitated by the cytoplasmic protein TonB. The cytoplasmic iron-siderophore transporters function via a 
typical ABC-type mechanism. which is clriven by ATP hydrolysis. 



with pM affinities. e.g., FepB. and translocated to the 
cytopiasinic membrane. where they are transported to the 
cytoplasin by ABC-type transporters. 

Inevitably. the field is dominated by studies centered 
on the two organisms. E. coli and S. ~l~hinuurium, 
although with the discovery of the plasmid-mediated 
aerobactin system,1201 other bacterial families are inoni- 
tored, for instance, Shigelln flexlzeri. Virulent strains of 
ViDrio n~zgz/illnl-wnz contain a plasrnid that influences the 
efficiency of iron uptake by the organism. When grown 
under low iron conditions, these strains induce the syn- 
thesis of outer membrane proteins, in the 80,000 mo- 
lecular weight range. In similar fashion. Vibrio clzolerne. 
Aei-omonrrs snlmolzicickr (a fish pathogen), and AgroDac- 
tei-iurn t~imcfacierzs (a plant pathogen), all induce similar 
siderophore transport systems when grown under condi- 
tions of low iron availability. Many enteric bacteria 
possess transport systems for exogenous siderophores, for 
instance, E. coli possesses the Fhu complex of transporters 
even though it does not normally produce hydroxamate 
siderophores. This property. together with the ability to 
harbor plasmids for the synthesis and transport of sidero- 
phores, for instance. aerobactin. demonstrates the consid- 
erable e~olutionary pressure experienced by bacteria to 
obtain iron from the en\#ironment. 

Mycobactin species produce a range of siderophores, 
the water-soluble exochelins (for instance, exochelin MS 
BI), mycobactin I" 1 (a hydrophobic siderophore, which is 
not secreted from the organism), and the carboxymy- 
cobactins (which are also secreted) (Table 5). The car- 
boxymycobactins are similar to ~nycobactin P, the only 
differe~lce being the introduction of a o-carboxyl function 
on the central lipid substituent. It is proposed that the 
exochelins and carboxymycobactins scavenge iron from 
the environment and donate it to mycobactin P. which acts 
as an intracellular ion  tore.[^^.^^' 

Iron(I1I) coinplexes of hexadentate siderophores are 
kinetically and thermodyna~nically stable, which although 
being ideal for their scave~lging roles. presents problems 
to the orgallisln with respect to iron release. Redox pro- 

Table 5 Mlcl-oorgani\ms possessing rnultiple siderophores 

Mycobactill P I, carboxymycobactin. 
and exochelin MS 11 
Fenichrome 2.4 and 
ferrichrome-A 2B 
Coprogen 3 and ferricrocin 
Fusasine-c and nialonichrome 
Triacetylfusarine BO and ferricrocin 
Protochelin 8. aminochelin 24. 
and azotochelin 17 

cesses were implicated in this mechanism, as the resulting 
iro11(II) siderophore complexes are kinetically and ther- 
  no dynamically much less stable than the corresponding 
iro11(III) complexes. Furthern~ore, such a mechanism ren- 
ders it possible to reutilize the siderophore and reilders it 
unlikely for an organism to assimilate aluminum. another 
common tribasic element in the environment. Aluminum 
is not susceptible to a reductive release mechanism. The 
enzyme ferrisiderophore reductase is widely distrib- 
uted. It was suggested that such a mechanism involving 
catecholate siderophoi-es is not possible due to their 
extremely low redox potential (-750 mV). This is much 
lower than a typical i~ltracellular reductant, NADH ( - 320 
mV). As a consequence, the involvement of a siderophore 
esterase was proposed. However, there is no firrn evi- 
dence for the existence of such an esterase, and such a 
mechanism would fail to explain how iron is released 
from the iron(II1) co~nplex of MECAM, a synthetic 
analogue of enterobactin 5. MECAM 30 call donate iron 
to E. coli and related If the reduction 
process is carried out in the presence of a powerful 
iron(I1) sink, for instance. protoporphyrin, then such a 
reduction is readily achievable under physiological con- 
ditions. as demonstrated by Byers and coworkers.i241 

Fungi 

Fungi are eukaryotic organisms and possess a single 
cytoplasmic membrane. usually surrounded by a hyphal 
wall. This hyphal wall does not contain an integral lipid 
membrane. and thus. ulllike enteric bacteria. the iron only 
has to permeate a single bilayer structure. Siderophores 
were isolated from many fungi classes. including Ba- 
sidiomycetes (Ustilago), Ascomycetes (I\rrurospora and 
Rl7odotoi-ula). Zygomycetes (Rhi;opl,s). and Deuteromy- 
cetes (Penicillunz. A s ~ ~ e ~ g i l l l ~ s .  and ~zlscrrium).'"] In 
general. fungi secrete siderophores into the enviro~lment. 
some are able to donate iron to the external surface of the 
membrane. whereas others are transported into the cyto- 
plasm as an intact iron(lI1) complex. This latter process 
involves active transport and is dependent on the presence 
of membrane potential and ion gradie~lis. Many fungi 
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secrete more than one siderophore (Table 5). The function 
of multiple siderophores is not clear. but their syntheses 
appear to be under independent control. Under different 
environmental conditions. the secretion of one or another 
of the siderophores will predominate. With some pairs. 
one will be a more potent scavenger for polymeric in- 
organic iron and will exchange iron prior to cellular up- 
take. Sorne siderophores are used as storage molecules 
for iron and do not rapidly donate iron once gaining entry 
to the cell. Iron is released from siderophores via specific 
ferrisiderophore reductases. Ne~tl-ospora cl-assa produces 
coprogens and ferrichromes (Table 5), and whereas the 
fersichrome-type siderophores release their bound iron 
rapidly,[261 iron(II1) coprogen is not rapidly reduced and 
remains largely unchanged in the cytoplasm, possibly 
acting as a storage form of iron. With F~tsaviilriz roseuriz, 
two different siderophore classes are produced: the 
fusarines and malonichrone. It is likely that the negatively 
charged rnalonichrorne is a more efficient scavenger than 
the fusarines and, thus, is only induced under conditions of 
extreme iron scarcity. A similar phenomenon probably 
occurs with Ustiligo, which produces ferrichrome %.A and 
the superior scavenger ferrichrome A 2B. 

Structure activity studies with the cyclic hexapeptide 
siderophores demonstrate that modification of the amino 
acid sequence in the cyclic peptide does not appreciably 
influence the ability of the resulting siderophore to trans- 
port iron. However, the nature of the hydroxamate acyl 
substituent has a major influence. the presence of one or 
more trans anhydromevalonic acid residues severely 
inhibits the process. Furthermore. the chiral nature of 
the iron complex has a dominant influence, the cyclic 
hexapeptide siderophore receptor with a marked prefer- 
ence for the A complex.'271 

Graminaceous Plants 

Grasses, cereals, and rice secrete phytosiderophores into 
the soil when grown under iron-deficient conditions, for 
instance. alkaline soils. The iron-phytosiderophore com- 
plex is then transported via the root cells to the phloem,1'81 
where the iron is transferred to nicotianamine 31. a mol- 
ecule closely related to ~nugineic acid 6 and trallslocated 
to the rest of the plant tissues. Many phytosiderophores 
are hydroxylated, and this results in a lowering of the pK, 
values of the amino functions and, hence, reduces the 
ability of protons to compete with the binding of iron. 

COOH COOH COOH 

H 

Such trends have relevance to the ability of different 
cereals to grow in acidic soils. It is probably significant 
that barley and rye. which are relatively resistant to iron- 
induced chlarosis, produce highly hydroxylated phyto- 
s i d e ~ o ~ h o r e s . ~ ~ ~ ~  

INTERACTION OF SIDEWOPHORES WITH 
METALS OTHER THAN BRQN 

Aluminum and gallium form trivalent cations with similar 
radii to that of iron(II1) and, therefore, possess high af- 
finities for siderophores. Gallium is a scarce metal, and 
therefore. competition with iron in the biosphere in un- 
likely. In contrast, aluminum is plentiful, and although 
it binds less tightly to hydroxainate ligands than does 
iron(III), it possesses a similar affinity for catecholato 
ligands. The stability constants (P3) of iron(I1I) and 
aluminum(II1) for acetohydroxamic acid are 1018 and lo2' 
and for catechol are and respectively. Thus, 
there is the possibility that aluminum could be absorbed 
by phenolate siderophores. However, its release from the 
siderophore, unlike iron, would not be facilitated by a 
reduction step. Thus, absorbed aluminum would tend to 
remain bound to the siderophore and not be available for 
protein coordination. For these reasons, it is unlikely that 
aluminum enters mammalian food chains via microorga- 
nisms. Some actinides, for instance, plutonium(IV), by 
virtue of possessing similar charge densities to that of 
iron(lII), also possess high affinities for hydroxamate and 
catechol siderophores. 

Three other metals. namely, copper. vanadium. and 
molybdenium, possess appreciable affinities for sidero- 
phores. It is possible that siderophores or siderophore-like 
molecules are involved in the microbial transport of these 
metals. Copper(I1) forms stable complexes with hydrox- 
amate siderophores (for instance, schizokinen, desfeniox- 
amine B. and desfenithiocin) and catechol siderophores 
(for instance, enterobactin). However, copper(II), unlike 
iron(IIl), also possesses a high affinity for amino acids 
and small peptides, and this property renders it unlikely 
that copper uptake is dependent on siderophore-medi- 
ated transport. 

Molybdenum VI 

Molybdenum behaves differently than most metals that 
are essential for living processes, in that it exists pre- 
dominantly in an anionic form in neutral aqueous solution. 
The reason for this difference is that the most stable 
valence state of molybdenum in aerobic aqueous solutions 
is six. Because the Mo(V1) cation possesses an extremely 
high charge density (radius=0.73 A), it reacts with water, 
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forming the ~ o 0 ~ ~ +  and ~ 0 0 ~ ' -  species. The ~ 0 0 ~ ~ +  

cation does not behave as a typical divalent cation insofar 
as it binds anions strongly and thus is more like a trivalent 
cation. The effective charge on the molybdenuin atom is 
3.6+, and therefore, the surface of the cation not occupied 
by oxygen atoms is similar to that of iron(II1). Not sur- 
prisingly, therefore, molybdenum(V1) forms complexes 
with catechol 32, which possess a characteristic yellow 
color (A,,, = 325 nm). 

phores. Other nitrogen fixing organisms, for instance, 
A,-ospir.illunz lipoferum and Pcri-acoccus denitr$c&~s. 
produce catechol siderophores and molybdenum accumu- 
lation was demonstrated to be dependent on the iron status 
of these organisms. 

Vannclicl?n ascidians (sea squirts), possess the ability to 
sequester and reduce vanadium in specialized blood cells 
termed vanadocytes. Vanadium is present in these cells at 
high concentrations, most probably in the simple mono- 
nuclear form [ V ( " ' ) S O ~ ( H ~ O ) ~ ] ~  Tunichroines 33, which 
are produced by ascidians, possess a rigid backbone and, 
as a result. are unable to form stable tetradentate or hexa- 
dentate monomeric vanadium complexes: unlike enter- 
bactin 5 .  which binds v'" avidly. As a result. it is more 
likely that t~lnichroine acts as a transient ligand and re- 
ductant of vanadium(V). which is accumulated by the 
organisms as the vanadate anion.[''] leading to its ultimate 
storage as VII1 in vanadophoric granules of low pH. 

The nitrogen fixing organism A;obacteu vinelandii was 
demonstrated to produce a range of molybdenum-binding 
catecholates, which also function as siderophores. for 
instance, azotochelin 1'7 and protochelin 8. The levels of 
molybdenum in culture medium have a dramatic influence 
on siderophore production (Fig. 3)."" At high concentra- 
tions of molybdate, the production of the tetradentate 
siderophore 17 is reduced to zero and replaced by the 
hexadentate siderophore, protochelin 8. In the presence of 
high molybdate levels. the tetradentate molecule is an 
inefficient scavenger of iron(1Il) hydroxide due to the 
formation of a molybdenum complex. In contrast, the 
hexadentate siderophore is still able to scavenge iron, as 
one catechol function is free when the molecule binds 
molybdate. Thus, the frequently observed toxicity of high 
molybdate levels is likely to be a result of iron deficiency 
(Mo-Fe antagonism). However. this effect will be mini- 
mized in the presence of hexadentate catecholate sidero- 

--+- Azotochelin 
4- Protochelin 

10-5 10-4 10-3 10-2 10-1 1 0 0  

Molybdenum concentration [mM] 

Fig. 3 Effect of rnolybdate on azotochelin 17 and protochelin 
8 production by A ~r~lelartdl l  as dete~mined by HPLC 

CLINICAL APPLICATION OF 
SIDEROPHORES AND ANALOGUES 

Selective ison Chelat i~n 

Currently, there is considerable demand for a highly 
specific chelator of iron. which is suitable for clinical 
administration to iron-overloaded patients. The most 
widely adopted method of treating P-thalassaemia, is 
regular blood transfusion. and this leads to iron overload. 
In 1962. Sephton Srnith demonstrated that desferrioxa- 
mine B 4 given intramuscularly to iron-overloaded 
patients. increased the excretion of iron in the urine.["' 
However, early experiences with this hydroxamate sidero- 
phore were disappointing, and it was not until regu- 
lar bolus injections were introduced that any consistent 
success was obtained. Following this. administration of 
the drug by slow continuous infusion was introduced. and 
although unpleasant. the treatment is effe~tive. '~" Des- 
ferrioxarnine is also used in the treatment of acute iron 
poisoning and for the removal of aluminum. Unfortunate- 
ly, desfel-sioxamine is not orally active, and it has become 
increasingly important to identify a nontoxic orally active 
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iron chelator. A wide range of siderophores were 
investigated together with close synthetic analogues, for 
instance, 5 ,  16, and 28. In order to achieve good oral 
bioavailability, molecules with molecular weights <500 
are required, and this excludes most of the hexadentate 
siderophores. However, the bidentate 3-hydroxypyridin-4- 
ones were demonstrated to be effective, and deferiprone 
34 is now an approved medicine in ~ u r o ~ e . ' ~ ~ ~  

with other cephalosp~r ins .~~ '~  
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Synthetic receptors for cations or anions have potential 
applications in many different chemical technologies, and 
a large number of receptor designs have been evaluated 
over the past three decades. Many of these synthetic 
receptors are uncharged molecules that operate in organic 
solvents. Under these conditions, the target salts may exist 
as associated ion pairs that can hinder the single-ion 
recognition process. Two strategies can be employed to 
simultaneously bind both ions of a target salt. The dual- 
receptor strategy uses a binary mixture of anion and cation 
receptors: alternatively, a single ditopic receptor can be 
designed with specific cation and anion binding sites. 
These salt-binding receptors can be organic or organome- 
tallic molecules. They are prototypes for more compli- 
cated self-assembly systems that may eventually be used 
as components in molecular machines. 

IONS AND IQM PAIRS 

An important goal in supramolecular chemistry is to 
develop high-affinity synthetic receptors for specific 
target ions. Because the target ioil is necessarily accom- 
panied by a cou~lterion. the recognition process can 
become complicated, because salts do not exist as free 
ions in most organic solvents, instead they are present as 
solvent-separated ion pairs, contact ion pairs. or aggre- 
gated contact ion pairs (Fig. l)."] Thus. for a receptor to 
associate with a target ion. it must compete with the 
counterion. Historically, this situation mias avoided by 
using noncompeting counterions such as tetralkylammo- 
nium cations or tetrarylborate anions. However. in many 
real-life separation or sensing situations. the luxury of 
noncompeting counterions is not available, and ion 
pairing of the target ion with its counterion can lead to 
diminished receptorlion association constants. For exam- 
ple, titration of the si~nple acetate receptor. N-octyl-N'- 
phenyl urea, in DMSO with tetrabutylammonium acetate 
leads to an associatioil constant of 1(,,,,,,,=310 IW-'. 
Repeating the titration experiment in the presence of one 
molar equivalent of sodium tetraphenylborate lowers 
Kaccrate to 90 M ~ ' . " ]  In chis case. the sodium forms an 

ion pair with the acetate, which lowers the receptor1 
acetate associatioll constant. The associated sodium cation 
sterically hinders the receptol-/acetate interaction. and it 
lowers the acetate's effective charge by a polarization 
effect or a shielding effect. 

DUAL-RECEPTOR STRATEGY 

One way to alleviate this counterion-induced inhibition of 
receptorlion binding is to use a dual-receptor strategy, that 
is. a binary mixture of ailion and cation  receptor^.^'^^^ 
Examples of dual-receptor strategies reported so far 
include mixtures of crown ether 1 and tripodal amide 2 
to extract CSNO;,'" and a mixture of cation-binding 
calixarene 3 and anion-binding calixpyrrole 4 to bind 
butylammonium chloride (Chart I).'" A major advantage 
of the dual-receptor strategy is structural simplicity and 
the associated economic savings. Thus, dual-receptor 
systems should be useful for industrial solidlliquid ex- 
traction and me~nbraile transport of salts. 

DlTOPlC RECEPTORS 

An alternative to the dual-receptor strategy is to design a 
single ditopic salt receptor that silnultaneously binds the 
cation and the a n i ~ n . ~ "  A potential advantage gained by 
covalently linking the anion- and the cation-binding sites 
is the possibility of binding cooperativity. That is. the 
binding of the first ion to the receptor alters the receptor's 
affinity for the second ion. Positive cooperativity is when 
the presence of the first ion raises the receptor's affinity 
for the second ion, whereas negative cooperativity is the 
reverse. Many of the early ditopic salt receptors described 
in the literature have spatially separated cation and anion 
binding sites. so that the anion and the cation are not in 
contact with each other when they are bound to the 
receptor.["'0J As a result; cooperative binding effects are 
expected to be small. One of the earliest ditopic salt 
receptors is Compound 5 ,  which has two crown ether rings 
to bind metal cations such as M+ and a Lewis acidic U02+ 
center to bind anions such as 132~04p.L81 
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Fig. 1 Salts can exist as free ions. ion pairs, or aggregated ion 
pairs in organic solvents. (Reprinted with permission from 
Ref. [9]. Copyright 2000. American Chemical Society.) 

Positive cooperativity is produced when the binding of 
an ion alters the ditopic receptor structurally (induced fit) 
or electronically (receptor polarization) in a way that 
improves binding of the counterion. The induced-fit 
concept is particularly intriguing. because it is a central 
feature in the allosteric effect used by many enzymes and 
biological receptors. An early example of a flexible 
receptor that uses an induced-fit strategy to simultai~eously 
bind K' and C 1  is Compound 6.'"' The central polyamine 
linker wraps around a C 1  ion, which brings the two crown 
ether rings togethei- to bind a K+. A more recent example is 
the dibenzo-30-crown-10 derivative 7, which acts in 
reverse; that is. the receptor wraps around a K' ion and 
forms a preorganized binding site for diphenylphosphate 
anion.[12] A receptor that probably uses both induced-fit 
and polarizatioll effects. is the tripodal tri.r(amido benzo- 
15-crown-5) 8. which simultaneously binds Na+ and 
R ~ O ~ ~ . ' " ~  In this case, the presence of the Na' improves 
the receptor's affinity for ReOtP by a factor of 20. 

A variation of the receptor polarization effect is the 
binding strategy shown by scheillatic Complex 9. In this 
case; the binding of an ion to one face of an appropriately 
designed receptor polarizes (and perhaps preorganizes) 
the receptor so that it can bind the counterion to the 
opposite face with increased affinity. Two examples that 
use this strategy are the macrocyclic phosphine oxide 10, 
which can simultaneously bind a monoalkylammoni~im 
cation and C 1  .Ii4'and the cyclopeptide 11, which sirnul- 
taneously binds an alkyltrirnethylam~~loni~rm cation and 
tosylate anionr'" (Chart 2). 

BRGANOMETALLIG DITBPIC RECEPTORS 

A number of organometallic receptors were developed to 
take advantage of the anion coordination ability of 

Chart B Compounds 1-4 used for dual-receptor recognition of 
cations and anions. 

Receptor 

<-A 

Chart 2 Ion-pair recognition using ditopic salt-binding hosts. 

inorganic atoms. A conceptually important early example 
is the crown boronate 12, which can simultaneoirsly bind 
cations such as K' and anions such as FP. The F forms a 
strong coordinate bond wit11 the boron, and the K+ 
associates with the crown ether ring.'161 More recently. the 
simple monodentate ligand, 3-t-butylpyrazole, was found 
to act as a ditopic receptor for Zn(II) halide salts.["' The 
system self-assembles to form Complex 13 with one 
halide anion coordinated to the zinc and the other 
hydrogen bonded to the pyrazole NH. 

DITBPIC RECEPTORS THAT RECOGNIZE 
ASSOCIATED ION PAIRS 

Another way to view salt binding is to accept the fact that 
salts prefer to forin ion pairs and. thus. develop ditopic 
receptors that bind salts as associated ion pairs (Fig. 2). 
Two examples are the macsobicyc!es 14 and 115 with 
juxtaposed anion- and caticn-binding sites. 111 the case of 
14, the presence of Na' cation enhances CI binding by 
about a factor of 10. An x-ray crystal structure of the 
14,NaCI complex shows that the salt is bound as a solvent- 
separated ion pair.118' The Na' sits in the crown ring, and 
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Fig. 2 Ion-pair recognition using ditopic salt-binding hostu. 
(Reprinted with pennission from Ref. [9] Copyright 2000, 
American Chemical Society.) 

the C l  is hydrogen bonded to the two receptor NH 
residues with a chloroform molecule sandwiched between 
the two ions. The positive binding cooperativity for this 
receptor is due to the anion interacting with the cation via 
the bridging chloroform. The binding cooperativity effect 
is greatly magnified in the case of the smaller macro- 
bicycle 15, because the NaCl salt is bound as a contact 
ion pair."" This increases the C 1  ion's electrostatic 
attraction to the receptor/Na+ complex. In the case of 15, 
the receptorlsalt complexes are so stable that they can 
survive column chromatography using silica gel and 
weakly polar solvents (Chart 3). 

In the future, salt-binding receptors are likely to be em- 
ployed in various separation and sensing applications. It 
appears that both design strategies, dual-receptor mix- 
tures, and single ditopic receptors, should be useful. Salt 
binding is a relatively new topic in supramolecular 
chemistry, and it is likely to be actively pursued in the 

Fig. 3 In polar aprotic solvent, a salt-binding [2]rotaxane 
populates multiple axlelwheel orientations. Binding C 1  does 
not measurably alter the rotaxane's dynamic properties, whereas 
binding Kt freezes out a single coconformation (molecular 
brake). (Reprinted with pennission from Ref. [22]. Copyright 
2002, Elsevier Science.) 

near future. Hints of possible new research directions are 
provided by two examples from the recent literature. The 
first is the self-assembled pseudorotaxane 18, which is 
prepared by simply mixing ion-pair 16 with lnacrocycle 
1 ' 7 ~ ~ ~ '  (Chart 3). This work and a related report[211 show 
how salts can be employed as "molecular glue'' to 
assemble complex supramolecular structures. The second 
example. illustrated in schematic form in Fig. 3, is a 
permanently interlocked [2]rotaxane with salt-binding 
ability.r221 In polar DMSO solvent, the rotaxane is 
confornationally mobile, with the wheel rotating slowly 
around the axle. This motion is stopped by the presence 

Chart 3 Compounds 12-15 are recent examples of salt receptors. Compounds 16-18 are examples of salt recognition as a method of 
supramolecular self-assembly. 
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of K+ ions that bind to a crown ether unit in the wheel. 
Binding Cl-. however, does not measurably alter the 
rotaxane's dynamic properties. This supramolecular sys- 
tem can be viewed as a potential molecular machine 
component. with dynamic properties that can be regulated 
by chemical effectors. 
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The simultaneous binding of cations and neutral molecules 
within a single host-guest system usually involves a metal 
as the cationic species, although there are a handful of 
examples involving an organic cation. Molecules that 
include metal cations but also bind neutral molecules may 
do so through a number of mechanisms, including coor- 
dinating the neutral guest with a metal cation that is bound 
within a host; binding the cation and neutral guest in 
different host receptor sites; and making the metal cation 
an intrinsic part of the molecular architecture of the host 
molecule (a metallohost). which includes the metal-tem- 
plated self-assembly of a receptor molecule that sub- 
sequently binds a neutral molecule. Simple macrocyclic 
coordination complexes, such as metallated crown ethers, 
porphyrins, and phthalocyanines, where neutral ligands 
bind to the metal in axial positions, may also be regarded 
as simultaneous binding of cations and neutral molecules. 
These will not be considered here. Also, pseudomacro- 
cyles, which are metal-assembled macrocycles analogous 
to traditional organic macrocycles. will not be presented. 
Metallohosts were extensively reviewed in recent years,['- 
31 hence only a few representative recent examples will be 
highlighted herein. The main focus of this article will be 
host molecules that simultaneously bind cations and 
neutral molecules in different receptor sites. 

TRADlTBONAL HOST MOLECULES 

Crown Ethers 

The earliest reported examples of a system binding cations 
and neutral molecules simultaneously employed tradition- 
al inacrocyclic host molecules, such as calixarenes 1, 
which are described inore fully below, and cyclic poly- 
ethers. Incorporating pyridyl or Schiff base groups into 
crown ethers leads to macrocycles with two possible 
binding modes.'" in  the complex 2,6-pyrido[27]crown- 
9.LiC104.urea, both the Li+ cation and urea are encap- 
sulated within the crown ether cavity with interactions 
between them. In contrast, the ~i~~ complex of a Schiff- 
base-derived crown ether 2 has the iVi2' immobilized at 
the Schiff-base binding sites in a square-planar geometry, 

with a water guest molecule bound in the macrocyclic 
cavity and showing no association with the metal. Uranyl 
cations Uo2'+ may likewise be bound within the Schiff- 
base cavity of Schiff-base-derived crown ether macro- 
cycles, and the uranyl complex may be used as a metal- 
lohost that binds neutral molecules in the macrocyclic 
cavity through interactions with the uranyl cation and 
pol yether oxygens. Guests include urea, formamide, di- 
methyl sulfoxide (DMSO) and (2-pyridylmethyl)ureaaL4' 

The crown ether tetrabenzo-24-crown-8 shows selec- 
tive binding of large alkali metals Cs' and Rb+ in 
preference to the smaller ~ a + . ~ "  On complexation of Cs+ 
or Rb+, the tetrabenzo-24-crown-8 organizes into a cage- 
like structure about the cation, with the crown ether 
backbone resembling the seam of a tennis ball. The 
alternating benzo groups are thereby arranged to face one 
another, creating two molecular clefts. Neutral molecules 
may be bound within the clefts.r561 When crystallized 
from aqueous dioxane, host-guest species [M(tetrabenzo- 
24-crown-8)(dio~ane)~(M~O)~]+, where M=Cs+ or RbL. 
were i~ola ted . '~ '  A dioxane molecule occupies one cleft of 
the assembly, while the other cleft contains dioxane and 
water guest molecules. Remarkably. a similar complex 
can be found with a traditionally "noncoordinating" sol- 
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vent as the neutral guest m o l e ~ u l e . ~ ~ '  The complex [Cs- 
(tetraben~o-24-crown-8)(1,2-dichloroethane)~](NO~).- 
(HzO) forms a cage-like structure about the cation, with 
two ~nolecular clefts. A molecule of 1,2-dichloroethane 
occupies each cleft, with weak bidentate coordination to 
the Cs+ cation via the chlorine atoms, Fig. 1. Notably, the 
1,2-dichloroethane molecules bind in preference to the 
nitrate anions, despite there being no obvious steric reason 
for this. It is postulated that this is more electronically 
favored, as some slightly electropositive hydrogen atoms 
of the I ,2-dichloroethane are within 3 A of an arene ring. 
Furthermore, the authors propose that the structure of the 
complex in the solid state persists in solution on the basis 
of liquid-liquid extraction studies. A distinguishing 
feature of these molecular clefts is that the cation is 
easily dissociated or replaced from the crown ether and 
may not be an intrinsic part of the host assembly, noting 
that the un~netallated acetonitrile cornplex of tetrabenzo- 
24-crown-8 has a similar conformation to acetonitrile 
molecules bound within the ~nolecular clefts.'" 

CaQixarenes and Related Host MolecuQes 

Traditional host molecules, the calix[n]arenes 1, are cyclic 
phenols bridged by -CH2- groups [RC6H4(0R')CN2], 
(R1=H in unsubstituted calixarene) that may adopt 
different conformations according to the value of n and 
the substituents R and R'. The most common calixarenes 
are n =4, and they have several important conformations, 
including the cone conformation or 1,3- alternate. In the 
cone conformation. calix[4]arenes possess a molecular 
cavity capable of binding cationic or neutral guest mole- 
cules, and additional host f~inctionality can be imparted by 
the judicious use of functional groups at the lower rim of 
the calixarene. the R' position, allowing neutral and 
cationic guests to be bound simultaneously. 

Fig. B Space-filling diagram showing the binding of 1,2- 
dichloroethane to Csf within a molecular cleft from the crystal 
structure of [Cs(tetrabenzo-24-crown-8)( 1,2-di~hloroethane)~] 
(N03).(W20). Minor disorder of the 1,2-dichloroethane was 
omitted. This diagram was adapted from Ref. [6]. 

An early example of this is found in p-tert-butyl- 
methoxycalix[4]arene R=C(CH3)3, R1=CH3, where in the 
solid state, a Wa+ cation is bound by the methoxy groups at 
the lower rim of the calixarene, and a molecule of toluene 
is contained within the molecular cavity.'" The neutral 
calixarene p-tert-butyl-ethylacetatecalix[4]arene may 
likewise bind Waf or Kf as a 1 : I  complex. and this 
facilitates the transfer of these ions across a water-1,2- 
dichloroethane interface.18' The crystal structure of the 
Naf complex reveals that the Na+ is bound within the 
tetraethyl acetate cage of the calixarene lower rim in a 
distorted cube coordination geometry. Despite the pres- 
ence of a tetraphenylborate anion. which is known to 
cooperatively occupy the upper-rim molecular cavity of 
alkali metal calixarene complexes, a molecule of ethanol 
is included as a loosely bound guest molecule. The smaller 
alkali metal ion Li+ is bound by the lower-rim ether 
oxygens of the unsymmetrically substituted calixarene, 
5,7-bis(9-fluoreny1)-25,26,27,28-tetrapropoxy calix[4]ar- 
ene.L9i Although in a cone form, the metal-free calixarene 
has a pinched conformation that does not allow for the 
inclusion of guest molecules within the molecular cavity. 
Binding of the Lif cation opens the calixarene to a 
pseudo-C4, cone conforn~ation, however. simple com- 
plexation of a neutral guest molecule is not observed. 
Instead. the metallocalixarene dimerizes to give a capsule 
assembly that complexes a molecule of toluene (Fig. 2). 
The capsule is stabilized by interactions with the toluene 
and n-x interaction between tluorenyl groups of the 
different calixarenes. 

Molecular capsules may likewise be formed by 
related host molecules such as calixresorcinarenes. 
Tetraethylresorcin[4]arene, for instance, forms a cap- 
sule-like assembly when cocrystallized with tetraethyl- 
ammonium  cation^."^' The capsule is co~nposed of a 
neutral resorcin[4]arene and an anionic monodeproton- 
ated resorcin[4]arene ~nolecule hydrogen bonded in a 
head-to-head fashion via eight water molecules. In 
contrast to the capsule described above, the cationic 
guest molecule. tetraethylainmonium, is bound within the 
capsule, and the neutral ethanol molecules form an 
interdigitating association with the lower rim of each 
tetraethylresorcin[4]arene molecule. 

An entirely different mode of alkali metal cation inclu- 
sion is found in the complex {Cs@-teut-butylcalix[4]- 
arene-H)(CH3CN)}.'"1 Notably, there is no lower-rim 
substitution, and the calixarene is monodeprotonated to 
form a phenoxide. The Csf cation is not bound by the 
phenoliclphenoxide oxygen atoms but rather is contained 
within the molecular cavity of the calixarene. The Cs-C 
distances are sufficiently short to suggest a polyhapto 
coordination of the Cs+ to the four aromatic rings of the 
calixarene, which is consistent with delocalization of the 
phenolate charge over the rings. The neutral CH3CN guest 
molecule coordinates with the included Csf cation. 
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Fig. 2 X-ray structure of the molecular capsule formed by two 
Li[5.7-bis(9-fluoreny1)-25,26.27,28-tetrapropoxy calix[4]arene]+ 
cations dimerizing around a toluene guest molecule. Diagram 
adapted from Ref. [9]. 

Transition or post-transition metals may be bound at 
the lower rim of a calixarene to form a metallocalixarene 
that may act as a metallohost. Calixarenes have a tendertcy 
to bind UO~" cations, for example. A well-characterized 
recent example is the uranyl complex of (p-tert-butyl- 
tetrathiacalix[4]arene-H)', where the -CH2- bridges of 
the calixarene are replaced by -S-. The ~0~~~ cation is 
bound by the four phenoxide 0 in a square plane. Further 
complexation of guest molecules is not precluded by one 
of the uranyl O atoms being directed into the molecular 
cavity from the lower rim of the calixarene, and a 
molecule of N,N-dimethylformamide is found in the 
upper-rim cavity."21 The zinc complex of the function- 
alized calix[b]arene hexa-terf-butyl-trimethoxy-tris((1- 
methyl-2-imidazolyl)methoxylcalix[6]arene} has a cone 
conformation, with the zn2+  cation coordinated by the 
tris(imidazolyl) groups on the lower rim and an aquo 
ligand."" The labile aquo ligand is constrained inside the 
molecular cavity of the calixarene and can be substituted 
for other neutral ligands. The hydrophobic calixarene 
cavity acts as a selective ~nolecular funnel, allowing only 
guest molecules with complementary steric factors to be 
bound. Other examples of metallocalixarenes include a 
series of anionic {(p-tert-butylcalix[4]arene-4H)W= 
CR}- hosts that host neutral solvent molecules."" These 
may be linked into Dis(ca1ixarene) ditopic receptors by the 
binding of other metal cations such as Ag+ and ~ g ' + ,  
which act as  bridge^.^'"] 

There are a number of other examples of similar 
ditopic metallocalixarenes binding neutral molecules. 

such as the crystalline complex [ N I I ~ ( C H ~ ) ~ I [ M O ~ ( I ~ ~ - ~ J -  
fert-b~tylcalix[4]arene-4H+)~] .4NC5H5, where the anio11- 
ic calixarenes are bridged by a [MO--MO]~+ moiety. and a 
molecule of pyridine is bound within each calix[4larene 
~nolecular cavity.["' An unusual example of a ditopic 
metallocalixarene that binds an organic cation and a neu- 
tral molecule is the anionic receptor {di-p-rert-butylcalix- 
[4]areneditungstate(111)}', where a [w=w]" core is 
bridged by two fourfold deprotonatedp-tert-butylcalix[4]- 
arene n~olecules."hl The x-ray structure reveals that one 
calix[4]arene moiety binds a dimethylamnionium counter- 
cation, while the other binds a molecule of acetonitrile. 
Interestingly. in the Mo analogue, both ca?ix[4]arene 
molecular cavities are occupied by dimethplammoniurn 
cations. and acetonitrile molecules occupy holes within 
the molecular packing of the crystal structu~e."~' 

The water-soluble p-sulfonatocalix[rz]arenes also form 
calixarene-based metallohosts that may bind transition or 
alkali metal cations at their upper-rim sulfonate groups. 
Representative examples of such chemistry are discussed 
below. The crystalline complex Nas{Co(H20)JO~-sulfo- 
nat0calix[5]arene)~] . 2CH3C(0)N(CH3)2. 3 7 ~ ~ 0 " ~ ~  fea- 
tures two calix[5]arenes in cone conformations coordi- 
nating to a single c ~ ( P I ~ o ) ~ ' +  moiety through sulfonate 
groups in a cis fashion. The calix[5]arenes are oriented in 
a face-to-face manner that results in the fonnation of a 
"supercavity." One N,N-dimethylacetamide guest rnole- 
cule is bound within each calix[5]arene host molecule. 'H- 
NMR studies indicate that the coordination complex 
breaks up in solution. and there was no evidence of com- 
plexation of the N,N-dimethylacetamide guest by the 
calix[5]arene. This is in direct contrast to the related Ni(I1) 
complex Na8{Ni(H20)4(~~-sulfonatocalix[51arene)2} . 

2NC5HS.38H20, which in solution exists as a fluxional 
coordination complex with intracavity complexation of 
the pyridine guest  molecule^.^'^^ The complex { [ S C ~ ( O H ) ~ -  
(H20)s][S~(H20)1]2[p-sulfonatocalix[4]arene-H]2- 
([I Slcrown-6)). 16H20 features a two-dirnensioilal (2-D) 
coordination polymer formed through bridging coordinate 
interactions between [Sc(11~0)~]'+ and lower-rim pheno- 
late calix[4]arene oxygen atoms, and [SC,(OM)~ ( H ~ Q ) ~ I ~ +  
and upper-rim sulfonate groups.L'Si The neutral host 
molecule 18-crown-6 acts as a guest molecule in this 
structure. being bound within calix[4]arene capsule-like 
dimers in a similar manner to the binding of toluene by 5.7- 
bis(9-fluoreny1)-25,26.27,28-tetrapropoxy calix[4]arene 
that was discussed above. 

Calixarenes may also be linked through covalent 
interactions to form ditopic receptors, such as in the 
symmetric linking of two p-tert-butyIcalix[4]arelle mole- 
cules via ethylene linkages to form a calix[4]tube. The 
calix[4]tube shows relnarkable selectivity toward K' 
cations.['91 with K+ bound within the central ethylether 
cage of the calix[4]tube. Molecular mechanics calcula- 
tions suggest that the uptake of K' cations requires an 
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Fig. 3 X-ray structure of a calix[4]tube, with Kf bound in the 
ethylether cage and ethanol guest molecules within the 
calixarene molecular cavities. Diagram adapted from Ref. [19]. 

initial co~npiexation of the K+ within the calix[4]arene 
cavity, with subsequent channel transportation to the 
ethyleiher cage. A crystalline species {K(calix[4]tube)]+~- 
I .  3CH@13. 4CH30H. I 1 2 0  was isolated and structurally 
characterized with the host-guest species shown in Fig. 3. 
The K+ cation is 8-coordinate with a flattened cube ge- 
ometry, and each calix[4]arene receptor binds one mole- 
cule of ethanol. 

Another family of calixarene-based ditopic receptors 
are the 1,3-calix[4]arene-Dis(crown ethers). where the 
calixarene is locked into the 1,3-alternate conformation, 
and substrate binding normally occurs at the crown ether 
loops. These may form mononuclear or dinuclear com- 
plexes with alkali inetal cations, or may bind neutral guest 
molecules. The unsymmetrical 1.3-alternate calix[4]ar- 
ene-l,3-crown-6;2,4-(1.2-phenylenej-crown-6 forms a 1 : 1 
complex with Cst. The crystal structure shows that the 
cation is bound only within the adapted phenylene-crown- 
6 loop, and a molecule of acetonitrile is bound within the 
unmodified crown-ether 

OTHER METALLOHOSTS 

As described above. metallocalixarenes and metal-crown- 
ether complexes may act as host systems for neutral guest 
molecules. Many other types of coordination complexes 
may also act as host molecules, either through the 
formation of molecular cavities within the complex that 
may bind neutral molecules, or molecular clefts, where 
vacant coordination sites on the metal cation may be 
employed to bind neutral molecules. the latter termed 
metalloclefts. Recent examples of such chemistry are dis- 
cussed below. 

The structured binding sites of metalloclefts mean that 
they are often highly selective hosts. An example is the 
salophen-uranyl-based metallocleft 3, which co~nplexes 
neutral molecules. provided that the two phenyl groups of 
the host are parallel to one another. The salophen-uranyl 
unit may be employed as a catalyst for Michael additions, 
and the high steric requirements of the metallocleft of 3 
result in it acting as a highly selective supramolecular 
catalyst.[211 Metalloclefts of Type 4 selectively bind SO? 
molecules and may be incorporated into dendritic materi- 
als that show catalytic a~tivity."~'  

Self-assembly processes are employed to link mole- 
cules together to create molecular hosts. Metal-templaied 
self-assembly was used to create supramolecular systems, 
where neutral molecules are bound by the metal complex 
that acts as a metallohost, however, without direct inter- 
actions between the metal cation and guest molecule. 
unlike in the metalloclefts discussed above. The molecular 
recognition or receptor sites can be intrinsic parts of the 
molec~~lar building biock, or the receptor site can be 
created within the supermolec~le.[~. '~ An ex ample of the 
former situation is seen with a 2.2'-bipyridine-substituted 
~alix[5]arene.'~"' Two calix[5]arenes self-assemble around 
an Agi-cation to bring the two molec~llar cavities into 
close proximity. The Agi-l~is(calix[S]arene) is capable of 
binding large neutral guest molecules. and an intracavity 
1: 1 complex with f~lllerene-Cho was characterized by nu- 
clear magnetic resonance (NMR) and electrospray ioniza- 
tion mass spectrometry (ESIMS). Binding of the larger 
fullerene-C70 was likewise demonstrated by ESIMS."~' 

Complexes that are capable of binding neutral mole- 
cules but where the n~olecular building blocks have no 
intrinsic binding properties may be constructed through 
similar self-assembly processes.[" An example is the 
ligand 5. where binding of transition metal cations via the 
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alcohol and deprotonated carboxylic acid groups results in 
a water-soluble host with a pre-organized cavity, which 
binds hydrophobic guest n~olecules such as naphtha- 
lene.12" The spiro-bridged bis-phenanthroline ligand 6 
forms a self-assembled cyclic tetranuclear complex 
[cu4ti4l4+ with CU(I) .~~" The bis-phenanthroline ligands 
are arranged in a face-to-face arsangement in solution and 
in the solid state. effectively forming a molecular cavity. 
In 'H-NMR experiments, anthracene guest molecules 
were demonstrated to be bound within the tetranuclear 
complex, and a 1:l host-guest complex was formed in 
solution. Similarly, self-assembly processes result in the 
formation of a hexahedral coordination cage [(NH2CH2 
CH2NH2)Pd]1576'0', a molecular capsule. The hexahe- 
dron has two open sites where guest molecules may enter 
or exit: encapsulating two molecules of C B ~ ~ . [ ~ ~ ~  Related 
coordination cages may be employed as nanoscale reac- 
tion vessels, leading, for instance. to stereoselective reac- 
tions. An example is the quantitative formation of the syrz 
dimes of acenaphthylene in a [2+2]  photodimerization of 
guest acenaphthylene bound within the octahedral coor- 
dination cage [(NH~CH~CH~NH~)P~I~~~'"+."~' In many 
cases, the manner of metal-cation-directed self-assembly 
of a metallohost is dependent on neutral guest molecules 
present during the self-assembly processes. Such templat- 
ing effects are particularly predominant in coordination 
polymers. Discrete metallohelicates also provide some 
recent examples of this effect. For instance, triple 
helicates of stoichiometry M2L3 formed by bridging bis- 
bidentate ligands and octahedral metals may form helical 
or nzeso structures. When H2L is the bis-hydroxypyridi- 
none ligand 9, [M2L3] co~nplexes (M=Al, Ga) may form 
as either a meso or a helicate structure, where the helicate 
structure is stabilized by the incorporation of a guest water 
or DMSO. Furthermore, on addition of guest molecules in 
solution, a meso-helicate equilibrium is established, 
indicating that the structures are interconvertib~e.[~~~ 

FRAMEWORK MATERIALS 

Negatively charged solid-state framework materials may 
show inclusion behavior where both countercations and 
neutral molecules are included. The most obvious exam- 
ple is the zeolites and related materials, however, a 
discussion of the inclusion characteristics of these 
materials is beyond the scope of this article. A relatively 
new field where such inclusion behavior may be observed 
is based on coordination polymers. Most coordination 
polymers are cationic or neutral, however one exception is 



Simultaneous Binding of Cations and Neutral Molecules 

Fig. 4 Neutral mesitylene and cationic 1, l1-dimethyl-4.4'- 
bipyridicium [MV]'+ guest inolecules contained within a 
[ c ~ ~ ( c N ) ~ c I ~ ] '  framework-from the x-ray structure of 
[MV]'+[C~~(CN)~CI~]~-.C~H~(CH~)~. Diagram adapted from 
Ref. [29]. 

the series of mineralomimetic structures formed by 
cadmium cyanide derivatives, where the framework is 
anionic. In these cases, clathrate complexes with the 
simultaneous inclusion of cationic and neutral molecules 
may result. An interesting recent example is the clathrate 
complex [MV]~+[C~~(CN)~C~~]~-.C~I-~[~(CH~)~~ where 
M V ~ +  is methylviolopen (l,l1-dimethyl-4,4'-bipyridi- 
n i ~ m ) . ' ~ ~ ]  The [ c ~ ~ ( c N ) ~ c ~ ? ] ~  host framework has 
bridging cyanide ligands and terminal chlorides with an 
overall infinite three-dimensional structure. Cavities 
within the fra~nework structure are occupied by methyl- 
viologen dications and mesitylene molecules that forrn a 
~ ~ ~ + - m e s i t y l e n e  charge-transfer complex. The crystal 
structure of [ M V ] ~ +  [ G ~ ~ ( c N ) ~ c ~ ~ ] ~  -.C6H3(CH3)3 reveals 
that the M V ~ '  acceptor and mesitylene donor molecules 
stack in a near coplanar manner and are very close, with 
an interspacing of 3.30(1) A, (Fig. 4). Similar M V ~ + -  
aromatic donor charge-transfer complexes are found in 
related polycyano-polycadmate clathrate complexes, with 
ethylbenzene, anisole, phenol: cresol, aniline or pyrrole in 
place of mesitylene.'"' 

The simultaneous binding of cations and neutral mole- 
cules can be achieved by different types of molecular 
hosts or assemblies. Traditional host molecules such as 
crown ethers and calixarenes can complex both a cation 
and neutral molecule within different receptor sites. 
Metallohosts, where a metal cation is an intrinsic part of 
the host assembly, can complex neutral molecules within 

molecular clefts or capsule arrangements. Negatively 
charged framework materials such as mineralomimetic 
metal cyanide polymers may feature cavities that simul- 
taneously contain both cations and neutral molecules. 

ARTICLES OF FURTHER INTEREST 
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INTRODUCTION 

The term "soft materials" refers to a large group of bulk 
materials where the inorganic, organic. or composite com- 
ponents link weakly through van der Waals forces, hy- 
drogen bonding, additional coordination, or other 
secondary interactions. The term "smart materials" is at- 
tributed to materials that possess at least two functions: to 
sense an external signal ("sensor function") and to respond 
to that signal with a useful response ("actuator function"). 
An intrinsic feature of soft and smart materials is their 
resemblance to living systems, such that the former models 
supramolecular organization inherent in biological mate- 
rial, whereas the latter can mimic important functions in 
living organisms. Soft supramolecular materials form 
the basis for the rational design of a new generation of 
smart materials. 

SOFT SUPRAMOLECULAR MATERIALS 

The range of soft supramolecular materials embraces a 
variety of crystalline supramolecular ~ompounds;"~ or- 
ganic-inorganic nano~omposi tes ; [~~ partially crystalline or 
glassy low-dimensional organic polymers;'31 materials 
formed by nanoparticles and self-assembled supramolec- 
ular layers;'" and liquid-like systems such as liquid 
clathrates, liquid crystals, and gels.'" All of these 
materials exhibit supramolecular organization of varying 
complexities, with a prominent hierarchy of covalent, 
specific, and weak nonspecific interactions among their 
components. An example of soft supramolecular materials 
of practical interest are the naturally occurring clathrate 
hydrates. a huge reservoir of hydrocarbon fuel deposited 
in the world's permafrost regions and offshore on the 
continental margins. The water molecule, a species con- 
taining two covalent bonds, fonns a host hydrate frame- 
work linking water molecules to each other by 
hydrogen bonds. while guest hydrocarbon molecules are 
retained in the cavities of the framework due to van der 
Waals forces. 

Since the structures of the first materials having supra- 
molecular organization were identified by Powell half a 
century ago,[61 extensive efforts produced entire genera- 
tions of inclusion compounds. micro- and mesoporous sor- 

bents, coordination polymers, and other supramolecular 
materials.['-" Clathrate chemistry provided a historical 
breakthrough in the intentional production of thousands of 
soft supramolecular materials and in a comprehensive 
understanding of their natures, structures, and proper- 
ties.'lol The best-known classes of such materials include 
Hofmann-type clathrates; Werner clathrates; clathrate 
hydrates; inclusion compounds of urea, thiourea, and 
selenourea; cyclodextrins; calixarenes; gossypol; hexa- 
hosts: hydroquinone; phenol and Dianin's compounds; 
graphite intercalates; natural and pillared clays; and 
others. Such studies contributed to the birth of supramo- 
lecular chemistry, with relevance to a new understanding 
of the world of materials that was emphasized with a 
Nobel ~ r i ze . "  l '  

The general principle for building all soft materials 
is the bulk supramolecular assembly or aggregation of 
building units into a regular structure, with strong bonding 
within building units and weaker bonding between them. 
The nature of the building units may vary from simple 
molecules to nanoparticles, and the forces linking the 
units may vary from coordinative to van der Waals. On the 
one hand, weaker bonding among the building units 
allows for the variation of the units within the same type 
of material and, on the other hand, makes soft supramo- 
lecular materials sensitive to external conditions and leads 
them to have a propensity for structural or conformational 
changes, a property characteristic of biologically active 
materials. Therefore, the most attractive features of soft 
supramolecular materials, from a practical point of view, 
are their wide variability, easy conversion from one struc- 
ture to another, and active response to external stimuli." 

The variability of soft supramolecular materials makes 
it possible to modify each into a family of analogs, where 
a sought property will change by small steps over a wide 
range. An illustration of this is given by Werner com- 
plexes-the first metal complexes utilized for creating 
supramolecular materials in the 1950s and 1960s."~."~ 
About 10 different metals (Ad), 15 anionic groups (X), and 
> 100 organic ligands (A) were incoiporated successfully 

"Note that a number of supramoleculav materials of practical importance 
today, ruch as zeolite inclusion compounds. n~icroposous silicas. 
and most 3D coordination polymers. do not satisfy one or rnore of the 
listed conditions. 
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Table 1 Selected data on inclus~on of various isomers by [NI(Y-C~H~-CHR-NH~)?(NCS)~ 

~ o s t  Percentage of ison~ers (0. rn. a )  

Guest isomers Y R Feed Extract Selectivity 

Xylenes y-Br 

P-F 
m-C1 

imBr 
Bromotoluenes H 

H 
ITI-BI. 

(Ddta froin Ref 11 31 ) 

3 0 

10 I l l  

83 P 
0 0 

8 111 

85 P 
0 0 

5 172 

92 P 

into this host of general formula [MAIX2] to give hun- 
dreds of new host 'eceptors, each able to include a variety 
of guest components. Detailed studies made it evident 
that for every guest. a characteristic host receptor spe- 
cifically selective toward the particular guest, could 
be found. Shown in Table 1 experimental data. a few 
entries of many such available, strongly support the above 
statement.'"] 

The variability of soft supramolecular materials also 
provides a basis for their rational design. Although crystal 
structure prediction is a difficult problem, some crystal 
engineering approaches, such as Etter's and the 
concept of the supramolecular ~ynthon,~'"  were success- 
fully applied. A fascinating example of intentional design 
by the systematic variation of a component is given by the 
guanidinium di~ulfonates.[ '~' The sulfonates in the pillars 
(Fig. la )  form a two-dimensional hydrogen-bonded 
network with guanidiniurn cations (Fig. lb), the pillared 
interlayer space being available for the hydrophobic 
incl~lsion of guest aromatics (Fig. lc). A library of pillars 
controlling the interlayer space from 3-17 A with - 1 A 
increments provides a diverse set of soft organic frame- 
works with systematically adjustable pore characteristics. 

The existence of several energetically similar forms for 
the same compound is another typical feature of soft 
supramolecular materials. This property is a result of the 
weak linkage between building units and the variety of 
ways the units can assemble into a structure. A small 
change in external conditioils can lead to another themo- 
dynamically stable form, or. a little change in preparative 
conditions can lead to another kinetically stable product. 
The problem may show as polymorphism for forms 
having the same (polymorphs) overall composition, or 
pseudopolymorphism. where the components are present 
in different proportions. or as so-called supramolecular 
i s ~ m e r i s m " ~ ~  for forms having the same composition of 
the host framework. Water exemplifies such a structural 

diversity. giving rise to dozens of ice and hydrate 
frameworks, each appearing under specific conditions of 
temperature and pressure with different guest types and 
transforming into each other as conditions ~hange."~. '~ '  

The ability of soft supramolecular materials to respond 
to changing external conditions with dramatic structural 
reorganization reveals tremendous potential for their 
applications. Liquid crystals were utilized extensively in 
liquid-crystal displays and thermometers, optical imaging, 
and recording. Evidence for a growing practical interest in 
soft supramolecular materials is provided by the rapid 
evolution in design of microporous metal-organic frame- 
works. Three generations of frameworks were distin- 
guished:"" 1) "unstable to the loss of included guest": 2) 
"stable frameworks, reversibly losing and readsorbing 
guest species without undergoing a change in phase or 
morphology"; and 3) "dynamic struct~li-es that change 
their frameworks responding to external stimuli." This 
last type of "third generation," or "dynamic." frame- 
works is also referred to. by other authors, as '.soft""" or 
. &flexible' ' 1221 frameworks. In the context of a general 

tendency for materials science to move toward innovation 
and design,"" the growing interest in soft supramolecular 
materials can be seen in the concepts of functional ma- 
terials and smart materials. 

FUNCTIONAL AND SMART MATERIALS 

Functional materials are major output targets of contem- 
porary supramolecular design. Functional materials pos- 
sess a certain designed f~~nctionality. making possible 
their implementation as elements in specific processes. 
Molecular magnets,r2" catalysts.'"' molecular sieves 
and chemical sensors,i26i materials displaying useful op- 
tical and conductivity effects."" ion-exchange materi- 
a l ~ , ~" ]  materials switchable on molecular level through 
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Fig, 1 Inclusion compoulld [C(I\TH2)3]2(S03C6H1C6H4- 
SO3) ' ( c ~ ~ w ~ ) . ' ~ ~ '  (A) Disulfonate dianion pillar. (B) Hydrogen- 
bonded layer of guanidinium cations and sulfonate groups. 
(C) Guest naphthalene (\-an der Waals dimensions) included in 
the interlayer space of the guanidinium disulfonate host frame- 
work. (Lsine data from CSD.) 

coordination."" isomeri~at ion. '~~ '  and other reversible in 
situ changesi221 are only a few examples of supramolec- 
ular inaterials that inay be qualified as being functional. 

Smart materials are fiinctional materials that, according 
to essential definition,'"' f~inction as both sensors and 
actuators. In other words, smart materials must possess at 
least two important functions inherent to living organisms: 
to sense an external signal (sensor function) and to re- 
spond to that signal with a useful response (actuator 
function). The first generation of smart materials com- 
prises mainly covalently bonded materials exhibiting 
useful physical properties: ferroelectrics, piezoelectrics. 
electrostrictors. relaxor ferroelectrics. magnetostrictive 
actuators. shape-memory metals. and others.["] 

An example of a smart material is one developed by 
~oyota .~ '"  The multilayer piezoelectric cerainic inside an 
automobile shock absorber has about five layers for 
sensing road vibrations. The multilayer stacks positioned 
near each wheel of the auto also have about 100 layers that 
act as the actuator, all part of the same ceramic. After 
analyzing the vibrational signals, a voltage is fed back to 
the actuator stack, and a response occurs by pushing on 
the hydraulic system of the auto to cancel the vibration. 

Soft suprarnolecular materials. with their high sensi- 
tivities to environmental conditions and easy responses to 
environmental changes. thus possess the qualities that 
make their implication as smart materials a rnatter of an 
appropriate engineering solution. An essentially endless 
variability of soft supralllolecular materials, arising from 
the vast variability of their organic and inorganic 
components and multitude of ways that these coiliponents 
can be assembled to form a 3D structure, allows that it 
should be possible to create a proper material for any 
particular task and provides an area where the rational 
design of such materials can be foreseen. The above 
reasons provide convincing evidence that progress in the 
chemistry of soft s~tpramolecular materials predestines the 
appearance o l  a new generation of smart materials. 

Examples of soft s~~pramolecular materials that are 
"smart" as they interact physicaily with the environment 
are available,[27'"'l More complicated are sysierns in 

which the interaciion involves a chemical p r o c e ~ s . ~ ' ~ . ~ ~ ~  A 
further advantage of soft materials, though, is that they 
allow even more complex process schemes to be orga- 
nized. as exemplified by one-way cycles.[""." 

A one-way cycle invol\ring dense (r-form) and 
microporous (0-form) polymorphs of a host compound, 
and an inclusion forln. is shown in Fig. 2: Step l-The x- 
form converts into the inciusion form in an atmosphere of 
a suitable guest template: Step 2-The inclusion form 
converts into the empty p-form by means of guest 
template removal: this process is driven thermodynami- 
cally and is reversible; Step 3-The 0 form. which exists 
for kinetic reasons, collapses into the more stable r-form 
upon applying certain conditions. an irreversible step. 
Mainly because of the last stage. the complete cycle r 
form i inclusion form + p form - r form inay be run 
only in one direction. 

Smart sorbents are a vivid application of one-way 
cycles; such a sorbent was recently developed on a basis 
of a copper complex.i22.36i It is the microporosity of the 
material that arises or disappears as a response to external 
stimuli. The a-form of the complex is not active as a 
sorbent with respect to many guest sorbates (e.g.. xenon, 
methane. propane). Consecutive application of a helium 
flow containing a guest template and then a fiow without 
the guest ternplate (Steps I and 2 in Fig. 2. respectively) 
trallsforrns the r-form into an empty p-form that acts as a 
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a form inclusion ... 
form <<<< . 1) template 6 <<<< 

4$<Q 

Fig. 2 One-way cycle: the phase interconversion scheme: 
1) Guest template (diamonds) converts M-form into inclusion 
form: 2) ternplate removal gives the empty f3-form that can 
work as a sorbent by including other guests (circles): and 3 )  
a heat pulse induces collapse of the empty 0-form back to the 
u-form. 

versatile sorbent with a pore diameter of -6 A. The 
application of a short-term heat pulse or appropriate 
catalyst returns the system to the "inactive" r-form. All 
of the processes proceed in situ, quantitatively, do not 
include any solvents, and may be controlled according to 
the degree of switching by an operator. The system is 
" smart," not only instantly responding to certain condi- 
tions but also recognizing the sequence under which the 
conditions change. 

CONCLUSION 

Soft supraniolecular materials are an extensive class 
combining organic, inorganic, and composite materials, 
where nonvalent interactions constitute at least one of 
several levels of bonding among the components. We- 
cently, these materials attracted a great deal of attention 
because of their variability and mimicry of living matter. 
These properties predestine the appearance of soft 
supramolecular material libraries in the near future that 
exhibit useful functions, including those of living orga- 
nisms. The ultimate targets in the engineering of new soft 
supramolecular materials start with functional materials 
for sensors, conductors, magnets. and catalysts. Smart 
materials are at the next level of complexity. as these 
materials combine the abilities of sensing external signals 
and responding to the signals with useful responses. 
Further levels may include materials with a learning or 
tuning function, that is. materials that become smarter 
with age. and materials able to choose and make correct 
decisions where multiple choices exist. 
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Solid-State Nuclear Magnetic Resonance Spectroscopy 
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INTRODUCTION quadrupolar interaction between the nuclear electric 
quadrupole moment and the electric field gradient. 

Nuclear magnetic resonance (NMR) spectroscopy evolved Although both co~nplicate the spectra, each contributes 
into a major technique for the characterization of ma- unique information and different possibilities for probing 
terials in just about all areas of chemistry. Most the solid state. 
researchers and students will be familiar with solution 
applications, where chemical shifts and J couplings of spin 
'I? nuclei can be used for simple spectral analysis of WIMW IN 
reaction products as well as the complex multidimen- 
sional techniques used to determine the structure and Below, we present a brief account of solid-state NMR 
conformation of molecules as complex as proteins. A spectroscopy that will point the interested researcher to 
fundamental strength of NMR spectroscopy is that there is more detailed accounts, General refirences are g i v e n [ ~ - 8 ~  
one-to-one correspondence between a chemically distinct that will give the interested reader a detailed account of 
nucleus and a chelnically shifted line in the resonance a variety of solid-state WMR topics, Refs, give an 
spectrum: thus, spectra are quantitative fingerprints of the encyclopedic overview of NMR spectroscopy that is 
material under investigation. updated regularly. 

DIFFERENCES BETWEEN SOLIDS 
AND LIQUIDS 

In the solid state, WMR spectroscopy differs from solution 
spectroscopy in a number of ways. The main one is that in 
solution spectroscopy, all anisotropic interactions are 
averaged by rapid molecular motion, so that usually only 
the two aforementioned interactions, chemical shifts and J 
couplings. survive at their isotropic averages. However, 
because in the solid state molecular motion is seldom 
isotropic, all spin interactions behave as second-rank 
tensors. This means that interactions such as the chemical 
shift depend on the orientation of a molecular fragment 
with respect to the magnetic field, and on the details of the 
motion of the fragment. In single crystals, this then gives 
rise to an orientation-dependent chemical shift spectrum, 
and for powdered samples, where all orientations are 
allowed. a powder pattern results. Overlapping powder 
patterns cause obvious problems in resolving contribu- 
tions from inequivalent nuclei, so much effort is spent on 
developing methods that give better-resolved spectra. 

Another factor in solid-state spectroscopy is that some 
interactions not encountered in the spectral analysis of 
liquids contribute to the solid-state spectrum. These 
include the through-space coupling of magnetic spins, 
known as the nuclear dipolar interaction, and the 

Carbon and hydrogen are of particular impor"c11ce in 
supramolecular chemistry. as both organic and metal- 
organic components are in prominent use. A closer 
examination of these two nuclei provides a good starting 
point for discussion of all spin nuclei. 

The proton ('HI) is an abundant nucleus (99.8%), it has 
a large magnetic moment, and hence, a high NMR 
frequency. The dipolar coupling between protons is the 
main broadening interaction and varies as ; J 2 ( 3 ~ o s 2 ~ -  1)/ 
r3 (where y = magnetogyric ratio of the proton, r = inter- 
nuclear distance, and 8 = angle between the internuclear 
vector and the magnetic field direction), so that the 'H 
spectrum of most organic co~npounds is a line. usually 
featureless. as broad as 10-50 H z .  Because the chemical 
shift range is small (-20 ppm), if fine structure is seen, it 
almost always arises from dipolar couplings. For certain 
geometries, this allows for the analysis of internuclear 
distances. Sufficiently rapid molecular motion averages 
the dipolar couplings, thus narrowing the resonance line. 
Only center-of-mass diffusion reduces the dipolar cou- 
pling to zero. Molecular motions also affect the rate at 
which nuclear magnetization is lost, and from studies of 
the relaxation time as a function of temperature, the 
activation energy E, for a motion can be obtained. 
Chemical shift information for 'PI. therefore, is difficult to 
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obtain directly, and recourse must be taken to specialized 
techniques. The 'H spins can be manipulated by multiple 
pulse cycles that remove homonuclear dipolar couplings. 
The chemical shift tensors that result can then be averaged 
to their isotropic values (plus a set of spinning side bands 
that are separated from the main resonance by the 
spinning frequency) by application of inagic angle 
spinning (MAS). This involves rotating the sample rapidly 
about an axis that is inclined to the magnetic field 
at 57.3", known as the "magic angle," the angle where 
(3cos28- 1) vanishes. The CRAMPS experiment (Com- 
bined Rotation and Multiple Pulse Sequence) combines 
the two approaches to produce high-resolution 'H spectra 
in solids. 

If the dipolar couplings are not too large, or if they 
were partially averaged by rnoiecular motion, fast MAS 
(-35 kHz) used by itself can be employed to obtain 
a high-resolution spectrum. In such cases, many of the 
complex experiments designed for liquids can be applied 
to these "soft" solids.'21 

The "63 nucleus, on the other hand. at 1% natural 
abundance, is considered to be a "rare" nucleus. The 
main line-broadening mechanisms are the anisotropic 
chemical shilt and dipolar couplings to protons. In order to 
observe a high-resolution spectrum. it is necessary to 
apply high-power '11 decoupling (50-100 kHz, values that 
are considerably larger than the dipolar coupling) and to 
apply MAS to average the chemical shift tensors to their 
isotropic values. The usual way of recording "c-NMR 
spectra is to transfer polarization from an abundant 
nucleus, usually 'H to the rare 'k nucleus. This double- 
resonance experiment is referred to as CPIMAS (cross- 
polarization with magic angle spinning). Altho~igh it is 
usually easier to generate a spectrum this way rather than 
by generating 'k magnetization directly by applying a 
single pulse at the "63 frequency and decoupling the 'PI, 
quantitation is more difficult, as the spectral line inien- 
sities depend on the strength of dipolar coupling, the 
length of the cross-polarization sequence applied. and the 
I H spin-lattice relaxation time in the rotating frame, which 
all must be taken into account when performing a CPI 
MAS experiment. 

Other "rare" nuclei for which spectra can be recorded 
in the same way as for "C include "Si. 15P4, "P, 7 ' ~ e ,  
125 Te, '"Cd, and 12'xe. 

Quadrupolar Nuclei (Spin>l/2) 

By far. the majority of nuclides with spin are quadrupolar 
nuclei ( I  > 112). It should be remembered that for a spin I, 
there are 21 + 1 energy levels and 21 allowed transitions. 
Of those with spin I = 1. 'H is by far the most popular. 
The magnetic moment of 'H is a factor of 7 smaller 
than that of 'H. resuliing in a lower resonance frequency 
and much smaller homonuclear dipolar couplings. The 

quadrupolar interaction. usually 300 KHz or less, is then a 
small perturbation on the Zeernan energy levels. giving 
rise to a quadrupolar fine structure. In a single crystal, 
each inequivalent 2~ nucleus gives rise to a doublet with a 
separation chat depends on the orientation of the quad- 
rupolar coupling tensor in the magnetic field. 

In a powder, because all orientations are allowed. the 
spectrum is broadened into a characteristic powder pattern 
that can be analyzed in terms of a quadrupole coupling 
constant (CQ) and an asymmetry parameter (q). One 
attractive feature is that at low-to-medium magnetic 
fields, the quadrupolar coupling is the only interaction 
required to interpret the spectra; at higher fields, the 
chemical shift anisotropy must be taken into account as 
evident from asymmetry in the spectrum. The main use of 
2 ~ - ~ ~ ~  is to study dynamics of molecules or molecular 
fragments, usually as a function of temperature. Dynamics 
cause nassowing of the line shapes as the quadrupolar 
coupling tensor reorients in the magnetic field. and details 
of the motion can be worked out from the shapes of the 
narrowed lines. The rate of motion and. thus, the line 
shape depend an temperature, and by fitting line shapes to 
dynamic models at specific rates, activation energies (E,) 
can be obtained from Arrhenius plots of rate versus IIT. 
Another property of 2 ~ - ~ M ~ .  which can be of use in 
supramolecular chemistry. is that CQ is a sensitive 
indicator of the strength of hydrogen bonds: the stronger 
(and hence, shorter) the bond, the smaller CQ is for the 'H 
atom in the bond. 

 most quadrupolar nuclei are half-integral spins. and 
these have a central transition, affected by the second- 
order quadrupolar coupling. plus a set of satellite 
transitions with splittings related to the first-order quad- 
rupolar coupling. A full discussion of the spectroscopy of 
half-integral quadrupolar nuclei is beyond the scope of 
this article, but the key features of the second-order 
central line shape are its inverse dependence on the 
magnetic field strength. a second-order shift (from the 
isotropic shift). and the fact that MAS alone will not 
coinpletely remove the anisotropy. 

SOLID-STATE NMR SPECTROSCOPY AND 
SUPRAMOLECULAR CHEMISTRY 

Structure, Disorder, and Dynamics 

Why should a supramolecular researcher be interested in 
solid-state NMR spectroscopy?['." After all, with 
advances in diffraction methods, it would appear that 
many if not most problems can be solved by crystallo- 
graphic methods. A chief distinction between NMR and 
diffraction is that the former is a local-order technique. 
whereas the latter is a long-range-order technique. One 
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piece of information related to long-range symmetry in 
crystalline materials obtainable from WMR is that not only 
chemical inequivalence but also crystallographic inequiv- 
alence give rise to splittings in the spectrum. In this way, it 
is often possible to get a snapshot of the unit cell contents. 
and this has, on occasion, been used to guide the choice of 
space group. 

In many complex supralnolecular systems, usually still 
considerably less complicated than biological systems, 
there may be problems of disorder that are often dynamic. 
It must be remembered that for diffraction models. all 
disorder is projected back into the unit cell, whereas NMR 
spectroscopy will be sensitive to the local symmetry in all 
parts of the crystal. Thus. it is possible that the lattice 
symmetry for a diffraction-derived structural model can 

be higher than that indicated by NMR, as the former is 
affected by space averaging. For example. in Dianin's 
compound with p-xylenei'O1 (Fig. I) ,  with the x-ray 
structural solution. a spatially averaged sixfold symmetry 
of the host and disordered guest can be seen. If this were 
the true local symmetry, then each chenlically (and 
crystallographically) distinct C should have only one 
resonance in the "c-XMR. whereas at room tempera- 
ture, these resonances show splittings. indicating a static 
p-xylene disorder. The splitting pattern shows that each 
cavity lost its threefold axis and the center of symmetry: 
the high x-ray symmetry coupled with the observed 
disorder indicates that the distortions are not correlated 
through the lattice. The splittings disappear at higher 
temperatures as the disorder becomes dynamic. and on 

, . 
ppm 38 3'6 34 32 30 28 26 24 22 20 

Fig. B Dianin's compound with p-xylene guest. (From Ref. [lo].) (Top) Packing of six Dianin's host molecules around a p-xylene 
molecule. looking down the sixfold axis of the x-ray diffraction model (only part of each Dianin's inolecule is shown). (Bottorn) Room- 
temperature "c-CPIMAS spectrum showing the multiple splittings for the methyl groups (18 and 19. pointing into the cavity) that arise 
because the p-xylene molecule is static. and the sixfold symmetry is lost. 
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time average each set of carbons becomes a sixfold 
equivalent. On the other hand, it is possible for the 
symmetry indicated by NMR to be greater than that 
derived from crystallography. This is often the case if 
there is sufficiently rapid molecular motion, and the NMR 
spectrum is affected by time averaging. For example, the 
13 C-NMR of n-pentane in t-butylLcalix[4]arene shows 
only a single methyl resonance, rather than the two lines 
expected for the two distinct methyls seen in the crystal 
structure, one inside the calix cavity and the other 

The NMR, therefore, indicates dynamic 
exchange of the two ends of the pentane. 

A great deal can be gained through the combined use of 
NMR and crystallography in a synergistic approach to 

refining structures. With NMR, we can determine if the 
disorder is static or dynamic and often define the exact 
nature and activation energies of the motions of both guest 
molecules and components of the host. Another contribu- 
tion of NMR is in the detection of phase transitions and 
the possible involvement of dynamics and disorder in the 
transition process. Another example of where the com- 
bined use of NMR and x-ray diffraction led to a better 
understanding of the material and to an improved 
refinement of the structure is the toluene calix-[4]-arene 
inclusion c ~ m p o u n d . [ ' ~ . ' ~ ~  At room temperature, the 
structure refines as P4/11 in which the calix has a fourfold 
axis, and the toluene is disordered. Below a phase tran- 
sition at 248 K (initially detected by NMR), the ' 3 ~ - ~ ~ ~  

kHz 

Fig. 2 (Top left) The 173 K P2/c structure of toluene-t-butyl-calix-[4]-arene, showing guest-induced twofold distortion of the host 
molecules. (From Ref. [14].) (Top right) 'H-NMR line shapes, showing, from the bottom up, static (129 K), twofold flip (179 K), and 
fourfold rotation (337 K). (From Ref. [13].) (Bottom) The increased multiplicity of lines in the ' 3 ~ - ~ ~ / M ~ ~  spectra between 292 K and 
115 K. (Frorn Ref. [13].) 
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lines show splittings indicating a Iowering of symmetry. 
Shown by 2 ~ - ~ ~ ~  is that the toluene is static at 129 K, 
undergoes rapid twofold reorientation at 179 K and only 
goes into fourfold reorientation above the phase transition. 
An initial x-ray structure determination of this low- 
temperature phase appeared to show no difference from 
the room temperature phase (P4/rz), but clearly this was 
not compatible with the NMR results. Further investiga- 
tion of fine details in the diffraction data, including a set 
of superlattice lines, revealed a more con~plex structure in 
which the calix has twofold symmetry. P2/c (Fig. 2). Also 
of interest in this system and shown by x-ray and 'k- 
NMR is the observation that 90-95% of the toluenes have 
their methyl groups inserted into the cavity, versus 5-10% 
out. For the external methyl, a weak line is observed close 
to the resonance seen for liquid toluene, whereas a 
stronger line is observed for the methyls in the cavity 
shifted by - 6 ppm to lower frequency, due to ring cul-sent 
effects from the aromatic rings of the calix. 

To demonstrate static disorder in numerous cadmium 
cyanide host s t r u ~ t u r e s . [ ' ~ . ' ~ ~ ' ~ '  Cd-NMR was used, be- 

cause the number of resonances observed depends on 
whether the CN groups are ordered. statically disor- 
dered, or dynamically disordered (Fig. 3). The "c- and 
'%I-NNMR helped to establish or confirm connectivities in 
other mixed-metal cyanide frameworks, where it is more 
difficult to probe the metal nuclei directly. by making use 
of dipolar and ~ - c o u ~ l i n g s . ' ~ " ~ ~  Likewise, 2 7 ~ 1 :  2 9 ~ i .  and 
3 1 ~  were used to establish connectivities in zeolite and 
aluminophosphate  framework^.[^.'^"^' 

Static line shapes arising from chemical shift anisot- 
ropy (CSA) and quadrupolar coupling also reflect the 
local symmetry of the nucleus. Isotropic lines occm 
for high-symmetry sites, such as tetrahedral, cubic, or 
octahedral, where these interactions are zero [e.g., in the 
6 % u - ~ ~ ~  of tetrahedral copper centers in N(CH3)4- 
CuZn(CN)A and N(CH3)4CuCd(CN)A.guest frame- 
w o r k ~ ] , ' ~ . ' ~ ~  whereas the lines have characteristic shapes 
for sites with axial symmetry or for lower-symmetry 
sites. In the case of 12'xe. the sign of an axial CSA line 
shape also indicates whether the cavity is oblate or 
p ~ o l a t e . ~ " ~ ~ ' ~  

Fig. 3 (Left) The " 3 ~ d - ~ ~ ~  MAS spectrum of Cd(CN)2.C6Hi2. The five lines arise from tetrahedral Cd attached to C4, C3N. C2N2, 
CN3. and N4, and indicate static disorder of the CN in the Cd-C-N-Cd linkages (* indicates spinning side bands). (From Ref. [15].) 
(Right) The "'Cd-NMR CPMAS spectrum of Cd(CN)2.2/3 H 2 0 .  t-BuOH is shown. indicating ordering of the CN connecting the Oh 
Cd site to Td Cd sites (all N on the Oh Cd), with static disorder of the CN between Td Cd sites (the combs indicate the spinning side 
bands for CdC3N and CdC2N2). (From Ref. [16].) X-ray structural studies previously established that this material could fall into one of 
five space groups. and a choice was made on the basis of the lowest R-factor. The NMR showed that this choice was not tenable and 
narrowed the choice to three of the five space groups. The structures of the frameworks are shown above the spectra: large open circles 
are Cd atoms; hatched circles are disordered C/N; and black circles are N atoms. 
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'H-NMR is used extensively in studies of dynamics 
and disorder of guests and hosts in numerous supramo- 
lecular systems. These include clathrate hydrates, t- 
butylcalixarenes, cyclodextrins, metal cyanide clathrates, 
tri-ortho-thymotide, crown ethers, Dianin's compound, 
urea. thiourea, and numerous others. The benzene and 
pyridine t-butylcalixarenes provide an example where there 
is agreement between the orientations of the guest mole- 
cules with respect to the calix axis determined by NMR and 

diffraction, and where two guest molecules of similar 
shape have distinct differences in their dynamics.[221 It 
often comes as a surprise to the uninitiated that there can 
be large-scale motions in solids, yet solid-state NMR 
spectroscopy provided ample evidence of this over the 
years; a fine example being 18-crown-6, a large host 
macrocycle consisting of a ring of 18 atoms, which re- 
orients rapidly in many of its solid complexes at room 
temperature.[233241 In the malononitrile complex, the ring is 

280 kHz 

Fig. 4 The molecular merry-go-round in the solid complex 18-~rown-6.2CH~(CN)~.  (Middle) The ring adopts an almost D3d 
symmetry. (Bottom) The ' 3 ~ - ~ ~ ~ ~ ~  spectra as a function of temperature, showing fade-out of the resonance of the macrocycle 
carbons at 69.5 ppm near 250 K due to interference of incoherent reorientational motion with the coherent 'H decoupling. (From 
Ref. [23].)  (Top) The 2 ~ - h ~ ~  line shapes of the deuterated macrocycle as a function of temperature. indicating reorientation around 
the ring with a concomitant flip in orientation of each C-D bond between equatorial and axial. (From Ref. [24].) 
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in a j[43d conformation, and each 0-CH2-CH2 unit 
rotates among adjacent sites around the ring. In the process, 
the CH2 groups ilip up and down. performing a motion 
resembling that of a merry-go-round (Fig. 4). 

Similarly. effects of dynamics on line width and 
line shape can be observed for static NMR spectra of 
the following: 

1 .  The chemical shift anisotropy, e.g., "C i n ~ 0 ~  clathrate 
hydrate (which rhows a line considerably narrowed 
from that of a static C 0 2  molec~le, '~"), likewise for 
77 Se in H2Se clathrate hydrate[261 and '%I in pyridine 
in t-buty~-caiixarene.[~~~ 

2. Noninteger quadrupolar nuclei. e.g.. the central 
transition line shapes 

a. Of 1 7 0  in water in THF clathrate hydrate, which 
narrows from a broad static quadrupolar line 
shape at 140 K to a line shape indicating rapid 
pseudoisotropic reorientation just below the melt- 
ing point. 

b. Of alkali metalc, such as 2 3 ~ a  and s 7 ~ b  in zeo- 
lites, which show isotropic lines that retain afield- 
dependent second-order shift, which indicates that 
these lines arise from dynamic averaging over 
sites with significant quadrupolar coupling. 

The changes in line shape can often be used to derive 
details of the motions. 

Evidence of dynamics can also be found in "c-CP/ 
MAS spectra, where modulation of the "c-'H dipolar 
coupling due to reorientation can interfere with the 'H 
decoupling, causing broadening and a fade out of the 
signal over a specific temperature range (i.e., at specific 
rates of reorientation) (Fig. 4),'2"271 or prevent complete 
elimination of the resonances of carbons with attached 
in interrupted decoupling (also known as dipolar dephased 
or nonquaternary suppression) experiments. 

Many supramolecular systems have pore spaces, 
usually, but not always. occupied by guest species. The 
' 2 9 ~ e - ~ ~ ~  can be applied to study the pore spaces or the 
exchange or competitive adsorption of guest species. 

Fig. 5 Hyperpolarized "%~-NMR spectroscopy of the formation of xenon hydrate on ice. (From Ref. [28].) (A) Single-scan spectra 
taken as a function of time, showing the development of Xe clathrate hydrate when HP Xe is admitted to powdered ice at 243 K. There 
is an initial induction period where only the gas line is observed. followed by a rapid rise of the lines due to Xe in the small and large 
cages of the clathrate hydrate. (B) The Xe-NMR intensity ratio of 1arge:small cages shocvs an initial relative excess of Xe in small-cage 
environments. before eventually approaching the ratio in equilibrium Xe hydrate. 
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Although ' 2 9 ~ e  ( I =  112) is a low-boiling gas under 
nonnal conditions, most of its NMR applications are in 
porous solids. The Xe atom is inert but highly polar- 
izable. and as such. its chemical shift is sensitive to 
changes in its local environment: smaller cavities give 
larger chemical shifts. and the chemical shift anisotropy 
is sensitive to cavity shape. Thus. its signal, with the 
isotropic and anisotropic chemical shifts; is often 
diagnostic of whether the Xe atom behaves more like 
a trapped solid or adsorbed gas inside the pore system. 
The lZ9Xe can also be hyperpolarized using optical 
pumping techniques such that its spin polarization is 
several orders of magnitude larger than the normal 
thermal spin polarization. This results in a greater NMR 
sensitivity. allowing for time-resolved studies of forma- 
tion and decomposition processes. diffusion processes, 
and competitive adsorption between Xe and other guest 
molecules in suprarnolecular An example 
is shown in Fig. 5. 

Of course, there are nunlerous other more sophisticated 
and hence less routine NMR experiments (refer to 
more specialized reviews"'2.'~x1 that can be applied to 
give information about supramolecular systems, such as 
the foliocving: 

1.  The 'H spin-counting technique can be used to 
determine the number of 'H in a local cluster, and 
thus count the number of molecules in a 

2.  Solid-echo double resonance (SEDOR) and rotation- 
al-echo double resonance (REDOR) techniques can 
be used to determine the proximity of the two types 
of ~luclei, e.g.. to determine which Na ions are closest 
to A1 atoms in the framework of a zeolite, or to 
determine internuclear distances, or to help locate 
the position of a guest n~olecule relative to the host 
f~arnework. [~ .~]  

3. MQMAS (Multiple Quantum MAS) is used to resolve 
resonances of noninteger quadruplar nuclei: complete 
narrowing of the second-order quadrupolar line shape 
cannot be achieved by MAS alone, but this is feasible 
when MAS is cornbilled with multiple quantum pulse 
~equences . '~ . ' .~~  This was used extensively in studies 
of zeolites. 

4. Magnetic resonar-ice imaging (MRY) can be used for 
diffusion measurements in porous systeins, by mon- 
itoring the distribution of such nuclei as 'M and I2%e 
as a function of time.['"21 

It is clear that solid-state NMR ha5 developed into a 
powerful tool for the supramolecular chemist who is 
interested in dekeloping a true understanding of systems 
that are complicated and that, in fact, need to be flex- 

ible, responsive, or have dynamic components in order 
to be functional. On examining the development of 
NMR spectroscopy, it is remarkable that periodically 
there were major developlnents in hardware, software. 
or some f~indamental aspects of spectroscopy. All of 
these led to increased prospects for spectroscopy as a 
research tool for the sciences. This is also the case for 
solid-state spectroscopy as it is applied to supramolecular 
chemistry, where the technique has now diffused from a 
few specialized labs into the mainstream. There is no 
reason to suppose that such developments will stop. Soon 
the impact of the general availability of higher fields to 
solid-state spectroscopists will give unprecedented sensi- 
tivity. thus giving access to smaller samples as well as 
nuclei that have lower sensitivity or low gamma. The wide 
range of fields will also allow for the development of 
colnplex spectroscopy of half-integral quadrupolar nuclei, 
thus giving the researcher a whole new range of probes for 
material studies as well as dynamic processes. 
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Topochemical solid-state reactions take place in a crystal 
lattice1"21 and are typically initiated by irradiation [e.g., 
ultraviolet (UV) energy] or thermal annealing. Generally, 
for such reactions to occur, the reactive groups must be 
separated by <4.2 A, consistent with the topochemical 
postu~ate."~ Because the organization of the reactants 
usually dictates the stereochemistry of the products, 
topochemical solid-state reactions typically take place 
more selectively than in the liquid phase and, as a result, 
can give rise to molecules, and polymers, less obtainable, 
or completely inaccessible. in solution.[31 In recent years, 
the application of supramolecular chemistry14] to control 
topochemical solid-state reactions was shown to provide 
control over the organization of reactants such that it is 
possible to conduct topochemical solid-state reactions, in 
a similar way to a classical approach to organic synthesis, 
by design. The primary focus of this article will be on two 
well-established topochemical solid-state reactions, 
namely, the UV-induced [2 + 21 cycloaddition reaction"] 
and the thermal polymerization of d i a ~ e t ~ l e n e s , ~ ~ ]  to 
demonstrate how supramolecular chemistry may be 
utilized to control such processes. 

THE TOPOCHEM\lslCAb POSTULATE 

Extensive crystallographic and photochemical studies by 
Schmidt involving polymorphs of cinammic acid led to 
topochemical postulates that may be used to predict 
whether a photoinduced [2 + 21 cycloaddition reaction 
will occur in the solid state (Fig. l)."] According to 
Schmidt, the nature of a crystal determines whether or not 
reaction will take place and determines the molecular 
structure of the product. Moreover, if a solid displays such 
reactivity, then the reaction will involve nearest-neighbor 
molecules and will occur with minimum atomic and 
molecular movement."] Thus. for the [2 + 21 photoreac- 
tion, the double bonds of the reactants should, as de- 
termined by Schmidt, be separated by <4.2 A and aligned 
in parallel. Such separation and parallel alignment ensures 
that the p(z) orbitals of the double bonds are nearly 
colinear and overlap sufficiently to react. Notably, there 

are exceptions to these empirical rules, involving photo- 
active and photostable ~ompounds."~ Nevertheless, these 
postulates provided useful geometry criteria to predict 
whether a [2 + 21 photoreaction will take place in a 
crystalline solid. 

FROM THE TOPQCHEMlCAk POSTULATE 
TO CRYSTAL ENGINEERING 

Following the emergence of the topochelnical postulate, a 
variety of studies were developed to identify molecules 
that crystallize in a necessary arrangement for [2 + 21 
photo~eaction.[~] In addition to the [2 + 21 photocycload- 
dition, such studies led to molecules that undergo other 
transformations. such as [4 + 41 photocycloadditions,'71 
decarb~n~lations. '~ '  and Diels-Alder  reaction^,'^' giving 
molecular and polymeric products. In effect, such studies 
illustrated that it is possible for chemists to modify 
structure at the molecular level to affect a bulk physical 
property of a solid (i.e., reactivity). This strategy of 
identifying molecules so as to engineer structures and 
properties of organic crystalline solids has, in recent 
years, led to the emergence of the general field of crystal 
engineering, which has been systematized by ~ e s i r a j u . " ~ '  

ENGINEERING THE [2 + 21 PWOTOREACTlON 

Following the initial work of Schmidt, two general 
strategies f ~ r  engineering solids that undergo the 12 + 21 
photoreaction were developed. These strategies involved 
intramolecular substitution or auxiliary components to 
organize reactants for photoreaction. 

lntramoBecuBar Substitution 

In the first approach, substitutents are covalently attached 
to reactants to steer molecules, upon crystallization, into a 
necessary arrangement for r e a ~ t i o n . ~ " - ' ~ '  

Schmidt, for example, revealed that chlorine groups, 
attached to an aromatic ring, tend to steer a molecule, by 
way of C1.. C 1  interactions, such that it adopts a P- 
structure, wherein neighboring olefins are ph~toactive. '~ l1 
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Fig. B Solid-state photodimerization of p-cinnamic acid. 

~lectrostat ic[ '~] as well as donor-acceptor['".'"1 inter- ' 

actions were also e~nployed for steering the synthesis of 
molecules and polymers (Fig. 2a). 

In a notable success, a J-shaped dicarboxylic acid was 
shown by Feldlnan to form a hydrogen-bonded molecular 
assembly held together by four 0-Tri. . .O hydrogen 
bonds, wherein two olefins conform to the topochemical 
principle and are photoactive[151 (Fig. 2b). UV irradiation 
produced the expected photoproduct in quantitative yield. 
The co~ralently bound naphthalene unit served to pre- 
organize the two double bonds within the discrete com- 
plex for reaction. 

An auxiliary component that interacts with reactants by 
way of hydrogen bonds was also described (Fig. 3). 
Specifically, tetraaryl diols were shown by Toda to accom- 
modate guests within cavities wherein the host interacted 
with two guests by way of two O-H. . .O hydrogen 
bonds."81 The guests packed within the cavities such that 
two olefins of two guests conformed to the topochemical 
principle and, upon UV irradiation, photodimerized. 

An approach that utilizes hydrogen bonds and elec- 
trostatic forces, in the absence of cavities, was also 
reported.['"'201 Specifically, Ito revealed the ability of 
flexible diamines (e.g., ethylenediamine) to undergo acid- 
base reactions with cinnamic acids, wherein each ammo- 
nium group forms an N+-H.. . O  hydrogen bond with a 
cinnamate. Combinations of acid and base were found to 
be photoactive, which was accounted for by the formation 
of three-component assemblies wherein each base, in a syn 
conformation. organizes two anions for reaction. 

SOLID-STATE REACTIVITY AND 
CHEMICAL SYNTHESIS BY DESlGN 

Auxiliary Components 

In the second approach, an auxiliary component is 
employed to organize two olefins for [2 + 21 photo- 
reaction. The auxiliary component is typically in the form 
of n molecule or ~ a v i t y . l ' ~ - ' ~ ~  

Cavities based on cyclodextrins1'61 and saponite,r"i for 
example. were used to organize olefins by way of van der 
Waals and electrostatic forces; respectively. In the former, 
the host accoinmodated the guests within a rigid tubular 
framework. while in the latter. the clay-like silicate 
accommodated the guests by swelling. In each case, the 
guest photodiinerized upon UV irradiation. 

Although substituents and auxiliary components were 
successfully employed to achieve [2 + 21 photoreaction in 
the solid state. the ability to organize two double bonds in 
a solid for reaction has been a difficult challenge. This 
difficulty is largely due to insufficient knowledge of weak 
interactions that govern crystal packing (e.g., van der 
Waals forces). Reactions of homologous compounds 
R'(CH2),Rf' (n=1.2,3.. .), for example, were not found 
to be identical, in contrast to the liquid phase, for all 
values of n in the solid state owing to the sensitivity of 
inolecuiar packing to unique electronic and steric 
demands of reactants.['l Moreover; such sensitivity made 

- u -  --I--u 11 v - 
,o----n-0 

A O - ~ . .  ...O solid 

Fig. 2 The application of intramolecular substitution to control the [2  + 21 photodimerization in the solid state: (a) pheny-  
perfluorophenyl interactions between two stilbenes and (b) a J-shaped dicarboxylic acid that self-assembles to form a hydrogen- 
bonded assembly. 



Solid-State ReactivityRopochemistry 

hv 

solid 
H 

Fig. 3 The application of auxiliary components to control the [2 + 21 photodimerization in the yolid state. A tetraaryl diol assembles to 
form a cavity and Interacts with olefins by way of hydrogen bonds. 

it difficult to synthesize molecules in the solid state with SUPRAMOLECULAR CONTROL OF THE 
degrees of freedom common to solution (e.g., reliability, [2 + 21 PHOTOREAGTlON 
functional group tolerance). In effect, products of solid- 
state [2 + 21 photoreactions were limited to specific To control the [2 + 21 photoreaction such that it is 
topochemical strategies, a fact that has thwarted efforts possible to conduct molecular solid-state synthecir by 
toward an ability to conduct molecular solid-state design, recent efforts were directed toward the application 
synthesis by design. of supramolecular ~ h e r n i s t r ~ . ~ "  Specifically, the field of 

<yo-# N- 
\ ,N H-O PH 

$ /' 0 2 c> 
-ow ~ c z & \ ~ ~  H.O wtt 

template reactants template 
product 

Fig. 4 The application of molecular receptors to achieve supramolecular control of the [2 + 21 photodimerization in the solid state. 
Control of reactivity using (a) resorcinol and (b) a crown ether, and (c) the targeted solid-state synthesis of a [2,2]paracyclophane using 
a resorcinol. 
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host-guest chemistryi211 was shown to provide access to 
molecules. termed inolecular receptors, which recognize 
and preorganize molecules in the solid state for photo- 
reaction. The receptors were shown to largely eliminate 
problems of intermolecular forces that made such topo- 
chemical reactions difficult to control by preorganizing 
the reactants. via noncovalent forces (e.g., hydrogen 
bonds), within discrete molecular assemblies for reaction. 

MacGillivray, for example, demonstrated the ability of 
1,3-dihydroxybenzene (resorcinol) and 1.8-naphthalene- 
dicarboxylic acid (1,s-nap) to function as molecular 
receptors able to direct the [2 + 21 photoreaction by 
serving as bifunctional hydrogen bond donors in the solid 

122.231 Specifically, cocrystallization of resorcinol or 

1,8-nap with frans-l,2-bis(4-pyridy1)ethylene (4,4'-bpe) 

was shown to give discrete four-component molecular 
assemblies. 2(resorcinol) .2(4,4'-bpe) and 2(1,8-nap). 
2(4.4'-bpe), respectively, held together by four 0-H.  . .N 
hydrogen bonds, wherein two double bonds of 4,4'-bpe are 
separated by <4.2 A and are aligned in parallel (Fig. 4a). 
UV irradiation of each solid produced the expected 
photoproduct, rctr-tetrnkis(4-pyridy1)cyclobutane (4,4'- 
tpcb), stereospecifically (yield: 100%). Owing to the 
ability of the receptors to organize the olefins linearly, the 
receptors were regarded as linear templates.'241 

A method that utilizes a crown ether to control a [2 + 21 
photoreaction in the solid state has also been 
In particular, cocrystallization of bi.~paraphenylene[34]- 
crown-10 with a bis(dialky1aminonium ion)-substi- 
tuted stilbene was demonstrated by Garcia-Garibay and 

Fig. 5 Topochemical polymerization of diacetylenes in the solid state: (a) topochemical requirements and (b) a host-guest strategy for 
controlling polyrnerization of diacetylenes using an oxalamide of glycine as a supramolecular host. 
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Stoddart to give a 2:2 host-guest complex, wherein two 
olefinic bonds of two stilbenes are organized in a stacked 
geometry for photoreaction (Fig. 4b). UV irradiation of the 
solid resulted in a stereospecific solid-state photochemical 
dimerization that produced a single diastereoisomer. The 
stereochemistry of the photoproduct was determined by 
way of x-ray crystallography. 

The ability of sesoscinol to function as a linear template 
to organize reactants in the solid state for [2 + 21 photo- 
reaction also led to a molecular solid-state synthesis 
by design.["' Specifically. cocrystallization of 1,4-bis[2- 
(4-pyridyl)ethenyl]benene (1.4-bpeb) with 5-methoxy- 
resorcinol (5-OMe-res) yielded a four-component assem- 
bly. 2(5-OMe-res) .2(1,4-bpeb), wherein four olefins, as 
two reaction centers: conformed to the topochemical 
principle. UV irradiation of the solid produced. regio- and 
stereoselectively. a targeted [2.2lparacyclophane (yield: 
60%) (Fig. 4c). 

SUPRAMOLECULAR CONTROL 
OF BlACETYLENE POLYMf RlZATlON 

The thermal polymerization of diacetylenes to form 
polydiacetylenes is also known to proceed under topo- 
chemical control in the solid state.'" To achieve poly- 
merization. reactant inonomers must be organized such 
that the carbons atoms of the reactive sites are generally 
separated by <3.8 A. Thus. for a 1,4-topochemical 
polymerization to give a polydiacetylene, linear align- 
ment of monomers with an intermolecular repeat spacing 
of approxinlately 5.0 A and tilt angle of 45" with respect 
to the translation axis must be achieved12' (Fig. 5a). Most 
diacetylenes, however. do not crystallize in accordance 
with structural requirements for solid-state polymeriza- 
tion."' Moreover, the application of host-guest chemistry 
to preorganize diacetylenes in molecular solids, similar to 
the [2 t 21 photoreaceion, for solid-state polymerization 
offered a solution to this problem.[26.'71 

A host-guest strategy for controlling the polymeriza- 
tion of diacetylenes in the solid state was described by 
Fowler and ~ a u h e r . ~ ' ~ '  Specifically. the method is based 
on the utilization of molecules that self-assemble into 
one-diiiiensional hydrogen-bonded P-networks. The net- 
works serve as hosts by i~nposing a characteristic 
interrnolecrdar repeat distance and tile angle upon the 
diacetylene guests such that the guests conform to 
topochemical requirements for solid-state poIymerization. 
In particular, cocrystallization of the oxalamide of glycine 
with a his-pyridyl substituted diacetylene was shown to 
impose a repeat distance and tilt angle of 4.97 A and 43". 
respectively, upon the diacetylene (Fig. 5b), an orientation 
suitable for solid-state polymerization.i26i The resulting 
oxalamide crystalline solids were observed to slowly 

polymerize crystal-to-crystal at room temperature to give 
the targeted diacetylene polymer. Notably, thermal 
annealing at a slightly elevated temperature increased 
the rate of c~nversion."~' In addition to a diacetylene 
polymerization, the method was recently applied to an 
unprecedented solid-state topochernical polymerization 
involving a t r i a~e ty lene . '~~]  

CONCLUSION 

Topochemical solid-state reaciions are, in general, more 
selective than liquid-phase reactions and can yield 
molecular and polymeric products which, in many cases, 
may be difficult, or impossible, to obtain in soluti~n.~'." 
Owing to the ability of such reactions to occur under strict 
geometric requirements in an organized environment, 
topochemical solid-state reactions provided useful targets 
for applying principles of ~upramolecular'~' and host- 
guest'211 chemistry to direct such transformations. It is 
expected that as principles for controlling topochemical 
reactions using such host-guest design strategies con- 
tinue to develop. it should be possible to routinely access 
molecules and polymers, as well as solid-state materials, 
less available by a more classical approach to covalent 
s y n t h e ~ i s . [ ' ~ - ~ ~ ~  
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INTRODUCTION 

A large variety of noncovalent weak interactions can take 
place in the solution of a guest. The guest-solvent 
interactions, or guest solvation, involve electrostatic 
(ion-ion, ion-dipole, dipole-dipole, dipole-induced di- 
pole), van der Waals, hydrogen bonding, n - ~  staking, and 
other weak forces that strongly depend on the physico- 
chemical properties of the particular guest-solvent com- 
bination under consideration. As a consequence of the 
diversity of guest-solvent interactions, the association 
process of a guest with a supramolecular host can be 
dramatically altered or totally changed depending on the 
solvation properties. 

WHAT IS GUEST SOLVATION? 

The solvation of a neutral or ionic guest in any solvent, 
including hydration in aqueous solution, is represented by 
the process of guest transfer from the ideal gas to the 
solution. both in the standard state: 

The standard states correspond to a hypothetical ideal 
gas at atmospheric pressure (101,325 Pa) and a hypo- 
thetical ideal 1 M aqueous solution. The standard molar 
Gibbs free energy, enthalpy. and entropy changes for the 
above reaction are donated by symbols AGO, AH0. and 
AS0, respectively. 

Certainly, it should be emphasized that the solvation 
of a supramolecular host is also altered upon switching 
from one solvent to another. Taking into account the 
generally more complicated structure and functionality of 
supramolecular hosts in comparison to guests, it should 
be stated that in many cases, the alteration of host solv- 
ation can lead to a more profound impact in its binding 
behavior. 

The host-guest association process, incorporating 
solvent molecules, may be illustrated by a rather simple 
scheme shown in Fig. 1. The extent of the solvation, i.e.. 
the amount and locationlposition of the solvent mole- 
cules as well as the strength of the host-solvent and 

guest-solvent interactions, critically varies depending 
on the nature of the solvent employed. However, in 
principle, the combined surface area of host and guest, 
which is accessible to solvent, is significantly reduced 
upon host-guest complexation, limiting the number of 
solvent molecules able to associate with the complex. 
Concurrently, a number of solvent molecules are released 
into the bulk solvent upon host-guest complexation, and 
therefore. the interaction of solvent molecules in the bulk 
solution also plays a crucial role in guest binding. More 
detailed discussion on this issue may be found in the 
literature."' 

DESBLVATION UPON 
GUEST-CYGLOBEXBRBN ASSOCIATION 

One group of representative examples of host-guest 
desolvation upon association are the complexation reac- 
tions of cyclodextrin in water. Cyclodextrins (CDs), cyclic 
oligosaccharides composed of 6, 7, or 8 glycopyranose 
units, are truncated cone-shaped macrocyclic molecules 
with hollow, tapered cavities (Fig. 2) (see Cyclodextuins 
article for more details). In aqueous solution, the cavity is 
occupied by several water molecules that are excluded 
from the cavity upon inclusion of a proper guest. As a 
result of the a-l,4-linkage of each glucopyranose unit, all 
of the hydrophilic 2-. 3-, and 6-hydroxyl groups are 
located on the exterior of the hydrophobic cavity (Fig. 2), 
as is amply exemplified in the literature.12." The most 
common binding mode of native and modified CDs with 
various guests involves penetration of the less hydrophilic 
(nonpolar) part of a guest molecule into the CD cavity, 
while the more hydrophilic. often charged. part of the 
guest stays just outside the primary or secondary rim of 
the cavity. 

The diameters of simple aliphatic hydrocarbon chains 
match well with the size of cn-cyclodextrin's (a-CD) hy- 
drophobic cavity, which in aqueous solution contains in its 
interior several water molecules (Fig. 3). Sequential in- 
sertion of methylene groups of the hydrocarbon chain 
into the a-CD cavity is accoinpanied by expulsion of water 
molecules into the bulk solvent. In addition. several water 
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Fig. 1 Schematic drawing of host-guest deiolvation upon complex formation. (Vielv this art in color at ~.t,>t~v~.dekker.corn.) 

molecules that were located around the inserted rnethylene 
group in solution are also returned to the bulk solvent upon 
complexation. The longer the chain. the stronger the 
complexatioi~.~~'  Furthermore, the incremental change of 
the AGO value (as well as other thermodynamic parameters) 
for the complexation reaction is constant with the stepwise 
increase of the aliphatic chain length.'" 

One of the intriguing issues observed in guest inclusion 
by native CDs is that only the specific part of the guest 
penetrating into the cavity contributes to the overall 
complexation thermodynamics. The introduction of a 
methyl group to the less-polar penetrating part of a guest 
consistently enhances the binding constant by a factor of 
2-4, while the methylation of a charged group. such as 
an arnrnonium which stays outside the cavity upon com- 
plexation (Fig. 3), does not at all affect the complexation 
thermodynami~s.~" Furthermore, the chemical nature, 
structure, and even sign of the charged group do not play 
any significant thermodynamic roles upon cornplexation 
with native CDs as far as the same hydrophobic past of 
the guest is included in the cavity.'" This is obviously 
nonclassical. or unusual. thermodynamic behavior from 
the viewpoint of ordinary solute-solvent interactions or 
for the conventional solute transfer from water to 
nonpolar solvent. 

Another major difference between conve~ltional solute 
transfer and supramolecular association is the crucial 
influence of the shape of the guest molecule in the latter 
case. This is clearly demonstrated upon complexation of 
P-CD with 2- and 3-phenylbutyric acids. The apparently 
trivial variation in the methyl position results in a pro- 
foulld difference in complexation thermodynamics. De- 
spite virtually the same hydrophobicity (i.e., the 
distribution ratio between water and nonpolar organic 
solvent). the affinity of 3-phenylbutyric acid toward P-CD 
(K=402-430 M I )  is more than four times larger than 

that of 2-phenylbutyric acid (K=94-95 M-'). '~," This 
difference arises from the significantly greater degree of 
steric hindrance occurring in the 2-phenylbutyric acid 
case. The crucial steric effect on guest binding is also 
found in the cornplexation of ortho-substituted phenyl 
guests. which always exhibit much lower complexation 
affinities toward P-CD than their para counterparts, due 
to the steric hindrance caused by the ortho-methyl 
g r o ~ ~ . ' ~ ' ~ ~  This is a good example of the critical role that 
steric factors play in CD complexation and in supramo- 
lecular association in general, highlighting the intrinsic 
difference between inclusion complexation by CD and 
classical hydrophobic processes (e.g., transfer from water 
to nonpolar organic media) (see Hydrophobic Effects 
article for more details). 

EFFECT OF SOLVENT MOLECULE SIZE 
ON GUEST BINDING 

As discussed above, iinproper molecular size and shape 
of a guest often prevent it from fully enjoying the most 
comfortable association with hosts such as cyclodextrins. 
In this light, it would be intriguing to investigate the effect 

cr-, @ - 9  y-Cyclodextrin (n = 6-8) 

Fig. 2 Chemical structures of J - ,  P-. and y-cyclodextrin (CD). 
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Fig. 3 Dehydration of r-CD cavity upon guest complexation. (View this art in color at ~v~vu~.dekkencom.) 

of the size and shape of the solvent molecule on 
supramolecular association. For instance, the cyclophane 
host (see Cyclophanes article for more details) with 
functionalized tethers, illustrated in Fig. 4, can bind a 
small guest such as imidazole in ethers and chlorinated 
hydrocarbons.'6' However. the binding constant for 
imidazole varies dralnatically by two to three order? of 
magnitude from 29 M ' in THF to 1067 M-' in Me4- 
THF and from 240 M '  in CH2C12 to 128,000 M 1  in 
CHCl2CHCI2. critically depending on the size of the 
solvent used. Some of the solvent molecules are larger 
in size than the guest, and the relatively small binding site 
of the host is hardly accessible for the large solvent 

molecules, which facilitates the guest's access to the 
interacting site. Consequently, the association constant 
increases gradually with increasing size of the solvent 
molecule in both series of solvents, i.e.. ethers and 
chlorinated hydrocarbons. Probabjy, the sizelshape of the 
largest CHC12CHC12 molecule prevents it from entering 
the inner sphere of the host, thus giving the largest affinity 
of 128,000 M 1  in the absence of competitors for the 
binding site. 

When the guest and host interact with the solvent, the 
guest binding is expected to become weaker. In the above 
case, both imidazole and the host (Fig. 4) can more 
strongly interact with ether solvents, in comparison to 

Solvent 
Cile.;t j"-yt3, 

K,(M-') 

\ ,> 
N 
H 

C H P ,  240 

CHCl, 490 

CH,CCl, 8161 

Ila~st CHC1,CHC12 128000 

Tetrahydrofurane(THF) 29 

2-Me-THF 77 

8 7 

Tetrahydopyran 104 

2,2-Me,-THF 156 

L A  2.5-Me,-THF 185 

2.2,5,5-Me,-THF 1067 

Fig. 4 Effect of solvent molecule size on complex stability between imidazole and cyclophane host. (View t h i ~  art in color at 
1~1v~v.dekker.coi71.) 
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Gwst 
solvent log K E,(30) 

kJImol 

water 6 8 264 
methanol 4.6 232 

Host ethanol 4 4  217 

acetone 3 1 177 

c2'5'*Nk% N,N-dimethylforinamide dichloromethane d~methyl sulfoxlde 2 2.1 2 2 8 188 183 173 q J 4 0  NC2H5 tetrahydrofuran benzene chlorofom 1 6  1 9  1 1  156 164 144 

C2'5N carbon disulfide 1 0  136 
0 

Fig. 5 Effect of solvent polarity oil complex stability between pyrene and cyclophane host. (\/ie~v this art in color at vv>v~v.clekkei-.co~n.) 

chlorinated hydrocarbons, through hydrogen-bond forma- BINDING OF NEUTRAL AROMATIC 
?ion (see Nyclrogerz Borzrlirig article for more details). GUEST VERSUS 18N 
Hence, the host-guest association is always much stronger 
in chlorinated hydrocarbons than in ethers of similar size. Complexation of neutral hydrophobic organic guests and 

hydrophilic metal cations is usually characterized by 
different solvent dependencies. In this context. it is of 

EFFECT OF SOLVENT POLARITY interest to examine the binding behavior of the cyclophano- 

ON NONPOLAR ASSOCBATlON crown-ether host (shown in Fig. 6) in solvents of varying 

I? is also interesting to examine the solvent effect on the 
binding behavior of neutral nonpolar pyrene with the 
three-dimensional (3D) cyclophane host, as shown in 
Fig. 5, in a wide variety of solvents. Using this host-guest 
system. we can make a valuable comparison, because it 
was shown that in all solvents (Fig. 5) the coinplex has the 
same structure and geometry. and that the large cyclo- 
phane cavity is freely accessible to all solvents, assuring 
complete ~olvat ion.~ '~  The highest affinity for pyrene was 
observed in water and the lowest in nonpolar solvents such 
as benzene and carbon disulfide. A somewhat linear 
relationship was found between log K and the solvent 
polarity parameter ET(30), which was applied successf~~lly 
to the interpretation of solvent effects observed for a 
variety of reactions and 

Analogous coi~elations between solvent polarity and 
the strength of nonpolar interactions were found for other 
systems, such as for aromatic interactions in metal tl-is- 
bipyridine co~nplexes.[~' These observations are consistent 
with the solvophobic nature of aromatic interactions. 
which is strengthened in polar solvents, lacking the ability 
to properly solvate to the nonpolar surfaces of the 
aromatic ring. 

log K 
Methanol content 
(% vol) in water 6-Methoxy-2- 

K+ naohthon~trile 

Fig. 6 Interaction of potassium ion and 6-methoxy-2-naphtho- 
nitrile with cyclophane-crown ether host various water-methanol 
mixtures. (View this nrf  in color at w~v~v.dekker.conz.) 
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polarity ."" Possessing crown ether and cyclophane moi- 
eties in a single molecule, the cyclophano-crown-ether host 
can simultaneously bind a potassium cation and 6-me- 
thoxy-2-naphthonitrile in a water-methanol mixture. 
Similar to the binding of pyrene by the 3D-cyclophane 
shown in Fig. 5 ,  6-methoxy-2-naphthonitrile forms a 160 
times more stable complex with the cyclophane moiety in 
the more hydrophilic 60:40 water-methanol mixture than 
in pure methanol. In contrast, the affinity toward the 
potassium ion is enhanced 120 times in pure methanol 
compared to the 60:40 water-methanol mixture. 

This opposite solvelit polarity dependence is generally 
observed for solvophobically versus electrostatically 
driven complexation processes; see, for instance. the 
recent study by Mizutani et al."" This general phenomena 
is used to create a wide variety of supramolecular devices. 
such as n~olecular shuttles based on rotaxanes as well as 
other so-called .'molecular  machine^.""^' 

SBLVOPHOBIC THEORY AND 
SURFACE TENSION 

Obviousl y, the simple unmodified 18-crown-6 (Fig. 7) 
(see Ci-own Etlzer:~ article for more details) is a better 
binder for potassium cation in water and methanol com- 
pared to the cyclophano-crown ether (Fig. 4). Neverthe- 
less, the tendency of affinity is the same in both cases. 
Indeed, both hosts interact strongly with the potassium 
cation in methanol, while the affinity in water is 
relatively weak. The logarithm of the association 

Solvent 

Physical properties 

Surface Relati\ e Dipole log K 
tension permea- moment 
IN m-' bility ID 

Water 
D~rnethylsulfoxidc 
Benzyl alcohol 
NIV-Dnnethylfomainide 
Acetonitr~le 
Acetone 
Methanol 
Ethanol 

Fig. 7 Correlation of stability of crown ether-potassium ion 
complex mrith physical properties of various solvents. (View t lz i~ 
ni-r in color. at rt.lt.u'.dekker.corn.) 

constant of the potassium cation with the crown ether 
(Fig. 7)"" correlates with the solvent surface tension (y), 
whereas the correlations with other solvent parameters 
such as relative permeability and dipole moment"" are 
not as good. This is not the only case in which a direct 
correlation is observed between solvent :J and host-guest 
affinity. A linear correlation of ACO against +/ was ob- 
served experimentally for several complexation reactions 
of cyclodextrin, e.g., indole + P-CD (1:l and 
adainantanecarboxylate + P-CD (1: 1 complex)."61 

According to the "solvophobic theory. ' origi~lally 
proposed in Sinanoglu's pioneering the free- 
energy change of complex formation is regarded as a 
linear function of the solvent's surface tension (y) To 
visualize this idea applied to the inclusion complexation 
of hydrophobic organic guests in CDs, one could imagine 
a sort of "cavity" or "solvent cage" that exists around 
the hydrophobic part of a guest in bulk water but dis- 
appears upon insertion of the hydrophobic part into a 
CD cavity. However, as is the case with the other 
hypotheses; the ""slvophobic theory" has limitations as 
to what it can explain, for instance, the higher complex 
stabilities in D 2 0  in coinparisoil to H 2 0  are simply 
because the surface tension of D 2 0  is slightly smaller than 
that of ~ ~ 0 . " ~ ~  

THERMODYNAMIC VIEW FOR 
GLOBAL UNDERSTANDING OF 
MOLECULAR RECOGN1T9QM 

In quantitatively discussing molecular recognition phe- 
nomena in various solvents from the viewpoint of 
supramolecular chemistry. it is indispensable to determine 
the thermodynamic parameters for the relevant (supra)- 
molecular system of interest. For a wide variety of 
chemical and biological molecular recognition systems, 
the therinodynamic quantities were already compiled: 
analyzed, and discussed in order to extract insights into 
the mechanistic profile of molecular recognition. Mow- 
ever, most of the foregoing discussion and conclusions. 
though certainly self-consistent within the particular 
and closely related systems. unfortunately seem ad hoc 
in many cases and are not always applicable to other 
molecular recognition systems composed of different 
categories of host-guest combinations. Probably the most 
general thermodynamic approach to global understanding 
of molecular recognition is the comprehensive analysis of 
the compensatory enthalpy-entropy relationship observed 
in many supramolecular systems. 

The enthalpy-entropy compensation in general has 
long been a hot topic in the chemical literature, because in 
principle. no explicit relationship between the enthalpy 
change and the entropy change can be derived from 
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Table B Slope (Y) and Intercept (TASo) of AH-TAS plots for suprarnolecular Interactions of natural and synthetic hosts w ~ t h  a varlet) 
of ionic. molecular. and biornolecular guests In homogeneous and heteiogeneouc solutions 

Host Guest Solbent J TASoO 

Glyme 
Crown ether 
Crown ether (solbent ext~act~on)  
Crown ethel (sandu ich complex) 
Long glyme 
Cryptand 
Ionophore antibiotic 
Lariat ether 
Bis(crown ether) 
Cyclodextrin 
Quinone-receptor porphyrin 
Metalloporphyrin 
Cyclophanelcalixarene 
Enzyme 
Antibody 
DNAIRNA 

Ion 
Ion 
Ion 
Ion 
Ion 
Ion 
Ion 
Ion 
Ion 
Organic molecule 
Quinone 
Pyridine 
Organic inolecule 
Coenzymelsubstrateiinhibitor 
Antigen 
DNAIRNAlintercalator 

Aqueous 
Aqueous 
Binary 
Aqueous 
Aqueous 
Aqueous 
Aqueous 
Aqueous 
Aqueous 
Aqueous 
Organic 
Organic 
Aqueous 
Aqueous 
Aqueous 
Aqueous 

fundamental thermodynamics. Nevertheless. the compen- 
satory enthalpy-entropy relationship is often observed in 
activation and therinodynamic quantities determined for a 
wide variety of reactions and equilibria. 

The linear AH-AS relationship observed experimen- 
tally leads to Eq. 2, where the proportional coefficient P 
has the dimension of temperature. From Eq. 2 and the 
differential form of the Gibbs-Helmholtz Eq. 3, we obtain 
Eq. 4. 

Eq. 4 clearly indicates that, at the critical point. or so- 
called isokinetic or isoequilibrium temperature (P), the 
rate or equilibrium constant is independent of the 
enthalpic change caused by any alterations in substituent, 
solvent, and so on. It is interesting that such phenomena 
have been abundantly observed for a wide variety of 
reaction5 and equ~libria. 

ENTHALPY-ENTROPY COMPENSATION AS 
A PRACTICAL TOOL FOR UNDERSTANDlNG 
AND ANALYZING GUEST SOLVATION AND 
MOLECULAR RECOGNITION 

From the compensatory enthalpy-entropy relationship, 
the TASO value can be linearly correlated with the AN0 

value to give Eq. 5. When integrated. this gives Eq. 6. 
Subsequent combination with Eq. 3 affords Eq. 7. 

Thus. the slope (.x) of the TASO-versus-AEE" plot (Eq. 6) 
indicates to what extent the enthalpic gain (ABH"), which 
is induced by any alterations in host, guest, or solvent, is 
canceled by the accompanying entropic loss (AASO). In 
other \vords, only a fraction (1 r )  of the enthalpic gain 
can contribute to the enhancement of complex stability. 
On the other hand. the intercept (TASoo) represents the 
inherent complex stability (ACO) obtained at ANO=O, 
which means that the complex is stabilized even in the 
absence of enthalpic gain, as long as the TASoo term is 
positive. From comparative analyses of the thermody- 
namic data for cation binding by three types of ionophores 
with different topologies and rigidities (i.e., glyme, crown 
ether, and cryptand),"" the slope (3) and the intercept 
(TASoo) of the regression line were related to the degree of 
conformational change and to the extent of desolvation 
upon complexation. respectively. Using x and TASoo as 
quantitative measures for changes in conformation and 
desolvation of both host and guest, diverse chemical and 
biological supramolecular systems can be analyzed con- 
sistently, despite the different weak interactions involved 
in each supramolecular system.'"' 

The slopes (3) and the intercepts (TASo
o) obtained for a 

variety of supramolecular systems are presented in Table 1. 
It is obvious that conformational changes and desolvation 
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Fig. 8 Individual entropy compensation plots for natural a-, P-, 
and y-cyclodextrins. (Vie]$' this art in color at ~t,+vw.dekker.com.) 

are much larger for the association reactions involving 
enzymes, antibodies, and DNAIRNA than for simple 
crown ethers. In accordance with that, the slope r and 
intercept TASoo are larger for the former biological sys- 
tems than for the latter synthetic systems. It should be 
emphasized that even closely related systems, such as 
cyclodextri~ls of different sizes (Fig. 8), can be consistently 
analyzed in terms of the slope a and intercept TASoo as 
measures of the conformational changes and desolvation, 
respectively. The slope a and the intercept TASoo increase 
from r-CD to P-CD and then to y-CD in accordance with 
the increased conformational changes and extent of 
desolvation upon guest inclusion. 

GRUNWALD THEORY OF 
ENYHALPY-ENTROPY COMPENSATION 

The general concept and methodology developed by 
Grunwald et a1.[201 provides us with a reliable tool for 
analyzing the complexation thermodynamic parameters 
and, particularly, for predicting the existence or nonexis- 
tence of meaningful enthalpy-entropy compensation in a 
particular set of limited thermodynamic data. The idea is 
based on the separation of overall complexation thermo- 
dynamic parameters into two terms: r~ominnl and envi- 
I-onmerztal. The nominal part (AG,,,,,,, AI-I,,,, and AS 
is associated with the complexation of the solvated host 
with solvated guest to form a solvated host-guest 
complex. while the environmental part (AG,,,, AH,,,,, 
and AS,,,) is associated with water molecules involved in 
solvationldesolvation processes upon complexation. It 
was shown that AG,,, is equal to zero in dilute solution, 
and thus, only AH,,, and AS,,,, terms are subject to 
distinct enthalpy-entropy compensation.[211 

Recently, experimental confirmation of the Grunwald 
theory was achieved by comparing the qualities of dif- 
ferential enthalpy-entropy compensation plots for the ex- 
change equilibrium between (R)- and (S)-enantiomers of 
chiral guests in P-CD's cavity (Eq. s),'" and the exchange 
equilibrium between native P-CD and 6-ammonio-6- 
dexoy-P-CD (am-b-CD) for chiral and achiral guests 
(Eq. 9):'5' 

[P-cD . R] + S = [P-CD . S] + R (8) 

[p-CD . G] + am-b-CD = [am-P-CD . G] + P-CD (9) 

Differential thermodynamic parameters calculated for the 
hypothetical exchange equilibria (Eqs. 8 and 9) are used to 
build the compensation plot shown in Fig. 9a and 9b, re- 
spectively. Interestingly, despite the same accuracy level 

Fig. 9 (a) Compensation plot for differential entropy change 
(TASoDIL or TASoRIS) against the differential enthalpy (AHoDIL 
or AflRIS) upon complexation of various DIL and R/S- 
enantiomeric pairs with P-cyclodextrin in aqueous buffer 
solution. (b) Compensation plot for differential entropy change 
(TASC,,,,) against the differential enthalpy (Ap, , , )  upon transfer 
of various guests from (J-cyclodextrin to 6-amino-6-deoxy-p- 
cyclodextrin in aqueous buffer solution. 
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and encoinpassing range of original data, the two com- 
pe~lsation plots show strikingly different scattering levels. 
These compensatory enthalpy-entropy relationships are a 
direct experimental confirmation of the Crunwald's 
prediction that AG,,,, is equal to zero in dilute solution, 
and thus. only AH,,,, and AS,,, are subject to the enthalpy- 
entropy compensation. It is obvious that a larger contri- 
bution from the nominal part (AG ,,,. A H  ,,,,,,, and AS ,,,,I ). 

associated with the particular complex structure, is ex- 
pected for the host exchange from P-CD to am-p-CD than 
for the enantiomeric guest exchange in the same p-CD 
cavity. 

It is demonstrated that, irrespective of the type of host. 
guest, and solvent systems employed, the solvation of the 
guest, host, and resulting complex plays a crucial role in 
supramolecular chemistry, where several weak interac- 
tions work together. However. the seemingly complicated 
solvation/desolvation behavior as well as the conforma- 
tional changes upon suprainolecular interactions can be 
rationaliy understood, first by determining the thermody- 
namic parameters for a wide variety of chemical and 
biological supramolecular systems, and then by analyzing 
the compensatory enthalpy-entropy relationship that is 
frequently observed in weakly interacting supramolecular 
systems by applying the Grunwald theory. 
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The term "solvatochrornism" describes a significant 
change in position or intensity of an absorption or 
emission band of a compound in solution, when the po- 
larity of the medium is changed. A bathochromic (or 
red) shift of the absorption band with increasing solvent 
polarity is known as positive solvatochro~nism The cor- 
responding hypsochromic (or blue) shift is termed neg- 
ative solvatochromism. 

Solvatochromic compounds exhibit large differences 
between the dipole moments of their ground and excited 
states. This behavior is commonly found in two families 
of compounds. Organic molecules where an electron- 
donating group is linked by a conjugated system to an 
electron-accepting fragment constitute the first group. 
Organometallic complexes composed of central metal and 
organic ligands with a n-electron system comprise the 
second important family. 

Significant solvent-dependent spectral variations may 
also arise from self-aggregation of dyes in solution. The 
monomer rnay be solvatochromic. and it may not be easy 
to distinguish the contribution of self-aggregation to the 
observed solvatochrornism, especially in media where the 
dye is poorly soluble. 

Because of their sensitivities to environmental changes. 
wide applications for solvatochromic compounds were 
found in the study of solute-solvent interactions, mainly 
in the characterization of bulk or microenvironments. 
Various polarity scales employing solvatochromic dyes as 
solvent probes were proposed. Because these empirical 
scales may be used to characterize any solvent or solvent 
mixture, solvatochromism played an important role in the 
study of a wide variety of solvent-dependent processes. 

GENERAL PRINCIPLES 

Spectra of a solvatochromic compound show significant 
shifts of absorption or emission bands in solvents of dif- 
ferent polarities. Solvatochromism is thus a measure of the 
sensitivity of a compound to environmental changes, ex- 
pressed by changes of its spectra in ~olution.".'~ It is related 
with other environment-dependent spectral changes, such 

as thermochromisin and halochromism. In the former, 
spectral changes occur as a result of variations of the 
solvent temperature.['.'1 In the latter. spectral changes 
are observed by the addition of a salt to the solution. 
Depending on the nature of the ionic species capable of 
inducing absorption shifts, one may further distinguish a 
cationic and an anionic h a l o ~ h r o m i s m . ' ~ . ~ ~  

These spectral changes may be ascribed to variations of 
solute-solvent interactions, when a given factor (solvent, 
temperature, or added salt) is changed. Because these are 
related processes. it is not uncommon for a solvatochro- 
mic compound to also show a therrnochromic or halo- 
chromic behavior. 

Solvent-dependent spectral changes are common in 
chemistry. However, only compounds that exhibit pro- 
nounced spectral changes are properly considered solva- 
tochromic. A general requirement for this to occur is 
that large differences between the dipole moments of 
their ground and excited states must exist. The resulting 
solvatochromism may be explained in terms of the 
simplified scheme shown in Fig. 1. 

According to the Franck-Condon principle. electronic 
excitation is much faster (- 1 0 "  S) than solvent reor- 
ganization around the molecule (- 1 0 ' 2 - 1 0  l o  s). 

Therefore, the excited species has the same solvation 
pattern of its ground state. When large differences exist 
between the dipole moments of ground and excited states, 
the relative stabilities of the two solvated species change 
considerably with the solvent. Two possibilities exist: in 
case (a), the excited state of the solvatochromic compound 
is more polar than its ground state. Transfer to a more 
polar soltvent has the result of stabilizing its excited state 
relative to its ground state. The new transition energy AE' 
is smaller than AE, and the cot-responding absorption band 
is shifted bathochromically (red-shifted) by a more polar 
solvent (positive solvatochromism). 

Case (b) depicts the opposite situation, with a ground 
state more polar than the excited state of the molecule. In 
this case. increasing the polarity of the solvent has the 
effect of increasing the transition energy AE', and the 
corresponding absorption band is shifted hipsochromi- 
cally (blue-shifted) in Inore polar media (negative solva- 
tochromism). 

This simplified scheme rnay be illustrated with two 
specific examples.i"2.71 
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Fig. B The origins of positive (a) and negative (b) solvatochromism 

Stilbene 1, a hybrid of canonical structures (I) and (11), 
exhibits positive solvatochromism (Fig. 2). Its ground 
state resembles a neutral structure (I), with a calculated 
dipole moment of 9.85 D. Its more polar excited state, 
with the total electron density heavily concentrated on 
the acceptor fragment, has a calculated dipole moment 
of 23.5 I). 

Compound 2 ( R ,  = R2 = H) shows an opposite behav- 
ior. Its zwitterionic ground state has a calculated dipole 
moment of 22.6 D, which is reduced in its quinoid, excited 
state to a value of 13.7 D. An increase in solvent polarity 
destabilizes the charge-transfer transition of this com- 
pound. shifting the h,,,, value of its longest wavelength 
band hypsochromicaliy, from 620 nm in nonpolar CHC13 
to 442 nln in water (negative solvatochromism) (Fig. 3). 

Similar considerations apply to the interpretation of 
solvatochromism in emission spectra. Here, however, the 
excited species may live long enough to allow for solvent 
rearrangement in its solvation shell. If. for example, the 
resulting solvated excited state has a larger dipole Ino- 
ment than it has in its ground state, it will be further 
stabilized, relative to its ground state, in a more polar 
environment. The emitted photon will have less energy 
with increasing solvent polarity, and a red shift of the 
fluorescence band will be observed. 

Many emitting molecules may have two solvent- 
dependent excited states, arising from an intramolecular 
charge-transfer (ICT) and a twisted intramolecular charge- 
transfer (TICT) process. For these molecules, the exis- 
tence of these two interconvertible excited states may give 
rise to two solvatochromic fluorescence bands. 

Significant solvent-dependent spectral variations 
may also arise from self-aggregation of dyes in solution. 
Monomer association gives rise to different dipolar spe- 
cies. according to their aggregation patterns in solution. 
Cyanines constitute a particularly well-studied example of 
such behavior.[s1 The observed spectral shifts are ascribed 
to different aggregation patterns of the dye. J-aggregates 
generate red-shifted bands, while H-aggregates give rise 
to blue-shifted bands. A J-dimes results from an end-to- 
end stacking. in a head-to-tail arrangement. An H-dimes 
for~ns a sandwich-type arrangement. with a parallel piane- 
to-plane stacking. Several dyes form 9- and H-aggregates 
in solution. 

The solvatochromism of fullerene solutions was stud- 
ied by several authors and constitutes an example of a 
difficult distinction between contributions from solute- 
solvent interactions of monomeric species and contribu- 
tions arising from aggregation. The C-60 solutions are 

Fig. 2 Transition to a more polar excited state-positive Fig. 3 Transition to a less polar excited state-negative 
solvatochromism. solvatochromism. 



magenta in toluene, pink in fluorobenzene, and bluish- 
violet in anisol. In spite of changing color with concen- 
tration, solutions of C-60 in dimethoxybenzene follow the 
Lambert-Beer law, pointing to the absence of aggregates 
in Because transitions to the lowest excited 
states are forbidden by the highly syn~~netrical structure 
of the C-60 molecule, its spectral behavior must be as- 
cribed to symmetry-breaking environmental interactions. 
The observed solvatochromism is then ascribed partly 
to complexation of the electrophilic C-60 molecule with 
n-electron-donating aromatic solvents and to the forma- 
tion of  aggregate^."^ 

The requirements for a solvatochromic behavior are 
generally fulfilled by molecules exhibiting ICT excita- 
tions. Two families of compounds commonly behave in 
this way. The first comprises organic molecules with a 

donor and an acceptor fragment linked directly or through 
a conjugated n-system. Besides colnpounds 1 and 2, dyes 
3-5 illustrate this general structural fea t~re .""~ The ICT 
may also originate from the interaction of a donor- 
acceptor ion pair. Compound 6 is a classical example of 
this behavior. 

Although coplanarit)~ of the donor and acceptor 
fragments might be expected to be necessary for full 
conjugation and ICT. there are examples of solvatochro- 
mic compounds where these fragments are practically 
orthogonal. X-ray diffraction analysis of the strongly sol- 
vatochromic betaine 7 yielded a dihedral angle of 90" 
between the donor phenoxide and the acceptor pyridinium 
moieties of the molecule.'"' The CT band of the spiro dye 
8, where donor and acceptor groups are mutually per- 
pendicular, showed pronounced solvatochromi~m.~" 

A second important family of solvatochromic com- 
pounds comprises organometal complexes with ligands 
possessing a n-electron  stern.^'.^] The spectra of these 
cornpounds may exhibit more than one solvatochromic 
band. Two distinct processes may give rise to solvatochro- 
mism: a metal-to-ligand charge transfer (MLCT), where 
charge is transferred on excitation from the metal donor 
to an acceptor ligand, and a ligand-to-metal charge trans- 
fer (LMCT), where the opposite situation occurs. Com- 
pound 9 is an example of the former, and compound BO is 
an example of the latter. The solvato- and halochromism 
of 11 arises from a transition from a square-planar to an 



octahedral geometry. by interaction with an axial donor 
solvent or ai~ion."'~ 

THEORETICAL TREATMENTS 

When developing theoretical models with which to in- 
terpret and predict the solvatochromic behavior of mol- 
ecules. a distinction must be made between specific and 
nonspecific effects. The former are caused by specific 
interactions, such as complexation or hydrogen bonding 
with the solvent. The latter is a sun1 of different solute- 
solvent dielectric  interaction^.'"^ 

When only nonspecific effects are responsible for the 
solvatochromic behavior, the change of the rnolecule di- 
pole moment upon excitation may be estimated from a 
continuum model. 

For fluorescent molecules in nonpolar solvents of the 
same refractive index, solvatochromic shifts are governed 
by the change of the ~nolecule dipole moment Ap,, and by 
a solvent polarity function f(D), which depends on the 
static dielectric constant D of the medium. 

For solvatochromic shifts between solvents 1 and 2, Eq. 2 
applies, where A(Etlu - ah\)l - 2 is the energy difference 
between the fluorescence and the first absorption bands, 
no is the radius of the solute molecule, and Af(D)l is the 
difference between the polarity functions of the two 
solvents. This relationship. originally derived by Lip- 
pert.is61 allows for the calculation of Ap,,: 

According to the McRae formalism,r171 the soivatochro- 
lnic shifts in absorption frequencies of a molecule may be 
expressed as follows: 

where I~,,~,, and v,,, are the frequencies of transition (s- I) 
in a solvent and in the vacuum, respectively; n is the 
refractive index: E is the dielectric constant of the solvent; 
and A and B are constants. The slope B may be obtained 
from a plot of transition frequencies in a series of solvents, 
and the excited-state dipole moment p, is estimated with 
the aid of the following relation~hip:"~ 

where F, is the permeability of the vacuum. h is Planck's 
constant. a, is the radiur of a spherical c a ~ i t y  occupied by 
the solute. 11, is the ground-state dipole moinent of the 

molecule, and + is the angle formed by vectors p, and 11,. 
The value of $J is often assumed equal to 18Q0. 

Quantum chemical methods were employed with 
variable success in theoretical studies of solvatochro- 
mism."x"91 Electronic transition energies of molecules in 
the gas phase may be calculated by ab-initio and 
semiempirical methods. The latter are more frequently 
used because of their much smaller computational cost 
and also because of the existence of programs. like 
CNDOIS and INDOIS, that were parametrized for spectral 
studies. Calculation of solvent effects poses a major 
problem in the prediction of solvatochromic shifts. 
Several methods exist that are based on a continuum 
model, where changes in the electronic levels of the 
molecule are treated as perturbations by the solvent 
dielectric constant. This model was extended to include 
the effect of an added Alternatively, the bulk 
solvent may be replaced by point 

None of these treatments is capable of reproducing 
specific solute-solvent interactions, which become in- 
creasingly important in more polar, or in protic solvents. 
In this case. one has to resort to calculations involving 
supramolecules. formed by solute-solvent c o m p l e x e ~ . ' ~ ~  

SOLVATBCHROMISM AND 
SOLVENT POLARITY 

The use of solvatochromic conlpounds as polarity sensors 
in a variety of environments constitutes one of the most 
important applications of these molecules. Solvent polar- 
ity scales were designed that rely on the solvatochromic 
behavior of one or a set of compou~lds.".~' 

In order to be a useful polarity indicator. a solvato- 
chromic dye should meet a number of requirements. It 
should be easily available, stable on storage and in 
solution, soluble in extremely polar and nonpolar solvents. 
with a range of solvatochromic shifts as large as possible. 
High absorptivities should allo~v for the use of dilute 
solutions, so as to discard the possibility of aggregation. 
This last requirement is considered fulfilled if all solutions 
follow the Lambert-Beer !aw. 

One of the first examples of a polarity scale based on a 
solvatochromic probe was Kosower's Z values.'211 defined 
as the transition energy of the longest wavelength 
absorption band of dye 6. 

Transition energies of betaine 3 were used as the bases 
of the widely employed ET (30) scale.".21 Its negatively 
solvatochromic charge-transfer absorption band is shifted 
by ca. 360 nm on going from diphenyl ether (h,,,, = 810 
nm) to water (iL,,,,,=453 nm). This high sensitivity 
pro~npted its use as a polarity indicator for over 350 pure 
solvents. besides a variety of solvent mixtures; micellar 
systems; and electrolyte solutions. 



The large number of empirical polarity scales derived 
from solvatochromic sensors raises the question of the 
degree of correlation among them. In principle. there is no 
reason to expect a correlation between any pair of these 
einpirical scales. The solvatochromic behavior of a given 
compound reflects a sum of specific and nonspecific 
solute-solvent interactions that vary from probe to probe. 
Good correlations are to be expected only between scales 
based on solvatochromic compounds that present a similar 
response to a range of solvents. As a result of this, the 
concept of solvent polarity is elusive and the claims of a 
universal polarity scale based on solvatochromic probes 
cannot be maintained. Different solvents may assume 
different polarity values, according to the nature of the 
scale employed to define them. 

One approach aimed at overcoming this relativity is the 
definition of polarity as a weighted sum of contributions 
from more specific effects. This approach, originally in- 
troduced by Kanllet, Abboud, and Taft,12" distinguishes a 
hydrogen-bond donor, or acidity contribution (c/. values): a 
hydrogen-bond acceptor. or basicity contribution (P val- 
ues); and a dipolarity-polarizability contribution (n:: val- 
ues) of the solvent. Various probes were proposed for the 
measusenlent of these values. according to their nature as 
sensors for a given contribution. In order to isolate a par- 
ticular effect. sets or pairs of homomol-phic colnpounds 
are soinetirnes employed. Homomorphs are molecules 
that have tlie same, or closely si~nilar geometries. and 
similar spectral responses. The spectral differences be- 
tween a pair of hoinomorphs are due to the fact that one is 
capable of interactions with the solvent that should be 
absent. or nearly absent with the other. A cornparison of 
their spectra allows a distinction to be made between 
solute-solvent interactions that are shared by both probes, 
from those interactions characteristic of only one com- 
pound. An exainple of such a pair, employed to build a 
scale for acidity values, is the o-tert-butylstilbazolium 
betaine DBSB (2. R1 = RZ = t-butyl) and its homolnorph 
TBSB (2. RI  = t-butyl, R2 = H), which were used in the 
classification of 121 organic solvents.i261 A comparison of 
the spectra of TBSB, a basic probe capable of interactions 
with hydrogen-bond-donor solvents. with DBSB, a homo- 
rnorph where these interactions are absent because of 
the steric hindrance of the two t-butyl groups, allows for 
the quantification of the specific contribution of solvent 
acidity to the observed solvatochromism of the two probes. 

The iron cornplex 9 is another example of a probe for 
solvent acidity. whereas the planar copper complex 11 
was proposed as a basicity or P sensor.i27i 

Co~npound 4, which displays large positive solvato- 
chromic shifts and good solubility in a wide range of 
solkents. was proposed as a ~c ' probe.L2S1 Another example 
involves the holnomorphic pair 2-(dimethylamino)-7- 
nitrofluorene (5)12-tluoro-7-nitrofluorene that were sug- 

gested to be the basis of a solvent dipolarity-polarizability 
(SPP) s c a ~ e , ~ ~ ' ~  

The use of solvatochromic compounds as polarity 
indicators inay be extended to solvent nlixtures and 
micellar systems. In this case, an additional difficulty is 
introduced in the assessment of systems that are not ho- 
mogeneous from a ~nicroscopic point of view. The 
microenvironment actaally "seen" by the sensor does 
not correspond to the bulk characteristics of the medium. 
I11 a binary solvent mixture, a solvatochromic probe may 
be more solvated by one of the components, thus re- 
flecting through its spectrum a solvent co~nposition that 
may be different from that of the bulk mixture. hl micellar 
systems. the solvatochro~nic response of a probe reflects 
the nature of its microenviroil~nent and is dependent on 
the relative solubility of the sensor in the aqueous or the 
organic pseudophases; or in the micellar interphase. 

APPLICATIONS AND FUTURE PROSPECTS 

The use of sol\~atochrornic cornpounds for characteriz- 
ing cornrnon laboratory solvents was extended to other 
media. such as liquid organic salts["] and supercritical 
solvent sys t en~s .~"~  Solvatochromic probes were widely 
employed in the characterization of microenvironments. 
such as the interphase of micellar ~ y s t e r n s . ~ ' . ~ ~  

By adsorbing or che~nically binding a solvatochromic 
compound to a solid matrix. its s~lrface polarity may be 
estimated, thus extending the applications of these com- 
pounds to the solid phase. A few examples include the 
evaluation of the surface polarity of various silicasi3" and 
polysaccharides.["l 

In the design of new materials for optical devices. 
crystal soivatochromism plays an important role in un- 
derstanding intermolecular interactions in the solid 
phase.["' 

The field of nonlinear optical (NLO) materials con- 
stitutes another area of research related to the synthesis 
of solvatochromic compounds. Asymmetric molecules 
possessing donor and acceptor substituents linked by a ~ c -  

backbone exhibit large hyperpolarizabilities, being poten- 
tial candidates far NLO materials with interesting prop- 
e r t i e ~ . ' ~ '  It is, therefore, not surprising that inany 
solvatochrornic dyes also exhibit NLO properties. Solva- 
tochroinisin is an important property in the design of 
NLO-functionalired macromolecules.'"' 

The development of chiro-sol\~atochromic compounds 
should lead to interesting applications. These probes 
should be capable of distinguishing pairs of enantiomers, 
as a result of stereoselective interactions. giving rise lo 
significant spectra! differences between solutions of the 
diastereomeric complexes. One may envisage siluple and 
fast methods for the determination of the eilantio~neric 



purity of chiral compounds. based on the visual inspection 
of chiro-solvatochromic dyes. Such compounds might 
also present interesting chiroptical properties. So far, 
attempts to prepare such probes yielded solvatochromic 
compounds with little sensitivity to the chiral environ- 
,nent.[l ,2,'6,371 

CONCLUSION 

The phenomenon of solvatochromism has caused a wide 
range of applications to be directed in chemistry, in the 
study of solute-solvent interactions. The design of new 
molecules with increased solubility and sensitivity to 
environmental changes will probably remain a subject of 
interest in the future, especially as probes in less-de- 
veloped areas, such as, for example, the solvatochromic 
discrimination of a chiral environment. Theoretical ap- 
proaches to the problem of describing the influence of the 
medium on the spectral behavior of these compounds will 
benefit from the availability of faster programs and 
computers. Finally, research on the solvatochromism of 
organic and organometallic compounds will remain an 
area of active interest, because of its connections with 
the develop~nent of new nonlinear optical materials. 
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The internal symmetry of a crystal structure is described. 
The concepts of the unit cell and lattice are developed, 
leading naturally to a definition of symmetry elements 
and, hence. to the crystallographic space groups. The 
relevance of space groups and symmetry elements to the 
formation of the extended networks found in supramo- 
lecular chemistry is summarized. A discussion of common 
crystal packing modes follows, and the relevance of space 
group symmetry is discussed in this context. 

THE CRYSTAL AND ITS 
INTERNAL SYMMETRY 

The regularity of a macroscopic crystal gives a clear 
indication of the underlying construction. which describes 
the crystal structure as a convolution between the lattice. a 
conceptual array of points in space. and the motif (or 
basis). the structural unit repeated regularly at the lattice 
points. That is, the motif is placed at each lattice point in 
turn, the resulting function (the crystal structure) being 
the cumulative result of this folding together of the 
two components. 

The geometry of the lattice is governed by crystallo- 
graphic unit cell, a parallelepiped uniquely defined by six 
parameters: the lengths of the cell edges (a, b, c) and the 
angles between these (cl, 0. y) (Fig. 1). The parallelepiped 
chosen is generally the smallest (or occasionally some 
more convenient) volume containing the unique structural 
component in the crystal. Repetition of this unit by 
translation through space forms the crystal. The unit cell 
contains the structural motif. The origin of each unit cell 
sits at one of the conceptual lattice points. 

The Lattice 

With the unit cell and lattice constructed, the 
remainder of the geometry of crystallography follows. 
For example, we can define sets of lattice planes 
according to the intercept of a plane within the unit 
cell with the three axes of the parallelepiped (Fig. 3). 
The lattice planes are defined by the Miller indices (hkl), 
where hkl are defined in terms of their intercept with the 
a ,  b, and c axes, respectively. The plane intercepts the a-  
axis at the position alh. the 0-axis at the position blk, 
and the c-axis at the position cll. There are equivalent 
parallel lattice planes passing through all translationally 
related points in the lattice, and the set of lattice planes 
of this type is denoted (hkl). The related lattice direction 
[hkl] is the direction parallel to the line through the 
origin and the point (ha, kb, lc). For a cubic crystal, the 
[hkl] direction is perpendicular to the (hkl) planes. A 
considerably fuller description of geometrical crystallog- 
raphy is available in many other places.r1-71 It is worth 
mentioning at this point that the unit cell is bounded by 
the planes (100). (01 O), and (OOl), obvious from a brief 
study of Fig. 3. 

The lattice is defined not only by the unit cell, 
principally by its external dimensions (defining the crystal 
system), but also by aspects of its internal constitution 
(defining the lattice type) and symmetry within the unit 
cell. There are seven crystal systems: triclinic. monoclin- 
ic. orthorhombic. tetragonal, cubic. trigonal, and hexag- 
onal. These are defined on the basis of the external 
geometry of the unit cell. The constraints defining the 
crystal system can easily be summarized: 

-- 

Crystal sxsrerii Con.rtrainrs oil cell din1er7siorz.r 

Triclinic a # b # c :  r # p # : ~ + 9 0 "  
Monoclinic a # b # c ;  r=y=90° .  P>90° 
Orthorhombic a # b # c ;  r=P=:/=9fJ0 

Cubic 
Trigonal 

a = b = c ;  ~ = ~ = - ~ < 1 2 0 "  

Replicating the unit cell through space along the direc- Hexagonal a = b #  c: z=p=9O0. -/=120° 

tions of the three axes of the paralellepiped forms the 
complete crystal. containing all structural components. 
This is shown in Fig. 2, where one unit cell is shown to sit The internal structure of the unit cell also plays a role 
at each of the conceptual arrays of lattice points. in the definition of the lattice type. Unit cells containing a 
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Space Groups and Crystal Packing Rfodles 

Symmetry Elements and Space Groups 

a 

Fig. 1 The parallelepiped model used for a unit cell. The 
example shown is for a skew (triclinic) unit cell. with all lengths 
different and all interaxial angles non-90". The majority of unit 
cells found in nature are more regular than this example. 

single lattice point are termed primitive. denoted P. Under 
certain circumstances: it is convenient to introduce unit 
cells that contain more than one lattice point. Such unit 
cells are called nonprimitive, and in general, the practical 
advantages to be gained from using nonprimitive unit 
cells can far outweigh the disadvantage of the larger unit 
cell volume. 

Such nonprimitive or centered cells can occur in all 
crystal systems higher than triclinic and introduce an 
extra seven lattice types to those already defined by the 
crystal system. The conventional types of nonprimitive 
lattice are C-centered (C), with an extra lattice point in 
the center of the (001) face at unit cell position ('1~,'/~,0); 
body-centered (I), with an extra lattice point at the unit 
cell center at ( ' I ~ . ' / ~ , ~ / ~ , ) ;  face-centered (F), with extra 
lattice points in the center of the unit cell faces at 
positions (l1~'/~0), (1/201/2), (0'12'1~); and the rhombohedrai 
R setting of the trigonal lattice. There are also 
nonstandard settings of these, such as A-centered 
monoclinic cells, but these do not represent distinct 
lattice types. 

There are thus 14 possible lattice types, termed the 
Bravais lattices: 

Cn sto/ st stem 

Tricliliic (one Bravais lattice) P 1 
Monoclinic (two Bravais lattices) P 1 

C (or A) 2 
Orthorhombic (four B r a ~ a i s  lattices) P 1 

C (or A or B) 2 
I 2 
F 4 

Tetragonal (two Bravais lattices) P 1 
I 2. 

Cubic (three Bravais lattices) P 1 
I 2 
F 4 

Trigonal (one Bravais lattice) R 3 or 1 
Hexagonal (one Bravais lattice) P I 

Further symmetry occurs within the unit cell. This internal 
symmetry introduces relatiollships among the unit cell 
contents and can be due to rotation, reflection, and 
combinations of these with fractional translations. The 
internal symmetry of the unit cell allows the complete 
description of the entire contents on the basis of a unique 
structural unit, the asymmetric unit. Applying the internal 
unit cell symmetry to the asymmetric unit, followed by 
imposition of the lattice structure, leads to a complete 
description of the crystal. 

The internal symmetry elements of the unit cell are of 
two types (Fig. 4): those involvi~ig purely reflections and 
rotations (symmorphic elements-mirror planes and rota- 
tion axes), and those additionally involving translational 
components (nonsymmorphic elements-glide planes and 
screw axes). 

When the symmetry elements are introduced into the 
possible lattices, the symmorphic elements combine to 
yield a total of 32 so-called point groups, while inclusion 
of symmorphic and nonsymmorphic elements leads to the 
230 crystallographic space groups. Space groups. sym- 
metry elements, and other aspects of crystal symmetry are 
tabulated in great detail in the International Tables for 
~ r ~ s t a l l o g r a ~ h y  .'81 

CRYSTAL PACKiNG MODES 

The periodicity conferred by the crystallographic sym- 
metry described above also, of course, plays a major role 
in governing the intermolecular interactions that are so 
important in supramolecular chemistry. We now consider 
the implications for crystal packing modes. Crystal 
packing modes is a term used to describe the packing of 
molecular units inside a crystal structure. Specifically, the 
aim of their study is to find common patterns, with the aim 
of understanding, classifying. and potentially predicting 
the way in which these molecular units will pack to form 
crystal structures. 

Crystal packing is governed by the interinolecular 
interactions between molecules, whether ionic, hydrogen 
bonds or other weaker nonbonded contacts. These 
intermolecular interactions are, in turn, governed by the 
relative disposition of molecules in the crystal, more often 
than not a consequence of the space group symmetry. An 
exception to this is when there are irlterrnolecular 
interactions between distinct molecular units in the unit 
cell, usually in crystal structures with more than one 
formula unit in the unique part of the unit cell (Z'> 1). 

There have been many attempts to categorize crystal 
packing modes and their implications for understanding 
and potentially predicting patterns of intermolecular 
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Fig. 2 The construction of a crystal from its unit cell (left) in three dimensions and (right) a two-dimensional projection, also showing 
the lattice points. 

interactions, supramolecular assembly, and hence. crystal 
structures; from the earliest days of molecular crystallog- 
raphy.['] The work of ~ i t a i g o r o d s k i i " ~ . ~ ~ '  represented 
some of the earliest attempts at gaining insight into crystal 
packing via systematic studies of organic crystal struc- 
tures. This incl~lded an enunciation of the principles of 
close packing and also set the initial framework for 
systematic analyses of crystal packing, using. for example, 
the Cambridge Structural  ata abase,'^'."] which now 
contains over 250,000 organic crystal structures. 

Several methods were adopted in atternpting to 
describe and understand crystal packing and its implica- 
tions for supramolecular chemistry. These include studies 
of commonly occurring intermolecular motifs, surveys of 
crystallographic databases. examinations of space group 
frequencies. analytical and predictive studies of simple 
molecular co~npounds and classes of molecules, and 
lattice dynamical and other computational/theoretical 
methods. The area was surveyed recently in the context 
of crystal packingi141 and its relation to supramolecular 
chemistry and crystal engineering discussed in many 
review articles. The latter subject is covered elsewhere in 
this volume, but is intimately related to the subject of this 
article. This is evident from the fact that the field of 
crystal engineering depends upon understanding the 
nature of intern~olecular forces and their role in assem- 

Fig. 3 A lattice plane and definition of its Miller indices. The 
plane shown intercepts halfway along each axis. It is described 
by the Miller indices according to (a12. 012, c12) = (nlh, Dlk. cll). 
This is. therefore, the (222) plane. 

bling molecular building blocks into extended structures 
and architectures.'"' A definition of crystal engineering 
by Desiraju brings home clearly this link between the 
topics. This definition of crystal engineering is "the 
understanding of intermolecular interactions in the context 
of crystal packing and in the utilisation of such under- 
standing in the design of new solids with desirable 
physical and chemical properties."i161 

Comm~niy Occurring intermolecular Motifs 

Because the aim of supramolecular chemistry is to predict 
and control the arrangement of neighboring molecules or 
motifs by intermolecular forces, an understanding of how 
specific coinmonly occurring functionai groups or motifs 
are likely to interact in the crystalline environment is 
important. Some of the earliest but still highly relevant 
studies in this area were carried out on carboxylic acids"71 
and on and substituted"" ainides. 

For carboxylic acid str~ctures.[ '~ '  it is clear that for 
monocarboxylic acids, cyclic hydrogen-bonded pairs are 
the motif of choice (for achiral or racemic compounds: 
these are often generated by a syminetry center), while 
chains linked by 0-H. . .O linear hydrogen bonds are 
also common. For chiral monocarboxylic acids, a chain 
motif is often formed along a twofold screw axis. 
Dicarboxylic acids tend to form chains in which the 
cyclic diineric pair acts as the linking motif along the 
chains. In the other dimension. these carboxy-group- 
containing inolecules tend to stack with neighboring units 
offset along either the C=O or C-OH bond direction. 
There also tend to be interplanar contacts via antiparallel 
arrangements of C-O bonds. 

For alnides R-CONH2, the molecules generally form 
hydrogen-bonded rings linked by a pair of C=O. . ,H--N 
hydrogen bonds that are then linked in several ways-by 
translation via N H  . .O bonds. by glide planes. or by a 
twofold screw axis. In cases where the dimes is not 
formed. helical motifs can be formed about a 2 ,  screw 
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Fig. 4 The effect of four types of symmetry elements in  elevation ( 
a glide plane. a twofold rotation axis. and a twofold screw axis. 

axis. and the molecules can also pack via a combined 2! 
axis and a translation axis (of length -5 i\) and by a 
hexameric, rhombohedra1 crown arrangement. For the 
diineric groups, parallel and antiparallel ribbon planes can 
be formed in the crystal packing. as call nonparallel ribbon 
planes. The detailed description of the formation of such 
motifs is given in the work by Leiserowitz and ~ a ~ l e r , ~ ' ~ ~  
which also emphasizes the general principles of construc- 
tion of crystal packing modes via various space group 
symmetry elements. 

These two represe~ltative exanlples illustrate the type 
of general principle one seeks in trying to quantify crystal 
packing modes. They also illustrate the need for simple, 
general ways of classifying the ways in which molecules 
link together. Of several schemes advanced for s~lch 
classification, perhaps the most widely applied currently 
is the graph set description of hydrogen-bonding 

of particular relevance in supramolecular 
chemistry. as hydrogen bonds are frequently the sources 
of internlolecular interactions. In trying to look for 
si~nilarities in patterns of crystal packing. it is also useful 
to have a means of classifying identical or similar organic 
molecules. This problem was tackled by Malman et a1.[211 
with their definition of isostructural systems (identical 
packing motifs of isometric. necessarily closely similar. 
molecules) and homeosrructural systems (similar packing 
motifs of nonisomeiric molecules). I11 a similar vein is the 
extensive body of \vork of Zorky et al.12" This worli 
involved the concept of structural class as a descriptor of 
molecular packing arrangements in crystals. going beyond 
the normal definition of the space group in reflecting the 
topology of the molecular crystal. 

Database Surveys and Space 
Group Frequencies 

The Cambridge Structural Database (csD)"~.'" contains 
deposited information from over 250,000 organic and 
organo~netallic crystal structures, and this can be extracted 
(mined) using powerful search tools, including frag~nent 
[one-dimensional(]-D), two-dimensional(2-D). and three- 
dirnensionai(3D)]. unit cell and space group searches. 

upper) and projection (lower). From left to right are a minor plane. 

These allow trends within motifs to be identified and 
followed, along with frequencies of occurrence of space 
groups. etc..r22-241 and the implications of these for the 
formation of intermolecular interactions and supramolec- 
ular structures. Among the general conclusions of such 
surveysi"' are that space groups containing mirror planes 
occur if ail the minor planes are and that 
among rotation axes, only twofold axes are common in 
molecular systems.["'"1 The presence of inversion cen- 
ters also tends to be favorable for crystal packing. 

Among the 230 possible space groups. it is found that 
few are occupied with any great frequency among 
molecular crystal structures. For example, over 80% of 
structures in the CSD occur in the seven most common 
space groups: P21/c, P I ,  P212121, P2].  C2/c, Pbca. and 
~ n m a . ' ~ ~ '  However, space group frequencies depend on 
the type of compound in the crystal. as the intermolecular 
interactions will vary, governing the packing. For exam- 
ple, more ionic compounds, salts. and solvates are most 
likely to crystallize in high-symmetry space groups. 
Wilson found that normally. the relative frequency of 
occurrence of ~nolecular compounds in particular space 
groups is governed by the ease of packing.i241 The 
presence of internal rnolecular symmetry and of sym- 
morphism (lack of screw axes and glide planes) is an 
additional factor to take into consideration in such studies. 

A further conclusion is that the occurrence of structures 
with Z '> 1 tends to be low. and the percentage of 
structures with this property tends to increase as the 
symmetry of the space group decreases, being most 
cominon in space group Pi .  When there is more than one 
crysiallographically independent molecule in a unit cell. 
these ~nolecules tend on the whole to have similar 
c o ~ ~ f o r r n a t i o n s . ~ ~ ' . ~ ~ ~  

It is possible that as the number of structures in the 
CSD increases. general einpirical rules may become 
apparent that help predict particular packing patterns for 
certain types of molecules. Clearly, the principle of close 
packtng (cosresponding to an energy minimum in the 
crystal) will always be important in governing the pacliing 
adopted. The principles of closest packing in molecular 
crystal structures are well illustrated by studies of the 
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distribution of molecular centers in crystallographic unit 
cells.1261 In these, there is a tendency for the preferred 
locations of these centers to cluster around positions 
between centers of symmetry or screw axes. Such studies 
also indicate the wide occurrence of layers of ~nolecules 
and confirm the importance of close packing. 

Studies of Simple Molecular Compounds 

The study of crystal packing modes in simple molecular 
systems has long been seen as a tractable approach to 
quantifying the interactions underlying the adoption of 
packing patterns. Given their relatively simple shapes. 
fused ring planar aromatic hydrocarbons are an obvious 
case to choose, and these were studied on several occa- 
sions. The early work in this was extended in 
a series of studies by Gavezotti and ~ e s i r a j u . ' " . ~ ~ ]  These 
studies examined the energetic and geometric factors 
controlling the packing of such condensed aromatics, 
using atom-atom and molecular-molecular packing en- 
ergy calculations. It is found that the structures can be 
characterized in four structural types, called Hel~ingbone, 
Sandwich-Herringbone, ;J (a flattened Herringbone), and 
p (graphitic-like planes), which is determined by the 
relative orientation of molecular planes in the crystal. The 
major motifs present are built from stacks and glides 
of molecules. 

The adoption of a particular structure type is found to 
depend on the relative importance of different intermo- 
lecular interactions-part of the molecule being likely to 
result in stack formation (C. . .C interactions) and part in 
the formation of glides (C. .  .H interactions). In these 
simple molecules, some degree of prediction was found to 
be possible based on the assignment of a "stacki~lg" 
ability or "glide-forming" ability to each atom in the 
molecule: equivalently, an overall molecular sizelshape 
descriptor can be defined. 

This work was extended to a study of the general 
crystal packing of  hydrocarbon^,['^' in which the corre- 
lation of packing energy with various parameters defining 
the molecular sizelshape is exploited. These parameters 
include the total number of atoms. the number of carbon 
and hydrogen atoms. the van der Waals envelope volume 
and surface, the molecular mass, and the number of 
valence electrons. The best correlation is found to be 
between the packing potential energy and the number of 
carbon atoms in the molecule. A self-packing coeffi- 
cient can be defined that describes the "smoothness" of 
the molecular envelope. high values of which tend to 
improve packing energy. More complex structures sub- 
jected to such packing analysis include those containing 
hexafluorobenzene or f lu~ran i l . ' ~~ '  nitrobenzene deriva- 

tives,l"3361 and the carboxylic acids and amides discussed 

ComputationalRheoveticaI Approaches 

In addition to the packing energy calculations discussed 
above, there are many other examples of computational 
methods being used to quantify or interpret crystal 
packing modes. These included studies on the discrimi- 
nation of the energies and stabilities of racemic crystals 
from equivalent chiral structures[37i and on the influence 
of directional molecular dipole interactions on crystal 
packing (in fact, this is found not to be as significant as 
was commonly supposedL381). Recent systematic work on 
predicting the packing of paracetamol molecules showed 
the sensitivity of lattice energy minimization calculations 
to variations in the observed molecular structure.'"' 
Calculations were also used in studies of the important 
phenomenon of polymorphism-in particular, in this 
context: on the differing crystal packing inodes that may 
be adopted by polymorphic forms of the same mole- 
c ~ l e s . " ~ ~  It is found that many plausible structures have 
energies within a few k J . m o l l  of the global minimum, 
emphasizing the difficulty of reliable crystal structure 
prediction. The possibility of reducing the number of 
plausible predicted structures using calculations of other, 
macroscopic, properties was investigated.["] 

A related topic is the use of observed molecular 
conformation and crystal packing patterns for the deduc- 
tion of possible mean molecular geometries, reaction 
pathways, and transition states. This so-called structure- 
correlation meihodL"21 makes the assumption that ob- 
served molecular structures tend to adopt conformations 
and packing motifs that are close to low-energy regions in 
the solid state. These are, however, by no means fully 
quantitativeL"] and, in particular, quantitative deductions 
from molecular coilformations in different structural 
environments are not established. This point is empha- 
sized in a study of the systematics of crystal packing in 
biphenyl structures.i441 in this case, close-to-planar con- 
formations are found in crystal structures more often than 
would be expected-the effects of crystal packing would 
tend to favor this "distortion" to an apparently higher 
energy molecular conformation in a range of environ- 
ments. However, there is a notable increase in dynamic 
and static disorder in these "planar-distorted" structures. 

CONCLUSION 

The study of crystal structure remains a vital underpinning 
component of much research in supra~nolecular chemistry 
in the solid state. The implications of crystallographic 
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symmetry for the solid-state packing of molecular systems 
are complex, with competing intramolecular, intermolec- 
ular, and lattice effects. The systematic study of crystal- 
packing modes yields vital clues about the relative in- 
fluence of each of these on molecular association. and 
thus, toward a fuller understanding of crystal packing and 
crystal structure and the eventual goal of their prediction. 
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Soon after crown ethers came on the scene as the 
first synthetic host molecules capable of binding 
guests, cryptands followed, and soon thereafter, the 
spherands. The preorganization of these three classes of 
molecules follows the order of their invention, as does 
overall binding affinity, i.e., crowns <cryptands < spher- 
ands. Spherand 7 (Chart 1) is the prototypical spherand, 
but there are a number of subfamilies that will be 
discussed. Donald J. Cram, 1987 Nobel Laureate, was the 
creator of the family of hosts that he named spherands. 
The spherand story began shortly after the genesis of 
supramolecular chemistry, and it demonstrates how 
quickly the field matured. as complex syntheses and 
methods of characterization enhanced the rapid sophisti- 
cation of host-guest chemistry. 

The topic of preorganization is discussed in a separate 
article, and spherands were used there as an example of 
this principle. A further example is given here. Shown in 
Chart 1 are the structures of hosts, starting from a simple 
crown ether (1) and progressing to Spherand 7 via suc- 
cessive replacement of an aliphatic ether group with rigid 
anisole units (2-7). In Table I ,  the binding free energies 
for selected cations are Although guest selec- 
tivity changes (the anisole units are larger and create a 
smaller cavity), the general trend is still marked: increased 
preorganization increases overall binding affinity for the 
most strongly bound guest. Note that this is despite the 
sacrifice in ligand strength. That is, aryl ethers are poorer 
electron donors than aliphatic ethers due to delocalization 
of the lone pairs into the aromatic rings. The enhanced 

Chart 1 Compounds 1-7. 

Encyclopedia of S~~pr~iiiroleculai- Clir~iizisri~j 
DOI: 10.1081E-ESMC 120012717 

Copyright C 2004 by Marcel Dekker, Inc. All rights reserved. 



Table B Binding affinities (AGO, kcallmol) for guests by hosts 
in CDC13 saturated wlth D 2 0  at 25°C 

preorganization of the anisole groups more than compen- 
sates for this electronic loss, once the effect of preorga- 
nization kicks in at three anisole units. 

SYNTHESIS 

The highly strained spherands took great synthetic effort 
to bring to fruition. Cram had to invent a reaction to 
couple arenes in an efficient manner. The key develop- 
ment was the use of F e ( a ~ a c ) ~  as the coupling agent. Thus, 
for example, spherand l.Lif could be prepared starting 
from arene 8, Dis-arene 9, or tl-is-arene 10 (Chart 2), in 3, 
7.5, and 28% yields, respectively, as follows: 1 )  BuLi; 
2) Fe(acac)?; 3) EDTA; and 4) HCl. Decomplexation 
to give free spherand P was achieved by heating the 
Li+ complex in H20MeOH at 1 2 5 " ~ . ' ~ ]  

Spherands and their relatives are characterized like any 
organic molecule, largely by NMR and mass spectrom- 
etry, as well as by elemental analysis. The key binding 
experiment used to determine the free energy of com- 
plexation of cations is typically done via a picrate 
extraction procedure developed by Cram.'" Picrate salts 
of the cation in question were partitioned along with the 
host between CDC13 and 1920. The partition of the picrate. 
and thus the cation, was determined by UVIVis spectros- 
copy. Thus. equilibrium constants and free energies of 
complexation were generated. This method is effective for 
binding energies in the range of 6-16 kcallmol. Beyond 
that. competition experiments are needed between the host 
in question with a host with known binding properties. In 
addition, rates of complexation and decomplexation were 
used to yield free energies of binding.'"" 

Another key tool for characterization of spherands and 
related species is x-ray crystallography. This is the 

definitive method for deriving structural information. 
Nulnerous structures of free and complexed hosts were 
obtained for this family of compounds. Such structures 
rnalte it clear just how preorganized a host is and how 
significantly it is solvated. They also clearly depict the 
size and shape of the cavity. 

Another crucial element in host-guuest characterization 
is modeling. This is, of course, critical in the design 
stages, but there is an iterative process of design and 
characterization. Cram's key here was the use of CPK 
molecular models. Nothing can replace the visual effect of 
holding a physical model in your hands. Cram spent 
considerable time studying models and calibrating himself 
using the binding data and crystal structures he had at 
hand. With experience, binding energies could be pre- 
dicted within a few kcallmol using CPM models. Even 
strain energy could be appreciated, as some models 
needed to be shaved to be built. Strain was also evident 
from analysis of crystal structures, as adjacent oxygens 
were often closer than the sum of their van der Waals radii 
(and had to be shaved in CPK models). In addition, the 
arene carbons and their substituents deviated up to 10' and 
0.5 A from the plane of the ringi6] Such strain was largely 
relieved upon complexation of cationic guests, as 0-0 
repulsion was eliminated.161 The glut of data and the 
highly preorganized nature of spherands nlade them an 
attractive system for computational chemists to hone their 
force fields for suprarnolecular  application^.'^' 

The closest member of the spherand family to the 
prototype (i.e., 7 )  are the bridged spherands such as 11 
(Chart 3).'21 Bridges of different lengths could be in- 
corporated, even those co~ltaining an extra oxygen. The 
br~dges could be syn or anti. as could the two methyl 
groups on the remaining anisoles. These br~dges change 
the size and shape of the cavity. making some oxygen 
l~gands closer to the guest, some farther. The effective 
diameter of Li+ could be measured from crystal structure5 
of its complex with various such spherands. and it ranged 

Chart 2 Starting units to produce spherand 1. 



Chart 3 Compounds 1 1-1 5 

as follows: 1.28 A with five coordinating oxygens, 1.48 A 
with six coordinating oxygens, and 1.72 A with seven 
coordinatiilg oxygens. These distances agreed with com- 
plexes found in the literature. though no other seven- 
coordinate lithiurn was known. The spherands, being the 
most preorganized ionophores, manifest the strongest 
binding and the highest selectivity of all alkali cation- 
binding hosts.lxl They also have the slowest decomplexa- 
tion rates. For 7.Li+, heating to 400 K in MeOHIwater is 
required for decompiexation. For I l .Li+,  even such 
rigorous treatment is not sufficient for decomplexation. 
Thus, 11.Li+ can be considered a c a ~ c e p l e x . ~ ~ ~  

The next class in the spherand family is the herni- 
spherands. These consist of at least half preorganized 
ligands. Typically. the remainder of the host is a corand. 
that is. part of a crown ether. Compounds 4-6 fit in this 
category. The length of the corand could be varied. and 
functional groups were incorporated into the central 
aromatic rings of cornpounds such as 4, in place of the 
methoxy group. This way. the ligating ability of a variety 
of functional groups could be explored. Functional groups 
such as nitro (e.g.. 12), N-oxide. amides, and esters were 
in~orporated.~"" The hemispherands typically bind stron- 
gest to Na+ and K+. with binding energies typically 9-12 
k~al /mol . '~ '  

Similar to the hemispherands are the cryptahemispher- 
ands. Instead of a corand part. there is a cryptand part; the 
rest of the host agaiii is a highly preorganized spherand 
unit. Cryptahemispherand 13 binds Na+ as a seven- 

coordiilate ligand. The size and number of ligating sites 
can be varied considerably within this family, and com- 
plexes fi-om Na+ to Csi were studied.'"' Binding affinities 
for these guests are in the range of 19-2 1 kcallmol for the 
best gue~ t s . '~ '  

Loosely related to crytaheinispherands are the calix- 
spherands. e.g., 14. in which as the name suggests, half a 
spherand is capped with a calixarene. Binding energies for 
Kf of 14 kcallmol were 

Other classes of spherands were reported. Some will be 
discussed in other articles. such as those used for chiral 
recognition of amino acids and those used as rate 
enhancers for polymerization and acylation reactions.lsi 
The serine protease enzyme mimic developed by Cram 
made use of a unit that is worthy of mention here. Cyclic 
urea units were incorporated into spherands to give 
another subfamily of spherands, which manifest some 
unique features. In addition to alkali metal cations, 
spherands bind to ainmoniums. In these cases: instead of 
the guest being encapsulated in the cavity of the host. the 
guest perches like a tripod onto three of the potential li- 
gating oxygens. Typically, binding of ammonium guests is 
lower than for the alltali cations (typically 3 4  kcal/mol). 
largely because of the differential binding geometries.'81 
That is. the alkali cations can access six ligating oxygens. 
while the anlmoniums can access only three. Thus, 
Cranl developed the cyclic urea unit as a particularly 
strong ligand for ainmoniums. as it is a strong hydrogen- 
bond acceptor. For exampie. tl-is-urea spherand 15 binds 



ammonium and methyl ammonium with 14.4 kcallmol, 
and the best guest, Kf; with similar affinity at 15.6 kcall 
mol. Measurement of bond angles from crystal structures 
of relatives of tris-urea 15 led Cram to conclude that the 
oxygens of the ureas can adjust their hybridization as 
needed to the task at hand. i.e., to the needs of the guest 
in question."31 This makes these spherands useful. In 
addition, they are highly soluble in organic solvents, 
and their complexation/decomplexation rates are high 
compared to hosts that bind guests with comparable 
affinity .L'41 

Applications are always a strong selling point for a field. 
and nothing is more satisfying than when fundamental 
studies lead to a useful application, especially if the 
development of that application actually leads to more 
fundamental work. Creation of a sensor for a particular 
guest has and continues to be a common goal in ap- 
plications of supramolecular assemblies. A particularly 
challenging problem is the detection of K' in blood 
serum. The problem is that there is - 100-fold greater 
concentration of Naf over I<+ in blood serum. As K+ is 
only slightly larger than Na+. one cannot simply design a 
host with a cavity that is too small for Naf. One cannot 
simply use the concept that two things cannot occupy 
the same space, at least without paying a large price. In 
this case, what one needs is a highly preorganized host 
that is complen~entary to K+, and thus shows a high 
selectivity over Na'; if it can conform (i.e., collapse) to 
a cavity complementary to Na+, there will be little or no 
selectivity. Such a tall order in binding properties was 
available from the huge databank of spherands and 
related hosts that Cram and others (Jean-Marie Lehn in 
particular) developed over a period of 20 years. What 
remained was a way to turn such hosts into sensors. For 

Chart 4 Chornogenic ionophore 16. 

a simple application, the hosts should change color upon 
binding K+, and the assay should be fast. One does not 
want to have to wait days for equilibrium to take place 
to get a meaningful result. Thus; cryptahemispherand 16 
(Chart 4) was developed and commerciali~ed.~"~ Cryp- 
tahemispherand 16 binds Kf over Na+ by a factor of 
1500, the equilibrium is reached rapidly, and a chromo- 
phore was incorporated that gets activated upon binding 
of a metal cation (the host deprotonates). Cryptahemi- 
spherand 16 has a pK, value of 7.05 in the presence 
of KBr, and a value of 7.75 i a  the presence of NaBr. 
Such a differential allows complexation of K' to be 
observed colorimetrically in the presence of 100-fold 
excess ~ a + . ' " ~  

Presented here is a brief summary of several decades of 
work. I11 addition to the original literature, the reader 
is directed to more conlprehensive ~ e v i e w s . ' ~ " ~ . ' ~ '  The 
spherands and their immediate family begot many other 
supramolecular families, each of which is covered in 
subsequent articles in this encyclopedia. Thus, the 
spherands represent a daunting example of design and 
effort, synthetically, and in terms of characterization. 
This immense body of work is exemplary of how we 
can and should conduct our business in supramolecu- 
lar chemistry. 
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Spontaneous Formation of Homochiral 
Supramolecular Architectures 

Yasuhirs lshida 
The University of Tokyo, Tokyo, Japan 

The first observation of homochiral supramolecular ar- 
chitecture dates to Pasteur's historical experiment in 
1848 on the resolution of sodium ammonium tartrate."' 
Since then, spontaneous formation of homochiral archi- 
tectures attracted scientists' attention as an important 
phenomenon relevant to the emergence of biochemical 
homochirality. The origin of chirality in nature is of long- 
standing interest in physics, chemistry, biology, and 
geology.[" However, answers to the following questions 
have not yet been provided: what is the first step of 
symmetry breaking, and how can an amplification of an 
apparently small initial enantiomeric excess be achieved? 
Although several hypotheses were proposed, homochiral 
segregation of a racemate and subsequent homochiral 
poly~nerization have been considered critical steps in 
biochenlical 

Spontaneous separation of enantiomers also attracts 
practical attention because the phenomenon has a poten- 
tial to provide attractive optical resolution methods, in 
view of simplicity and no requirement of chiral auxiliary. 
In fact, optical resolution by direct crystallization of 
racemates was operated on a large scale to prepare several 
economically important compounds, such as monosodium 
L-glutamate.["] The key of the process is homochiral 
crystallization, where a racemic liquid or solution yields a 
mixture of crystals composed of only D or L isomers, so- 
called "conglornerate." In such a system, one can often 
sort the enantiomers by hand. or one can induce 
preferential crystallization of one enantiomer. This meth- 
od cannot be applied for the resolution of racemates that 
undergo heterochiral crystallization, giving rise to crystals 
containiilg both enantiomers. However. the prediction of 
racemate types, the homochiral versus heterochiral pack- 
ing, has been one of the most challenging subjects in this 
field, although more than 150 years have past since the 
discovery of ~asteur.['] 

Recent studies in supramolecular chemistry revealed 
that spontaneous separation of enantiomers is a phenom- 
enon coinmonly observed in many phases, from the crys- 
talline state to a dilute solution. Starting with early studies 
of the morphology of chiral crystals by optical microsco- 

py, the scale for the observation of chiral supramolecular 
ascemblies approaches that of the molecules themselves 
(Fig. 1). In the following sections. the achievements in this 
area, which would shed some lights on the unsolved 
problems as described above, will be summarized and 
compared. The examples of homochiral assemblies in 
heterogeneous systems. investigated by direct morphology 
observation are described in the second section. Then, 
described are the recent examples of homochiral archi- 
tectures formed in homogeneous systems. which were 
characterized by various spectroscopic techniques. In the 
last section, the questlon of how to manipulate homochiral 
supramolecular architectures, in order to apply the attract- 
ive entities for practical use, 1s addressed. 

HOMOCHIRAL AGGREGATES IN 
HETEROGENEOUS SYSTEMS 

Hsmochiral Domain in 
Two-Dimensional Crystal 

Pasteur's observation not only uncovered the existence of 
enantiomers but stimulated scientists' desire for direct 
observation of supramolecular chirality without resorting 
to diffraction techniques. Recent progresses in scanning 
prove that microscopy, such as atomic force microscopy 
(ARM) and scanning tunneling microscopy (STM), enable 
us to observe two-dimensional (2-D) chiral crystals at 
molecular resolution. Eckhardt and coworkers reported 
the first example of spontaneous separation of chiral 
phases in monolayer crystals. Langmuir-Blodgett films of 
a racemic tetracyclic alcohol (I), formed on the water 
surface, were transferred onto mica.[61 The AFM of the 
ordered films revealed the domains of mirror-image 
structures, indicating separation into domains of pure 
enantiomers. Such chiral symmetry breaking was also 
observed from achiral molecules. Zasadzinski and co- 
workers presented AFM images of monolayer crystals of 
calcium arachidate (2). where these achiral molecules 
separated spontaneously into lattices with'chiral packing 
of opposite handedness."' 

Eilcyc~ol~eiiicl of S~cpramoleculai~ Chemisrn 
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Fig. 1 Homochiral and heterochiral supramolecular architectures. 

More recently, Walda et al. reported that a racemic 
mixture of mesogen 3 produced images of coexisting 
enantiomorphous domains, which were indistinguishable 
from the domains obtained from the enantiomerically 
pure materials (Fig. 2)."' Observation of enantiomor- 
phous domains in 2-ID crystals can result from two dif- 
ferent mechanisms: 

1. The racemic material spontaneously resolves into 
monolayer crystals of pure R and S material forming a 
2D conglomerate. 

2. Both enantiomorphous domains are composed of 
racemate packed in chiral orientation. 

The crystals formed through these two mechanisms 
must be diastereomeric, but it is not possible to distinguish 
between these two possibilities by measuring physical 
properties such as optical activity. If resolution occurs, 
and the monolayer crystal domains are enantiomerically 
pure, the chiral images observed from the racemic ma- 
terial must be identical to those obtained from one or 
the other of the pure enantiomers. Over 100 images were 
analyzed for each material [enantiomerically pure (R)- 

and (S)-3,  and racemic 31, and the unit cells from the pure 
enantiomers and from the racemate were found to be the 
same within experimental error. These results provide 
strong evidence for chiral symmetry breaking to give a 
2-D conglomerate. 

Messscopic Superhelix in Liquid Crystal 

Molecular chirality is sometilnes amplified to chirality at 
the mesoscopic level, through the self-assembling pro- 
cess of a monolneric building block with low molecular 
mass.i91 Especially, helices with nanometric or micromet- 
sic pitches are fascinating entities for scientists, as they are 
often observed in crystalline fibers, liquid crystals, and 
physical gels. Chirality of such mesoscopic helices can be 
easily detennined by direct morphology observation using 
microscopy. Recent studies revealed that symmetry 
breaking can occur through superhelix-formation proces- 
ses of racemic or achiral components. 

Lehn and coworkers reported that a racemic mixture of 
monomeric components spontaneously formed long su- 
perhelices of opposite handedness that coexist in the same 
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Fig. 2 A scanning tunnel~ng rnicroscopy (STM) image obtalned froin racemlc 3 (nght) (Reproduced by permlsqlon of the Arnericdn 
Chernlcal Society from Acc Chern Res. 1996, 29. 591-597.) 

sample.'101 They designed mesogens consisting of two 
recognition units connected with 1)- and L-tartaric acid: 
Structures 4 and 5 derived from 2,6-diaminopyridine and 
uracilc derivatives, respectively. Because 2,6-diaminopyr- 
idine and uracile moieties form a stable dimer via triple 
hydrogen-bonding interactions, equirnolar mixtures of 4 
and 5 lead to the progressive assembly of supramolecular- 
polymolecular entities (see the next section for more 
information on supramolecular polymers). Though the in- 
dividual species L-4, r2-5, D-4, and 0-5 were solids, the 
mixtures (L-~CL-5)  and (D-4+ D-5) showed liquid crystal- 
line phases at room temperature. Electron microscopic 
observations of these mixtures revealed that (L-4+r.-5) 
and ( D - 4 + ~ - 5 )  forincd very long superhelical strings with 
right- and left-handed helicity, respectively [Fig. 3a (left) 
and (middle)]. Interestingly, in the case of a racemic mix- 
ture of 1,-4, L-5, D-4, and D-5, long superhelices of oppo- 
site handcdncss were formed [Fig. 3a (right)], which sug- 
gests the occurrence of spontaneous optical resolution in 
the supramolecular liquid crystalline polymers. 

Since the discovery of the first liquid crystalline ma- 
terial in 1888, helicity has proven to be one of the most 
fascinating topics in this field.'"' Several liquid crystal- 
line phases with helical structurc were reported, such as 
chlolesteric phase, blue phase, ferroclectric and antiferro- 
electric smectic phases, and helical smectic A phase. In 
most of these helical phases, at least a fraction of the 
constituent molecules have an asymmetric carbon, and it 
was long believed that chirality at a molecular level is a 
prerequisite to construct chiral architectures at the meso- 
scopic level. However, Watanabe et al. reported the first 
example of spontaneous helix formation in liquid crys- 

talline systems comprised of achiral They 
employed banana-shaped mesogene 6, which showed 
thermotropic smectic phases. Interestingly, the achiral 
mesogen 6 formed a helical structure in the smectic 
phases. Although right- and left-handed helices were 
observed with equal probability in this system, they 
spontaneously segregated to form the domains of opposite 
handedness, which was confirmed by cross-polarized 
microscopy and circular dichroism spectroscopy (Fig. 3b). 
Moreover, millimeter-ordered homochiral domains could 
be grown, upon cooling the sample from isotropic melt to 
the smectic phase. It should be emphasized that such 
intriguing phenomena were specifically observed in the 
liquid crystalline state of such banana-shaped mesogens. 
Despite not yet knowing the precise mechanism, these 
phenomena are presumably attributed to the unique bent 
structurc of 6. 

MOMOCH~WAk ASSEMBLIES IN 
HOMOGENEOUS SYSTEMS 

Homockiral Dimer 

In a solution of a chiral compound, the enantio~ners should 
display identical physical properties, if any foreign op- 
tically activc substance does not exist in the system. 
However, this notion holds true only in on ideal dilute 
solution. To the extent that there is some degree of solute 
aggregation, chiral differentiation of enantiomers may be 
possible without the aid of any foreign optically active 
substance. As Uskokovii. and coworkers discovered in 
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Fig. 3 (a) Electron micrographsoof thin layers oT (I.-4+r.-5) (left), (n-4+n-5) (middle). and ( L - ~ + L - § + L ) - ~ + D - ~ )  (right). (Reproduced 
by permission of the National Academy of Sciences Troin Proc. Natl. Acad. Sci. USA 1993, 90. 163-167.) (b) Cross-polarized optical 
micrograph of the smcctic phasc of 6 (left) and circular dichroism spectra of two domains in the amectic blue phasc of 6 (right). 
(Courtesy of Prof. J .  Watanabe.) 

1969 for the case of dihydroquinine,r'3' diastcreoisomeric 
solute-solute interactions can cause nonraccmic mixtures 
of cnantiorncrs to give distinct NMR spectra. To date, 
several reports of this phenomenon appeared, most of 
which can be elucidated as the results of the dimerization 
of solutes via noncovalent interactions (Fig. 4a).""71 
Enantiodiffcrcntiation through dimcr formation is of par- 
amount importance, because this process should be in- 
volved in the formation of all homochiral aggregates. 

llargcr ct al. reported the discrimination by NMR 
spectroscopy of both enantiomers of allzylphenylphospinic 
amides 7.'14' The observed spectra can be rationali~cd in 
terms of dimeriration through hydrogen bonds [Fig. 4a 
(top)]. In this system; there was no marked preference for 
hornochiral or heterochiral dirncrization, and the partncr- 
exchanging was fast on the NMR time scale. In an 
cnantiomcrically unbalanced sample, the major enantio- 

mer was, on average, associated mainly with partners with 
the same chirality, whereas the minor one was for the most 
part paired with partners of opposite handedness. 'rhcrc- 
fore; the major and minor cnantiomcrs were related dif- 
ferently to their time-averaged local environments and 
exhibited distinct NMR spectra. Hara et al. described the 
self-induced nonequivalence in the association of amino 
acid derivatives 8.'"' In this case, the hoinochiral di~ner 
and the hctcrochiral dimcr gave different signals in NMK 
due to the same reason as the example of Hargcr, where 
dimcri~ation via hydrogen-bonding interactions again 
played an important role [Fig. 4a (middle)]. At room tcm- 
perature, stabilities of the homochiral and the heterochiral 
dimers were csscntially the same. I-Iowever, upon lowering 
the temperature, the homochiral dimer became relatively 
more stable co~npared with the heterochiral dimer, which 
was supported by NIMR and IR spectroscopy. 
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Homochiral Heterochiral 

Fig. 4 (a) Homochiral and heterochiral dimerization. (b) Crystal structure of L-9 viewed along the (,-axis (top) and u-axis (bottom). 
The dotted lines represent hydrogen bonds. Solvent molecules are omitted for clarity. (Reproduced by permission of the American 
Chemical Society from J. Am. Chem. Soc. 2002, 124, 14017-14019.) (View this art in color at www.d(~klcer.conz.) 

Recently, Aida and Ishida demonstrated the example of 
cxclusive homochiral-dimer formation, where the enan- 
tioselection mcchanism was clearly elucidated by the 
number of hydrogen bonds [Fig. 4a (b~t tom)l . [ '~ l  The 
hydrogen-bonded dirner motifs 10 and I 1  were designed 
based on a xylyiene-bridged his(cyc1ic dipeptide) 9. Con- 
formational studies on cyclic dipeptides with benzylic side 
chains indicated that the aromatic groups "hover over" 
thc diketopiperadine unit due to a dipole-dipole interac- 
tion. Hence, 9 having a p-xylylene bridge adopts an "S" 
-shaped conformation with the aromatic ring stacked by 
the two diketopipcradine units, which was confirmed by 
x-ray crystallography of 1,-9 [Fig. 4b (top)]. Furthermore, 
crystallographic studies showed that 9 possesses arrays of 
two-amide functionalities, (NH+CO)+(CO+NH) and 
(CO*NII)+(NH+CO), on each edge of the "S"-shape. 
When thc sequences and the shapes of the arrays arc 
complementary, the two arrays can efficiently interact 
with each other through multiple hydrogcn bonds. In fact, 
I.-9 formed a columnar assembly in the crystalline statc, 

via complementary hydrogcn bonds at both edges of the 
molecule [Fig. 4b (bottom)]. Contrary to this, the asso- 
ciation of L-9 with D-9 is expected to be unfavorable, 
because the steric requirement allows only one of the 
two diketopiperadine units to take part in the association 
event. By protccting either of the two edges of 1.-9, L-10 
and L-11 were derived, which are expected to posses "S" 
-shaped (NH+CO)=+(CO=+NH) and "anti-S"-shaped 
(CO=+NH)+(NH+CO) arrays, respectively. Because of 
the steric and sequential requisites for the association as 
described above, 10 and 11 should form a stable hetero 
dimer 10.11 only when they are ho~nochiral [Fig. 4a 
(bottom)]. In fact, the amide-NH signal of I>-11, upon 
mixing with L-10, showed a I ppm downfield shift duc to 
the hydrogen-bonding interactions, whereas the signal was 
totally intact due to the addition of LI-10. The association 
constant for the homochiral dimer L-10. 1 . - l  l was esti- 
mated to be 5 x 10' M ' by '11-NMK dilution technique. 
Such high stability is most likely due to the simultaneous 
participation of the two diketopiperadine units, because a 
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model compound posses5ing only a s~nglc d~kctopiper- 
a d ~ n e  rlng did not show any ugn of hydrogen-bonding 
~nteractions under the rame condit~on 

Hornochiral Discrete Cluster 

Supramolecular approaches to self-assembly often rely 
upon reversible noncovalent interactions. These strategies 
inherently involve an error-correction process, and as a 
consequence, the thermodynamically Savored structures 
are preferentially con~tructcd."~' Particularly in the sclf- 
association of racemic components, the error-correction 
process often leads to the selective formation of the 
homochiral clusters, although the diastercomcric clusters 
with similar stability are potelltially formed as the final 
products.'201 

Enantiomeric self-recognition of biomolecules such 
as amino acids attracted exceptional attention, because 
symmetry breaking o l  these materials might play a sig- 
nificant role in a prebiotic process, which was proposed to 
explain the transformation from a racemic chemistry to a 
chiral biology."' Recently, Cooks ct al. reported chirose- 
lective self-directed oligomeri~ation of serine (12).'~" An 
unusually strong magic number cluster of L-12, observed 
as the protonated, sodiated, or potassiated octamer, was 
identified by electospray ionization mass spectrometer 

(ESIMS). Tandem mass spectrometry results and ab initio 
calculations suggested that the scrinc octamer (L-I& is 
composed of four dimcric units: the individual dimers are 
bound through carboxylic acid groups, while additional 
hydrogen bonding involving the hydroxyl and amino 
groups generates the final drum-shaped structure (Fig. 5a). 
Furthermore, preliminary results showed the formation 
of "clusters of clusters," which is predicted to arise as a 
result of oligomcrization of (~-12)*,  held together by the 
"sticky ends" present on the top and bottom laces via 
hydrogen bonds between the amino and hydroxy groups. 
The most intriguing discovery about the octamer was its 
chiral dependence. Under ESIMS conditions, the relative 
abundance of the protonated 12x significantly depended 
on the enantiomcric composition of the sample. For exam- 
ple, the mass spectra recorded lor solutions of enantio- 
merically pure 1.- and n-12 were essentially identical, 
while the absolute intensity attributed to the octamer was 
reduced by a factor of five when using a racemic mixture. 
Furthermore, ESIMS spcctromctry results of isotopically 
labeled sainples (mixtures of I.-["c ,]-12 and D-12) 
conl'irmed the homochirality of the octarneric cluster. 
These results may have implications for the evolution of 
homochirality of amino acids in living organisms."l 

Such chiroselcctive oligomerization was also achieved 
in the sell-organization of nucleoside derivatives. Davis 

0-1 3 Quartet Octamer Quadruplex 

Fig. 5 (a) Calculated HFI6-31G structure of the protonated octamer or 12. (Reproduced by permission of the American Chemical 
Society from Anal. Chcm. 2001, 7.7, 3646-3655.) (b) The formation of the quartet, the octamcr, and the quadruplcx of 13. (View this art 
in color at www.dekker.com.) 
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et al. employed a guanosine derivative 1 3  for cation- 
templated fornlation of homochiral clusters.'221 It is 
known that guanosine derivatives (G) self-associate to 
form quartets G4 in the presence of cations M"+ ( n =  1 or 
2). Individual G4-quartets, stabilized by hydrogen bonds 
between the base moieties: stack to give Gx-Mn+ 
sandwiches and higher-ordered C-quadruplexes (Fig. 5b). 
For example. EIa2+ picrate ternplates the formation of a 
complex with eight equivalents of D-13 bound to each 
E3a2+ picrate. X-ray crystallographic study indicated that 
the formation of a huge discrete cluster consisting of 16 
units of D-13 associates around two Eia2+ cations to give 
a co~nplex with four 6-quartet layers. This hexadecamer 
( I I - B ~ ) ' ~ . ~ B ~ ~ +  was composed of two coaxially stacked 
C4-symmetric octamers, (D-13)s.13a2+, and the octamers 
are linked by four picrate anions that hydrogen bond to the 
"inner" G-quartets. The NMR studies indicated that the 
hexadecamer structure was retained in solution. While 
studying the structure and dynamics of G-quadmplexes, 
they discovered that Ba2+ picrate directs enantiomeric 
self-recognition of 13. The homochiral hexadecainers 
with opposite handedness. ( ~ - 1 3 ) ~ ~ . 2 8 a ~ ' ,  and (L- 

13) 16. 2Eia2+, were predominantly generated by the treat- 
ment of a CD2CI2 solution of racemic 1 3  with I3a2' 
picrate. The 'H-NMR spectrum of the mixture showed 
that the homochiral pair accounted for at least 90% of all 
of the diastereomers observed at equilibrium. In contrast, 
such enantiomeric recognition did not occur when the 
templating cation was the monovalent K+, where NMR 
signals attributed to heterochiral diastereomers were ob- 
served. Taking advantage of the reversible nature of these 
nucleoside assemblies, the homochiral assemblies can be 
reconstructed: upon treatment of the diastereomeric (D,L- 
13)16'4K+ with Ba2+, an equilibrium favoring the homo- 
chiral 1 3 , ~ . 2 ~ a ~ +  was attained. Because Ba2+ and K+ are 
similar in size, the cation's charge density is considered to 
be the major factor in controlling the enantioineric self- 
association at the supramolecular level. 

Homschirai Supramolecular Polymer 

Supramolecular polymers, 1-D aggregates of monomers 
formed via no~lcovalent interactions, attracted increasing 
attention as a new class of environment-responsive poly- 
meric materials because of their reversible polymerization 
and depolyrnerization  characteristic^.'^^' In general, 
monomers possess two interactive moieties at which they 
can be connected to each other via noncovalent interac- 
tions. in supramolecular polymerization, every chain- 
elongation process could be regarded as equivalent events, 
because the associations, monomer with monomer, mono- 
mer with polymer, and polymer with polymer. involve the 
same chemical process. In sharp contrast, through the 

formation of discrete clusters in a supramolecular manner. 
several types of association events should be involved, 
which are often complicatedly related to each other (see 
the previous section). 

In the case of a chiral monomer, sequences of the 
resultant polymer should be directly influenced by the 
stereoselectivity of these interactive moieties."" if the 
interactive moiety prefers homochiral association, two 
enantiomeric polymers of individual optical antipodes 
should be afforded. Contrary to this, when the interactive 
moiety possesses a strong tendency to adhere another 
monomer with opposite handedness, an alternative 
copolymer of each enantiomer is expected to arise. On 
the other hand, the monomer with no stereoselectivity will 
give a random copolymer. Studies on the supramolecular 
polymerization of racemic monomers are of sig~lificailt 
importance, because these three extreme cases are 
regarded as the simplest models of the molecular 
arrangements in crystalline states. conglomerates, racemic 
compounds, and racemic mixtures. respectively. 

In supramolecular polymerization of chiral monomers, 
molecular weights of polymers and distribution (MWD) 
are generally affected by the stereoselectivity of the asso- 
ciation event as well as optical purity of the m o ~ l o m e r . " ~ ~  
Shown in Fig. 6b are three extreme cases of supramo- 
lecular polymerization of an ena~ltioinerically unbalanced 
monomer (e.g., [D] > [L]). For nonstereoselective supra- 
molecular polymerization, size-exclusion chromatography 
(SEC) profiles [monitored by absorption (UV) and circular 
dichroisln (CD) detectors], shown in Fig. 6b (top). are 
expected, where MWD is unimodal, as in the case of 
polymerization of optically pure monomers, and should 
not change with [L]/[D], whereas the CD intensity response 
should reflect the enantiolneric purity of the monomer. 
Shown in Fig. Sb (middle) are SEC profiles, as expected 
for perfect homochiral supramolecular polymerization, 
where a bimodal MWD should result due to the 
formation of po ly (~)  and p o l y f ~ )  with different mo- 
lecular weights, depending on chiral monomer concen- 
trations [L] and ID], respectively. According to a 
theoretical prediction, the CD response should initially 
be positive (or negative) but display a sudden drop to the 
baseline level at the beginning of the second peak, due to 
partial cancellation in ellipticity of p o l y ( ~ )  by Iower 
molecular-weight poly (L) ([D] > [L]). On the other hand, 
Fig. 6b (bottom) shows SEC characteristics as expected 
for perfect heterochiral supramolecular polymerization, 
in which a CD-silent copolynler with an alternating se- 
quence of L- and D-monomers should be formed. In the 
SEC profile. D-m~nomer, which exists in excess with 
respect to L-monomer, should be observed as a CD- 
active, sharp peak at the end of the chromatogram. 

Recently, Aida and Ishida demonstrated the first ex- 
ample of "homochiral supramolecular polymerization," 
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race~nic 14 in solution forms two enantiomeric supra- 
molecular polymers of individual optical antipodes, 
poly(~-14) and poly(D-]L4). Such homochiral association 
is undoubtedly due to the same reason as the homochiral 
dirnerization of 10 and 11 (see previous section entitled 
"Homochiral Dimes"). The SEC profile of the supramo- 
IecuIar polymerization of 14 was consistent with the 
expectation as described above (Fig. 6b,c). When the mole 
ratio [L]:[D] was gradually changed from 100:O to 0:100 at 
a constant concentration of 14 (Fig. 6c), the two peak tops 
once merged at [ ~ ] : [ ~ ] = 5 0 : 5 0  (Fig. 6c, iv), and then they 
were separated once again. The CD profiles of the 
chromatograms thus observed, were also consistent with 
what was expected for the homochiral supramolecular 
polymerization. When the SEC trace of an optically un- 
balanced mixture of L-I4 and D-14 was monitored by CD 
detector. the chromatogram, initially with a positive sign, 
displayed a steep drop to the baseline level at the be- 
ginning of the second peak and remained almost un- 
changed thereafter (Fig. 6c. vi). By virtue of this homo- 
chiral supramolecular polymerization; enantiomerically 
pure L-14 and D-14 could be isolated from the fractions 

corresponding to the shaded parts of the chromatograms in 
Fig. 6c, ii, iii. v, and vi. 

CONCLUSION 

By means of various analytical techniques. we call ob- 
serve homochiral supramolecular architectures in a wide 
range of phases, from the crystalline state to a dilute so- 
lution, as described above. If we want to apply these 
systems for practical use. such as in optical resolution of 
racemates, the next crucial subject is how to manipulate 
the homochiral assemblies. In the case of separation of 
conglomerates. one can often sort the enantiomers by 
hand, as was performed by ~ a s t e u r . ~ "  Although this 
method can be applied only when crystals have sufficient 
size to allow determination of their sign of rotation, an 
alternative technique named "preferential crystalliza- 
tion'' was developed, which has its origin in 1866 in the 
work of ~ernez . ' "  He observed that a supersaturated 
solution of racemic dextrorotatory salt yielded only 
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Fig. 7 (a) The optical resolutioll of poly-14 by enantioselective depolymerization with 1-10 and L-11. (b) The SEC profiles of 
a racemic monomer for homochiral polymerization in the absence (left) and the presence (right) of chain stoppers. (View this art iiz color 
at w~.t~w.ilekker.cor~l.) 



Spontaneous Formation of Homochiral Supramolecular Architectures 

L-isomer crystals, when a particle of L-dextrorotatory salt 
was seeded. However, in other phases than the crystalline 
states, attempts to manipulate homochiral assemblies were 
surprisingly limited. 

As a preliminary result, Aida and Ishida demonstrated 
the optical resolution of a homochiral supramolecular 
polymer by controlling its MWD via the enantioselective 
depolymerization. As described above, 10, 11, and 14 
are expected to possess similar structures, because they 
are all derived from 9 (see the previous sections entitled 
"Homochiral Dimer" and "Homochiral Discrete Clus- 
ter"). Therefore, hydrogen-bonded homochiral com- 
plexes 10.14 and 11.14 are likely to be formed. Taking 
advantage of the reversible nature of hydrogen-bonded 
complexes, enantioselective depolymerization of the su- 
pramolecular polymer of racemic 14 was attained 
by using a mixture of L-18 and L-ll as chain stoppers 
(Fig. 7a). In this case, L-10 and L-11 could enantiose- 
lectively bind the two respective termini of poly(~-141, 
to reduce its molecular weight (Fig. 7a,b). For example, 
SEC traces of racemic 14 displayed a monodisperse 
chromatogram with a broad tail [Fig. 7b (left)], typical 
of noncovalent polymeric aggregates. In contrast, when 
an equimolar mixture of L-10 and L-11 was added to a 
CHC13 solution of racemic 14, the SEC trace of the 
supramolecular polymer was considerably broadened 
due to two overlapped fractions [Fig. 7b (right)]: a 
fast-eluting (higher molecular-weight) fraction with a 
positive C D  sign and a slow-eluting (lower molecular- 
weight) fraction with a negative CD sign. Because the 
CD signs of the L-forms of 14, poly-14, 10, and 11 
are all negative, and those of their  forms are 
positive, the above observations strongly indicate that 
poly(~-14) in poly(rac-14) is enantioselectively depo- 
lymerized by the action of L-18 and L-1111 to provide 
poly(~-14) with a lower molecular weight than that of 
poly(~-B4). 
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INTRODUCTION AND DEFINITBONS OF 
STABlLlTV CONSTANTS 

The following entry defines the commonly used stability 
constants (stepwise, overall. conditional, association, dis- 
sociation, and pK) and relates the values to a rigorous 
thermodynamic definition of equilibrium constants. In 
addition. the article briefly outlines experimental tech- 
niques (potentiometric titration, spectroscopic methods 
involving ultraviolet/visible, infrared, Raman, fluores- 
cence. and nuclear magnetic resonance spectroscopy), 
together with the numerical methods and computer 
programs that can be used to derive stability constants 
from such experimental data. 

THERMODYNAMIC DEFlNITION 

For a reaction of the type pA+qB + .. A,B,.. a thermo- 
dynamic equilibrium constant, bop, . is defined by the 
equality Eq. 1. 

where {A)  signifies the activity of a reagent, denoted by 
A, etc., and the species A,B,.. is said to be an adduct, or 
complex. A stability constant (or formation constant) is a 
particular kind of equilibrium constant that relates to the 
stability of a complex species. 

Activities are, by definition, unit-less quantities. In 
practice it is more convenient to use concentrations. The 
activity. {A}. of a species A is related to its concentration, 
[A], by {A)  =[A]yA: where y~ is the activity coefficient 
that has units which are the inverse of the concentration 
unit. It folIows that the thermodynamic stability constant 
can be defined by Eq. 2: 

The stability constant can be expressed as a product of 
two terms. a concentration quotient and an activity 
quotient, Eq. 3: 

Stability Constants Based on Concentrations 

If the activity quotient can be regarded as a constant, a 
stability constant can be defined as a concentration 
quotient, Eq. 4: 

The activity quotient can be made effectively constant by 
performing the measurements in a medium of high ionic 
strength relative to the concentrations of the species 
involved in the equilibria. The stability constants obtained 
from measurements at relatively high ionic strength have 
the thermodynamic significance of setting that medium as 
the standard state: in terms of this definition of thermo- 
dynamic standard state, the activity quotient has a value 
of unity. This can clearly be seen in the relation between 
the stability constant and the standard free-energy change 
for the equilibrium: ~ ~ " = - R T l o g , b , ,  ,... Thus, any sta- 
bility constant has meaning only in terms of the standard 
state conditions. 

Other forms of stability constant can be derived from 
the fundamental definition given in Eq. 2. For example, if 
one of the reagents is H+. the hydrogen ion activity can be 
measured with a suitable electrode, and this will give rise 
to a mixed stability constant when the other species are 
represented by concentrations. 

Conditional constants 

A conditional constant is obtained when the measure- 
ments are made in the presence of a substance that affects 
the equilibria in a fixed way, but these effects are ignored. 
In fact, stability constants derived from measurements in 
an ionic medium are conditional in the sense that they are 
valid only under those experimental conditions. Each 
concentration tenn in Eq. 4 should be considered as the 
sum of the concentrations of all species that have 
the same stoichiometry in regard to the explicit reagents 
A,B.. but containing different quantities of the implicit 
reagents, s~lch as the solvent or ions present in the ionic 
medium. The concentrations of the implicit reagents 
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usually remain constant as long as the solvent or ionic 
medium is not changed. 

The term "conditional" (or alternatively, apparent or 
effective) constant is sometimes used in analytical 
chemistry and frequently used in biological chemistry. A 
conditional constant is a concentration quotient that 
applies only when the concentration of one or more 
reactants or products is fixed at a particular constant 
value. For example, when the equilibrium M + H , L  
$ME i- nFI is studied at fixed pH, an effective constant 
can be defined by Eq. 5 :  

where n may be nonintegral, and H,,L may represent an 
equilibrium mixture of species with n=O, 1, etc.'ll 

Overall and stepwise constants 

The equilibrium constant defined in Eq. 4 is an overall 
constant. A stepwise constant refers to an equilibrium in 
which a single reagent molecule or ion is added to a com- 
plex species or another reagent. For exampie, the equilib- 
rium constant for A,,B,pl.. + B  S A$,.. is given by Eq. 6: 

An overall constant is simply the product of the stepwise 
constants leading to the complex of given stoichiometry. 
For example, PI2=K1K2, where K, = [AB]I[A] [B], and 
K2= [AB2]I[AB][B]. The logarithm of the overall constant 
is the sum of the logarithins of the stepwise constants: 
EogP 2 =L0gMl +LogK2 

Association and dissociation constants 

The stability constant given in Eq. 4 is an association 
constant. A dissociation constant is numerically equal to 
the reciprocal of the corresponding association constant. It 
is common practice to quote dissociation constants for 
acids (particularly organic acids), while association con- 
stants are used for complexes. For a monobasic acid, HL. 
there are no further complications. But for polybasic 
acids, the numerical order of the two sets is reversed. For 
example, for a dibasic acid, the first stepwise dissociation 
constant is equal to the reciprocal of the second stepwise 
association constant and vice versa. 

Variation of stability constants with temperature 

Equilibrium constants vary with temperature according to 
the following well-known expression (Eq. 7): 

If AM" is measured by means of calorimetry, the value of 
the equilibrium constant at a temperature other than that of 
the standard state can be calculated. It has to be assumed 
that AN does not vary with temperature, which is only 
approximately true. The same assumption is made when 
deriving AH' from stability constant values obtained at 
different ten~peratures-the so-called Van't Hoff method, 
in which LogK is plotted against 11T to give a straight line 
with slope ~ ~ ' 1 2 . 3 0 3  R. Use of this method requires 
stability constants of high precision, because the error on 
AN' is considerably magnified with respect to the error 
on LogK. 

Variation of stability constants 
with ionic medium 

When a stability constant is derived f ro~n  measurements in 
an ionic medium. the value will vary when the medium is 
changed. This is a subject of considerable importance, 
because often the medium of interest is different from the 
medium of measurement; for example, in biomedical 
applications, the medium of interest is a biological 
medium such as blood, but that medium is unsuitable 
for stability constant measurements. Co~~ect ions  for var- 
iation of ionic strength can be made by using the Davies 
equation (Eq. 8) to estimate activity coefficients: 

Log ;' = -A:'{[I'/~/(~ + I '  ")j - 0.31) (8) 

where 1 is the ionic strength; A is the Debye-Hiickel 
limiting slope; and r: is the electrical charge on the species 
under consideration. A better approximation can be made 
by application of the theory of specific interactions be- 
tween ions.l2] 

TYPES OF MEASUREMENT 

In order to derive a stability constant. it is necessary to 
measure one (or more) concentration (or activity). When 
that quantity is measured over a range of experimental 
conditions, the method of least squares may be applied to 
the data to yield one (or more) stability constant. 

Potentiometric Measurements 

The most common quantity measured is the hydrogen ion 
concentration. This is measured by means of a glass 
electrode. The response of the glass electrode is assumed 
to follow a near-Nernstian law (Eq. 9): 

E = E O  + s Eog[Kt] (9) 

.EO and s c deal value 2.303 RTIF) are calibration param- 
eters. The recommended calibration procedure involves 
the titration of a known quantity of a strong acid with a 
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base of known concentration; this procedure ensures that 
the electrode is calibrated in terms of hydrogen ion con- 
centration. The data can be analyzed using the program 
GLEE.[" which employs Gran's method.L41 

The term pH in this context must be understood to 
mean - Log[H']: from Eq. 9, ~ F I = ( E  O - E)IS. Another 
point to note is that in Eq. 9, the measured potential; E, is 
expected to depend linearly on the logarithm of the 
concentration, for the glass electrode deviations occur at 
low and high pH values. At low pH, the effect can be 
partly corrected by adding a term proportional to [H+] to 
Eq. 9. At high pH, an additional term, proportional to 
[OH

p

]. may be added. These additional terms are loosely 
described as correction for variation in junction potentials, 
and the proportionality constant(s) may be determined 
empirically. At high pH. the glass electrode is suscep- 
tible to interference from Naf ions (it also becomes a Naf 
ion-selective electrode). For this reason. the use of KOH 
as alkali is preferable to the use of NaOH when using a 
glass electrode. 

In a typical stability constant determination, an acidi- 
fied mixture is titrated with alkali; after each addition, the 
pH is measured to produce a so-called potentiometric ti- 
tration curve. 

Absorbance Measurements 

The second most common quantity measured is UV/ 
Visible absorbance. obtained by means of a spectropho- 
tometer. Optical density (OD), is assumed to follow the 
Beer-Lambert law Eq. 10: 

vidual shifts, weighted according to the fractional popu- 
lation of a single nucleus (Eq. 11):  

where T ,  is the total concentration of the reagent contain- 
ing the nucleus under consideration; x, is the stoichiomet- 
ric coefficient @. q, etc., in the chemical formula) of 
reagent X in the jth chemical species; and cl, is its chem- 
ical shift in that species. 

Other Measurements 

Other indicators of a species' concentration include 
fluorescent intensity, infrared intensity, Raman scattering 
intensity, and electron spin resonance. These will not be 
discussed in detail. 

METHODS OF CALCULATION 

A Simple System 

A simple system involves the protonation of a base. L, in 
the equilibrium L + H  G LH. Working with concentra- 
tions and omitting electrical charges, the system is defined 
by Eqs. 12-14: 

TL = [L] + K[L] [HI 
OD = LC;.,, [A,lR,..] (10) 

where L is the path length of the cuvette. and E,,.. is the 
molar absorbance of the complex A$, ... For pure 
substances, E can be determined directly from a set of 
experimental measurements, but for species that only exist 
in equilibrium, the molar absorbance must be regarded as 
an unknown quantity. Measurements may be performed at 
a single wavelength or at multiple wavelengths. If a re- 
agent is added in a stepwise manner, a spectrophotometric 
titration curve will result. 

MMR Measurements 

In recent years, NMR spectroscopy has been used more 
for stability constant determination. It can be used in two 
different ways. In systems where exchange is slow, each 
species gives a separate NMR spectrum; the (integrated) 
intensity of the signal from any one set of chemically 
equivalent nuclei is related to the concentration of the 
species containing that set of nuclei. Where exchange is 
rapid, the separate resonances merge to a single resonance 
with a chemical shift, 6. that is the average of the indi- 

TH = [L] + K[Lj [HI 1141 

where TL and TH are the total (analytical) concentrations 
of the base L and mineral acid. Both TL and TFI must be 
known experimental quantit~es. The [L] and [HI are called 
the free concentrations of the reagents L and H, 
respectively. The term LH is conveniently called a 
complex species. If [HI is measured by means of a glass 
electrode (Eq. lo), the three equations can be solved for 
the three unknown quantities [L], [LH], and K. However, 
rather than obtain a K value at each point in a titration 
curve, it is preferable to treat the whole data set by the 
method of least squares. 

A General Procedure 

The most general method is as follows. Each stability 
constant is defined by an expression of the type given in 
Eq. 4, and for each reagent there is an equation of inass 
balance. of the general form as follows in Eq. 15: 

T,-\ = [A; f CpPp,,,[A]p[B~Y.. (1s) 
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Then. if values of the stability constants are "known." 
there are as many mass-balance equations as unknown 
free concentrations of the reagents [A], [B], ... The solu- 
tion of these nonlinear simultaneous equations provides 
fhe values of the free concentrations and thence, from the 
definitions such as Eq. 4, the concentrations of all the 
complex species. Armed with these concentrations, it is 
then possible to calculate quantities that correspond to the 
quantities observed and to minimize a sum of squared 
residuals (differences between observed and calculated 
values) with respect to the stability constants, that is, to 
use the least-squares method to find the values and 
standard deviations on the stability constants. A large 
number of computer programs for stability constant 
determination were published.15' The discussion below 
concentrates on the programs most familiar to the authors 
and that are of a completely general nature, having no 
restrictions regarding the number of reagents, the stoichi- 
ometry of the co~nplexes formed (p. q .. values), or the 
number of measurements collected. 

The least-squares problem is also nonlinear and so 
must be solved by an iterative procedure. This means that 
initial values of the stability constants must be estimated 
before the iterations can begin. One way to obtain the 
estimates is by finding values for analogous compounds in 
one of two extensive stability constant  database^.[^,^' 

Potentiometric data 

This form of data typically consists of one or more 
titration curves, each curve containing a number of data 
points of the form titre volume. electrode reading. The 
electrode is an ion-selective electrode (ISE). The most 
common electrode used is the glass-electrode, which is 
sensitive to the hydrogen ion, H+, but other ISEs may be 
used just as well. The electrode potential is supposed to 
follow a modified Nernst equation. such as Eq. 9. 

The computer program ~ ~ ~ e r q u a d ' ~ ~  may be used to 
determine stability constants from potentiometric data. 
This program enlploys the general procedure outlined 
above with the following specifics for implementation. 

Solution of the mass-balance equations at any titration 
point provides the concentration of free hydrogen ions 
[Id'] so that a potential can be calculated for Eq. 10. The 
objective function to minimize can be written (in 
simplified form) as C ~ ~ ( E " ~ ~ - E ' " ' ~ ) ~ .  It is immediately 
obvious that the objective function contains no explicit 
reference to the stability constants. Therefore, in order to 
use the powerful Gauss-Newton method of minimization, 
it is necessary to perform an implicit differentiation. 
details of which can be found in the literature."] 

Absorbance data 

Hyperquad can also handle absorbance data. Indeed, 
Hyperquad can handle potentiometric and absorbance data 

obtained on the same solutions. With absorbance data the 
Beer-Lambert law (Eq. 10) applies at each wavelength 
where measurements were made. Nowadays. it is common 
practice to record complete spectra at fixed wavelength 
intervals, though in principle, measurements need only be 
made at a single wavelength. Once the free concentrations 
are found by solving the equations of mass balance, the 
molar absorbances can be obtained by solving the set of 
equations (Eq. 10) with measured absorbances in place 
of OD. This is a linear least-squares system, so no itera- 
tion or initial estimates are required. There is a linear 
least-squares system at each wavelength measured. Once 
the molar absorbances are deduced, the optical density 
may be calculated, and the (simplified) objective func- 
tion CW(ODO~" ~ ~ ~ ~ ) % a y  be minimized. Once again, 
the stability constants are implicit parameters of the ob- 
jective function. 

Another computer program that can be applied to 
absorbance data is p ~ a b . ' ~ ]  The main difference is that 
pHab assumes that pH was set for each solution. This 
means that there is one less free concentration to calculate, 
but otherwise. the program functions in a similar manner. 

These programs can also be used with fluorescence 
data on the assumption that the fluorescent intensity due to 
any species is a linear function of the concentration of that 
species. This assumption is usually valid for dilute 
solutio~ls. but as the concentration rises, self-absorption, 
or quenching, causes deviations from linearity to occur. 

NMR data 

The data from slow-exchange systems can be treated as 
though it were absorbance data. When exchange is fast on 
the NMR timescale. the chemical shift of any given 
nucleus is given by Eq. 11. The computational procedure 
used in the computer program I I ~ ~ N M R [ ~ '  is similar to 
that used for absorbance data. Free concentrations are 
obtained by solving the equations of mass balance, and 
the individual chemical shifts are derived by means of 
a linear least-squares calculation. The objective function 
~ \ v ( 6 ~ ~ ~  - ?icalc)' is, once again, an implicit function of the 
stability constants. 

Common Features 

The three programs Hyperquad. pHab, and HypNMR use 
an objective fitnction that contains weights. represented 
by the symbol ~ v .  Ideally: the weight associated with any 
nleasured quantity should be equal to the reciprocal of 
the variance on the measurement. When this is so, the 
objective function divided by the number of degrees of 
freedom (reduced objective function) has ail expectation 
value of unity. This means that there can be an objective 
criterion of the goodness of fit. However. estimation of 
experiinental errors is tedious and difficult. so the ideal 
weighting scheme is hard to realize in practice. When a 
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single type of measurement is made (e.g., NMR chemical 
shift), the weighting scheme has little bearing on the 
values to be calculated for the stability constants. 

The programs provide a means for finding good initial 
values for the stability constants by manual fitting, with a 
display of observed and calculated values; the stability 
constants are adjusted by hand so as to reduce the 
systematic differences between observed and calculated 
values. This phase of the computation is important, 
because it serves to validate the choice of species taken 
to be present in the equilibria. In particular, in cases other 
than the simple one where only a 1 : 1 host:guest complex 
is formed, manual fitting will be useful to establish the 
stoichiornetry of the complexes formed. 

CONCLUSION 

The fundamental question to answer is as follows: Are the 
calculated values equal to the experimental values within 
experimental error? Implicit in this question is the need to 
have estimates of experimental error. With programs in the 
Myperquad suite, these estimates are entered as data 5uch 
that the expectation value of the reduced objective func- 
tion is unity. In practice, any value near unity (perhaps less 
than three) indicates an acceptable fit. However, other 
criteria should also be satisfied. In particular, the residuals 
(observed minus calculated values) should not show any 
systematic trend along a titration curve. The existence of a 
systernatic trend implies the presence of a systematic error, 
most probably that the wrong set of chemical species was 
chosen to represent the equilibria. 

Another indication of the quality of the results is given 
by the estimates of standard deviation on the stability 
constants. It should be remembered that these estimates 
depend only on random experimental errors. The 95% 
confidence limits are usually taken as +2 standard de- 
viations. It should also be remembered that standard 
deviation refers only to precision. The accuracy of a 

derived stability constant is lower because of the inevitable 
presence of systematic errors in the measurements. 
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Supramolecular chemistry depends critically on preorga- 
nization, the correct and reliable positioning of functional 
groups and surfaces to achieve specific binding, etc. In 
principle, this may be achieved with flexible but con- 
formationally biased architectures. However, in practice, 
it is difficult to operate without rigid spacers and scaf- 
folds. While these roles are often filled by aromatic rings, 
fused aliphatic systems can be equally rigid and have 
certain advantages. For example, they are usually chiral 
and possess two vale~lcies (and thus two orientations) at 
each nonbridging center. Also, they are readily available 
in the form of inexpensive natural steroids such as 
cholesterol B and cholic acid 2.1JA1 In the field of anion 
recognition. the steroid nucleus has made notable con- 
tributions by providing a scaffold on which to mount polar 
functional groups. and lipophilic surfaces that can be used 
to maintain solubility in nonpolar media. This brief 
account of the area is divided into two parts, covering 
electroneutral anion receptors derived from cholic acid 
and positively charged steroid-based anion complexers. 

philic.'71 It is only recently, perhaps since the early 1990s. 
that much attention has been paid to the design of 
electroneutral, lipophilic anion-binding molecules. 

One obvious approach to electroneutral anionophores 
is the deployment of neutral H-bond donor f~inctionality 
around a central binding site. However, the execution of 
this strategy is nontrivial. Anions are generally larger than 
cations, while convergent H-bond donor centers must be 
spaced more widely than, for example. electron pair do- 
nors (compare 0-H. . .Xp. . .H-0 versus 0 .  . .MI'. ..0). 
Both factors imply that large, elaborate frameworks may 
be required. Moreover, most neutral H-bond donor groups 
are also H-bond acceptors, raising the pcssibility of in- 
tramolecular H-bonding within the receptor. 

The steroid nucleus provides an attractive solution to 
these problems. It is extended, and thus able to support 
well-separated functional groups, and rigid, such that 
these groups cannot easily interact with each other. Of the 
readily available steroids. cholic acid 2 is especially 
useful.".21 It possesses a curved profile, with three 
codirected hydroxyl groups emerging from the concave 
%-face. This structure naturally lends itself to the creation 
of macrocyclic or cleft-type architectures with polar 
interiors and apolar exteriors. The hydroxyl groups may 
be differentiated and converted to a range of other 
functional groups, while the side-chain carboxyl affords 
further possibilities. 

Cholic acid has been converted into a series of elec- 
troneutral anionophores targeted at inorganic anions. 
These may be divided into two categories: acyclic and 
macrocyclic receptors that exploit the H-bonding proper- 
ties of (at least some of) the secondary hydroxyls, and 
acyclic podands in which all the hydroxyl groups were 
modifed to give alternative binding functionality. These 
two classes are considered separately below. 

ELECTRBNEUTRAL ANBON RECEPTORS Hgsdroxysteroid Anion Receptors 
BASED ON CHOLIC ACID Derived from ChoBic Acid 

The history of anion complexation in supramolecular The hydroxyl groups already present in 2 are, of course, 
chemistry is almost as long as that of cation binding.".61 H-bond donors, so that simple esters such as 3 might be 
However, it developed differently. Whereas the first expected to have anion-binding properties. Indeed, 3 was 
cation-binding agents (crown ethers, cryptands, etc.) were found to associate with tetrabutylammoniurn (TBA) 
electroneutral and compatible with organic solvents, the bromide, tosylate, mesylate. and hydrogen phenylphos- 
early anion complexers were cationic and highly hydro- phonate in benzene and benzene-hexane m i x t ~ ~ r e s . ' ~ . ~ ~  

Ei~c~clopedia  of Supvnii~oleciilar Cllenzist~? 
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However, there was no detectable complexation in 
CDC13 or more polar solvents. Some improvement 
resulted from the incorporation of a single -NH-CO 
group. Thus. the acetarnido derivative 4 showed modest 
affinities for TBA chloride and bromide in CDC13 
(Ka= 53 and 36 M-- ', respectively).[9~101 Further, signif- 
icant increases could be obtained using a more elabo- 
rate, cyclodimeric architecture. The cryptand 5 was 
specifically designed to encapsulate a small, spherical 
anion such as fluoride or possibly chloride. It was 
synthesized from 2 via degradation of the 621-C24 side 
chain, introduction of a short spacer plus an externally 
directed solubilizing group. and cyclodimerization. NMR 
titrations reveaied binding constants of 3320, 990, and 
250 M - '  to TBA fluoride, chloride, and bromide, 
respectively .[I O1 

Steroidal Podands with Multiple NH Groups 

As H-bond donors in supramolecular chemistry, NH units 
are far more versatile than OH groups. The third valence 
on the nitrogen can be exploited structurally and can also 
be used to tune the H-bond donor power. Accordingly, 
steroidal podands with three or more NH groups proved 
more effective than 4 or 5 .  Early studies involved the 
sulfonamide bis-carbamate 6 and the iris-sulfonamide 
7.[111 Both systems provide well-defined binding sites for 
anions. In 6, free rotation is possible about the C3-N 
bond. but the carbamate NH groups are preorganized to 
some extent through restricted rotation about the axial C7/ 
C12-0 bonds and the preference for Z,Z-conformations 
across the carbarnate units." In 7, restricted rotation about 
the C7/C12-N bonds (Eq. 1) holds the NH groups firmly in 
place for anion recognition. NMR titrations revealed the 

"Ab inirio calculations on O,iV-dimethylcarba~nate (6-316::' basis set) 
indicate that the Z.%conformation lies 5.58 kJ mol-I beloa the next 
lowest energy minimum. 

Table 1 Association constants (K,, M") of 6 and 7 with TBA 
Salts in CDCll (NMR titrations) 

Anion Complex with 6 Complex with 7 

F - 15.400 Not determined 
C1- 7200 92,000 
Br- 7200 9200 
1- 930 525 
TsO- 865 950 

Data from Ref. 11 I ]  

binding constants shown in Table 1, significantly higher 
than those for 5. 

The steroidal podand architecture clearly had potential 
for f~irther development. Electron-withdrawing substitu- 
ents could be used to increase H-bond donor potency, and 
further NH groups could be added. Progress was hindered 
by problems of measurement: at Ka- I o5 M-l, receptor '7 
had already attained the upper limit compatible with WMR 
titrations. However, a solution was found in Cram's 
extraction-based methodology, whereby binding constants 
are determined from the ability of the receptor to extract a 
hydrophilic substrate from water into an organic me- 
dium.'121b Once this method was calibrated for use 
with tetraethylammonium (TEA) chloride and bromide, 
it was possible to investigate a second generation of po- 
dand~ . [ "> '~ '  Receptors 8-13 feature a lipophilic side 
chain (to minimize loss during extraction experiments) 
and acidifying, nitrophenyl substituents. As shown in 
Table 2. the binding constants to TEA chloride and 
bromide increase through the series as the number of 
H-bond donors increases. The sequence also illustrates the 

h~ltelliatively. NMR titrations could have been continued in more 
competiti\e sol~ents ,  such as DMSO. However, it was thought preferable 
to retain the nonpolar medium, as being more relevant to (for example) 
biological membranes. 
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Table 2 Assoclatlon constants (K,. M-') of 8-13 w ~ t h  TEA 
chloride and bromide in water-saturated CHC13 (extract~on 
meawrements) 
- - - 

Receptor Complex with TEACl Complex with TEABr 

Data from Refs. [13,14] 

slight advantage of thiourea over urea groups in anion 
recognition. The affinities of the stronger receptors are 
exceptional; at the time of writing, the binding constant of 
10" M 1  for 13+TEACl is the highest published value 
for an electroneutral, purely organic anionophore. 

The advent of these powerful and highly lipophilic 
anionophores raises the possibility of new applications, for 
example, in the area of membrane chemistry. An early 
result is the discovery that 14 and 15 can serve as trans- 
locases for phospholipids. promoting the tmris-membrane 
shuttling of polar, phosphate-containing head groups."" 

STEROID-BASED ANION RECEPTORS 
WITH NET POSITIVE CHARGE 

The steroid nucleus has also been exploited in a variety of 
positively charged anion complexers. These fall naturally 
into two categories: those employing guanidiniurn units as 
the major binding centers and those bearing protonated 
amino groups. 

Steroidal Guanidinium Cations 
as Anion Receptors 

The guanidinium cation is well-established as a center 
for carboxylate recognition, through formation of elec- 
troneutral, H-bonded complexes 16. High affinities are 
observed, even in polar solvents.r161 Placed on a ste- 
roidal scaffold. a guanidinium group can therefore po- 
sition a carboxylate within a well-defined (and chiraI) 
environment created by other substituents. Cholic acid. 
once again. is an attractive starting rnaterial for such 
systems. Elaboration of the secondary hydroxyl groups 
can lead to a variety of receptors in which three in- 
dependent contacts are made with a substrate. For ex- 
ample. a series of cations 17 was prepared with a view 
to enantioselective carboxylate recognition."7.'x1 The re- 
ceptors could be tested by straightforward extraction 
experiments, in which 1'9 served as both extractant and 
chiral NMR shift reagent. As shown in Table 3. good 
selectivities were observed with N-acetyl amino acids as 
substrates. Perhaps surprisingly. the asymmetrically 
derivatized receptors 17c-e did not generally perform 
better than their sym~netrically substituted relatives; 
indeed. symmetrically substituted 17% gave (marginally) 
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Table 3 Enantioselectivities (L:D) shown by receptors 17a-e 
in extraction experiments 

N-Ac-DL- N-Ac-DL- N-As-DL- 
Receptor alanine valine tryptophan 

B7a 7: 1 7: 1 7: 1 
17b 10:1 9: 1 9: 1 
B7c 2: 1 1:l 
17d 3: 1 4: 1 4: 1 
17e 6: 1 9: 1 6: 1 

Data from Refs. [17.18] 

the best overall results. Receptor 18, a lipophilic variant 
of this system; proved capable of transporting N-acetyl- 
phenylalanine enantioselectively, with turnover. through 
nonpolar solvents. As well as the traditional "U-tube" 
apparatus. a "hollow-fiber membrane" separator was 
used in this work, raising the possibility of industrial- 
scale separations.[19' 

R = H 

R = OAc 

targets in this case were glucuronic acid salts such as 
20. The steroidal units caused a small but significant 
increase in binding to 20 (K,=7000 M '  versus 2800 
M '  for a nonsteroidal control). A framework derived 
from corticosterone was used to position bis-guanidi- 
nium units relative to an imidazole, as in 21. The 
imidazole was 

expected to act as a general base, promoting cleavage 
of bound RNA. Dication 21 was capable of cleaving 
RNA models, although accelerations over background 
were only moderate.[211 

?7a A = B = OCONHP~ Finally, a range of steroidal polya~nines were found to 
'17b A = B = OCONHC,H~(P-CF,) promote transport across cell/liposome membranes or 
176: A = OH, B = OCONHP~ bind to nucleic acids and promote gene transfection. 
17d A = OCONHBU', B = OCONHP~ Although these compounds have not in general been 
$76 A = OCONHCsH3(o,o-CI2), B = OCONHPh studied as receptors. their interactions with anionic 

centers are presumably central to their activities. For 
example, 2 ~ ' ~ ~ '  and 23'231 were incorporated in vesicle 

Two units of cholic acid were linked through a membranes and shown to discharge pH gradients across 
guanidinium moiety to create receptor 1 9 . ' ~ ~ '  The the membranes, Their of action are 
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uncertain. but sy~nport transfer of H + X  is a likely 
option. 

Triamine 24 and relatives permeabilize the membranes 
of grarn-negative bacteria and possess antibiotic activi- 
ty."41 A series of polyamines derived from deoxycholic 
acid, lithocholic acid. or cholesterol were shown to 
strongly bind Especially effective was 25, 
showing higher affinities than the natural DNA-com- 
plexer  errni nine.'^^' Other steroidal arnines were shown 
to act as cytofectins, promoting the delivery of DNA 
from liposomes to cell n ~ c 1 e i . l ~ ~ '  Examples are CTAP 
26[281 and the facial amphiphiles ~ 4 ' ~ "  and 28.1301 

CONCLUSION 

Steroid-based anion receptors show exceptional binding 
constants, encouraging enantioselectivities and a range of 
membrane-related activities. Much structural space 
senlains unexplored. especially in the series derived frorn 
cholic acid 2. and further advances can be expected. In 
particular, the podand architecture of 6-15, 17. and 18 is 
amenable to variation through combinatorial chemis- 
t ~ ~ . ~ ' ~ . ~ ~ ~  and this technique may expand the scope and 
effectiveness of steroid-based anion recognition in years 
to come. 
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Strict Self-Assembly and Self-Assembly 
wiah Csvalent Modifications 

Bruce C. Cibb 
University o f  New Orleans, New Orleans, Louisiana, U.S.A. 

At the most general level, the words "self-assembly" are 
used to identify the phenomenon whereby some kind of 
higher-level pattern emerges from the interactions of 
multiple simple components (Fig. I). We are concerned 
here with the pheno~nenon of molecules coming together 
in a specific fashion so as to engender the formation of a 
higher species that is precisely defined at the molecular 
level. An example from the Fujita group is shown in 
Scheme l . i i l  To sets this particular type of self-assembly 
in its proper context. we should note that in the field of 
chemistry. ihe term "self-assembly" is used to describe 
two distinct types of processes. On the one hand, there are 
assemblies that lead to the formation of essentially infinite 
arrays, while on the other hand; there are assemblies such 
as that shown in Scheme 1 that lead to distinct, bounded 
species. Furthermore. within each of these categories, it is 
possible to make a further distinction that reflects the scale 
of organization. For example, for infinite arrays. we can 
consider processes such as ~ rys ta l l i za t ion ,~~~  where the 
lnolecules are ordered at the molecular level (ca. l oP9  m), 
or the forination of self-assembled monolayersr" and 
b i l a y e r ~ . ~ ~ ]  where there is little order between individual 
molecules, but a larger scale of organization is evident 
across say the 1 0 ~ ~ r n  level. Likewise. the scale of 
organization for assemblies leading to distinct species can 
be broken down into similar categories. Briefly stepping 
out with the bounds of molecular assemblies. we can note 
the self-assembly of macroscale objects ( loP"  m) is cur- 
rently being ii~vestigated.[~] However, as far as the inter- 
action of molecules to form distinct species goes, we can 
consider the formation of rnicellesL3' and vesic1es"l that 
constitutes assembly at the 1oP6m level, while the for- 
ination of the discrete molecular assemblies of interest 
here represents system ordered at the 1oP9m level. 

The essential features of chemical assernbly processes is 
that they share a common self-correcting m e ~ h a n i s m . ' ~ ~ ~ ~  
In other words, strict self-assemblies are fully reversible, 
dynamic. systems that lead to a product that represents the 
global thermodynamic minimum for the system. Some- 
times an additive or templatei'-''' is needed to boost the 
efficiency of the assembly. but this is the only true variable 
if we are speaking of strict self-assembly. At their cores, 

strict rnoleclllar assemblies consist of subunits, product, 
and an eq~lilibrizirn that relates the two. 

One addition to the assembly lexicon added a layer of 
complexity to the above definition. Thus, one of the seven 
different classes of self-assembly originally proposed by 
~indsey.["]-which are strict self-assembly processes 
(with or without a template) positioned in different 
chemical settings-is commonly known as "irreversible 
self-assembly." This term is used to describe two-step 
processes, whereby a strict self-assembly processes is 
followed by il-seversible reactions that covalently knit 
together the array of subunits. As Whitesides noted, 
strictly speaking this term is a misnomer.i71 Hence, along 
with other types of post-assembly modified self-assem- 
blies, we categorize these processes as "self-assembly 
with covalent modification." Post~nodification generally 
comes in the form of a series of covalent bond formation 
steps and is of less interest to us here. The crux of any self- 
assembly process is the self-assembly. 

Even within the strict confines given above. self-as- 
sembly processes come in all shapes and sizes. One of the 
results of this complexity is that defining self-assembly is 
difficult. Thus, although definitions from ~ a m i l t o n . [ ~ ~  
~ h i t e s i d e s , ~ ' ~  and ~ e h n ' "  were highly influential in 
clarifying the quality of self-assembly, signs of confusion 
still appear in the literature. Perhaps part of the problem 
lies in Kelvin's dictum: if we cannot put a number to it, we 
do not understand it. Put another way, without a unifying 
quantitative description of self-assembly. our appreciation 
of self-assembly is limited. With the idea of a unifying 
quantitative description of self-assemblies, Lehn pointed 
out"21 that our approach must require a kind of molecular 
information science, of "molecular informatics." Hence, 
chemists have, over the last 15 years or so. been busy 
contributing to this information data bank. As this col- 
lection of data increases. it becomes possible to begin to 
quantify assemblies. This process is. in effect, writing the 
rule book that will ultimately allow inolecular subunits 
to be readily designed and synthesized for a required 
self-assembly. The purpose of this article is not to re- 
view the stream of data that was collected: there are 
many good reviews for this pulpose.'s."""-'l R ather, it is 
to define self-assembly by bringing together the less 
well-appreciated examples of quantitative descriptions of 
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Fig. 1 Cartoon of a self-assembly proces.  

self-assembly, so that these can be tied into the well- 
established qualitative descriptions given above. 

SELF-ASSEMBLY: THE CURRENT 
STATE OF AFFAlRS 

To describe self-assembly, we need to consider the three 
components of any process: the subunits: the products, 
and the (complex) equilibrium that relates the two. As 
yet, there is no unification of these different aspects. 
Consequently. we will review the work from each 
category separateiy. In general. progress toward a 
quantitative description can be approached from two 
different fronts. The first of these is based on first 
principles. and produces detailed models that fully 
describe specific assembly processes. There are literally 
only a handful of systems described in this manner. For 
some recent examples, the reader is directed toward the 
literat~re.~'"'~'' The basis of the second approach is 
philosophically different. Here. the developing classifica- 
tions are not derived from first principles but are 
symmetry based. 111 this way, they are applicable to more 
than one specific type of self-assembly. In this entry we 
focus on this latter methodology. 

The Molecular Subunits 

iMolecules that constitute assembly subunits are generally 
described qualitatively. For exa~nple, the term, "possess- 
ing infonnation" is routinely used. What is this "infor- 
mat io~~"?  A considerable amount of effort has gone into 
describing and classifying the assembly information 
contained within molecular subunits. Perhaps not surpris- 
ing, the bulk of these descriptions has been applied to the 
most successful type of self-assembly to dace; self- 
assembly utilizing metal ions (acceptors) and coordiilating 
ligands (donors). The assembly shown in Scheme 1 from 
the Fujita group is an admirable exa~nple.'"' 

Assembly subunits can be broadly categorized as rigid 
or flexible. This absolute, and imperfect. distinction is 
made because, as we will see. the inherent flexibility in a 
subunit has a major impact in the way assembly (and 
assembly information) is viewed. Peter Stang and co- 
workers were some of the early pioneers in regard to the 
categorization of rigid subunits. Thus, they 
how rigid subunits coinprised of donor ligands and 
acceptor metal ions can be broken down into two kinds: 
those that are linear and those that are angular. Linear 
units can only be colnprised of two donor-acceptor sites, 
but the angular subu~lits can have any number of sites 

Scheme 1 A typical strict self-assembly from the Fujita group. (Frorn Ref. [ I ] . )  (Vielv  this crrt in color or ~viv~~~.dekker..c.oril.) 
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Assemble 

is equivalent to ... 

r + l  

Fig. 2 Three successful assembly predictions from the combination of (a) four 90" angular units and four linear units: (b) two trigonal 
planar units and three linear units; and (c) Eight trigonal planar units and 12 109" angular units. (View tlzis ar t  in color a t  ~.vuw..dekker.com.) 

(> 11, and possess any set angle between them. From this 
simple premise. it became possible to consider many 
assemblies arising from rigid subunits (Fig. 2). 

Siviegers and Malefetse recently proposedr"l an ex- 
tension to the Stang assembly analysis technique to pre- 
cisely define the chemistry and geometry of each subunit. 
Consider the assemblies shown in Fig. 2. We can define 
each subunit as linear (L )  and angular (A) and the blue and 
red subunits as acceptors ( u )  and donors (d), respectively. 
Having done this and taliing the convention that the order 
of listing of subunits is acceptors, then mixed (acceptor- 
donor) subunits, then donors, we can classify these types 
of assemblies. Hence, the assembly in Scheme 1 is an 
*2a 3d A4 process, because it involves the coming together of 
six angular ditopic acceptors and four tritopic angular 
donors. Similarly, the assemblies in Fig. 2 are A ~ L : ~ ,  
A?L:*. and A;"A,$~, respectively. This approach to 
categorizing is useful, because it can be tied in with the 
categorizing of assembly products (vide infra) to reveal 
which type of assembly subunits are required for a target 
polyhedron with corners, edges. or faces that are formed 
from donors or acceptors. However, it must be noted that 
this approach was designed specifically for assemblies 
such as those shown in Scheme 1 or Fig. 2. Outside the 

bounds of these types of processes, the approach runs into 
problems. For example, the assembly shown in Fig. 3 
cannot be described in this manner. Likewise. it will re- 
quire modification if it is to be able to describe assemblies 
involving subunits such as proteins that interact via a 
multitude of moieties. 

The above approach to describing subunits is difficult 
if the subunit possesses several degrees of rotational 
freedom or some other form of disorganization. How does 
one define, say, the ligation directionality of di-3-pyridyl 
ketone? Recently, Raymond and coworkers proposed 
rules that describe the assembly of their more flexible 
subunits.L2B In these cases, the organic subunits are 
relatively flexible and possess inultiple chelator groups. 
Hence, the principle focus of attention has not been on the 
directional relationships of the donor groups. but rather on 
describing the inode of ligation of the subunits to the 
metal ion subunits using coordinate vectors. chelate 
planes, and approach vectors (Fig. 3). Hence, the 
information contained within each subunit is not consid- 
ered with the molecule or fragment in isolation, but in the 
context of the assembled species. Approaches to describe 
the assembly products (vide infra) have, therefore. much 
in common in this regard. 
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Fig. 3 (a) The coordinate vector for catechol coordination to a 
metal center. (b) The chelate plane defined by a metal ion and 
the coordinate vectors in a tris-catechol complex. (c) .  The 
approach angle for each chelate o f  the tris-catechol complex. (d )  
A M4L6 tetrahedral cluster (adapted from Ref. 1241). (View tlzis 
art in color nr >t.~i,~v.dekker.conz.) 

Mirkin et al. recently worked on a slightly different 
metal-ion-directed self-assembly in which therinodynam- 
ically controlled covalent modification is applied to the 
product.'"' In this approach. the assembly part of this, 
"self-assernbly with covalent modification," involves 
chelate donors and is perhaps best described with the 
Raymond analysis. However, in contrast, the postmodi- 
fied products are probably best described using the 
method proposed by Stang. This double-barreled ap- 
proach is not ideal and indicates that there is still a large 
amount of work to be done before a more uniformly 
applicable description of self-assembly is reached. 

The Assembly Product 

There are an infinite number of shapes that can be formed 
by self-assembly. How do we classify all of them? It may 
be possible to broadly classify assembly products as, e.g.. 
star-shaped, but it is hard-at least f ro~n  a chemist's point 
of view-to justify at the moment why snowflake-shaped 
assemblies need to be divided into different subclasses ad 

infiniturn. There is, however, at least one exception to 
this "classify assembly product or not" quandary; 
spherical or quasi-spherical assembly products. As 
MacGillivary and Atwood pointed in a chemical 
system, there are only so many ways in which subunits 
can be brought together to form these types of assem- 
blies. This is fortunate, because with potential applica- 
tions including satalysis, drug delivery, or molecular 
devices. hollow sphericallquasi-spherical assembly prod- 
ucts are probably one of the most important classes of 
assembly product. Within this subgroup there are two 
general categories of products: arising from either two 
(curved) subunits, or those formed from more than three 
regular polyhedral subunits. The latter of these lead to 
assembly products based on the five Platonic solids, the 
13 Archimedean solids, or one of the two (infinite) fam- 
ilies of prisms and antiprisms. Classifying the assembly 
product in such a manner complements the categorization 
of the assembly subunits. In combination, they allow the 
visualization of which assembly subunits can potentially 
lead to which assembly products. 

The Assembly Process 

In a chemical sense. what relates molecular subunits with 
their assembly product? To answer this question precisely 
is to define self-assembly. From a qualitative standpoint, 
we can state that the two sets of molecules are related by a 
complex series of intertwining equilibria; some of them 
dead-ends. some of them leading as directly to the 
assembly product as possible.r261 As a step toward 
analyzing this type of complex system, we recently 
described a general, semiquantitative analysis of self- 
assemblies.'*" This probabilistic approach" focuses on the 
options available to each molecular subunit as the assembly 
occurs and engenders a common frame of reference by 
which the efficiency of all assemblies leading to discrete 
species can be compared. 

Because different assemblies involve the coming 
together of different numbers of subunits, quoting a 
yield for an assembly system tells us nothing about the 
efficiency of the assembly process. Yields tell us what 
went right during the assembly but not what potentially 
could have gone wrong with the process, and it is the 
difference between these that dictates assembly efficien- 
cy. To gauge the efficiency of a process, we need to 
measure the probability that an assembly will occur 

"To the author's knowledge. the first consideration of probability of 
assembly in a self-assembling syatem (the folding of bo\iile paiicreatic 
ribonuclease via the pairing of the eight sulfh) dry1 group?) was made by 
Anfinsen: Ref. [28]. 
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successf~~lly, and compare this to the actual yield of the 
process to see if it is better or worse than probability 
suggests. To determine the probability of assembly, two 
approximations must be made. First, the examination of 
possible assembly options must be constrained to the 
possibilities that can arise between the number of 
subunits that appear in the product. Put another way, to 
prevent an analysis into infinity, the possibility that 
molecules or random polymers larger than the product 
are formed must be assumed to be zero. This limits the 
analyses to a practical level. The other approximation 
also restrains the analyses and, perhaps more importantly, 
levels the playing field for all analyses. Thus, we assume 
that assembly occurs between subunits for which bond 
rotation is the only allowed motion, and that barring 
impossible molecular motions (such as moieties passing 
through moieties). all intermolecular and intramolecular 
processes occur on a flat potential energy surface. Thus, 
there is no bias because of conformational sampling of 
the subunit or supramolecular array, or bias because 
activation energies arising from the building processes 
are taken into account. These natural biases are, in 
actuality, what makes an assembly successful, and they 
are part of the actual yield of the assembly. The 
probability value calculated is therefore representative 
of a worst-case scenario, where the subunit is devoid of 

information. The approach centers around the construc- 
tion of a standard probability tree that details the 
successful and the nonsuccessful pathways of assembly. 
This "assembly tree" leads to the calculation of a 
probability (p) for forming the product and, hence, a 
theoretical yield. An example best illustrates the ap- 
proach. Consider the A?A:* assembly shown in Scheme 
1 and its corresponding assembly tree (Fig. 4). Assembly 
is initiated by joining two triangular subunits by one 
metal ion (not shown) to form the first, bow-tie, 
intermediate. The probability of this occurring correctly 
is one in one. Note that although the assembly is 
reversible, for convenience, we assume that each step is 
irreversible. There is no going back: either we form an 
intermediate that can go on to form product, or we form 
an intermediate that cannot. Next, the bow-tie can 
undergo eight possible reactions: four intrainolecular 
and four intermolecular. All the intramolecular reactions 
lead to an intermediate that cannot go on to form 
product. These pathways are therefore terminated. All 
four intermolecular reactions give the same linear, trimer 
intermediate. Thus, the probability of this compound 
forming is 111 x 418, i.e.. p=0.5. Likewise, the probabil- 
ity of forming each of the three, next-generation, possible 
tetramers is 111 x 418 x 1/13 or one in 26 for the three- 
pointed star derivative, and two in 111 x 418 x 4/13 or two 

Subsequent assembly options of each 
these 8 routes is identical to outlined 
area shown above 

Subsequent assembly options of each 
these 3 routes is identical to outlined 
area shown above 

Fig. 4 The assembly tree of the shown in Scheme 1 (adapted from Ref. [27]).  (Vie+ts this art in color at ww~t.dekker.com.) 
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Scheme 2 The formation of a [2]catenane and a his-[2]catenane. 

oso*.oso\o 

~ P F ;  

bis-[2Jcatenane 

(Flom Refs. 129.301 ) 

in 13 for the linear and equilateral triangle species. Re- 
peating this process until the product is formed, we can 
determine that the probability of successful assembly is 
p=0.1301 or 13%. I11 actuality, the product is formed 
quantitatively, and thus the ratio of these two values is 
7.68. The actual yield is 7.68 times better than prob- 
ability suggests. We call this ratio the assembly number 
(AN). The higher the assembly number the better. 

By considering the probability of assembly, it is 
possible to evalute the effifiency of different assemblies. 
Consider the formation of the [21catenane'~~' and the his- 
[2 ]~a tenane '~~ '  shown in Scheme 2. The first is isolated in 
a yield of 70% and the second in a yield of 3 1 %. However, 
by forming the corresponding assembly trees. it is possible 
to determine their respective AN values as 1.4 and 3.72. It 
is the formation of the bis-[2]catenane that is more 
efficient.i271 

Whether or not an assembly follows a theoretical 
assembly tree can only be determined by garnering in- 
formation about intermediates in the process-a difficult 
task for complex assemblies.'261 Nevertheless, as a starting 
point to assembly analysis, assembly trees offer informa- 
tion regarding the statistically prevalent species in an 
assembly mixture. They suggest where we should start 
looking when wishing to determine the mechanisin of 
an assembly. Moreover, in addition to the information they 
provide regarding the efficiency of a process, assenlbly 

trees represent unique fingerprints for specific types of 
assembly. Hence, they represent a powerful means by 
which assemblies can be analyzed and categorized. 

CONCLUSION 

It is apparent that although chemical self-assembly is 
defined in qualitative terms, there is still a considerable 
amount of work to be done to quantify self-assembly. 
However, advances are being made in the categorizing of 
assembly subunits, assembly products, and the chemical 
relationships between the two. On another front, specific 
systems are beginning to be described from first princi- 
ples. These advances amount to an increasingly more 
accurate definition of self-assembly in chemical systems. 
They also constitute a developing rulebook with which we 
will ultiinately be able to manipulate the increasing pool 
of knowledge of "molecular informatics." 
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Strong Hydrogen Bonds 
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Kansas State University, Manhattan,  Kansas, U.S.A. 

INTRODUCTION 

Hnterrnolecular forces are ultimately responsible for the 
way in which discrete molecular building blocks are 
assembled into infinite architectures and crystalline 
materials, and for providing the necessary specificity 
and selectivity in host-guest chemistry. Although it is 
important to acknowledge that every crystal structure and 
host-guest interaction is the result of a subtle balance 
between a multitude of noncovalent forces; the hydrogen 
bond remaills a crucial element in s~tpramolecular chem- 
istry. In this article, some of the parameters that are 
commonly used when characterizing and examining 
strong hydrogen bonds, particularly in the context of 
supramolecular solid-state chemistry. will be outlined. 

Strong Hydrogen Bonds-What Are They? 

The strength and directionality of the hydrogen bond.l"l 
as compared to other intermolecular forces, account for its 
significance and has made it the most important interac- 
tion in molecular recognition and crystal engineering. 
Despite the fact that hydrogen bonds are employed 
regularly and successfully as structure-directing forces 
in natural and synthetic supramolecular systems,i" there is 
still considerable debate about how to define a hydrogen 
bond and how to distinguish between "weak," "moder- 
ate." and "strong" hydrogen-bond interactions.['-' " in 
many ways, such classifications will suffer from a 
considerable degree of arbitrariness, as it is impossible 
to find boundaries with experimental or theoretical 
methods that conespond to real physical distinctions. 
Hydrogen bonds. in general. as well as weak hydrogen 
bonds are covered elsewhere (see articles on hydrogen 
bonding and weak hydrogen bonds). The main focus of 
this section will be on "strong" hydrogen bonds. Defined 
in Scheme I are the geometric parameters that will be 
used throughout this section. Despite the lack of fully 
satisfactory definitions, hydrogen bonds that are frequent- 
ly referred to as being strong display many common traits 
in terms of their properties and behaviors. Strong 
hydrogen bonds tend to display significant infrared (IR) 

shifts (over 25%) for the D-H bond. large downfield 'H- 
WMR shifts (14-22 ppm). and bond energies over 50 kJ/ 
mol. In the solid state, common features include a 
lengthening of the D-H bond (0.08-0.25 A), short 
H . ,A distances (1.2-1.5 A). and 0 in the range of 170- 
180" (these numbers should be taken as guiding values 
only)."21 Strong hydrogen bonds are often referred to as 
low-banier hydrogen bonds. because they involve a 
single-minimurn potential energy well or a double-well 
with a small barrier. Such interactions: which usually 
involve charged species. have a significant covalent 
component. They tend to form when a proton is shared 
by two strong bases. as demonstrated by the charge- 
assisted hydrogen bonds between bifluoride ions. [FI-IFI-, 
which have bond energies greater than those displayed by 
some covalent  interaction^."^^ For the purpose of this 
section, a strictly operational "definition" of strong 
hydrogen bonds will be employed: only hydrogen bonds 
that involve 0. N, or X heavy atoms (where X=F, C1, or 
Br) and display some of the structural or spectroscopic 
features listed above will be considered as strong (and no 
distinction between hydrogen bonds involving neutral and 
charged species will be made). 

Relevance of Strong Hydrogen Bonds 

Strong hydrogen bonds are important stabilizing factors in 
enzymes and are relevant to proton-transfer reactions in 
biological  system^.^'^^^ For example. a key step in many 
enzyme-catalyzed processes is the formation of a ther- 
modyna~nically unfavorable enolate in the presence of an 
acid catalyst. The required stabilization energy may be 
provided when a weak enzyme. . .substrate hydrogen 
bond is replaced with a strong enzyme. . .intermediate 
hydrogen-bond in terac t io i~ . '~~ '  Strong 0-H. . .O and 
N-H . .O hydrogen bonds are also responsible for the 
formation of %-helices and P-sheets in proteins, base 
pairing in nucleic acids. and many protein-nucleic acid 
interactions.'lol It was suggested that the formation of 
strong hydrogen bonds is instrumental in ester hydrolysis 
catalyzed by cho l ines t e ra~es .~~~ '  Strong hydrogen bonds 
were also implicated as possible conduits for mag- 
netic exchange  interaction^,'^^."' and near-symmetric 
N-H*,..N hydrogen bonds are observed in proton 
sponges."" Strong hydrogen bonds are important in some 
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Scheme 1 A generic hydrogen bond ( r= I I . . .A  distance: 
R=D. .A distance: 8=D-H A angle). 

ferroelectric  material^,''^^ which ic indicated by changes 
in transition temperatures that occur upon deuterium 
substitution. They are also known to play key roles in 
several structures that display pyrelectricity (polarity 
induced by heating). piezoelectricity (polarity induced 
by pressure). and fe~~oelasticity (polarity induced by 
mechanical s t r e~s ) . "~ '  

DETECTING HYDROGEN BONDS 

In a generic hydrogen bond, 19-H,..A. the overall 
thermodynamic effect is a lowering of the potential energy 
as compared to the sum of the energies of the two isolated 
monomers. In addition. as the distance between the two 
species decreases and the D-H. . .A interaction ap- 
proaches its maximum stability, there is a corresponding 
weakening of the covalent D-H bond. Consequently. it is 
possible to ernploy a variety of spectroscopic. crystallo- 
graphic, and thermodynamic tools (in addition to the use 
of high-level ab initio or density functional theory)L201 in 
the study and detection of strong hydrogen bonds. 

infrared Spectroscopy 

Changes in molecular geometries that take place when 
hydrogen bonds are formed can be studied using vibra- 
tional spectroscopy, but the relative strength of a hydrogen 
bond can also be determined due to its behavior in the IR 
region.'"' For weak hydrogen bonds. the bands are not far 
removed from those in a discrete D-H system, however, 
a strong hydrogen bond gives a broad band in the 1600- 
3000 cm- ' region, with three discernible maxima. 
Particularly strong hydrogen bonds give a broad band 
below 1600 cmp ' ,  which is indicative of a highly 
polarizable system. Even with this information, it is 
sometimes difficult to analyze and interpret IR spectra that 
involve strong hydrogen-bond interactions, as the region 
below 1400 cm

p

'  tends to be overlaid with a large 
number of other absorption maxima. By selectively 
replacing hydrogen atoms with deuterium. it is often 

easier to accurately assign correct hydrogen-bond modes; 
the isotope frequency ratio \ J ~ ~ / v , \ ~  varies as a function of 
internuclear 

Possible correlations between the chemical nature of 
the donor and the acceptor, and the resulting hydrogen- 
bond behavior were examined For 
example,'231 a systematic study of the mid-and far-IR 
regions for a series of carboxylic acid. ..pyridine com- 
plexes (in chloroform) showed that even the weakest 
acid in this sequence, acetic acid, forms a 1:l complex 
with pyridine held together by a short 0 - H , .  .N 
hydrogen bond. The potential energy of this hydrogen 
bond is described by a highly asymmetrical double- 
minimum curve. With increasing acidity (or decreasing 
temperature), the 0-H. . .N hydrogen bond becomes 
stronger. the 0 . .  .N distance shortens, and the potential 
energy curve has a more symmetric appearance. The 
height of the barrier between the two ininiina in the 
potential-energy curve decreases with increasing acid 
strength. In the trifluoroacetic-acid-pyridine complex. 
the equilibrium is shifted toward the right-hand side of 
the equilibrium, 0-H. . .N+Op. . .'H-N. The partial 
proton transfer is most efficient when the acceptor and 
the donor have similar proton affinities (PA), and the 
dissociation energy of D-H. . .A decreases as dPA 
increases. The gradual physical changes that take place (as 
a f~~nct ion of variations in the donor strength of D-H). 
can be monitored effectively using IR spectroscopy. 
However, this study also shows that there is a contin- 
uum between the relatively weak acetic acid. . ,pyridine 
hydrogen bond and the charge-assisted Op. . .+H-N 
hydrogen bond. 

NMR Spectroscopy 

The findings from the use of nuclear magnetic resonance 
(NMR) spectroscopy for intesrogating systems with strong 
hydrogen bonds can be divided into four categories: 
changes in chemical shifts, hydrogen-bond dissociation 
and exchange times, selaxation processes, and location of 
hydrogen atoms in crystalline materials. When a hydro- 
gen-bond donor, D-H. is in close proximity of a suitable 
hydrogen-bond acceptor. the corresponding 'H-NMR 
signal is shifted to higher frequencies, consistent with 
deshieiding of the proton. Observed shifts are significantly 
larger for species capable of forming strong hydrogen 
bonds, cf. HF and H ~ O . ' ~ - ~ ~  

By correlating hydrogen-bond distances (obtained 
from neutron-diffraction data) with chemical shift tensors 
obtained from solid-state 'H-NMK spectroscopy, it was 
shown that there is a linear relationship between the 
0. . .H distance and the anisotropic chemical shift. The 
observed shifts translate to -20 ppm per 1.0 A change in 
0. . . H  di~tance. '~" The change in chemical shift for 
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strong hydrogen bonds can also distinguish single- 
minimum systems from the double-minimum, low-banier 
type.[2" l o r  example, the following data were found for 
the hydrogenphthalate ion: 6(H) = 2 1.00; A6(FI,D) = 
- 0.15; and A6(M,T) = - 0.25 ppm (the negative change 
indicates a single-minimum hydrogen bond). Whereas for 
acetylacetone, the following was determined: 6(H) = 16.1 : 
A6(H,D)=0.61: and AS(H,T)=0.83 ppm, which is typical 
of a hydrogen bond with a double-well energy profile. 

Crystallography 

The presence or absence of hydrogen bonds in a 
crystalline material is often inferred by applying one or 
several geometric criteria such as D. . ,A and PI.. .A 
distances shorter than their combined van der Waals radii 
[e.g., R(O. . 0 )  <3.10 A. r(M . .<I) <2.75 A, R(N..  0) 
<3.25 A, 8 (D-H...A) greater than 90-120°, etc.]. 
Unfortunately, there is still debate about which values to 
use for van der Waals radii. and it has become clear that 
rigid applications of geometric criteria as a way of 
identifying hydrogen bonds is inadequate, especially when 
examining weaker interactions. 

A way around these difficulties can be provided by sys- 
tematic statistical studies of extant structural data obtained 
from the steadily growing Cambridge Structural Data- 
base.12" Such efforts provide a crucial base from which our 
understanding of hydrogen-bond interactions can be 
further developed. By correlating geometric parameters 
of hydrogen-bond interactions with the nature of the 
participating donor and acceptor moieties, several impor- 
tant trends were identified.'"' An increase in H. . .A 
dista-nce is likely to be accompanied by large deviation 
from linearity of 8. And, 0-H . .O interactio~ls are more 
often close to linear geometries than are N-61.. .0 
hydrogen bonds. 

There is also an inverse relationship between the 
covalent 0-H and the intermolecular Pi. . .O distance ill 
an 0-H..  .O hydrogen bond. In the case of strong 
D-NI. . .A hydrogen bonds, the D. . .A distances are 
typically significantly less (>0.3 A) than the sum of the 
combined van der Waals radii of D and A. Furthermore, 
the proton is normally located near the center of D . .  .A. 
Of course, any reliable examination of geometric param- 
eters involving the hydrogen atom requires access to 
neutron-diffraction data: the large neutron-scattering 
power of hydrogen-atom nuclei means that they can be 
located with the same accuracy as many heavier atoms. 

Electron-density maps (obtained through a combina- 
tion of neutron-diffraction, x-ray diffraction, and high- 
level theory) can offer unique insights into the subtle, but 
significant, electron rearrangements that accompany the 
formation of hydrogen  bond^.'^^.'^' In hydrogen bonds of 
weak and intermediate strengths, it is common to ap- 

proximate the electron distribution in the bond to a simple 
superpositioning of the electron densities of the individ- 
ual. unperturbed, donor and acceptor moieties. In essence, 
these interactions can be adequately represented by an 
electrostatic model, because attractive charge transfer and 
repulsive exchange interaction are small and tend to 
cancel each other. In strong hydrogen bonds, the charge 
distribution is more symmetrically arranged. as there is 
less charge buildup on either side of the proton, as well as 
in the D-H bond and in the H. . .A re,' 0101-1. 

Theory and Physical interpretations 

Because electrons are responsible for all chemical 
bonding, it is desirable to discuss hydrogen-bond interac- 
tions in terms of quantities that directly describe electron 
densities rather than concepts like o-and n-bonding: 
electronegativity, etc.["] 

The total interaction energy of a hydrogen bond can be 
partitioned into four (sometimes five) constituents. The 
sum of these terms should represent the total energy 
difference, AEHB. between the hydrogen-bonded system 
at equilibrium and the total energy of the isolated, 
unperturbed, components. The electrostatic contribution 
represents the energy change that would take place if two 
isolated components. D-H and A. were positioned in 
such a way that the geometry represents the hydrogen- 
bonded complex, D-H. . .A. but without perturbing their 
respective charge distributions and without any electron 
exchanges taking place. The polarization energy repre- 
sents the energy gain that would arise if the charge 
distributions of the isolated components were deformed to 
resemble the charge distribution of the hydrogen-bonded 
complex (still without allowing for any charge transfer 
between D-H and A). The charge transfer contribution 
represents the energy change that would result from 
electron transfer between D-H and A. The notion of 
"covalency" in a hydrogen bond is related to the latter 
term; charge transfer results in a buildup of charge in the 
overlap region, where it is shared between the original 
components D-M and A. The dispersion energy (another 
stabilizing component) is the energy change resulting 
from the correlated motion of electrons on D-H and A. 
The only destabilizing term. the exchange energy between 
D-H and A. esse1:tiaUy corresponds to the repulsion that 
arises when too many electrons are located within the 
same region of space (a violation of the Pauli exclusion 
principle)-this exchange energy also prevents the system 
from collapsing. The way the energy is partitioned in a 
positively charged hydrogen bond is simi!ar to the 
situation in a neutral system, with the main difference 
being that there is a decrease in exchange contribution. 
This is due to the fact that wave f~inciions iil positive ions 
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are more compact, resulting in less overlap between donor 
and acceptor moieties. 

Through high-level calculations. it was shown1301 that 
there is a linear relationship between the strength of 
0-H . .O hydrogen bonds and the difference in proton 
affinity. APA, of the donor and the acceptor (there is also a 
correlation between 8 .  . .O distance and strength). Single- 
well or low-barrier double-\veil hydrogen bonds tend to 
arise when APA-0 (this is corroborated by IR studies). 

STRENGTH OF THE HYDROGEN BOND 

As so many different donor and acceptor moieties can par- 
ticipate in a strong hydrogen bond. it is not surprising that 
the strengths vary considerably. The hydrogen-bond 
energy (increased stabilization) is typically defined with 
respect to the lower-energy coinponents [D-H] + [A] or 
[Dl + [H-A]. Strong hydrogen bonds involving neutral 
species tend to be in the range of 10-65 kJ m o l l ,  but for 
charge-assisted interactions. the range of bond strengths 
rises to 40-90 kJ m o l  '.'"I The strongest known hydrogen 
bonds typically involve [ F H F ]  anions with commonly 
reported values of 155-252 kJ molp',L"-'41 which is 
comparable to the strength of covalent single bonds. 

lnterionic Hydrogen-Bond interactions 

Despite conflicting reports,[351 interion 0-I-I. . .Op inter- 
actions of the type often observed in  non no anions of 
dicarboxylic acids. dihydroge~lphosphates. and hydrogen- 
sulfates. behave similarly to strong hydrogen bonds 
between molecular  specie^.^'" The IR absorption spec- 
trum of potassium hydrogenoxalate displays the expected 
features of a strong (and stabilizing) hydrogen bond. 
There is also a significant lengthening of the covalent 
8- H bond distance (as determined by single-crystal 
neutron diffraction).'"' Finally, the C-0 bond distance 
of the acceptor moiety of the anion is significantly longer 
than the C-0 bond distance of the moiety that does not 
participate in the near-linear 8-H. . .Op interaction. In 
addition, solution WMW studies of hydrogenoxalate anions 
demonstrate that interactions between anions display 

characteristics that one would conventionally associate 
with strong hydrogen bonds, e.g., significant shortening of 
the 0. . . 0   distance^.'"^ Tl-iese results have important 
ramifications for supramolecular synthesis, because they 
show that charge-assisted hydrogen bonds between anions 
can be employed as active structure-directing too!s. The 
colnmonly observed short intermolecular distances are not 
the result of a "least-destabilizing" arrangement. 

SPECIFIC EXAMPLES OF STRONG 
HYDROGEN BONDS AND THEIR BEHAVIORS 

Strong 0-H'. . .O hydrogen bonds are typically associ- 
ated with oxonium ions, El3@. Other "hydrated protons." 
like the diaclua oxonium ion. H502? often appear in 
structures of strong mineral acids.'391 

Strong 8-H. . 43 hydrogen bonds between neutral 
species are well known from crystal structures of P-diketo 
e~lols and certain dicarboxylic acids. The shortest 0. . .O 
distances are associated with intramolecular interactions 
(exemplified by pyridine 2.3-dicarboxylic acid). The 
increased strengths of such interactions are the result of a 
resonance contribution. This n-bond cooperativity or 
resonance-assisted hydrogen bonding[401 involves multiple 
bonds. whereas the cooperative effects between hydroxyl 
groups in  carbohydrates and cyclodextrins are us~~al ly  
described as o-bond coopera t i~ i t~ . " '~  Resonance-assisted 
hydrogen bonds also contribute to the stability of hetero- 
meric interactions. e.g.. 2-pyridone . .2-aminopyrimidine, 
and are therefore particularly important in inolecular 
recognition processes involving purines and pyrimidines. 

Strong W-H+. . .N hydrogen bonds are characteristic 
of proton sponges, fused-ring dialnines with extraordi- 
narily high basicities.['" These moiecules readily accept a 
proton, which interacts simultaneously with two nitrogen- 
based lone pairs that face each other. These hydrogen 
bonds range from very short (possibly centrosymmetric) 
to conventional 1lydroge11 bonds without significant 
lengthening of the covalent N-H bonds. 

The N-W.. .Np hydrogen bonds \??ere studied crys- 
tallographically. as exemplified by intramolecular 
N-H . .N interactions between adjacent acetamido 

Scheme 2 Some example5 of $elf-coruplementa~> hyd~ogen-bond ~nteractloni 
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Scheme 3 A typical hydrogen-bonded tape generated by 
hydrogen bonds between complementary aminotriazine- 
. .barbituric acid building blocks. 

moieties (where one of the acidic protons was removed). 
In addition, ab initio calculations estimate that the 
[N3N . .H. . . N M 3 ]  colnplex has a hydrogen-bond energy 
of 56 kJ/mol, which is 48 kJ/mol less than the calculated 
value for the corresponding positive complex ion.["' 

STRONG HYDROGEN BONDS AND 
SUPRAMOLECULAR ASSEMBLY 

One of the most well-known hydrogen-bond motifs is the 
carboxylic acid dimer. This particular intermolecular 
interaction is not only present among simple organic 
acids (there are few examples of chain-like, catemeric 
interactions between carboxylic acids), but self-cornple- 
inentary head-to-head carboxylic acid dimers are also 
often observed in coordination compounds as well as in 
organometallic ~pecies.'"~ The availability of these 
robust and transferable intermolecular interactions 
(Scheme 2) allows for the assembly of discrete building 
blocks into extended 11etwoi-ks of well-defined and pre- 
dictable connectivities. 

The improved understa~ldiiig of interinolecular inter- 
actions. hydrogen bonds in particular. is invaluable to the 
development of crystal engineering-an interdisciplinary 
area concerned with the rational design, synthesis, and 
assembly of functional materials through noncovalent 
 interaction^.'^" Several aspects of this field are covered 
extensively elsewhere (see articles on hydrogen bonds, 

Scheme 4 Six charge-assisted EL'-Ii. . .O hydrogen bonds give 
rise to a tetrarneric structure. 

Scheme 5 Charge-assisted 0-H. . .O hydrogen bonds be 
tween hydrogenmalate anions lead to an infinite sheet. 

weak hydrogen bonds, crystal engineering with hydrogen 
bonds) and a few examples of hydrogen-bond-directed 
crystal, engineering are given below. 

Construction 04 Extended 
Organic Architectures 

The complementarity of some triaminotriazines (and re- 
lated heterocycles) and barbituric acid was employed 
extensively in the assembly of a variety of discrete 
multicomponent structures as well as of extended ribbons, 
tapes, and rosettes (Scheme 3).r"5-481 A collection of strong 
hydrogen bonds can impart sufficient stability to allow 
these structures to stay intact in solution as well as in the 
gas phase. 

It was shown["" that anions of trimesic acid generate 
hydrogen-bonded lamellar structures with alkyl- or aryl- 
substituted ammonium moieties.r501 The complementarities 

Scheme 6 Charge-assisted N-EI. . .O interactions in a guani- 
dinium/sulfonate system produce highly reliable layers (shown 
face on). 
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Scheme 7 Infinite chain of Ag(I)(3-aIdo~imepyridine)~ cations held together by oxi~ne. . .oxime dimeric hydrogen bonds. 

of pyrimidine-2.4.6-triamines and 1.3,5-triazine-2.4,6- 
triones were used to create infinite ribbons that were 
subsequently connected into sheets via ammonium . . car- 
boxylate hydrogen-bond interactions.'"] A combination of 
directional hydrogen bonds and electrostatic interactions 
between complementary units (dicarboxylic acids and 
cyclic bisamidine) were also employed in the design of 
discrete and infinite a s s e n ~ b l i e s . ' ~ ~ . ~ ~ ]  Charge-assisted 
N-H . .O hydrogen bonds were utilized in the con- 
struction of tetrameric structures from a tris(imidaz0- 
line) base and four carboxylate anions (Scheme 4)."" 
Charge-assisted interactions were also instrunlental in 
building two-dimensional ionic networks using chiral 
hydrogen-L-malate ions (Scheme 5).'5'1 

The most thoroughly studied supramolecular organic 
host framework capable of reversible i~lcorporation of 
guests is arguably the guanidinium/organic sulfonate-two- 
component s y ~ t e r n . ~ ~ ~ - ~ ~ '  The host structure is built with 
the aid of complementary hydrogen-bond sites on guani- 
dinium cations and substituted sulfonaie anions, leading to 
robust infinite hydrogen-bonded sheets (Scheme 6). 

Strong Hydrogen Bonds and Extended 
Inorganic Assemblies 

Hydrogen bonds also enabled the directed assembly of 
coordination complexes into extended  architecture^.['^-^^] 

Fig. 1 Metal porphyrins assembled into infinite square grids 
through 0-H. . .O hydrogen bonds between adjacent carbos- 
ylic acids. 

For example, self-complementary oxime. . .oxime and 
amide. . ,amide  interaction^[^^-^^] were used to propagate 
the inherent linear geometry of some Ag(1) complexes 
into infinite chains (Scheme 7). 

Ligand-based, charge-assisted carboxylic acid. . .car- 
carboxylate hydrogen bonds in combination with Pt(1I) 
ions. produced square grids that extend infinitely in two 
d imen~ions . '~~ '  Even polphyrin complexes were connected 
into flat, grid-like networks through amide . .amide and 
acid . ,acid hydrogen-bond interactions (Fig. l).i"-701 

The concept of molecular recognition has a profound 
impact upon our understanding of a wide range of funda- 
mental events, e.g.; biomolecular activity. crystallization 
processes, and physicochemical signaling mechanisms. 
The relevance of strong hydrogen bonds to s~ich phenorn- 
ena remains unchallenged, and it is likely that further 
studies of the nature of such interactions will have 
important ramifications for supramolecular chemistry as 
a whole. 

ARTICLES OF FURTHER INTEREST 

Gnstal Er~gzrzeetlrzg wrth Hjdrogen Bonds. p 357 
H\drogen Borzdzrzg. p 658 
Self-Assernbllrzg Cczprules. p 123 1 
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INTRODUCTION 

Layer perovskite materials of the type (hlWH3)2MX4 and 
(NH3RNH3)MX4 (M = divalent metal ion; X = CIP, Br--, or 
I-.) fonn an extensive family of organic-inorganic hybrid 
materials. These contain layers of corner-sharing metal- 
halide octahedra separated by layers of organic cations. 
The metal ions employed have typically been from the first 
transition series or the heavier members of group 12 and 
group 14 elements, although a number of other divalent 
ions as well as trivalent ions have also been incorporated. 
With the appropriate choice of M and X ions, it is possible 
to incorporate a large variety of organic R groups into these 
materials. Often, the R groups play a passive role in the 
behavior of these materials, but much of the current 
research focuses on systems where there may be synergistic 
interactions between the organic and inorganic subsystems. 

The colnpounds containing magnetic transition metal 
ions were extensively studied as model low-dimensional 
fexo- or antiferromagnetic systems. Variations in the size 
and shape of the organic groups are used to modify the 
strength of intra-and interlayer exchange coupling. When 
the metal is sn2+  or ~ b ' + ,  the systems are semiconductors 
that can be of use in device applications. The labile, ionic 
nature of these compounds allows for many of the hybrid 
materials to be processed using solution techniques. 

A common feature of these hybrid materials is 
structural phase transitions involving the onset of disorder 
of the organic R groups. For compounds containing long- 
chain aliphatic R groups, this led to organic layers being 
studied as crystallographic models for lipid bilayers. 
Another interesting application is to use the inorganic 
layers as templates to hold unsaturated organic groups in 
favorable juxtaposition for photopolymerization. 

STRUCTURAL CHARACTERlSTBCS OF 
LAYER PERQVSKlf E MATERIALS 

The parent perovskite rtructure has the formula AMX3, 
where A and M are metal ions, and X is a monatomic 

anion."' The structure consists of a three-dimensional 
(3D) network of corner-sharing MX6 octahedra, while the 
A cations fill the 12-fold coordination holes within the 313 
framework, as shown in Fig. la.  The oxide perovskites 
can incorporate a broad range of A and M metal ions and 
have been extensively studied because of their interesting 
and useful physical properties. With the halide perov- 
skites, it is possible to incorporate small organic cations in 
the A sites when the M cation has a large ionic radius.12' 
However, the dimensionality of the framework must be 
reduced in order to extend this framework to incorporate 
larger organic cations. This is typically accomplished by 
slicing out a ( M X ~ ~ - ) ,  (100) sheet, as seen in the left- 
hand diagram in Fig. Ib. The 12-fold holes in the parent 
AMX3 structure now become eightfold square cavities that 
decorate each face of the inorganic framework. These 
have appropriate size to accommodate the -NH3+ moieties 
of the organoammonium cations. In this manner, 
fRNH3)2MX4 layers are formed in which the inorganic 
frameworks are sheathed by the organic R groups. The 
crystalline materials thus formed are fragile, because only 
van der Vv'aals interactions occur between these sheathed 
layers. If 3D stability is desired. diammoniunl cations 
(right-hand diagram in Fig. lb)  may be used to provide a 
covalent linkage between the inorganic  framework^."^ In 
a few cases, a zigzag inorganic framework is observed, 
where the slices of the ANIXj parent structure are cut out 
parallel to the (1 10) direction.'"' Another variation. ob- 
served when a small A' ion such as CH3NH3+ is present, 
has a multilayered inorganic framework of stoichiometry 
(A)2(A1)n - i M~1x311 + I .'5' 

The inorganic hamework is able to accommodate most 
divalent metal ions that can assume octahedral coordina- 
tion geo~uetry. From the first transition series, structures 
with Cr2+,"' ~ n ~ + . ~ ~ ~  ~ e ' + . ~ ~ '  and Cu2+'" are known 
(Fig. 2a). However, the perovskite structure is not found 
with metal ions that have a strong preference for 
tetrahedral geometry or have a small radius. For metal 
ions like hAn2+and the bridging M-X distances are 
relatively invariant. so the sizes of the eightfold cavities 
vary little from compound to compound. In contrast. the 

Ei7cjclopediu of S~ipi~nnzolecrtlnr Ciieini.rri? 
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(A) (R-NH,)MX, (B) (H,N-R-NH,)MX, 

Fig. B (a) The cubic AMX3 perovsliite structure. (b) Single- 
layer perovskites with (4) monoamn~on i~~m (RNH?+) of (B) 
diammonium (+NH3RNH;+) organic cations. (Vie~t ,  this art in 
color at ii~~~~n~.ilelcl~ei~.coirz.) 

Cu'+ and Cr" ions are subject to a tetragonal elongation 
of their octahedral coordination due to the Jahil-Teller 
effect. This leads to an asymmetrical IW-X. . .M linkage, 
with one normal M-X bond and one longer semi- 
coordinate M. . .X bond. The length of the semicoordinate 
bond is variable over a range > 0.8 A. Thus, these lattices 
can adapt to acco!nn~odate more complex organic cations. 
For the main group metals. ~d '+ , ' "  ~ n ' + , " ~ ) '  and pb" 
salts were prepared. Other more unusual metal ions that 
were incorporated include  ELI^+^"^ and ~d'+."" 

The -NHt hydrogen-bonding linkage into the eightfold 
square cavity provides the interesting topological chal- 
lenge of inserting an objeci with threefold symmetry into a 
cavity with fourfold symmetry. As a result. the C-N bond 
tips so that the -NH3* is able to hydrogen bond to both the 
bridging and terminal halide ions. Two limiting cases 
exist: hydrogen bonds to two terminal and one bridging 
halides (the 2b.lt scheme) or to one terminal and two 
bridging halides (the lb,2t scheme). The former is 
illustrated in Fig. 2b. These two schemes result in 
different conformations for the hydrocarbon backbone 
attached to the ainmonium ion. These interactions have 
two effects on the inorganic framework. A J 2  x J2  
superlattice (or more complex) is produced that involves a 
45" rotation of the in-plane crystallographic axes. The 
second eflect is to cause the iM-X-M bonding interactions 
to be nonlinear. This leads to a washboard effect for 

frameworlis based on transition metals. as seen in Fig. 2a. 
With Group 14 metal ions. an in-plane bending occurs. 
Both distortions adapt the eightfold cavities to the shape 
of the organic R groups. 

The inorganic framework provides a template to which 
the organic R groups must accommodate. For M = first 
row transition metal and X = Cl or Br, the edges of the 
cavity typically range from 5.1-5.5 A. Thus. primarily 
straight-chain hydrocarbon groups can be accornrnodated. 
However, for the Jahn-Teller active ions. the variable 
length of the semicoordinate M .  . .X allo~vs for greater 
flexibility in the length of the sides of the cavity. Thus, 
these salts can accomrnodate R groups with simple ring 
systems. For cornpounds based on the larger metal or halide 
ions, the cavity edges now range fi-orn 4.0-6.4 A. This 
allows the incorporation of inore complex R groups. In 
order to give sulficient flexibility to accominodate these 
more con~plex organics. it is conventional to tether them to 
the -NH; moiety via methylene or ethylene linkages. 

PHYSICAL PROPERTIES AND 
APPLICATIONS Q F  HVBWBB 
LAYER PEROVSMlTES 

Magnetic Properties 

Because of their interesting magnetic properties. hybrid 
layered perovsliites containing transition metal ions were 

Fig. 2 The 5tructure of (SH?C3H,NH3)MnCl \hoalng (d) the 
inorgdnlc iramemorlc and (h) the 2t.lb hydrogen-bonding 
scheme (Adapted from Ref [8] ) 
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the most intensely studied. The corner sharing of the 
octahedra within the inorganic framework gives direct M- 
X-M superexchange pathways between the metal ions. 
while the organic sheathing of the layers generally 
restricts the interactions between the layers to those of 
dipolar nature. Thus, they are excellent realizations of 
two-dimensional (2D) magnetic systems. The ability to 
change spin quantum number and magnetic anisotropy 
through variation of the metal and halide ions has made 
these extremely interesting systems to study. In the 
salts, the symmetric Mn-X-Mn pathways lead to antifer- 
romagnetic exchange coupling.'131 With the S = 512 ground 
states, the Mn2+ salts provide excellent model systems for 

clasfical 2D antiferromagnetic coupling. Short-range 
antiferromagnetic correlations lead to a maximum in the 
magnetic susceptibility in the 80-90 K range (Fig. 3a), with 
the onset of long-range magnetic order occursing at 40-50 
K. Because of the nonlinear nature of the Mn-X-Mn 
exchange pathways, adjacent spins are not precisely 
antiparallel, so these actually show canted antiferromag- 
netic behavior. The creation of domain wall movements in 
these canted antiferromagnetic systems at the 3D ordering 
temperature leads to the spike seen in Fig. 3a. For the S = 2 
Fe2+ systems, the presence of zero field-splitting leads lo 
further complications in describing the details of the 
antifersomagnetic-coupled 2D 

0 
2.8 2.9 3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 

Average CU ... X Distance (A)  

Fig, 3 (a) Magnetic susceptibility of (CH3NH3)2MnC1d (Gerstein, B.C.; Chang, K.; Willet, R.D. J. Chem. Phys. 1974; 60, 3454). 
(b) Correlation of interlayer exchange coupling with the C u  . .>( distance in (RNIi3)*CilX4 salts. (From Ref. [4].) 
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Ferro~nagnetic interlayer coupling is found in salts of 
the Jahn-Teller active d"r2' and the d9 Cu'+ ions. The 
antiferrodistortive nature of the tetragonal elongation of 
the octahedra within the layers leads to orbital arrange- 
ments that favor ferromagnetic interlayer coupling within 
the layers in these systems. The type of 3D ordering will 
depend up011 the nature of the coupling between the 
layers. Dipolar and superexchange interactions between 
layers usually lead to antiferromagnetic coupling. How- 
ever, examples with ferromagnetic 3D ordering are 
known. The Cr2' salts typically undergo 3D ferromag- 
netic interlayer ordering around 4 0 4 5  K. pointing the 
way to the possibility of high T, molecular magnets.[61 
(MeNH3)2CuC14 (among other c u 2 +  salts) orders at 
8.9 K.["] The Cu systems were extensively studied as 
realizations of the quantum ( S  = 112) 2D ferromagnetic 
interlayer. Tne strength of the FM intralayer exchange 
coupling (and thus the ordering temperature) was shown 
to decrease monotonically (Fig. 3b) as the length of the 
semicoordinate Cu. . .X distance in~reases.~" Magnetiza- 
tion and, electron paramagnetic resonance (EPR) studies 
showed that the spins align normal to the layers in the Cl 
salts and in the plane in the Br salts. This is due to the role 
of the ligand spin-orbit in determining the anisotropy of 
the magnetic interactio~ls.['" l o r  the diam~nonium (NH, 
RNH3)CuC14 series. it is found that as ~z decreases, strong 
interlayer antiferromagnetic superexchange coupling 
occurs via so-called "two-halide" Cu-X. . .X-Cu inter- 
a c t i o n ~ . ~ ' ~ '  

PHASE TRANSlTlONS 

The combination of different hydrogen-bonding schemes 
and the possibility of thermal reorientation of the part or 
all of the organic R goups  leads to the potential for 
multiple phase transitions in these materials. The R = 
n-propyl series ( M  = Mn, Gu, Cd) exhibits interesting 
behavior. with multiple transitions and the presence of 
modulated phases. The phase transitions in the c u 2 +  salt 
involve not only disorder of the cations b~ l t  also pertur- 
bation of the inorganic framework.[".181 In the low- 
temperature phase. the 71-propyl groups form an ordered 
arrangement that leads to a pseudohexagonal arrangement 
for the terminal methyl groups. However. the disorder in 
the high-temperature phases causes packing of the inethyl 
groups to mimic the square arrangement of the underlying 
ammonium groups. The high-temperature phase differs 
from the lower-temperatme phase in three significant 
ways: the average orientation for the N-C bonds is parallel 
to the normal to the plane; the bridging C1 atoms are not 
displaced from the planes; and the cations are disordered. 
An inconlmensurate phase, found at intermediate tern- 
peratures, is characterized by the superposition of a wave- 

like sinusoidal displacement of each ~ a ~ e r . [ " ~ ' ~ '  The 
displacements in adjacent layers are out of phase, so the 
distance between layers is also sinusoidally modulated. 

The diainmonium salts can also undergo phase transi- 
tions. The high- and low-temperature phases of (NH3G3- 
H6NH3)MnC14 have the usual J 2  x 2/2 superlattice of 
the inorganic framework and 2t,lb hydrogen-bonding 
scheme."9' In the high-temperature phase, the cations are 
disordered across a mirror plane. with a rotation angle of 
40" between the two orientations. However, the interme- 
diate phase has a 2 x 2 superlattice. The cations are again 
disordered across a mirror plane. The hydrogen bonding is 
intermediate between the 2t,lb and lt.2b schemes, so the 
angle between the two orientations is only 20". 

The phase transitions in compounds with long-chain R 
groups-Clo or longer-were touted as analogues of the 
phase transitions in lipid b i l a y e r ~ . ~ ~ ~ ~  However, a major 
difference exists between the two systems. Although the R 
groups in the perovskites can undergo various types of 
motion. the-NH3+ head groups are anchored to an 
inorganic framework. Nonetheless. some similarities 
exist. The perovskite materials typically show two 
primary thermal anomalies. one with AS,,- -- 5-10 call 
mol-K and the second with AS,, -- 30-40 callmol-K. The 
sequence in \vhich these anomalies occurs depends on the 
length of the hydrocarbon chain and the size of the 

Fig. 4 The roorn-temperature structure of (Ci4H29NH3)2CdClb 
(From Ref. [27].)  
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inorganic framework. In the low-temperature phase, the 
majority of hydrocarbon chains are in extended tmns 
conformations that are tilted 3 0 4 0 "  from the normal to 
the plane, although some gnucl~e bonds exist near the head 
group to accommodate the packing of the chains (Fig. 4). 
The major thermal anomaly corresponds to "chain 
melting9'-the introduction of gauche-t~aizs-gauche kinks 
into the chain and a realignment of the chains perpendic- 
ular to the layers.'2" When the smaller anomaly occurs 
first, this corresponds to a twofold flipping motion of the 
frans portions of the chains. When it occurs after the chain 
melting, it corresponds to a twofold disorder of the melted 
chains due to disorder of a gauche bond by the head 
group. Thus, these studies helped to shed light on the 
possible behavior in lipid layers. 

Electrical Properties 

Hybrid layer perovskites designed with metals from 
Group 14 possess a variety of favorable properties for 
the fabrication of electronic devices. These metal halides 
have excitonic transitions related to their band gap, which 
result in spectral transitions dependent on the metal cat- 
ions and halides contained within the inorganic sheet of 
the perovskite. The 2D A2MX4 perovskite structure as well 
as the dielectric modulation between the organic and 
inorganic layers allows for strong exciton binding energy 
and observation of the electroluminescence at room 
temperature. The exciton binding energy and the oscillator 
strength also lead to strong photol~tminescence,"~~~~."~ 

nonlinear optical  effect^,^^'.^'] and tunable polarization 
absorption.[261 The Pb2+ perovskites demonstrated ther- 
mal and mechanical stability as well as room-temperature 
photolulninescence in the visible range.[271 while the Sn2+ 
perovskites possess high ca.rrier mobility. 

Incorporation of AEQT, the cation of the oligothio- 
phene derivative 5,5"'-bis(aminoethy1)-2,2':5',2":5",2"'- 
quaterthiophene into the lead halide perovskite framework 
results in a characteristic absorption/emission of the given 
material. The organic-inorganic fran~ework is tethered 
between the layers of PbX6 octahedra by the ethylammo- 
niuln groups of the dication. The AEQT is held between 
the metal-halide sheets in a heningbone arrangement with 
respect to the other AETQ cations in the lattice (Fig. 5). 
Organic-inorganic light-emitting diodes (OILED) were 
fabricated using thin films of the (AEQT)PbC14 perov- 
 kite.'^^-^^' The OILED devices based on (AEQT)PbC14 
emit bright green-yellow light (A,,, = 530 nm) in a well- 
lit roorn when the devices are forward biased under 
ambient conditions. 

Organic-inorganic TFTs (thin-film field effect transis- 
tors) were formulated as low-cost alternatives for the 
development of display and storage t e ~ h n o l o ~ i e s . ' ~ "  The 
semiconducting organic-inorganic perovskite, (C6Hjc2- 
H4NH3)2Sn14 [(PEA) ?Sn14]. was used in the fabrication of 
TFTs using solution-processed thin films (Fig. 6).1311 
Devices fabricated fro111 the (PEA) 2Sn4 perovskite are p- 
channel transistors with field effect mobilities of 0.61 
cm2/v-s and Io,lIoff ratio of-- IO? '~"  Flexibility in the 
choice of the inorganic anion and the organic cation 

Fig. 5 (Left) The 5,5"'-bis(aminoethy1)-2.2':5'.2":5",2"'-quatehiophene molecule. (Center) perovskite structure of the (AEQT) PbBr4. 
(Right) (a) Cross section of the OILED device structure (not to scale): (b) view of the circular substrate containing four devices. For 
clarity, the OXD7 layer (on the top of the patterned hybrid perovskite layer) is not shown. (Adapted from Ref. 1321.) (View th is  art in 
color a/ ~~,\~,w.dekker.coni.) 
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Fig. 6 A TFT device. The organic/inorganic perovskite 
material is deposited as an upper onto prefabricated source 
and drain electrodes. (Adapted from Ref. 1311.) (View, this art in 
color a t  ~.v~vu*.dekker.corn.) 

allowed for the development of processable TFTs. The 
(PEA) 2Sn14 perovskite contains alternating layers of cor- 
ner-sharing SnIh octahedra and PEA cations. The NH:  
group present on PEA cation hydrogen bonds to the Sn16 
octahedra, and weak van der Waals interactions between 
the PEA groups hold the layers together. The weal< 
interactions between the layers allow the material to be 
solution processed. 

Enhanced physical properties of materials where the 
thickness of the inorganic layer sheathed between the 
organic cation layers is of interest in the fabrication of 
devices with conductive propesties. A semiconductor - 
metal transition is observed for tin(I1) compounds 
(C4H9NH3)2(CH3WH3),lp ,Sn Js,+ as a function of in- 
creasing iz value. The n = 1 compound (C4H9NH3)2Sn14 is 
a large band-gap semiconductor with a room-temperature 
resistivity of approximately ~ ~ " c m . ' ~ ~  Increasing the 
value of n results in reduced resistivity of the material, 
with metallic behavior seen for materials n > 3. The 3d 
perovskite (CH3NH3)Sd3 (n = ix:) is a low-carrier-density 
p-type metal with a room-temperature Hall mobility of 
approximately 50 c m 2 v  'sp ' and a carrier density of 
approximately 10'~ccrn- 3.L321 As the number of inorganic 
layers increases, the conductivity also increases. 

CONCLUSION 

The family of layered perovskites designed with divalent 
cations grew from systems, which use organic cations as 
placeholders in the lattice, to materials that can be tailored 
to possess unique properties. Systems were developed 
with specific properties inherent to the organic and 
inorganic components. Crystal engineering was used with 
the layers structure to design materials with potential 
commercially useful properties, such as magnetic and 

electronic characteristics. The recent developments in 
magnetic materials and device fabrication of TFTs and 
OlLEDs highlighted the practical applications that can be 
explored with the ability to consistently work in the same 
structural framework. 
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Supermicroscopy: AFM, SNOM, and SXM 
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The development of scanning probe techniques is a 
blessing for the study of suprarnolecular structures. These 
supermic

r

oscopy techniques open new ways not only to 
visualize the architecture of supramolecular structures but 
also to allow insight into chemical and physical processes 
related to their supramolecular identities with unprece- 
dented spatial resolution. 

The birth of scanning probe techniques revolutionized 
the way small objects or domains can be visualized. Com- 
mon to all scanning-probe techniques is a tiny probe that 
scans a surface at a very sinall distance from it, and the 
interaction between probe and object is translated into a 
signal. The ultimate control in positioning is achieved by 
using piezoelectric elements. Since the invention of the 
scanning tunneling microscope (STM),'" several experi- 
mental schemes were developed that allow detection of a 
great variety of interactions between probe and surface. 
Probably. atomic force rnicroscopy (AFM) is the most 

Among tliose techniques. scanning near-field 
optical rnicroscopy (SNOM)~'.'~ talces a special place due to 
its optical resolution below the diffraction limit. All of these 
techniques have in cominon that they almost exclusively 
probe surface structures and properties. A major benefit of 
these techniques with respect to other surface characteriza- 
tion techniques is their noninvasiveness. Moreover, these 
techniq~ies can be used under a large variety of experimental 
conditions, such as ultrahigh vacuum, under ambient 
conditions, in liquids. and at different temperatures. 

In general. these supermicroscopy tools can be used for 
the investigation of two types of supramolecular struc- 
tures> based upon the way they are "deposited" on the 
subst

r

ate. On the one hand, these techniques can be 
exploited to investigate supramolecular assemblies that 
form in. e.g.. solution, and that do not lose their structural 
integrity upon deposition on the surface. On the other 
hand, these techniques are also ideally suited to probe the 
supranlolecular structures with forination is driven by the 
presence of the substrate. in any case, one has to take into 
consideration that upon deposition of supramolecular 
structures from solution. their nature can be affected sub- 
stantially by the deposition process due to: for instance, 
adsorbate-substrate interactions and changes in concen- 
tration; and one should not neglect the role of the substrate. 

STM for Structure Elucidation 

In STM. a metallic tip is brought very close to a con- 
ductive substrate. and by applying a voltage between both 
conductive media. a tunneling current may result (Fig. I ) .  
The exponential distance dependence of the tunneling 
current provides an excellent means with which to control 
the distance between the probe and the surface. High 
resolution (atomic) can be achieved, but the use of this 
probe technique is limited to conductive substrates. Of 
major i~nportance is its ability to probe not only bare 
surfaces such as metals or semiconductors but also 
molecules, which are physisorbed or chemisorbed on 
these conductive surfaces. However, due to the specific 
nature of probing. only very thin molecular layers can 
be investigated. 

Reducing the mobility of the molecules is a prerequi- 
site for successful STM imaging. This can be achieved 
by working at low temperatures. Under these conditions. 
sub~nonolayer asse~ublies can be investigated. Some 
examples include the formation of surface-supported 
supramolecular structu.res with size and aggregation 
patterns that are rationally controlled by tuning the non- 
covalent interactions between individual adsorbed mole- 
cules. Using low-temperature ultrahigh vacuum scanning 
tunneling microscopy. it was shown that porphyrin 
molecules adsorbed on a gold surface fo r~n  monomers, 
trirners, tetramen. or extended wire-like structures. based 
upon dipole-dipole interactions."' Other examples in- 
clude the formation of wire-like structures by hydrogen- 
bond formation'" and the two-dimerlsional self-assembly 
of supramolecular clusters (containing precisely 10 
molecules) and chains formed by I-nitronaphthalene,171 
In the latter case. it was shown that these cEusters could be 
manipulated (translated) while maiiltaining their structural 
and chiral ii~tegrities.'~' 

Another way to reduce the mobility is by forming two- 
dime~lsional  non no layers under ambient conditions. Ad- 
sorbate-substrate and adsorbate-adsorbate interactions 
lower the molecular mobility and are responsible for the 
two-dimensional ordering, "DMy" monolayers can be 
formed by drop casting and evaporation or by the hori- 
zontal lifting te~hnique. '~ '  It is also possible to measure 
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1 monolayer 

L substrate 

Fig. I An STM setup in liquids. (Reprinted with permission 
from the American Chemical Society.) 

in liquids. With respect to sample preparation, the latter 
approach is attractive, as one needs only to apply a drop 
of a solution on the substrate, and by physisorption, a two- 
dimensional layer can be formed.'"" Examples include the 
study of supramolecular grids

r1" and ~ a t e n a n c s . ~ ' ~ ~  Within 

our research group, the "liquid" approach was extensive- 
ly used to investigate and to control the formation of two- 
dimcnsional supramolecular structures by dicarboxylic 
acid type and urea-containing compounds. 

Shown in Fig. 2a is a STM image of a monolayer of a 
5-alkyloxy-isophthalic acid derivative physisorbed from 
1-phenyloctane on the graphite surface. Thc larger bright 
spots in this functionalized hydrocarbon monolayer cor- 
respond to the aromatic moieties. The darker regions in 
the image correspond to the alkyl groups, which are 
interdigitated over their full length and aligned with their 
long axis parallel to the graphite substrate. The distance 
between adjacent isophthalic acid moieties allows for 
intcrmolecular hydrogen bonding within a lamella and 
between adjacent lamellac. In Fig. 2b, the ordering of an 
isophthalic acid derivative with a semifluorinated alkyl 
chain is shown (model: Fig. 2c). There is a clear change in 
contrast along the alkyl chain, illustrating the chemical 
sensitivity o l  STM. When isophthalic acid derivatives are 

CIP-NH 
HOOC 

Fig. 2 STM images of (a) An isophthalic acid derivative. (h) A semifluorinated isophthalic acid derivative. (c) A model of the area in 
(b). (d) A terephthalic acid derivative. (e) A monourea compound. (t] A his-ureum compound. (g) A symmetric cinnamic acid 
derivative. (h) A photodimer monolayer of (g). (i) An asymmetric cinnamic acid derivative (not reactive). The scale bar is 2 nm. 
(Reprinted in part or adapted with permission from the American Chemical Society.) (View this art  in color at www.dekker.com.) 
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dissolved in 1 -octanol or 1 -undecanol, solvent molecules 
are often incorporated in the monolayer (Figs. 2b-c). The 
1-octanol ~nolecules are codeposited and are stabilized 
by hydrogen bonding. Some functionalized hydroc a1 -b ons 
may display stabilizing hydrogen bonding along the 
lamella axis. For example, in monolayers o f  alkylated 
terephthalic acid derivatives ( F i g .  2d), the terephthalic 
acid groups (bright) are linked by hydrogen bonds, and 
the alkyl chains, which are oriented perpendicular to the 
lamella axis, are interdigitated. This interdigitation allows 
for a two-dimensional stabilization.'"' For those systems 
lacking interacting groups at the termini o f  the alkyl 
chains, quasi-discrete supramolecular structures can be 
formed, even in liquid conditions. Urea groups are capable 
o f  forming up to four hydrogen bonds. Therefore, for the 
symmetrically substituted monourea compound. lamellae 
are formed, and the intermolecular distance (0.46 nm) is 
determined by hydrogen bonding (Fig. 2e). On the other 
hand, the interaction between adjacent lamellae is rather 
weak. For example, some bis-urea derivatives showed 
stable lamella format i~n.~"~ In combination with rela- 
tively strong adsorbate-substrate interactions. the larnel- 
lae were stabilized enough to prevent or limit molecular 
diffusion on the graphite support. and isolated lamellae 
could be observed (Fig. 2 f ) .  

STM as Probe for Supramolecular Chirality, 
Dynamics and Reactivity 

These simple examples illustrate how by carefully 
designing the molecules. one can control the supramolec- 
ular patterns in two dimensions. W e  took advantage o f  the 
control o f  the supramolecular patterns formed by these 
types o f  molecules to carry out reactions at the liquid- 
solid interface. In addition to investigations related to the 
structure o f  the two-dimensional assemblies, topics such 
as chirality, dynamics, and light-induced reactions can be 
studied. For instance, chirality is known to often have a 
major influence on the handedness o f  supramolecular 
structures formed in solution. and its effect also shows up 
in two-dimensional layers and in clusters. In general, it 
is found that enantiomers form enantiomorphous mono- 
layers or clusters (the monolayers or clusters formed by 
enantiomers are related to each other by mirror sym- 
metry). The same holds for achiral compounds, but now 
both mirror-image-related structures-monolayers or 
clusters-are formed. O f  course, in these kinds o f  inves- 
tigations, the study o f  the behavior o f  racemic mixtures 
is also o f  main i n t e ~ e s t . ~ " ~ ~ " ~ ~  Supramolecular structures, 
both in solution and on solid supports exposed to solu- 
tion, are often "equilibrium structures" and show contin- 
uous exchange with the reservoir o f  building blocks. The 
STM is ideally suited to probe the dynamics in physi- 
sorbed supramolecular structures. For instance. assemblies 
formed at the liquid-solid interface are in dynamic 

equilibrium with the supernatant solution, and STM is 
the ideal tool to investigate desorption and adsorption 
dynamics in those supramolecular assemblies. To eluci- 
date these dynamic processes, one can take advantage o f  
the chemical sensitivity o f  STM by incorporating marker 
molecules in the supramolecular Reactivity 
can be controlled by the structures o f  the supramolecular 
assemblies. For example, the photodimerization o f  two 
cinnamate derivatives was investigated at the graphite- 
liquid interface (Figs. 2g-i). The symmetrically substitut- 
ed derivative was found to pack in two patterns, and 
photodilnerization was observed upon in situ illumination. 
On the other hand. an asymmetrically substituted cinna- 
mate derivative was found not to photodimerize, which 
could be related to a different supramolecular packing, 
inducing too great o f  an intermolecular distance between 
the reactive centers.llX1 

ATOMIC FORCE MBCROSCOPV 

In contrast to STM. in AFM, forces exerted by the sample 
on the tip (or vice versa) are recorded, and several 
detection schemes are possible. The AFM scans a sample 
with a sharp tip, which is mounted on a cantilever spring 
(Fig. 3) .  The cantilever senses the interaction forces 
between tip and sample. A distance sensor ~nonitors the 
reflection o f  the cantilever. Nowadays, beam deflection is 
nearly the only used detection scheme. The laser beam is 
reflected onto a segmented photodiode. As the deflection 
o f  the cantilever changes, the laser spot on the photodiode 
will shift accordingly. The detected deflection is then 
converted into an AFM image. Due to the flexibility o f  
AFM with respect to the nature o f  the samples that can be 
studied and the measuring conditions (arnbient condi- 
tions, liquids. etc.), AFM is intensively used. In most 

Fig. 3 An AFM setup. 
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applications, AFM is used as a topography sensing tool, 
but in certain measuring conditions, AFM is also sensitive 
to the mechanical properties of the sample, such as 
adhesion and stiffness. 

The AFM was used to investigate various supramolec- 
ular structures. An example includes the study of the 
vertical profiles along thc molecular long axes within a 
microtube made up of a boloamphiphile, which illustrates 
the usefulness of AFM for studying the molecular packing 
as well as the morphological dimensions of supramolec- 
ular a s ~ e m b l i c s . ~ ' ~ '  Another recent study focused on the 
aggregation process of conjugated (sexithiophene)/non- 
conjugated [poly(ethylene glycol)] rod-coil copolymers1201 
They all show regular arrangements of microfibrillar 
structures. This fibrillar morphology appcars to be a typical 
signature of the organization of these conjugated copoly- 
mers in the solid state. If; on the other hand, this compound 
is deposited on the surface of a silicon wafer, thin fibrils are 
also formed, but they present a helical shape. The influence 
of substrates is a factor onc has to be aware of. For instance, 
we investigated by means of noncontact AFM, individual 
polyphenylene dendrimers and their self-assembled nano- 

structures, prepared by spin coating and solvent casting on 
various substrates, such as mica: silanized mica, and 
graphite.12" Bcsides globular clusters and monolayers, the 
polyphenylenc dendrimcr self-organizes into micrometer- 
long nanofibers on a graphite surface (Figs. 4a-c). Fibrillar 
nanostructures were also visualized on a silanized mica 
surface, while on a mica surface, the dendrimers only 
aggregate into globular structures. On the other hand, alkyl- 
substituted polyphenylcne dendrimers do not form fibers 
but monolayers, including complex two-dimensional 
arrangements and suprarnolecular ordering.i221 

Of course, the use of AFM is not restricted to the in- 
vestigation of supramolecular structures in the material 
sciences. 'Xrtificial" biomaterials wcrc also reccntly 
probed by AFM. For instance, two-dimensional crystalline 
forms of DNA that self-asscmblc from synthetic DNA 
double-crossover molecules were assembled, and their 
patterned crystals were visualized by AFM. Intermolecular 
interactions between the structural units are programmed 
by the design of "sticky ends" that associate according to 
Watson-Crick Rccently, biohybrids, 
formed by the association of two biotinylated polystyrene 

Fig. 4 (a) Dendrimer structure. (b) AFM image of isolatcd dendrimer molccules on mica. (c) Fibers imaged after solvent casting a 
dilute solution from chloroform. (Reprinted in part or adaptcd with permission from the American Chemical Society.) (d) Structure of 
hiotinylated polystyrene 1; giant amphiphile 2. (e) AFM topographic image of pure polymer I .  (f) AFM topographic image of polymer 
with bound streptavidin 2. The scale bar is 10 pm. (From Ref. [241.) 
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molecules and streptavidin (leading to the fol-n~ation of 
"giant amphiphiles"), were i n ~ e s t i g a t e d . ' ~ ~ '  In addition to 
AFM imaging (Figs. 4d-f). the nature of the monolayers 
was characterized by confocal fluorescence microscopy 
imaging of dye-labeled hybrids. The combination with 
optical techniques brings us to the last technique discussed 
in this entry (SNOM). The analysis of supramolecular 
structures becomes more powerful when topography data 
can be related to spectroscopy data. 

SCANNiNG NEAR-FIELD 
OPTICAL MICROSCOPY 

The SNOM combines the possibilities of AFM and optical 
microscopy. On the one hand. it allows for probing of the 
surface and obtaining information on the topography. On 
the other hand, in aperture SNOM, the probe contains 
an aperture, and the sample can be illuminated locally 
(Fig. 5). The diameter of the aperture at the end of the 
probe is typically of the order of 50-100 nanometer, and 
therefore. the illuminating spot is not diffraction limited. 
Both transmissio~l and tluorescence in combination with 
polarization provide appropriate contrast mechanisms. 

There are a number of excellent reviews on 
S N O M ' ~ ' . ~ ~ '  and its applications in the study of organic 
materials.'271 The reader is referred to these reports for 
detailed information on the technique and some of its 
applications. We focus on some of our results on the use 
of SNOM for illustrating its usefulness in the study of 
supramolecular structures. 

Porphyrin Wings 

'The formation of ring-like structures was observed in the 
evaporation process of organic solutions containing 
porphyrin  derivative^.'^^' In particular, the deposition of 

these solutions on a substrate led to micron-scale ring- 
shaped arrangements of the soluteldispersed materials. 
Using SNOM, a deeper insight into the morphology and 
the local optical properties of solvent-evaporated por- 
phyrin thin films was reached. Evaporation of a lop6  M 
solution of PtP (Figs. 6a,b) in CHC13 on glass yielded 
symmetric rings for which the topography and fluores- 
cence images are highly correlated. The ring diameter 
ranges between 100 nm to 10 pm, while the height of the 
rims, determined from the SNOM topographic image, 
varies between 10-300 nm. The fluorescence intensity 
measured inside the rings equaled the background value, 
indicating the absence of porphyrin material at these 
positions. The use of a more dilute solution ( l o p 7  M) 
resulted in the formation of incomplete ring-shaped 
assemblies that were made from individual isolated 
structures which were observed in the topography and in 
the fluorescence image (Fig. 6c). A f~lrther characteriza- 
tion of the films in terms of the local optical properties 
and molecular organization was perfoimed using fluo- 
rescence polarization imaging. Similar experiments were 
performed using samples prepared by evaporation of 
another porphyrin derivative (BP6)/CH@13 (Fig. 6a) 
solution. For the samples studied before annealing, the 
images corresponding to the different polarization con- 
figuration were identical (images are not presented). On 
the other hand, the annealed sainples exhibit strong 
polarization contrast. When the fluorescence intensity 
distributions in the rings are compared to what was found 
for PtP, a much smoother profile is observed. For the 
BP6 samples, the intensity distribution depends, over a 
longer range, 011 the excitation polarization with parallel 
emission polarization. When the excitation polarization is 
oriented horizontally in the image (Fig. 6e), the upper 
and lower parts of the rings have a relative higher 
intensity than the left and the right parts of the rings. 
Turning the excitation polarization 90" (Fig. 60 results in 

laser 

Fig. 5 Experimental setup of SNOM: The inset is a zoom of the optical fiber end. (Chen~. Com. 2001. 7, 585-Reproduced by 
pernlission of the The Royal Society of Chemistry.) 
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Fig. 6 (a) Porphyrinc derivatives. (b,c) SNOM fluorescence images of evaporated films of PtP/CHCll solutions on glass by solvent 
casting at different concentrations. Scale bar is 10 yrn. (d,c,f) A set of SNOM topographic and fluorescence polarization images 
acquired from a BP6/CHCl3 solution on glass. The orienlation of the excitation polarization is indicated with the white arrows on the 
images. All tluorcscence images arc acquired with a parallel polarization configuration. Scale bar is 1 pm. (Chein. Corn. 2001, 7, 585- 
Rcproduccd by pertnission of the The Royal Socicty of  Chemistry.) 

higher fluorcsccnce intensity Tor the left and right parts 
or the ring. The observed fluorescence pattern can only 
be explained if there is a preferential orientation of the 
molecules in the rings. Using polarized excitation results 
in a preferential absorption of the excitation light at the 
positions where the polarization and the absorption 
dipole of the chromophore are parallel. This results in 
higher fluorescence intensity at the respective positions. 
IT the molecules are schematically presented as disks, the 
orientation should be preferentially perpendicular to the 
sample plane. A possible arrangement of the disks in the 
rings could be one with the planes parallel or perpcn- 
dicular to the radial of the ring. 

CONCLUSION 

In summary, the invention and development of scan- 
ning-probe microscopy techniques opened new way5 

to study supramolecular \y\tems on d i d  supports 
The strength o f  these techn~que\ IS the local nature\ of 
the probing modes and thc~r  general dpplicability, 
even under ambient cond~tlons, combined with the 
high resolut~on 
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Supramolecular Chemistry: Definition 

Jonathan W. Steed 
University o f  Durham, Durl-ram, United Kingdom 

It is an almost impossible task to write a useful definition 
of supramolecular chemistry. The field is ever changing as 
it advances, and researchers will have their own under- 
standing and sets of terminology. Rather than trying to 
limit the field or "claim" certain areas, what follows will 
attempt to be a simple introduction for the newcomer into 
the sorts of areas in which the concepts of supramolecular 
chemistry, broadly defined, may be of some use. In short, 
here are some things to think about to get you started. 

In this article, for a practical exploration of the def- 
inition and scope of supramolecular chemistry, we will 
consider the viewpoint within the following interrelated 
subfields, all of which lend something to our understand- 
ing of supramolecules: 

Molecular host-guest chemistry. 
Solid-state host-guest chemistry ( 

clusion or clathrate chemistry). 
Crystal engineering. 
Supramolecular devices. 
Self-assemblylself-organization. 
Softlsmart materials. 
Nanochemistrylnanotechnology. 
Biological chernistry . 

'also known as in- 

BACKGROUND 

In 1978, Jean-Marie Eehn introduced the modern con- 
cept of supramolecular chen~istry. which he defined as the 
". . .chemistry of molecular assemblies and of the inter- 
molecular bond,"'" although the term itself made a much 
earlier appearance (in Webster's Dictionan in 1903). 
Traditionally, phrases such as "chemistry beyond the 
molecule." "the chemistry of the non-covalent bond," 
and ' "on-molecular chemistry" or even "Lego chemis- 
try" were also used to describe the field. In the beginning, 
supra~nolecules mainly comprised two components. a host 
and a guest, which interact with one another in a nonco- 
valent fashion (Fig. 1). The area rapidly evolved to 

encompass molecular devices and molecular assemblies. 
More recently (2002), Lehn added a further functional 
definition: "Supramolecular Chemistry aims at develop- 
ing highly complex chemical systems from components 
interacting by non-covalent intermolecular  force^."'^' The 
current emphasis is thus on increasing complexity and, 
hence, increasingly sophisticated functionality, and on the 
information stored in molecular coinponents that allows 
this complexity to be achieved. 

Fundamentally, supramolecular chemistry concerns the 
mutual interaction of n~olecules or molecular entities with 
discrete properties. This interaction is usually of a non- 
covalent type (an "intermolecular bond," such as a 
hydrogen bond, dipolar interaction or x-stacking). Key to 
many definitions of supramolecular chemistry is a sense 
of modularity. Supramolecules, in the broad sense: are 
aggregates in which a number of conlponents (of one or 
more type) come together, either spontaneously or by de- 
sign, to form a larger entity with properties derived from 
its components. These aggregates can be of the host-guest 
type in which one molecule encapsulates the other, or they 
can involve mutually complementary, or self-complemen- 
tary, components of similar size, in which there is no host 
or guest (Fig. 2). 

The broad general field of interactions between 
molecules is, in fact, of relevance to a number of loosely 
related disciplines, both within chemistry and at the 
interface of chemistry with biology, condensed matter 
physics, and materials science. Some of these disci- 
plines-particularly solid-state clathrate chemistry and 
biological chemistry (see articles of further interest)- 
predate the rise of modern supramolecular chemistry. as 
shown by the rough timeline of some supramolecular 
illilestones given in Table 1. It would be inappropriate to 
describe workers in this diverse group of disciplines as 
supramolecular chemists. However. the evolving language 
and framework provided by supramolecular chemistry 
facilitates cross-fertilization and communication between 
disciplines concerned with the interactioils between 
molecules (of whatever size and cheinical composition). 
Moreover. a great deal can be learned by the comparative 
study of such loosely related areas, and the juxtaposition 
may inspire important new areas of activity. 

Encyclopedia of Su~~rizmoleculnr Cheini~try 
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Copqright % 2003 by Marcel Dekker. Iilc. All rights reserved 



Supramolecular Chemistry: Definition 

Molecular Chemistry 

molecular precursors Covalent molecule 
chemical nature a-o+w - shape 
redox properties 
HOMO - LUMO gap 
polarity 
vibrat~on and rotation 
magnetism 

Spec~fic charactenstlc, functron orpropertrey - Recognition 
Catalysis 
Transport 

guest host Supvamolecule (complex) . 
degree of order 
interactions between subunits 
symmetry of packing 
intermolecular interactions 

Fig. 1 Coinparison between the scope of molecular and supramolecular chemistry according to Lehn. (From Ref. [I].) (View t h i ~  art in 
color at +vww.dekker.com.) 

MOLECULAR HOST-GUEST CHEMBSTRY electrostatic forces other than those of full covalent 
bonds. . .molecular complexes are usually held together 

A host-guest complex was defined by Donald cram,[" by hydrogen bonding. by ion pairing, by .rc-acid to .rc- 
who shared the 1987 Nobel Prize in Supramolecular base interactions, by metal-to-ligand binding, by van der 

Chemistry, in the following way: Waals attractive forces, by solvent reorganizing. and by 
partially made and broken covalent bonds (transition 
states). . .High structural organisation is usually produced 

Colnplexes are composed of two or more molecules or only through multiple binding sites.. .A highly struc- 
ions held together in unique structural relationships by tured molecular complex is composed of at least one 

Host molecule 

- 
\ 

Small molecular guest 

Supramolecular Host-Guest Complex 

covalent Spontaneous 

(b) - - 
synthes~s 

Small Molecules Larger molecule Self-Assembled Aggregate 

Fig. 2 The development of a supramolecular system from molecular building blocks. (a) Host-guest complexation and (b) self- 
assembly between complementary species (circles represent binding sites). (View this art in color at +r~ww.dekker.com.) 
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Table 1 Timeline showing some milestones of interest in supramolecular chemistry 

1810-Sir Humphrey Davy: Discovery of chlorine hydrate 
1823-Michael Faraday : Formula of chlorine hydrate 
1841-C. Schafhiiutl: Study of graphite intercalates 
1849-F. Wohler: p-Quinol H2S clathrate 
1891-Villiers and Hebd: Cyclodextrin inclusion compounds. 
1893-Alfred Werner: Coordination chemistry 
1894-Einil Fischer: Lock and key concept 
1906-Paul Ehrlich: Tlltroduction of the concept of a receptor 
1937-K.L. Wolf: The term Ubennolekiile is coined to describe organized entities arising from the association of coordinatively 

saturated species (e.g., the acetic acid dimes) 
1939-Linus Pauling: Hydrogen bonds are included in the groundbreaking book The h7atui.e of the Cheinicnl Bond 
1940-M.F. Bengen: Urea channel inclusion coinpounds 
1948-R.M. Powell: X-ray crystal structures of fl-quinol inclusion compounds; the term "clathrate" is introduced to describe 

compounds where one component is enclosed within the framework of another 
1949-Brown and Farthing: Synthesis of [2,2]paracyclophane 
1953-Watson and Crick; Franklin and Wilkins: Structure of DNA 
1953-Max F. Perutz: Structme of hemoglobin 
1956-Dorothy Crowfoot Hodgkin: X-ray crystal structure of vitamin Bi2  
1959-Donald Cram: Attempted synthesis of cyclophane charge-transfer complexes with (NC)2C=C(CN)7 
1961-N.F. Curtis: First Schiff's base macrocycle from acetone and ethylene diamine 
1964-Busch and Jager: Schiff's base rnacrocycles 
1967-Charles Pedersen: Crown ethers 
1968-Park and Sinnnonds: Kutc~pirzand anion hosts 
1969-Jean-Marie Lehn: Synthesis of the first cryptands 
1969-Jerry Atwood: Liquid clathrates from alkyl aluminium salts 
1973-Donald Cram: Spheraad hosts produced to test the importance of preorganization 
1978-Jean-Marie Lehn: Introduction of the term "Supramolecular Chemistry" defined as the ". . .chemistry of molecular assemblies 

and of the intermolecular bond" 
1979-Gokel and Okahara: Development of the lariat ethers as a subclass of host 
1981-Vogtle and Weber: Podand hosts and development of nomenclature 
1987-Award of the Nobel Prize for Chemistry to Donald J. Cram, Jean-Made Lehn. and Charles J. Pedersen for their work in 

Supramolecular Chemistry 
1996-Atwood, Dallies. MacNicol. and Vogtle: Publication of Conz~~reherzsive Sl~pi.ar?zolec~~lal- Cl~enzistr~ containing contributions 

from many key groups and sulnrnarizing the development and state of the art 
1996-Award of the Nobel Prize for Chemistry to Kioto, Smalley. and Curl for their work on the chernistry of the fullerenes 
2003-Award of the Nobel Prize for Chemistry to Agre and MacKianon for their work on channels in cell membranes 

host and one guest component.. .A host-guest relation- 
ship involves a complementary stereoelectronic arrange- 
ment of binding sites in host and guest.. .The host 
component is defined as an organic molecule or ion 
whose binding sites converge in the complex. . .The 
guest component as any molecule or ion whose binding 
sites diverge in the complex.. . 

The key point here is the convergent arrangement 
of binding sites on a host molecule. This disposi- 
tion is deliberately introduced during the host synthesis 
and is an intrinsic property of the host. A preorganized 
host such as the spherand 1 (which binds a Li' guest) 
will maintain a convergent arrangement of binding sites 
at all times, irrespective of the presence of guest spe- 
cies. More flexible hosts such as [I8]crown-6 (2) 
display some flexibility and may undergo a conforma- 
tional change to a more convergent geometry upon guest 

complexation (metals such as R' in the case of 2) 
(Fig. 3). 

Hosts such as E and 2 use their molecular cavity 
(whether preorganized or binding induced) to bind 
effectively to metal cations and were among the first 
modern host systems, The range of guest species is not 
limited to cations, however, and can include hosts for 
anions (e.g., 3, which binds effectively to ~ 1 ~ ' ~ ' )  or 
neutral molecuIes as in cavitands such as 4 that 
complexes cS2.['I 

SOLID-STATE HOST-GUEST CHEMISTRY 

Solid-state host-guest chemistry dates to the discovery of 
chlorine clathrate hydrate by Davey in 1810 and rep- 
resents cocrystaflization of two or more chemically 
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Fig. 3 Molecular hosts (a) preorganiaed spherand. (b) flexible 
crown ether-in polar solvents. the oxygen lone pairs point 
outwards to interact with solvent but converge upon guest binding. 
(Vielv this art in color ut ~s~t~~~~.c lekker .coi~z . )  

NH, 

distinct species. The nature of solid-state host-guest 
complexes was first elucidated by Powell in the 1940s 
using x-ray crystallography. He introduced the t e rn  Enclathrated guest 
"clathrate" to indicate a guest molecule trapped in a 
cavity formed by the host, formally a kind of inclusion 
compound "in which two or more components are 
associated without ordinary chemical union, but through 
complete enclosure of one set of molecules in a suitable 
structure formed by another." More recently. Vogtle and 
lVeberL6' proposed the division of host-guest complexes 
into two general categories accordi~ig to the relative 
topological relationship between guest and host. Cavi- 
tands may be described as hosts possessing intramolec- 
ular cavities. This means that the cavity available for 
guest binding is an intrinsic molecular property of 
the host and exists both in solution and in the solid 
state. Compounds 1-4 fall into this category. Conversely, 
clathrands are hosts with extramolecular cavities (the 
cavity essentially represents a gap between two or 
more host molecules) and is only of relevance in the 
crystalline or solid state. The host-guest aggregate 
formed by a cavitand is termed a cavitate, while clath- 
rands form clathrates. 
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In principle, any cocrystal may be regarded as a clath- 
rate: however. there are certain well-known classes of host 
molecules that regularly and reliably form solid host-guest 
clathrate-type compounds. and in inany cases, these 
materials were extensively studied for a number of dec- 
ades. Typical examples include hydoquinone ( 5 ) ,  urea (6 ) ,  
tri-o-thymoiide (7). cyclotriveratrylene (8), gossypol (9), 
perhydrotriphenylene (lo), etc. Urea clathrates are perhaps 
the most well-known with the urea molecules forming 
double-helical hexagonal channels via N H  . .O=C hydro- 
gen bonds. The channels are able to include long, linear 
guest species such as 12-alkanes (Fig. 4). Guests do not 
usually interact with the channel walls, and packing is 
often incommensurate. However, Hollingsworth et al. 
reported a number of complexes of ketone guests in 
which host-guest interactions result in interesting stress- 
induced orientational changes.'71 

An interesting example of the interplay between solid- 
state clathrands and solution-phase cavitands is provided 
by cyclotriveratrylene (CTV, 8). In the solid state, the 
"saucer-shaped" CTV molecules stack one on top of 
another in the two most common phases (x and P)."] and 
hence, while the molecules possess shallow molecular 
cavities, they do not include guests such as solvent 
molecules, which instead are located in voids between host 
stacks. However. larger guests such as buckminsterfuller- 
ene c ~ ~ , [ ~ ~  organometallic sandwich corn pound^,"^] or 
ca~boranes["~ form intracavity inclusion compounds, and 
the association persists in the solid state, with potential 
applications, for example, in the selective purification 
of fullerene~.[ '~] Thus, CTV is both a cavitand and a 
clathrand. The cavitand behavior of CTV is highlighted 
by the chemistry of the double-CTV cryptophanes that 
form very stable solution complexes with a variety of 
halocarbon 

CRYSTAL ENGiNEERING 

In a recent article."" Dario Braga summed the impact of 
supramolecular concepts in the following way: 

The supramolecular perception of chemistry generated a 
true paradigm shift: from the one focused on atoms and 
bonds between atoms to the one focused on molecules and 
bonds between molecules. In its burgeoning expansion the 
supramolecular idea abated, logically, all traditional bar- 
riers between chemical subdivisions (organic, inorganic, 
organometallic, biological) calling attention to the collec- 
tive properties generated by the assembly of molecules 
and to the relationship between such collective properties 
and those of the individual component. 

In the context of crystal engineering. he goes on to say 
the following: 

When applied to crystalline solids, the paradigm shift 
leads directly from supralnolecular chemistry to crystal 
engineering. What is a (molecular) crystal if not an or- 
ganized entity of higher complexity held together by in- 
termolecular forces (J.M. Lehn)? Who can deny that the 
collective properties of such a giant supermolecule are the 
result of the convolution of intermolecular non-covalent 
bonding between niolecular/ionic components with the 
periodicity of the crystal. 

So, while traditionally crystal engineering had its 
birth in the "topochemistry" of Schmidt.['" or even the 
earlier ideas on control of crystal packing presented by 
Pepinsky in 1955,"'~ the modern discipline is simply 
supra~nolecular chemistry applied to periodic molecular 
solids. The aim is the rational design of interesting or 
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Fig. 4 The hexagonal urea host channel. Two urea helices viewed from the side of the channel and along the channel axis 

functional crystalline materials. For example, a recent 
report by Hosseini et al. of the University of Strasbourg, 
France, demonstrated the designed synthesis of a double 
helical chain in the solid state via the assembly of ligands 
such as 11 and Ag+ (Fig. 5).'18] Hosseini advocates the 
use of the term "molecular tectonics" instead of crystal 
engineering to emphasize the building block nature of the 
discipline (see article on Tectons: Defiizifion and Scope in 
this Encyclopedia). 

There is also continued interest in the systematic 
placement of reactive groups in the solid such that their 
chemical reactivities are determined by the reactants' 
spatial re la t ion~hi~s ."~ '  This was the original premise of 
Schmidt's topochemistry and has important implications 
in modern solventless ("green") s y n t h e ~ i s [ ~ ~ . ~ ~ '  and even 
rnechanoche~n i s t r~ . '~~~  For example, work by MacGilliv- 
ray resulted in the solid-phase photochemical synthesis 
of paracyclophane 12 by a strategy termed "template 
switching" (Fig. 6).r231 

The crystal engineering community is also at the 
forefront of work into new kinds of intermolecular inter- 
actions. Recent single-crystal neutron diffraction studies 
revealed detailed information on OH. . ..n  interaction^'^^' 
and on unconventional hydrogen bonds to metal cen- 
t e r ~ ' * ~ ]  as well as M K  . .HX-type interactions, where MFI 
is a hydridic metal hydrogen moiety, and HX contains 
protic hydrogen.[263271 

Supramssecular Devices 

A supramolecular device is a molecular-level system that 
acts or carries out a function of some kind in the same way 
as a larger-scale device, such as an electronic component 
(switch, rectifier) or mechanical object (motor, spring). 
The basis for the device's operation can be supramolec- 
ular in the sense that two or more components interact in 
a noncovalent manner. This is the case with rotaxane 
13 (Fig. 7), in which the paraquat-derived macrocycle 
switches back and forth between the two biaryl "stations" 
in response to changes in pH. The interaction between 
the paraquat "train" and the two stations on the poly- 
ethyleneglycol "track" is entirely supramolecular and 
involves n-stacking. charge transfer, and CH. . .O hy- 
drogen bonds. 

In the construction of molecular devices, however, the 
focus is on the functional interactions between the com- 
ponents rather than the chemical nature of their connec- 
tivity. This means that a supramolecular device can be an 
entirely covalent molecule if it possesses characteristics of 
a supramolecular nature. Thus, a supramolecular device 
may be defined as a complex system made up of mo- 
lecular components with definite individual properties. 



Supramolecular Chemistry: Definition 

Fig. 5 Double-helical polymer chain formed from an interaction of Ag+ with 11. (From Ref. [18].) (View this art in color at 
~t,l~.\t,.dekker.corlz.) 

These properties are intrinsic to the molecular component. 
whether they are part of the device or not. Another way of 
saying this is that the interaction energy between the 
components of the supramolecular device must be small 
compared with other energy parameters relevant to the 
system. It does not matter, therefore, how the components 
are coilnected in the device (covalently, hydrogen bonded, 
coordination interaction, etc.); all that matters is that each 
component should contribute something unique and iden- 
tifiable with that component alone. within the system. If 
this does not hold true, and the functionality of the system 
is identifiable with the molecule as a whole, as opposed to 
the individual parts, then the complex is best thought of as 
a "large molecule'' and is not supramolecular. 

The relative unimportance of the nature of the bonding 
is illustrated by compounds 14 and 15, both of which are 
devices designed to transport a photoexcited electron from 
the zinc porphyrins to the Fe(II1) center, reducing it to 
F ~ ( I I ) . ' ~ ~ ]  In the case of 14, the link between the two 
compounds is noncovalent, whereas in 15, it is covalent. 

Remarkably. not only are both systems effective at car- 
rying out this process, but the photoelectron transfer rate 
constants of 8.1 x lo9 and 4.3 x 1 0 % ~ '  for 14 and 15, 
respectively, suggest that the carboxylic acid double hy- 
drogen bond ir more effective at transmitting the excited 
electron than the o-framework in 15. despite the fact that 
some dissociation might occur in solution. 

Self-Assembly and Self-Organization 

Strict supramolecular self-assembly involves the sponta- 
neous formation of a multicomponent aggregate under 
thermodynamically controlled conditions based on infor- 
mation encoded within the individual building blocks 
(tectons). The aggregate might comprise only one kind of 
molecule (as in the multiple copies of the same protein 
that comprise the coat of many viruses, such as the tobac- 
co mosaic virus) or more than one type of component. In 
the latter case, the different components are usually mu- 
tually comple~nentary. Strict self-assembly implicitly 

Fig. 6 "Template switch" synthesis of tetrapyridylparacyclophane 12. (From Ref. [23].)  
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Fig. 7 The pH switched molecular switch based on a two-component rotaxane. 

carries with it the notion of reversibility of intercompo- 
nent bond formation in that the final aggregate is the most 
thermodynamically stable structure under the prevailing 
conditions. This means that there is an in-built enor- 
checking mechanism-malformed aggregates are less 
stable than the true minimum energy structure and de- 
compose and are reassembled correctly if sufficient time 
is allowed to pass. Self-assembly processes may be re- 
garded as the result of a series of supramolecular tem- 
plated steps that build the aggregate. In turn, the in- 
teractions and synergy of self-assembled components, 

leading to collective behavior and, ultimately, intelligent 
"soft" functional systems, may be regarded as self-orga- 
nization. The hierarchical sequence of templation leading 
to self-assembly leading to self-organization represents 
the ideal manifestation of the supramolecular information 
concept outlined in the introduction. 

One simple and elegant example of supramolecular 
self-assembly is the synthesis of a molecular cube by Jim 
Thomas from the University of Sheffield, u . K . ' ~ ~ '  
Starting from the simple geometric observation that a 
cube comprises eight corners and 12 edges (a ratio of 
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2:3), Thomas et al. reacted {Ru([9]aneS3)Cl2(0SIWe?)] 
as a "corner" with 4,4'-bipyridyl as an "edge" in a 2:3 
ratio. The result was the displacement of the chloride and 
OSMe2 ligands to give the predicted lnolecular cube 
[{Ru([9]aneS3))s(p-4,4'-bipyridyl)12]'6 16. Thomas' 
faith in the tenets of self-assembly were demonstrated 
by the fact that the reaction had to be allowed to reflux 
for a month before reaching the thermodynamically most 
stable cube structure. In this particular case, the 
"supramolecular" interactions are relatively covalent 
ruthenium(H1)-pyridyl interactions, and the cube structure 
116 is formally a molecule, or a coordination complex 
(albeit a fancy one) rather than a supramolecule in the 
strict sense. However, the slow but inevitable thesmody- 
namically reversible formation of the Ru-N interactions 
obeys all of the same supramolecular rules that the 
hydrogen-bond-driven self-assembly of the DNA double 
helix does. The concepts are transferable even if the 
chemistry is hugely different. 

SofVSmart Materials 

The term "materials" carries with it images of durable 
solids; organic materials like plastics and polymers, or 
inorganic materials like semiconductors and coatings. 
More generally, however, the t e rn  "material" can be 
applied constructively to any (usually solid) chemical 
compound with interesting or useful physical properties. 
We can readily distinguish between hard materials (often 
inorganic) and soft materials (often organic). Soft materi- 
als are held together by supramolecular interactions, such 
as hydrogen bonds, van der Waals forces, or other weaker 
intermolecular bonds. Hard materials involve much less 
easily deformed ionic or covalent interactions. A great 
deal of supramolecular chemistry, particularly the types of 
activities we termed crystal engineering above, represents 
de facto the design and synthesis of soft materials. 

A smart material is a material that can, in effect, make a 
decision based on external stimuli. In other words, it is 
able to sense an external event such as an electrical signal, 
change in pH, or irradiation, and respond with an action of 
some kind (change in binding behavior, cooler, confor- 
mation, etc.). The ability of supramolecular chemists to 
use intermolecular interactions to design and construct soft 
materials (perhaps via self-assembly) may pave the way to 
the tailored design of smart materials. The concept has 
been articulated by Dima Soldatov of the Steacie Institute, 
Canada, and a wealth of detail is contained in his article in 
this Encyclopedia (see Soft and Smart Materials). 

The prefix nano-refers to objects with dimensions approx- 
imately of the order of a nanometer (lop9 m). Broadly 

speaking, there are two approaches to the nanoscale di- 
mension-"synthesizing-up" and "engineering-down." 
The engineering-down approach includes the latest in 
modern techniques for producing electronic components 
and originates in a bulk sense. Engineering-down to the 
nanoscale involves doing the same sorts of things that an 
engineer or artisan does on a macroscopic scale but using 
specialized techniques in order to miniaturize. In contrast, 
the synthesizing-up approach is modeled on biology, par- 
ticular biological self-assembly, and aims to produce 
nanoscale functional components (perhaps with molecular 
device or molecular-scale computing applications in 
mind) by chemical synthesis. The first reports of func- 
tional molecular computing using supramolecular species 
have already begun to appear.1301 Somewhere in between 
these two complementary approaches to the preparation of 
new systems come a variety of scanning-probe-microsco- 
py-based techniques such as STM and AFM (see articles 
on Supermicroscopy: AFM, SNOM, and SXM and Scan- 
ning Tunnelling Microscopy). Because they operate on the 
nanometer scale, these techniques give unique insight into 
molecular behavior. Microscopists are not necessarily 
innocent observers, however, and microscope tips may be 
used to carry out molecular manipulations and redox 
chemistry. Tips may even be modified by attaching a 
probe molecule and using molecular recognition to ex- 
amine a surface. Chemical reactions may even be can-ied 
out by physically pushing individual molecules into close 
mutual proximity using an STM tip.'"'l Chemical assem- 
bly, thus, represents one facet of the preparation and study 
of nanoscale materials, and it is particularly through the 
concepts of self-assembly and self-organization that the 
nanoscale world can be addressed by chemists in a well- 
defined and molecularly precise way. 

BloBogica& Chemistry 

The world of biological molecules is governed almost 
entirely by supramolecular chemistry: hydrogen bonding, 
van der Waals, n-stacking, and hydrophobic interactions 
responsible for protein secondary and tertiary structure; 
enzyme-substrate binding and transition-state stabiliza- 
tion; viral and oligonucleotide self-assembly; intracellular 
sensing and signaling; semiochemistry-supramolecular 
concepts are everywhere. Of course, biochemistry is a 
vast, well-established and distinct field that dwarfs abiotic 
supramolecular chemistry. To date, much of the inspira- 
tion in the latter discipline has come from biology, 
however, and supramolecular chemistry is beginning to 
contribute to the understanding and mimicry of biochem- 
ical systems. While the language of biochemistry is often 
distinct from the parallels in supramolecular chemistry, 
no supramolecular chemist can function without a ru- 
dimentary knowledge of biological principles. Indeed, 
in his article in this E~zcyclopedia on Terminology iiz 
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Self-Asse~nhly. Gerry Sweigers goes a long way toward 
bridging the gap. 

In this article. a brief survey is provided of some critical 
areas in which the concepts that underlie supramolecular 
chemistry have found utility and application. It is a moot 
point whether all such chemical systems should be 
described using the adjective "supramolecular." Indeed, 
Ian Dance of the University of New South Wales made a 
spirited argument in favor of strictly limiting the use of 
the term "supramolecular" to systems that involve the 
"philosophies and strategies of grand assembly." The 
term "grand assembly" is taken to mean "a strategy of 
controlled organization of multiple separate compo- 
nents." This definition is particularly designed to exclude 
"intermolecular" chemistry (well-known weak and long 
interactions between molecules) and more or less elab- 
orate metal coordination compounds that may be de- 
scribed by the language of coordination chemi~try.~'" The 
crucial point is that in any discussion of science. 
nomenclature and language should be precise and 
unambiguous. On the other hand, concepts should be 
flexible and widely applicable. 
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INTRODUCTION 

The field of supramolecular chemistry is concerned with a 
large number of systems ranging from simple host-guest 
complexes to more complicated solution assemblies, as 
well as two-dimensional (organized monolayers) and 
three-dimensional assemblies (crystalline solids). Nonco- 
valent interactions play an important role in the kinetic 
assembly and thermodynamic stabilization of all these 
systems and constitute their most distinctive feature. 
Electron-transfer reactions can obviously be affected by 
supramolecular structures, but the reverse is also true. It is 
possible to alter the structure and the thennodynamic 
stability of supramolecular assemblies using electrochem- 
ical (redox) conversions. In other words, electron-transfer 
reactions can be utilized to exert some degree of control 
on supramolecular aggregates. Provided in this article is 
an overview of the interplay between supramolecular 
structure and electron-transfer reactions. 

REDOX CONTROL ON 
HOST-GUEST COMPLEXES 

Consider a host-guest complexation equilibrium and 
assume that the guest (6) is redox active, while the host 
(N) is not. Obviously, redox or electrochemical reactions 
on the guest introduce pronounced changes in electric 
charge and hydrophobic character. These changes usually 
translate into considerable changes in the stability of the 
corresponding host-guest complex (HG). In other words, 
changes in the oxidation state of the guest will affect the 
equilibrium constant ( K )  for the formation of the com- 
plex. The best way to represent the coupling between 
the electron-transfer and binding processes is through a 
square scheme. such as that shown in Scheme 1. 

En Scheme 1, R and K' represent the binding constants 
corresponding to the association of each of the oxidation 
states of the guest with the host, and E; and B," represent 
the formal potentials for the electron-transfer reactions 
(taken arbitrarily as oxidations in the scheme) of the free 
and complexed guest. These thermodynamic values are 
related by the following equation: 

where n is the number of electrons transferred, F is 
Faraday's constant, R is the ideal gas constant, and T is 
the Kelvin temperature. Clearly revealed by this equation 
is that the molecular recognition of the guest by the host 
may affect its formal potential (EO versus EO'). In fact, 
other electrochemical parameters may also be affected by 
the complexation reactions. For instance, voltammetric 
peak currents, which depend on the effective diffusion 
coefficients of the electroactive species, are usually de- 
pressed by molecular association phenomena, as the dif- 
fusion coefficient of the complex is lower than that of the 
free components. In general terms, this means that elec- 
trochemical techniques are useful experimental tools for 
the study of host-guest binding interactions, provided that 
there is a redox-active center (electrophore) in the guest, 
the host or both.''' 

The chemical literature already contains numerous 
examples of redox control on host-guest binding interac- 
tions, and the topic was the subject of several reviews.1241 
In this article, selected examples that illustrate particularly 
well the possibilities of the research field will be 
presented. As a first example. let us consider the cobalt- 
ocenium ion (Cob+), an 18-electron organometallic com- 
plex that can be reversibly reduced to its neutral form, 
cobaltocene (Cob). The reduced form is hydrophobic and 
is an excellent guest for the water-soluble host P- 
cyclodextrin (P-CD), which has a cavity that also has an 
inner surface with pronounced hydrophobic character. In 
contrast to this, the positively charged cobaltocenium is 
not bound by the b-CD host in aqueous ~olution. '~] This 
system illustrates the idea of electrochemically enhanced 
binding, as the initial and more stable form of the elec- 
troactive guest is not significantly bound by the host, but 
its one-electron reduction triggers the formation of an 
inclusion complex (see Scheme 2), with stability that is 
derived from the hydrophobic character of the guest in its 
reduced form. 

The positive charge on the cobaltocenium ion makes it 
an excellent guest for water-soluble, anionic calix[6]arene 
hosts. Specifically, the hexasulfonatocalix[6]arene (ls-), 
with its structure given in Scheme 3, was shown to bind 
two Cob+ ions on the equivalent binding sites indicated by 
the arrows."' Therefore, one can think of an aqueous 
solution containing cobaltocenium, and the two hosts, P- 
CD and calixarene la-, as a redox-switchable system in 

('1 which, initially, two Cob+ ions form a 2:l complex with 
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H - G ,  HG 

Scheme 1 Square scheme showing the redox and complexa- 
tion equilibria that describe the interactions between a redox 
active guest (6) and an electroinactive host (N). 

the anionic host 1'~. Upon a one-electron reduction of the 
guest to the neutral Cob form. the predominant biinolec- 
ular species in the solution is the 1: 1 inclusion complex p- 
CD . Cob. This example clearly illustrates a case in which 
the oxidation state of the guest determines host selection 
for complex formation. as well as the stoichioinetry of the 
resulting complex. 

The Cob*/P-CD host-guest system can also be adapted 
to the preparation of much larger supramolecular aggre- 
gates in the solutioll phase. For instance, multiple cobalto- 
cenium gro~lps can be covalently attached to the periphery 
of dendrimers. In these macromolecules. the reduction of 
the peripheral cobaltocenium units takes place in just one 
\roltaminetric wave. regardless of their number (dendri- 
mess with 4, 8, 16, and 32 cobaltocenium units were pre- 
pared).'9' This finding reveals that all the reducible 
cobaltoceniurn units are equivalent and show no degree 
of electronic communication with one another on the 
dendrimer surface. When the reduction takes place in the 
presence of excess p-CD host. the reduced cobaltocene 
units are complexed by the freely diffusing hosts. Thus, 
the dendrimer can be considered as a molecular scaf- 
fold for the organized assembly of the CDs upon co- 
baltocenium reduction (see Scheme 4), and this provides 
another interesting example of electrochemically driven 
self-assembly. 

A completely different example illustrates the flexibil- 
ity of this general approach. For instance. the tetracationic 

Cobi Cob 

Scheme 2 Interplay between electron transfer and complexa- 
tion equilibria in the cobaltocenium/~-CD system. (View this art 
ii7 color at ~t,+t;>t..dekker.cm.) 

Scheme 3 Molecular structure of the anionic host hexawlfo- 
natocalix[6]arene at neutral pH. The arrows point to the two 
pockets for the binding of cationic species. 

cyclophane host [z4+, bis(paraquat-p-phenylene)]. forms a 
stable inclusion complex with the guest tetrathiafulvalene 
(TTF). in which the stability of the complex is rational- 
ized by a combination of solvophobic forces and charge- 
transfer interactions between the n-donor guest and the 

Scheme 4 Electrochemically triggered self-assembly of 
P-CD hosts around a dendrimer with four peripheral cobalto- 
cenium units. 
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x-acceptor (4,4'-bipyridinium residues of the host.[101 In 
this case, oxidation of the guest to its cation radical leads 
to complex dissociation due to the loss of d o n o r  char- 
acter by the guest, and, perhaps more importantly, the 
coulombic repulsion between the tetracationic host and 
the cationic guest. The binding affinity can be restored, 
because the one-electron oxidation of the TTF guest is 
fully reversible (Scheme 5). Furthermore, the stability of 
the TTFcyclophane complex can also be decreased by 
the one-electron reduction of the two 4,4'-bipyridinium 
residues on the cyclophane host. This system exhibits 
additional features due to the possibility of further oxi- 
dizing the cation radical TTF+ to yield a dication TTF~', 
which constitutes an excellent guest for the crown ether 
3.[1°' Therefore, the three accessible oxidation states of 
TTF have different selectivities for these two hosts, and 
conditions can be found to form either complex or none. 

Hydrogen-bonding interactions are extremely impor- 
tant in living systems, and their redox control has been the 
subject of a good number of interesting reports. For 
instance, Rotello and coworkers extensively investigated 

Scheme 5 Redox control on the guest properties of TTF in the 
presence of two possible hosts (z4+ and 3). 

Scheme 6 Hydrogen bonding between flavin 4 and diamido- 
pyridine derivative A. 

the binding interactions between the flavin 4 and the 2,6- 
diamidopyridine derivative 5 (Scheme 6)."11 In CHzClz 
solution, the three-point hydrogen bonding between these 
two compounds leads to a shift of + 155 mV in the one- 
electron reduction of the flavin to its anion radical. This 
reflects the enhanced binding constant between 4 . 5  as 
compared to that observed for 4.5 .  The binding pair 
between flavoprotein models, such as 4, and a number of 
diaminopyridine and diamidopyridine derivatives was ex- 
tensively investigated, as it has considerable importance 
to understanding the wide range of redox potentials 
observed in f l av~~ro te ins . "~ '  

Tucker and coworkers prepared and investigated the 
ferrocene-containing host 6, which was specifically de- 
signed to recognize and bind urea and barbiturate de- 
rivatives (Scheme 7).[13] This host binds barbital in 
organic solvents forming a 1:l complex, with a crystal 
structure that was reported. However, the ferrocene 
residue in 6 does not act as an effective voltammetric 
reporter for the binding, because the formal potential for 
ferrocene oxidation shifts only by - 20 mV in the presence 
of excess barbital guest. Drawing from this example, we 
can conclude that the design of redox-active hosts as 

E; Et 

barbital 

Scheme 7 Hydrogen bonding between receptor 6 and barbital. 
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voltammetric sensors poses special requirements, be- 
cause it is highly desirable that the sought-after binding 
event will shift the formal potential o f  the reporter elec- 
trophore as much as possible. T o  accolnplish this goal, 
the molecular design must focus on two fundamental 
points: 1 )  the binding site and the redox center must 
be spatially very close; and 2) the binding event must 
alter the microenvironment around the redox center or 
cause a considerable change in the electronic density o f  
the electrophore. 

Typically, redox conversions in the host or the guest 
give rise to pronounced changes in the stability o f  the 
corresponding complex. The P-CD/Cob+ host-guest sys- 
tem and any complexes between n-donor compounds and 
host 2" constitute excellent exarnples o f  electrochemi- 
cally induced complex formation or dissociation. Further- 
more, in cases where the guest's electron-transfer reaction 
is associated with substantial changes in the host-guest 
affinity, the actual electron-transfer step takes place on the 
free guest. not on the inclusion complex, as both species 
undergo dynamic equilibrium in the solution. This some- 
what surprising fact was first demonstrated by Evans and 
coworkers in a seminal study o f  the electrochemistry o f  
ferrocenecarboxylic acid in the presence o f  the host p- 
CD."" The author's groups reached similar conclusions 
on electrochemical investigations o f  the host-guest 
systems between several ferrocene derivatives and 0- 
CD"" as well as the cobaltoceneIP-CD system.L7' How- 
ever, recent work on the complexation o f  methylviologen 
( M V ~ ~ )  by the host cucurbit[7]uril (CB'I) shows different 
behavior (see Scheme 8).'lb1 The CB7 inclusion com- 
plex o f  MV" exhibits a high binding constant (- 1 x 10" 
E/mol) in aqueous media. However, a one-electron reduc- 
tion o f  the guest to its cation radical MV+ decreases the 
binding constant by a modest factor o f  only two. As a 
result o f  the high stability o f  both complexes, the electro- 
chemical behavior o f  the MV"/MV+ redox couple in the 
presence o f  one equivalent o f  CB7 does not show any 
signs o f  coupling with associatio~l/dissociation chemical 
steps, which reveals that the electron-tranfer process 
actually takes place on the inclusion complexes. 

REDOXCONTROLOFROTAXANES 
ANDGAPENANES 

Rotaxanes are molecules that consist o f  one or more 
macrocyclic rings (wheels) threaded by a linear compo- 
nent (axle) with bulky stopper groups at both ends. The 
sliding, back-and-forth motion o f  the lnacrocyclic rings 
is spatially limited by the stopper groups, which prevent 
axle-wheel dissociation. A catenane is composed o f  two 
or more interlocked macrocycles. The relative positions o f  
the interlocked components in these fascinating molecules 
can be determined to some extent by noncovalent 
interactions, and thus, the possibility to exert interactive 
control by redox conversions quickly became a goal in the 
development o f  molecular machines. A review o f  the 
extensive work in this area is a~ailable."~' Here, we will 
discuss some key examples. 

In collaboration with Stoddart, the authors' group re- 
ported in 1994 a rotaxane in which the relative position o f  
the wheel could be controlled by chemical and electro- 
chemical methods."s1 This rotaxane contains two n-donor 
stations in the axle: benzidine and biphenol. The macro- 
cyclic wheel fcyclophane 2") interacts preferentially 
with the benzidine station. Thus, at 299 K in CHiCN so- 
lution, 84% o f  the rotaxanes have the wheel located 
around the benzidine station, and 16% have it around the 
biphenol group (Scheme 9) .  At higher temperatures, the 
exchange between these two translational conformers is 
too fast in the N M R  timescale, and the lines broaden 
extensively. Electrochemical experiments demonstrated 
that the one-electron oxidation o f  the benzidine station to 
form its cation radical results in the effective translation o f  
the wheel over to the biphenol station."" The wheel 
sliding motion is mostly due to the coulombic repulsions 
that the oxidized, positively charged benzidine station 
exerts on the tetracationic wheel. Switching back to the 
original situation is possible, as the electrochelnical 
oxidation o f  benzidine is reversible under these condi- 
tions. A nice aspect o f  this rotaxane is that similar control 
on the wheel position can be attained by proton-transfer 
reactions, as the protonation o f  the benzidine station leads 

Scheme 8 Electron transfer between the CB7 inclusion complexes of  M V ~ +  and MV+. The structure of three cucurbituril hosts (CB6. 
CB7. and CBS) is shown in the insert at the right. 



Scheme 9 Electrochen~ical switching of the average location of the wheel component (cyclophane z4+) in the rotaxane. taking 
advantage of the reversible oxidation of the benzidine station in the axle. 

to wheel binding on the biphenol's region of the axle. 
Therefore, this rotaxane clearly exhibits properties cor- 
responding to a molecular machine that can be switched 
by electrochernical and chemical means. 

Similar electrochernical and chemical control on the 
conformatio~l of catenanes was reported by the groups of 
Stoddart and Balzani. A prominent example is given in 
Scheme 10. The catenane in question is composed of two 
macrocyclic rings; the first is the already familiar electron- 
acceptor cyclophane z4+, while the second contains TTF 
and binaphthol aromatic donor  unit^.^"' Given that TTF 
is the strongest T-donor, the most stable conformation of 
the catenane has the TTF unit sandwiched between the 
two bipyridinium units of the electro11-acceptor ring. How- 
ever, electrochemical (or chemical) oxidation of the TTF 
unit gives rise to a conforlnational change, as the catenane 
structure nlininlizes the coulombic repulsions between the 
oxidized TTF+ and the tetracationic cyclophane ring by 
inserting the binaphthol unit between the bipyridinium 
groups and leaving the TTF+ unit "alongside." This pro- 
cess is completely reversible, and the reduction of TTF+ 
back to TTF returns this unit to the "inside" position. 

These examples show how redox conversions can be 
utilized to control internal motions and the relative posi- 
tions of functional groups in interlocked structures, such as 
catenanes and rotaxanes. Recently, the groups of Stoddart 
and Heath demonstrated that these compounds can be used 
to build monolayers, anchored with phospholipid counter- 
ions, which exhibit properties like those of solid-state. 
electronically addressable, switching devices.i201 

ELECTROCHEMISTRY OF ENCAPSULATED 
WEDOXCENTERS 

Most redox proteins contain a redox-active group that is 
partially or completely buried inside their polypeptide 
backbones. Clearly, this design is meant to discriminate 
between possible electron-transfer partners, in such a way 
that only those approaching the protein at the right 
locations will be allowed to exchange electrons with the 
redox functional group. Therefore. the electron-transfer 
reactions of encapsulated redox centers are the subject 
of considerable current i n t e ~ e s t . ' ~ ' - ~ ' ~  Mo st groups 
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Scheme 10 Electrochemical switching of the average location 
of the 2" macrocycle in the catellane, taking advantage of the 
reversible oxidation of the TTF unit on the other macrocycle. 

approached this problem by preparing large macro- 
molecules containing redox-active groups covalently 
attached to their cores. In particular, this approach was 
popular in dendrimer chemistry, and a number of 
dendrimers with electroactive cores were synthesized 
and their electrochemical properties in~es t igated .~ '~]  
Generally; dendrimer growth around a redox-active center 
results in the quick attenuation of the corresponding 
electron-transfer rates: although dendrimers with viologen 
cores appear to be exceptions to this trend.i241 This re- 
search topic is still open, and much work must be done to 
fully understand the effects of dendrimer encapsulation on 
the electrochelnical properties of the redox cores. 

An alternative way to attack this problem would rely on 
noncovalent encapsulation. In other words, use host-guest 
interactions to trap a redox active guest inside an electro- 
inactive host. However, full encapsulation is not so easy to 
accomplish. and. as mentioned before, many complexes 
dissociate once the redox-active guest undergoes electron 
transfer. As a result of these complications, the literature 
contains few examples of truly encapsulated redox guests 
by noncovalent means. A few years ago; the author's group 
reported the electrochemistry of ferrocene fully encapsu- 
lated inside Cram's hemicarcerand~. '~~'  This is a case of 
constrictive binding in which the complex is formed at high 
temperatures, at which the collisions between the fersocene 
(Fc) and the host molecules may lead to ferrocene 
encapsulation in the central cavity of the host, by sliding 
through one of the equatorial portals in the hemicarcerand. 

Cooling of this solution to room temperature effectively 
traps the Fc guest inside the host. We prepared hosts 7 and 
8 (Scheme 11) and their respective ferrocene inclusion 
complexes, as previously described by Quan and 
While Fc .7 was only soluble in tetrachloroethane. Fc . 8  
was soluble in dichloromethane and tetrachloroethane. 
Guest release from Fc .8 in CD2C12 was monitored at 25°C 
by 'H-NMR spectroscopy. The half-life for the dissociation 
process was found to be slow enough (tIl2 > 300 h) and to 
provide a long time in which to perform the electrochemical 
experiments with the encapsulated guest.["' 

Voltammetric experiments with F c . 7  in C2H2C14 and 
Fc.8 in C2H2C14 and CH2C12 were performed, and the 
results were compared with those obtained with free fer- 
rocene in the same media. The data showed that en- 
capsulation shifts the half-wave potential for fessocene 
oxidation to more positive values. Also, fersocene encap- 
sulation by either host leads to a decrease in the diffusion 
coefficient and the standard rate constant for the heteroge- 
neous electron transfer.[271 The observed effect on the 
potential values can be rationalized by the poor solvation 
provided by the inside walls of the host to the oxidized. 
ferrocenium ion. On the other hand, the observed decrease 
of the diffusion coefficient is easily explained by the 
increase in the molecular weight (and size) experienced by 
fersocene upon encapsulation inside the massive host. 
Finally, the decreased rate of electron transfer is probably 
the result of the increased average distance between the 
electrode surface and the ferrocene center upon its encap- 
sulation. These results are similar to those obtained with 
dendrimer systems containing a redox center covalently 
attached to their  core^,[^'-^^^ which reveals general agree- 
ment between two different types of experiments. In any 
instance, additional work is necessary to fully understand 

Scheme B B  Structures of Cram's hemicarcerands 7 and 8 for 
the constrictive encapsulation of ferrocene. 
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the ways in which encapsulation and site isolation affect 
electron-transfer reactions in synthetic systems and, by 
extension. in natural ones. 

SUPRAMOLECULAR CHEMVSTRY AT THE 
ELECTRODE-SOLUTION INTERFACE 

Another area of work that received considerable atten- 
tion in the last few years focuses on the design of the 
molecular architecture at the electrode-solution interface 
and the utilization of supramolecular interactions and 
effects to increase the selectivity of the electrode 
response. For instance, several years ago, the author's 
group prepared self-assembled monolayers on gold 
containing B-CD units.1281 The electrode-immobilized 
CD cavities were shown to bind ferrocene at low 
concentrations, increasing the sensitivity of the electrode 
and making possible the electrochemical detection of 
ferrocene under those conditions. Reinhoudt and cow- 
orkers extensively worked on the design and preparation 
of supported monolayers containing preformed binding 
sites.[291 The recent efforts of Nupp and coworkers also 
deserve mention in this area. This group developed 
electrode coatings based on cavity-containing coordina- 
tion compounds. These film coatings are then capable of 
molecular sieving,'"' that is, they can size-select the 
electroactive materials for access to the underlying 
electrode surface, where they can undergo electron 
transfer. 

CONCLUSION 

The work summarized in this article relates to some of the 
most exciting areas of supramolecular chemistry. The 
interdependence of electron-transfer reactions with supra- 
molecular interactions is at the core of the development of 
switchable molecular devices. Furthermore, research in 
areas of supramolecular electroche~nistry may open the 
way for technological applications such as responsive (in- 
telligent) materials. A possible impact in the field of 
electrochemical sensors is also readily visualized from the 
work described here. 
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Supramolecular Isomerism 
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Described in this article is the phenomenon of supra- 
molecular isomerism, using examples derived from 
coordination framework materials. The terminology, as 
applied to this complex area, is discussed via the 
description of "isomerism" within one-, two-, or three- 
dimensional arrays. 

DEVELOPMENTS 

The construction of crystal-engineered frameworks using 
either coordinative bonding or hydrogen-bonding inter- 
actions is an extremely topical area of inorganic and 
materials chemistry. In the case of coordination frame- 
works, notable advances have been made in understand- 
ing the factors that influence network topology using the 
building-block methodology as originally advanced by 
Robson et al."] This straightforward concept of using 
transition metal geometries to develop extended assays is 
highly adaptable, but framework structures can be readily 
influenced by weaker supramolecular forces and by the 
coordinating ability of the anion.'21 Thus, it is possible for 
different forms of the extended array to be formed in 
which the same molecular components are used to con- 
struct the array, but different connectivities or orientations 
are observed. The realization that different forms, or 
'.isomers," of highly related compounds can be form- 
ed led to a dilemma of how such compounds can be de- 
scribed most usefully. Confusion, and conflicting 
opinions. have resulted in a variety of terminologies be- 
ing used in the literature, which we seek to clarify in 
this article. 

TERMINOLOGY 

A large number of terms have been used to describe 
forms of isomerism in extended supralnolecular arrays 
observed in the solid state. These include architectural 
i~omerism,~" topological i ~ o m e r i s m , ' ~ ~  and older terms 
that have specific and often well-defined meanings, in- 

cluding polymorphism, pseudopolymorphism, and struc- 
tural is~merism.~" 

The term "supramolecular isomerism" was first used 
by ~ a w o r o t k o [ ~ l  to describe distinct forms of highly 
related coordination polymer materials. This is compli- 
cated by the observation that supramolecular isomerism 
for a given network system is commonly combined with a 
variation in guest solvent molecules within the extended 
structure. Variation of guest molecules within a frame- 
work does not, of course, define new supramolecular 
isomers of the framework if the latter is unchanged. In 
a recent review, Zaworotko et al."] stated that supramo- 
lecular isomerism is closely related to the "well- 
documented subject of polymorphism in crystalline 
solids." Zaworotko defined supramolecular isomerism 
in this context as "the existence of more than one type 
of network superstructure for the same molecular 
building blocks" and related the phenomenon "to stluc- 
tural isomerism at the molecular level." 

Supramolecular isomerism represents a broad term for 
which the following subdivisions need to be considered: 

Class I. Frameworks built from the same molecular 
components using the same interactions, i.e., supra- 
molecular synthons (M-L, H-bonding, etc.), giving rise 
to the same localized connectivities but different 
fralnework topologies. 

Class 11. Frameworks built from the same molecular 
components using different interactions, i.e., supramo- 
lecular synthons (M-L, H-bonding, etc.), giving rise to 
different framework topologies. 

Class 111. Frameworks built from the same molecular 
components but with different noninteracting guest 
molecules giving rise to different framework topologies. 

All of these subdivisions of supramolecular isomerism 
can be related to previously used terminology; thus, Class 
I can be considered as polymorphism; Class IT as structural 
isomerism, and Class IT1 as pseudo-polymorphism. 

Other subsets of these classes also exist that can be 
considered as further forms of supramolecular isomerism 
but that are perhaps Inore usually associated with ino- 
lecular species. Therefore, the term supramolecular isom- 
erism offers little additional information. In particular, 
conformational changes of one, or more; of the molecular 
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constituents of the extended array can lead to isomeris~n 
of the supramolecular array. Similarly, it is possible to 
prepare chiral frameworks for which two enantiomers 
can be envisaged and often isolated. Another f o m  of 
isomerism. classified as a subset of supramolecular isoni- 
erism, is catenane isomerism, which distinguishes be- 
tween catenatedlinterpenetrated and noncatenatedlinter- 
penetrated forms. 

We will now discuss the classes of supramolecular 
isomerism using illustrative examples to show the com- 
plexity of the issues that arise in this area. 

Class I-Polymorphic 
Supramslecular isomers 

We define polymorphic supramolecular isomers as 
suprarnolec~~lar fraineworlts built from the same molec- 
ular components using the same interactions, i.e., supra- 
molecular synthons (M-L, H-bonding, etc.). in all isomers 
giving rise to the same localized geometries but different 
framework topologies. To illustrate this terminology, we 
outline three exan~ples of this class of isomerism. 

Two distinct poly~norphic supraruolecular isomers of 
{[Ag(4-CNpy)21BF~} (4-CNpy = 4-cyanopyridine) 
have been reported.[si In both isomers, each Ag(I) cation 
is coordinated by two pyridyl and two nitrile donors. In 
the first isomer, the Ag(I) cation adopts a flattened 
tetrahedral environment in which both pyridyl and nitrile 
donors adopt con~en t iona l  Ag-W bond lengths, 
[Ag-N(,,,-,. 2.270(5) A: Ag--N(rn,. 2.350(10) A]. 
Propagation of the polymer via the 4-cyanopyridine 
ligands from these tetrahedral nodes results in the formation 
of a three-dimensional diamondoid assay (Fig. la), which 
exhibits fourfold interpenetration. 

The second isomer of {[Ag(4-CNpy)2]BF4],x shows a 
distorted square-planar geometry at Ag(1) with different 
bond lengths for Ag-N(,,,) and Ag-NLcN), [Ag-N,,,,,, 
2.175 A; .4g-NccN): 2.71(i), 3.06(1) A]. Thus, the two 

Fig. 1 Class I supramolecular isomers of {[Ag(4- 
CNpy)2]BFd} ,. in which the flexible Ag(1) coordi~lation ge- 
ometry leads to three-dimensional diamondoid (a) or two- 
dimensional (4.4) grid structures. 

Ag-N(cNl contacts can only be considered as weak 
interactions. Polymeric propagation via the bridging 
ligands in this isomer results in a two-dimensional sheet 
structure of (4,4) topology (Fig. lb), in contrast to the 
three-dimensional diamondoid assay observed in the first 
isomer. The difference in polymeric dimensionality of the 
two compounds, i.e., two- versus three-dimensional, is 
therefore a direct result of the different geometries adopt- 
ed at the Ag(I) cation, square-planar versus tetrahedral. 

Cu(TCWQ) (TCNQ = 7,7,8.8-tetracyanoquinodi- 
methane) exists as two polymorphic supramolecular 
isomers; which have been described as polymorphs by 
the original authors.i91 The two isomers exhibit distinct 
morphologies, needle (A) and platelet (B), and different 
magnetic and charge-transport properties. Interestingly. 
Isomer A can be converted to Isomer B by simply 
suspending Isomer A in MeCN solution for several days. 
Structural characterization of the two isomers shows that 
they exist as doubly interpenetrated three-dimensional 
coordination polymers in which the Cu(1) center is bound 
by four nitrile donors from four separate TCNQ ligands. 
The isomers exhibit subtly different fo~u-coordinate 
geometries that lead to significantly different three- 
dimensional topological arrangements. Whereas, in Iso- 
mer A; neighboring TCNQ ligands around the Cu(1) 
center are rotated through an angle of 90" with respect to 
each other, in Isomer B, infinite assays of coplanar TCNQ 
molecules are arranged in the same orientation but in two 
perpendicular planes. 

The  ser ies  of compounds [M(dca)2(pyz)] ,  
(M = Mn,['O."l Co ['"I Ni,llo1 Cu I121 Zll;l"'l dca = 

dicyanamide, pyz = pyrazine) forms two distinct isomers 
termed the r and p forins. In both cases. the M(II) cation 
is coordinated by four dca nitrile donors and by two 
pyrazine donors that adopt a IFUTZS assangement. Thus, 
essentially the same coordination sphere is adopted at the 
M(II) cationic network node. In the case of the Cu(II) salt, 
Jahn-Teller distortion is observed via elongation of two 
of the dca nitrile-copper Cu-N 

In r-[C~(dca)~(pyz)],. the dca ligands bridge each 
Cu(l1) cation to four nearest-neighbor metal nodes forming 
a square-grid framework derived from [ M ( d ~ a ) ~ l ,  
units. The pyrazine ligands link these [ M ( d ~ a ) ~ ] ,  square- 
grids into a three-dimensional %-Po network (Fig. 2a) 
which exhibits two-fold interpenetration. In contrast, 
in fi-[Cu(d~a)~(pyz)] ,, the dca ligands bridge metal 
centers via double bridges such that each M(II) is only 
linked to two other metal nodes leading to [M(dca)?], 
chains. These chains are then linked through bridging 
pyrazine ligands to give two-dimensional sheets with a 
square-grid topology, if one considers the double-bridges 
as a single link (Fig. 2b). Interestingly. in the case of 
[C~(dca)~(pyz)],, the r form can be converted. over a 
period of hours. to the B isomer by suspension of the r 
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Fig. 2 Class I supramolecular Iromers (a) Y-[M(d~a)~(pyz)], , 
a three-dimensional coordination framework with Y-Po topo- 
logy and (b) ~-[EvI(d~a)~(pyz)], . a two-d~mens~onal iramemork 
(M = Mn, Co. XI, Cu, Zn) (Vle~t thzs art 111 color at 
ILU ~t rlekker conz ) 

form in aqueous solution: this interconversion of phases 
is not observed for other metal cations. 

Class II Structural 
Supramolecular isomers 

We define structural supramolecular isomers as supramo- 
lecular frameworks built from the same molecular 
components using different supramolecular interactions. 
Examples of structural suprainolecular isoinerism in 
coordination polymers are relatively rare, which probably 
reflects the requirement of inultiple interactive inodes 
being present in a single building-block, ligand, or 
hydrogen-bonding moiety. 

The coluplex [Cu(SCN)(dpt)) , [dpt = 2,4-bis(4-pyr- 
idyl)- l.3.5-triazine] exhibits structural supramolecular 
isomerism. with the two isomers adopting either a three- 
dimensional lattice A or a one-dimensional ribbon poly- 
mer f3 . ' I3 '  Isomer A exhibits N3S binding via two dpt 
ligands and two S C N  anions. The chains of (CuSCN), 
are single stranded and are linked via bridging bidentate 
dpt ligands (Fig. 3a); therefore, S C N  anions and dpt 
ligands lead to polymer propagation. The (CuSCN), 

chains on opposing ends of any given dpt ligand are 
orthogonally disposed. leading to the three-dimensional 
framework structure with a 6'.8 topology [Cd(S04)-type 
structure]. Such frameworks have been previously ob- 
served for coordination polymers with bridging bipyridyl 
ligands, but this structural type is more commonly 
associated with square-planar metal centers. ' 1 1  151 

Isomer B of [Cu(SCN)(dpt)] , exhibits a one-dimen- 
sional ribbon polyiner structure constructed from dpt- 
decorated (CuSCN), stair-polymers (Fig. 3b). Each 
Cu(1) center adopts a N2S2 coordination sphere formed 
by three SCN- anions and a single dpt ligand. In contrast 
to Isomer A, each dpt ligand is only monocoordinated 
and, therefore, is not involved in polymer propagation. 

Class 811 Pseudopolymorphic 
Supramolecular Isomers 

We define pseudopolymorphic supramolecular isomers as 
supramolecular frameworks built from the same molec- 
ular components but with different noninteracting guest 
~nolecules giving rise to different framework topologies. 

The complex [ (C~l)~(bpds)]  , [bpds = bis(4-pyridy1)- 
disulfide] adopts two different structural motifs depend- 
ing upon the solvent of crystallization. In both cases, the 
[(C~l)~(bpds)] ,  consists of Cu414 cubane tetralners 
linked by two bpds ligands to form a square-shaped 
cavity.'" When crystals of [(C~I)~(bpds)] ,  are grown 
from EtCN/CH2C125 the tetrahedral Cu414 cubane junc- 
tions are linked by bpds ligands to give a necklace 
structure, {[ (C~I)~(bpds)]  . 0.5 EtCN}, (Fig. 4a). The 
tetrahedral geometry of the Cu414 cubane results in 
alternating square-shaped units being orientated perpen- 
dicular to each other in adjacent links of the necklace, 
with the square-shaped cavities packed to give channels 
that accommodate EtCN molecules. 

Fig. 3 Class I1 supramolecular isomers of [Cu(SCN)(dpt)] , . 
in which the different (CuSCN), motifs lead to the formation 
of three-dimensional (a) or one-dimensional (b) coordination 
polymers. (Vielz this ari it7 color at 1z>zw.c1ekker.com.) 
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(b) * - +  1-1 *-  

Fig. 4 (a,b) Two Class I11 supramolecular isomers of 
[(CuI)2(bpds)], [bpds = bis(4-pyridy1)disulfidel in which 
Culll cubane tetramers are linked via bridging bipyridyl ligands. 
(Vielt. tlzis art  in color at u.~t.~r..dekker.coin.) 

Use of MeCNICH2C12 as the crystallization solvents 
results in a different isomer; { [ ( C ~ I ) ~ ( b p d s ) ]  . 0.5 
MeCN} , . As in the first isomer discussed. Cu414 cubane 
tetramers are linked by two bpds ligands to form a square- 
shaped cavity. However. the tetrahedral junctions of these 
cubane units now allow these squares to interlink J ria ' two 
further bpds ligands. forming a tubular polymer (Fig. 4b). 
Despite interdigitation between adjacent tubular polymers, 
the packing arrangement allows the formation of two 
criss-crossed channels occupied by MeCN solvent mole- 
cules. Powder X-ray diffraction studies confirm that the 
formation of each isomer is exclusively dependent on 
solvent of crystallization. As both isomers of [(CUI)~- 
(bpds)] , are formed under similar reaction conditions, but 
with a change in the nitrile solvent. it is reasonable 
to conclude that there are oniy relatively minor, but 
significant. energy differences in the formation of the 
two polymers. 

A wide family of network architectures can be formed 
when hf(WQ3)2 (M = Co, Ni, Cd) salts are reacted with 
bridging bipyridyl l i g a n d ~ . [ ~ ~ ' ~ - ~ ' ~  Many of these com- 
pounds adopt a seven-coordinate geometry in which the 
metal center is coordinated by two chelating nitrate 
anions, leaving th

r

ee sites for pyridyl ligation, arranged in 
a m e y  configuration in the equatorial plane of a 
pentagonal bipyramid. These compounds have a T-shaped 
asrangement of pyridyl sites and have been shown to 
adopt a range of coordination polymer architectures, 
including l a d d e ~ . " ~ . ~ "  ~ i l a y e r , ~ ' ~ " ~ . ~ ~ ~ ~ ~  three-dimen- 
sional architectures,i191 h e r r i n g b ~ n e , ~ ~ ~ " ' ~ ~  and brick- 
wallL2" motifs. Systems that exhibit architectural flexi- 
bility are particularly likely to exhibit supra~nolecular 

isomerism, and this is the case for the family of 
compounds, [Co2(N03)d(4,4'-bipy)3], . The supramolec- 
ular isomerism exhibited by this particular system was 
extensively studied, and it was shown that the architecture 
adopted by [Co2(N03)d(4,4'-bipy)3],x is highly dependent 
on the nature of guest species included in the host. Thus. 
Co(N03)2 reacts with 4,4'-bipy in either MeOFIICHCl3 or 
MeOWMeCN to afford the complex { [ C 0 ~ ( N 0 ~ ) ~ ( 4 , 4 ' -  
bipy)'] . solv}, (solv = MeCN or CHCI;), which exhi- 
bits a ladder motif, Isomer A (Fig. 5a).l16] Despite the 
cavity between the rungs of the [Co2(NO;)4(4,4'-bipy)3], 
ladder being large enough to allow interpenetration of 
further ladders. the structure exhibits no such interpene- 
tration but rather includes guest solvent molecules, CHC13 
or MeCN in the two reported instances. 

In contrast, reaction of CO(NO;)~ with 4,4':bipy in the 
presence of CS~"'] or ~ ~ 0 [ ~ ~ ~  affords a molecular bilayer 
motif. Isomer B, in which each Co(l1) center still acts as a 
T-shaped connecting junction. The guest molecule, CS2 or 
H20,  is clathrated within the framework and presumably 
acts as a template for the formation of the bilayer motif. 

Reaction of C O ( N O ~ ) ~  with 4,4'-bipy in the presence of 
pyridine and benzene templates leads to the formation of a 
further structural motif."91 In this case, a three-dimen- 
sional lattice (Fig. 5c) is observed which again is a 
supramolecular Isomer C of the ladder structure. In this 
structure, the T-shaped connections are arranged such that 
pairs are oriented at 180" with respect to each other and 
then at 90" to the adjacent pair of connections. This affords 
a complicated three-dimensional lattice that is triply 
interpenetrated, leaving channels that are occupied by 
guest benzene solvent molecules. 

These three distinct architectures of the [Co2(N0&- 
(4,4'-bipy);] , family all contain guest solvent molecules, 

Fig. 5 Coordination fra~neworks constructed using a T-shaped 
connecting unit: (a) ladder: (b) bilayer: (c) three-dimensional 
framework; (d) herringbone; and (e) brick-wall motifs. (View 
thi ,~  ar t  irz color at 1tww.dekker.com.) 
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MeCN, CHC13 (ladder),[16] CS2: H 2 0  (bilayer),['7.181 
benzene (three-dimensional framework)[lgl and, thus, 
can be considered pseudopolymorphic supramolecular 
isomers. Of course, it is a debatable point as to whether 
the guest molecules are "noninteracting." At the least, 
the molecules will act as shape templates encouraging the 
formation of one supramolecular isomer over another or 
will act as kinetic templates. However, one method of 
assessing the extent of host-guest interaction is to 
investigate the ease of guest removal and the stability 
of the guest-free framework. In this respect, it is notable 
that the bilayer motif of [M2(N03)4(4,4'-bipy)3], 
(M = Co, Ni, Zn) shows that not only is this structure 
robust to guest removal, but it also adsorbs N2, CH4, 
02,[ls1 C02, N20, M ~ O H , [ ~ ~ ]  and E ~ o H . [ ~ ~ ~ ~ ~ ~  This indi- 
cates that host-guest interactions are not sufficiently im- 
portant in the final product such that upon guest removal 
the host framework is structurally robust. 

The reactions of CO(NO?)~ with the elongated analog of 
4,4'-bipyridine, 1.2-bis(pyrid-4-yl)ethyne, have also been 
studied, and supramolecular isomers have been pre- 
pared.122.231 Two isomers have been structurally charac- 
terized, the familiar ladder motif (Fig. Sa) and a 
herringbone structure (Fig. 5d), both using a Co(N- 
03)2(py); as a T-shaped junction. The two isomers can be 
produced from the same reaction mixture (MeOHI 
M ~ c N ) , [ ~ ~ ]  but samples of pure ladder material can be 
isolated from an acetone-E+OH mixture.L231 The ladder 
structure is analogous to those observed previously. except 
that the ladders interpenetrate in a perpendicular fashion to 
afford a polycatenated three-dimensional structure. Each 
square-space between the rungs of the ladder is filled by two 
other square units from two further perpendicular ladders. 
In the case of the second, "herringbone" isomer triple 
parallel interpenetration gives rise to a polycatenated two- 
dimensional sheet."21 Powder x-ray diffraction studies of 
the products from simple precipitation reactions of 1.2- 
bis(pyrid-4-y1)ethyne and C O ( N O ~ ) ~  yield intriguing 
results.[231 If an acetone solution of CO(NO?)~ is added to 
a solution of the ligand in EtOH, then pure samples of the 
interpenetrating ladder compound are isolated, but if the 
addition process is reversed, then powder x-ray studies 
reveal that the product is ca. 20% ladder and 80% of a 
further structural motif, the brick-wall (Fig. 5e). The brick- 
wall structure is highly related to the herringbone motif but 
with a different orientation of the rectangular cavities 
within the structure. These results further reinforce the 
subtle differences between the different supramolecular 
isomers based on the CO(NO?)~ unit. 

Reaction of CO(NO?)~ with 1,2-bis(pyrid-4-y1)ethane 
in a 1 :3 ratio affords three different pseudopolymorphic 
supralnolecular isomers of formula { [ C O ~ ( N O ~ ) ~ ( ~  $2- 
bis(pyrid-4-yl)ethane);] . x(guest)} , , depending upon 
the ternplating conditions used.i61 In all three cases the 

Fig. 6 Class I11 supramolecular isomers of { [ C 0 ~ ( N 0 ~ ) ~ ( 1 , 2 -  
bi~(pyrid-4-yl)ethane)~] .  guest)} , , (a) isomer exhibiting 
ligands with both gauche and anti ligand conformations to afford 
a one-dimensional polymer; (b) isomer again containing both 
gauche and anti ligand conformations. but in this case. forming a 
two-dimensional bilayer structure. (View this art in color at 
www.dekker_ corn.) 

Co(I1) cation is coordinated by two nitrate anions in a 
bidentate fashion to form a T-shaped C O ( N O ~ ) ~ ( ~ Y ) ~  
junction, but the 1,2-bisfpyrid-4-y1)ethane ligand is flex- 
ible and can adopt either gauclze or anti isomers. When 
crystallized from MeOWMeCN, the complex illustrated 
in Fig. 6a is isolated, in which two ligands adopt a gauche 
arrangement and link two C O ( N O ~ ) ~  units in a square- 
shaped unit which are then linked by ligands in the anti 
arrangement into a one-dimensional polymer. In complete 
contrast, if the crystallization process is performed in 
MeOWMeCN but in the presence of a ferrocene-tem- 
plating agent, then a molecular bilayer structure is formed. 
For every ligand in a gauche conformation, two ligands 
in an anti conformation are observed in the structure. 
The ligands in the anti configuration bridge T-shaped 
CO(NO;)~ junctions in a linear arrangement, and these 
chains are then linked through the gauche ligand to form 
the bilayer structure (Fig. 6b). By varying the solvent 
combination to MeOH/CHC13, a more familiar molecular 
ladder motif (Fig. Sa) is formed in which the ligands adopt 
anti conformations. As with the 4,4'-bipy analog of this 
complex, the spaces between the rungs of the ladder are 
filled with guest CHC1; solvent molecules that inhibit in- 
terpenetration of adjacent ladders. The supramolecular 
isomerism observed in these cases arises by variation of 
the conformation of the 1,2-bis(pyrid-4-y1)ethane ligand 
building block. Zaworotko described this type of supra- 
molecular isomerism as 'konformational supramolecular 
isomerism."[71 With the aim of simplifying the ter- 
minology in this area, we suggest that the example of 
supramolecular isomerism described in this family of 
compounds be classified as pseudopolymorphic supra- 
molecular isomerism (i.e.. Class III), as many instances 
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of supramolecular isomerism will also exhibit minor 
differences in the arrangements of the ligand or other 
building blocks within the overall network structure. 

It is clear from the examples discussed that supramolec- 
ular isomerism can be encountered in a range of systems. 
Such isomerism is particularly important when there are 
only subtle energy differences between highly related 
structures. This is clearly the case when the metal 
coordination environment remains the same in the 
different isomers (Class I and 111). and so the differences 
in structure arise purely through different orientations of 
metal nodes within the coordination polymer. For Class 
11, structural supramolecular isomerism. it is rare to 
observe such a subtle balance between different metal 
coordination spheres, and this is reflected in the small 
number of examples of this type of isomerism. 

In conclusion. we seek in this article to clarify the 
terminology used to describe supra~nolecular isomerism 
observed in coordination polymer frameworks. The ter- 
minology used has wider implications and can readily 
be applied to hydrogen-bonded arrays and also to non- 
polymeric architectures. 
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INTRODUCTION 

Over the two last decades, the pharmaceutical industry has 
gone to great lengths in the development of combinato- 
rial methods for drug discovery. Although combinato- 
rial chemistry has perhaps not been able to live up to the 
overstretched expectations, it claimed its rightful place as 
another tool among the diverse approaches toward drug 
development. Combinatorial methods are now starting 
to penetrate other fields of science, where they can be 
efficient tools for exploring structural space just beyond 
the boundaries of what we know; understand, and can 
predict. in this article, we summarize the progress made 
using combinatorial libraries of noncovalent assemblies. 
These libraries were mainly developed for the discovery 
of supran~olecular receptors for small guest molecules, 
although some work was also carried out on the com- 
plementary approach, where libraries of noncovalent as- 
semblies were screened for affinity for biological targets. 

Supramolecular assemblies held together by noncovalent 
forces have some unique characteristics. Even the stron- 
gest of the noncovalent forces (metal-ligand coordination 
and hydrogen bonding) tend to be weak enough to allow, 
under relatively mild conditions, for the exchange of 
the building blocks that make up the assemblies. This 
reversibilitp ensures that, upon mixing different supramo- 
lecular building blocks together. the composition of the 
resulting library is typically controlled by thermodynam- 
ics rather than by kinetics. Hence, most libraries in which 
building blocks are held together by noncovalent interac- 
tions are dynamic combinatorial libraries (DCks).["l 
Because of the possibility of interchange of building 
blocks. DCLs are able to respond to external influences. 
For instance, other noncovalent interactions can be used to 
shifi the equilibria (and. hence, the library distribution). 
Thus, after introduction of a guest into a DCL of hosts. 
binding of the guest to the best available host will lead 
to stabilization of this host, which induces a shift in the 
equilibrium. The best host will be amplified at the 
expense of the inferior receptors (Fig. 1). Screening the 

libraries for the best receptors is then simply a matter of 
comparing product distributions before and after addition 
of the guest. 

RECEPTORS FROM LIBRARIES OF 
NONCOVALENT ASSEMBhllES 

In early work in 1995, just before the concept of dynamic 
combinatorial chemistry was first explicitly recognized,[41 
Hamilton et al. screened a combinatorial library of ru- 
thenium bis(terpyridy1) complexes.[" From five differ- 
ently substituted terpyridine ligands, a series of 15 
different coordination complexes was synthesized and 
isolated. The library was screened for affinity for 
dicarboxylate or diammonium guests using microcalo- 
rimetry or picrate extraction. and several receptors were 
identified (Fig. 2). 

More recently. Morrow and coworkers developed a 
dynamic combinatorial approach to identify complexes 
that extract metal ions [Zn(II) and Cd(II)] from an 
aqueous phase into organic ~olution. '~ '  Diversity was 
achieved on a covalent level and on a noncovalent level: 
metal ions were extracted into the organic phase by 
coordination to two Schiff base ligands, each of which 
was assembled from an aldehyde or ketone and an amine 
through reversible covalent bond formation. In a more 
recent study, the authors used a set of 25 acylhydrazones 
as ligands.17' Although. in theory. diversity in these 
systems can be achieved through hydrazone exchange as 
well as metal-ligand exchange, the former process was 
found to be too slow for practical use. Under thermody- 
namic control, the product distribution of the libraries will 
be biased toward the most stable complexes. This might 
be beneficial, as extraction efficiency is likely to be 
correlated with complex stability. However, other factors 
not directly correlated to stability, such as the solubility of 
the complex in the organic phase, will influence the 
efficiency of extraction. 

Huc, Lehn. and coworkers used the coordination of 
bipyridine ligands to Cu(I) or Pd(II) metal centers to form 
four-coordinate tetrahedral or square-planar complexes, 
respectively.[81 Mixing two bipyridine ligands. one with 
and one \vithout hydrogen-bonding capabilities, resulted 
in the formation of a small dynamic library of three 
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Fig. 1 Free-energy landscape of a small dynamic combinatorial library of potential receptors. Addition of a guest that is selectively 
bound by one of the receptors leads to the formation of an additional free-energy well and shifts the equilibrium in the direction of the 
fittest host. (View this art in color at www.dekker.com.) 

possible ternary complexes. Introduction of guest mole- 
cules presenting complementary hydrogen-bond recog- 
nition motifs resulted in modest shifts in thc equilibrium 
in favor of complexes that maximize host-guest hydro- 
gen bonding. 

Work on combinatorial supramolecular libraries nearly 
exclusively uses metal-ligand interactions to hold the 
assemblies together. Crego Calama, Timmcrman, Rein- 
houdt: and coworkers, however, used well-known com- 
plementary hydrogen-bond motifs to build up supramo- 
lccular structures of impressive complexity. Three 
calix[4]arene units ( la)  each functionalized with two 
melamine groups and six complementary barbiturate 
building blocks (2) sclf-assemble cooperatively into a 

superstructure that is held together by 36 hydrogen 
bonds (Fig. 3). By starting from two different calixarene 
building blocks (not shown) the researchers were able to 
build a small DCL.'" I M R  studies indicated rapid 
exchange of building blocks at room temperature. In a 
separate study, the authors prepared a calixarene function- 
alizcd with two melamine and two Zn-porphyrin units 
(lb)."O1 The Zn-porphyrins have an affinity for nitrogen 
ligands, giving the resulting structures potential receptor 
properties. Mixing the barbiturate 2 with the parent 
calixarene l a  and the porphyrin-functionalized calixarene 
ltb generated a small DCL of four superstructures with 

Fig. 2 Some of the first receptors identified using a com- 
binatorial approach. (Adapted from Ref. 151.) 

different numbers of Zn-porphyrin recognition sites. 
Addition of a tripyridine guest (3) resulted in a shift of 
the equilibrium in favor of the host-guest complex 
(1b)32632, forcing the remaining l a  to form 
After addition of the guest, no mixed l a l b  structures 
could be detected. 

In recent work in our laboratories, we used the effi- 
cient coordination of phosphine ligands to Rh(II1) por- 
phyrins to construct DCLs of mixed-metal arrays of 
Zn(l1)- and Rh(II1)-porphyrins (Fig. 4j.'"' The porphyrin 
building blocks 4 and 5 are bifunctionalized, thus al- 
lowing access to a theoretically unlimited range of linear 
and macrocyclic oligomeric structures. Using the inter- 
action of Zn-porphyrins with the nitrogen ligand 4,4'- 
bipyridine led to the selection and quantitative amplifi- 
cation of host-guest complex 6. 

The last two examples demonstrate convincingly how 
host-guest interactions can quantitatively transform a 
complex mixture into the optimal host, illustrating the 
power of dynamic combinatorial chemistry for selection 
and amplification of the fittest receptors. 

DYNAMIC LIBRARIES OF 
NONCOVALENT CAGE COMPOUNDS 

Cage-like compounds are among the more complex 
supramolecular structures and are formed through the 
connection of tripodal or even more complex building 
blocks in a specific manner. It is perhaps one of the 
areas in supramolecular chemistry that has benefited 
most from noncovalent thermodynamically controllcd 
synthetic methods. 

Rebck and coworkers extended their studies on the 
hydrogen-bond-bascd self-assembly of tetramesic cap- 
sules around guest molecules using a combinatorial 

Starting from two different monomers, a 
small dynamic library of guest-filled capsules was 
produced. The distribution of capsule compositions was 
analyzed by MS and found to depend on the nature of the 
guest, with methylquinuclidinium cation as the most 
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Fig. 3 Self-assembly of three calix[4]arenes ( l a )  functionalired u-ith two melamine groups and six complementary barbiturate 
building blocks (2) into a (la),& superstructure. Mixing in of another calixarene building block fu~lctionalized with Zn-porphyrin units 
(Ib) generates a small DCL of four superslructures. Addition of a tripyridine guest (3) shifts the equilibrium in favor of the host-guest 
coinplex (lb)326.32. (Adapted frorn Refs. [9] and [lo].) 

selective guest amplifying the formation of the largest cholate ligands linked together by Ga(IT1) metal centers.'"' 
capsule. Similar, but less clear-cut, changes in product The ligands are predisposed to assemble into tetrahe- 
distribution were observed in a more diverse library made dral Gal-ligand6 complexes. The kinetics of equilibration 
from five (or seven. when counting enantiomers separate- and equilibriu~n distribution of a 12-component dynamic 
ly) building blocks. library nlade from two different ligands were analyzed 

Raymond and coworkers published a thoro~~gh study of in detail. Analysis by ESI-FTICR-MS of larger libraries 
a series of dynamic libraries made from dipodal biscate- made by mixing three different ligands confirmed the 

ph2' R = n-Hexyl PPh, 
6 - DCL 

Fig. 4 A dynamic combinatorial library of cyclic and linear arrays of inixed metallopo~phyrins which. upon addition oP a 4.4'- 
dipyridine guest. transforms quantitatively into a lnacrocyclic porphyrin tetramer. (Adapted from Ref. [ I  I].) (Vir~t ,  this art in color at 
>t,,rn..dekker.conz.) 
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Fig. 5 Mixing di- and tripyridyl ligands (9-11) with Pd(en) produces a diverse dynamic combinatorial library of cyclic and cage 
coordination compounds. Exposure of this library to sodium trichloroacetate (12) results in the amplification of a new receptor. 
(Adapted from Ref. [17].) 

presence of most of the statistically most probable prod- 
ucts. Although the capsules are known to bind Et4N+ ions 
indiscriminately, screeiling of these libraries for more spe- 
cific host-guest systems has yet to be performed. 

Albrecht and coworkers used Ga(II1) and Zn(I1) cen- 
ters to link ligands containing two bidentate hydroxyquin- 
oline units.i141 In the absence of any guests, dynamic 
libraries of metal-ligand complexes were formed that 
were not further characterized. However, upon addition of 
Na+, M+. RbC, or I\iE14+ ions to the Ga(II1)-iigand so- 
lutions. well-defined structures were formed containing 
three ligands held together by two Ca  centers surrounding 
a central cation guest. Similar structures were observed 
upon addition of Lif, Naf, or K+to the Zn(1I)-ligand so- 
lutions. Receptor amplification is driven by the interaction 
of the six oxygen atoms of the three ligands with the 
central cation. 

In elegant worlc, Fujita and coworkers extensively 
explored Pd-pyridyl interactions to build capsule-like 
structures. In one of the first dynamic combinatorial ap- 
proaches toward encapsulation. an asymlnetric tripodal 
pyridine ligand was used to construct an equilibrium 
mixture of two isomeric cornplexes containing two lig- 
ands held together by three bridging Pd Ex- 
posure of this equilibriu~n mixture to globular guest mole- 
cules such as CBrCl? and CBr4 induced a shift toward one 
of the isomers, whereas flatter guests (xylene and 1.3.5- 
benze~letricarboxylic acid) amplified the other capsule 
isomer. This selectivity was rationalized on the basis of 
differences in the shapes of the two isomeric capsules. In 
a separate study. another slightly larger tripodal ligand 
was added to the prototypical library, increasing the 
number of two-ligand capsules to four.'lbl Significant 
shifts in the capsules distributions were observed upon 

adding suitable guests. For instance. CBrC13 was now 
found to selectively amplify the formation of the hetero- 
ligand capsule. Recently. Fujita and coworkers illcreased 
capsule diversity further by mixing two tripodal pyridine 
ligands (7 and 8) with three dipodal ones (9-11) (Fig. 5 ) ,  
once again using Pd centers to link the ligands togeth- 
er."" The authors were able to identify a new receptor for 
sodium trichloroacetate (12) from this full-grown DCL. 
Analysis of a difference NlWR spectrum obtained by sub- 
tracting the spectrum of the library in the absence of guest 
from that in the presence of guest led to the identifica- 
tion of the selected building blocks. A second round of 
similar NMR experiinents was necessary to obtain the 
building block stoichiometry. The newly discovered re- 
ceptor was found to consist of two units of 7 bridged by 
one unit of 9 (Fig. 5). 

NONCOVALENT LBBRARlES AND 
BIOLOGICAL SYSTEMS 

The discussion of noncotralent libraries has so far been 
limited to cases where a guest selects its optimal recep- 
tor froin a library of hosts. When targeting biological sys- 
tems, the reverse approach of screening a library of guests 
against a macron~olecular host becomes ~elevant."~'  Sell- 
era1 cases were reported ~ i h e r e  a macromolecule amplifies 
the forlnation of its best binder. 

Sasaki and coworkers used coordination of N-acetyl 
galactose (GalNAc) fullctionalized bipyridine ligands to 
a central Fe(1I) ion to generate a srnall dynamic library 
of four (ligand)3Fe complexes differing in the spatial 
arrangement of the three GalNAc unitsi'"'"'] (Fig. 6). The 
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DCL 

Fig. 6 Mixing Fe(I1) with a bipyridine ligand functionalized with a N-acetylgalactose residue produces a small dynamic library of 
coordination compounds. Exposure of the library to a lectin leads to selection and amplification of the strongest bindins complex. 
(Adapted from Ref. [19].) (View tlzis urt in color at ~v~v~v.dekkencom.) 

authors screened this library against two different lectins 
(proteins with carbohydrate-binding sites; the two lectins 
used were known to have affinity for GalNAc). They 
found that exposure of the library to one of the lectins led 
to the amplification of the Fe complex with the highest 
affinity for the protein, whereas the second lectin selected 
and amplified a different complex. 

Miller and coworkers targeted DNA using libraries of 
metal-ligand complexes.r21,221 A DCL was made through 
coordination of different salicylaldirnine ligands to a 
central Zn(I1). Exchange between library building blocks 
can take place through metal-ligand exchange as well as 
through breaking and forming the covalent C=N bond in 
the ligands. The library was screened against double- 
stranded DNA immobilized on a cellulose resin. The 
optimal DNA binders were identified by monitoring 
depletion of the selected building blocks from solution 
as a result of binding to the iinmobilized DNA. In more 
recent work,12" the same group also targeted RNA using 
libraries made from square planar Cu(1I) complexes 
contailling one or two salicylamide ligands. A dynamic 
library was prepared using six such ligands carrying 
different amino-acid sidegroups. The library was exposed 
to an RNA hairpin sequence contained within a dialysis 
tube. The selected ligands were identified by monitoring 
their depletion from the library solutions. As the total 
concentration of library members was much higher than 
the RNA concentration, several rounds of exposure to 
RNA were required to observe significant effects. The 
autllors found that the &(TI) complex of the salicylamide 
derived from histidine bound the RNA hairpin with 
nanomolar affinity and with re~narkable 300-fold selec- 
tivity over the homologous DNA sequence. Unfortunately, 
the experiinental setup does not allow for quantification of 
the level of amplification of the selected complex. 

Dyna~nic libraries of noncovalenl assemblies can also 
be used to address issues related to protein folding. In this 
case, no additional guest or host is added to the system, 

but molecular recognition occurs internally, leading to the 
amplification of the most stable folded arrangement. In 
one of the first studies in this area, McLendon and 
coworkers grafted short a-helical peptides onto bipyridine 
ligands.12" Three such ligands differing in hydrophobicity 
were allowed to compete for the binding sites on an 
octahedral Fe(I1) center, producing a small dynamic 
library of three-helix bundles. The authors found that 
the most hydrophobic helix was preferentially incorpo- 
rated in the bundles, leaving the remaining two less 
hydrophobic helices behind in solution. Denaturation 
studies on the analogous but more robust Ru(ll1) com- 
plexes, that were synthesised independently, confirmed 
that the amplified three-helix bundle is the most stable. 
These results demonstrate that dynamic combinatorial 
chemistry is a useful tool to identify the global minima in 
free-energy landscapes. 

FIXATION OF NOWCOVALENT STRUCTURES 

The use of noncovalent interactions for the assembly of 
libraries of supramolecular assemblies has one serious 
disadvantage: the resulting structures are inherently labile, 
because they are held together by relatively weak bonds. 
This will limit their practical utility as receptors or 
selective binders to macromolecules. Hence. there is a 
need for methods of fixation of the noncovalent structures 
after selection and amplification have taken place. One 
approach is to equip the building blocks with functional 
groups that can be used to covalently link them together 
after selection has taken place. This strategy was used 
successf~dly by Reinhoudt and coworkers to stabilize their 
hydrogen-bond-based assemblies.r251 The calixarene 
building blocks (1 in Fig. 3) were equipped with terminal 
alkenes that can undergo ring-closing metathesis to form 
stable assemblies that are held together by alkene bonds. 
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Another approach was reported by the groups of 
~ l i s e e v ' ~ ~ ]  and who made elegant use of 
the difference in kinetic stability between Co(I1) and 
Co(II1) complexes. The former are kinetically labile and 
can be used to generate dynamic libraries of different 
metal-ligand complexes. However, upon oxidation to 
Co(III), ligand exchange becomes very slow, and the 
resulting complexes are kinetically inert. An admirable 
feature of this system is that the change in oxidation 
state does not affect the coordination geometry around 
the Co center. 

The key concept of dynamic combinatorial chemistry- 
molecular recognition-induced amplification of the fit- 
test-has laid dormant in the literature for decades. For 
instance, there are many examples where a complex of 
interest crystallized from a mixture of "hopeless"' and 
unintentional diversity. Nevertheless. researchers have. in 
the past, largely steered away from making use of 
complex mixtures and. instead, focused on more "well- 
behaved" systems that were easier to study. It was not 
until the concepts of dynamic combinatorial chemistry 
were first articulated that interests shifted, and efforts are 
now made to actively generate diverse and complex 
mixtures and screen them for components that are good at 
recognition. As illustrated by some of the examples in this 
review, the first successes have appeared, illustrating that 
handing control back to the (right) molecules can be a 
fruitful approach. 
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INTRODUCTION 

Following a classical view, supermolecules assemble 
because o f  recognition properties that are expressions o f  
molecularly stored information in the interacting part- 
ners.['." Ioncovalent, weak interactions (e.g., hydrogen- 
bonding, van der Waals. and electron donor-acceptor) are 
generally recognized to assist the structural organization 
o f  a supermolecule. Metal-coordination may represent a 
type o f  stronger interaction, frequently responsible for the 
building up o f  multicomponent arrays that can still be 
regarded as ~upermolecules.~" According to a largely 
shared understanding, in an assembly o f  weakly interact- 
ing molecular components, the local properties are 
preserved, and the overall behavior cannot be reduced 
to the simple sum o f  the intrinsic properties o f  each 
component. In other words, a supermolecule shows 
a richer spectrum o f  properties with respect to the 
components; this happens because the additional proper- 
ties basically rest on the intercomponent interactions. This 
outcome has nothing to do with holistic effects; instead it 
is traceable to molec~ilarly stored information at the 
component level that went unexpressed until formation o f  
the multicomponent a~sembly. '~'  

ARETHERESEVERALGLASSES 
OF SUPERMOLECULES? 

Discrete local and overall properties may also be 
identified in multicomponent systems. where electroni- 
cally isolated molecular moieties, recognized as the active 
components, are connected by covalent bonds.[" In this 
sense, this type o f  molecule can be regarded as a second 
class o f  supramolecular systems. Mere. the bridges are 
bound to play a structural role while providing only a 
s~nall degree o f  electronic communication between the 
active components. When such electronic mediation is 
sufficiently weak, the bridged multico~nponent system 
becomes similar to a self-assembled supermolecule. The 
extension o f  the concept o f  supramolecular system to 
include covalently connected assemblies proved to offer 
the remarkable advantage that a spatial assangement o f  the 
various components can be designed and subsequently 

made through suitable synthetic procedures. In this way, it 
is frequently possible to deal with components at fixed 
geometry, a key requisite in view o f  successful studies o f  
the intercomponent processes originated after placing 
light energy at one o f  the components. 

Molecular assemblies made o f  interlocked components 
like catenanes, lcnots, and r o t a ~ a n e s [ ~ - ~ ]  crucially rely on 
weak forces and covalent bonds and can be considered a 
further step forward along a higher degree o f  complexity 
o f  the organized matter (i.e., a hierarchically superior 
step). With such systems, provided some o f  the inter- 
locked components can store energy (supplied by 
chemical, electrochemical, or photochemical methods), 
it is possible to spark o f f  cycles o f  intercomponent 
displacements (see below). 

Supramolecular photochemistry is the science o f  the 
interaction between light and supermolecules. It has to do 
with the consequences on the structural and electronic 
organization o f  the supramolecular system o f  the extra 
energy placed by light within it1" and with the signaling 
properties o f  light.''01 Below, we introduce a distinction 
between photoactive and innocent units o f  a super- 
molecule. Then, we briefly describe a few selected cases 
from the literature. These, in our opinion, illustrate the 
type o f  approach followed in supramolecular photo- 
chemistry and. at the same time, show how fertile the 
supramolecular approach is in combination with the use 
o f  light. The examples are from solution chemistry; for 
the experimental details (e.g., type o f  solvent, concentra- 
tions employed, and so on), the reader should consult the 
original work. O f  course, behind and next to the few 
examples we deal with in the following. there currently 
stand broad, diversified, and extremely important areas o f  
study that we have not mentioned. 

PHOTOACTIVE AND 
lNNQCENT COMPONENTS 

The understanding o f  the light effect relies on the clear- 
cut attribution o f  individual component-based properties 
and on properties regulated by the intercornponent 
interactions taking place within the assembly. Having in 
mind an extended view o f  supramolecular systems. we 
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recall notions that are of help to understand their behavior 
under illumination. The primary event that triggers any 
subsequent process is obviously light absorption. This 
may occur selectively, i.e., depending on the frequency of 
the radiation, some of the components may be excited and 
others inay not. Thus, to a first approximation, the light- 
absorbing subunits may be regarded as photoactive; for 
the others, an innocent behavior seems foreseeable (the 
bridging units, when present, are always expected to 
exhibit an innocent behavior, otherwise one is not dealing 
with a supermolecule but with a big molecule).i91 

This is, however, an oversimplified approach, at least 
from four different viewpoints that we illustrate with 
reference to Fig. 1 (here. cases for two-component 
systems are examined; extension to a higher number of 
components is given for granted). First, a molecular 
subunit undergoing no direct light absorption and ap- 
parently regarded as innocent, may play some role from 
an electronic viewpoint (for instance, a perturbation effect 
over the electronic properties of other subunits) (Fig. la). 
Second. use of radiation of sufficiently high frequency 
can lead to population of excited levels spatially centered 
on all subunits (i.e., in this case, all subunits are photo- 
active against absorption). Cascade steps, both of intra- or 
cross-component nature, can then take place and finally 
lead to population of the lowest-lying excited level. The 
cascade paths take place with various degrees of ef- 

ficiency as governed by the electronic properties of the 
involved subunits, including those presumed to be 
innocent (Fig. Ib). Third (a clear-cut case), because of 
intercomponent interactions, one may observe the ap- 
pearance of electronically excited levels not present in the 
separate components; of course, this corresponds to the 
manifestation of an additional property according to 
the basic supramolecular approach. For instance, donor- 
acceptor interactions frequently result in low-lying 
excited levels of intercomponent nature, which may be 
involved in light absorption and light emission events 
(Fig. lc). Four, and most important, a light-absorbing 
subunit temporarily stores an excess of energy. Provided 
some energetic requirements are met, this may result in a 
transfer of energy (Fig. Id) or electron (Fig. le. f )  to and 
from, respectively, the other unit, which being not 
photoactive with regard to light absorption turns out to 
be not innocent. 

In conclusion, the definition of a subunit as innocent 
with respect to the interaction with light should be 
employed after careful inspection of the spectroscopic 
properties of the supermolecule and of the separated 
components. and after monitoring the occurrence of light- 
induced processes. As a practical short-cut, use of light at 
a selected frequency (for instance, a low-frequency 
radiation to selectively excite the lowest-available elec- 
tronic Ievels of a supermolecule, both of localized or 

Lo- - 

Fig. 1 Photoactive (dark sphere) and innocent (empty sphere) units and possible intercomponent effect? in self-assembled or 
covalently-linked two-component systems undergoing illumination: for the cases in which (a) one unit absorbs and emits light: (b) both 
units process the absorbed light; (c) photoactivity is of intercomponent origin: and (d) the unit that absorbs light transfers excitation 
energy to the other unit. which becomes emissive: and an orbital description for the case in which (e) the photoactive unit undergoes 
reduction: and ( f )  the photoactive unit undergoes oxidation. 



intercomponent origin) and observation of luminescence 
properties (a localized emission is identified upon com- 
parison \with the luminescence properties of a suitable 
reference molecular unit) may lead to the understanding 
of which subunits precisely display a photoactive be- 
havior and which can be regarded as innocent. 

SYSTEMS POWERED BY LIGHT: LOOKING 
FOR THE STOWAGE QF CHEMICAL ENERGY 

Extension of the dyad schemes of Fig. 1 to triads and 
rnulticomponent systems with carefully balanced elec- 
trochemical and spectroscopic properties has led to 
remarkable achievements along the mimicking of the 
fundamental processes of light energy collection and 
storage (via charge separation. CS) taking place in natural 
 system^.^^^^'^' Dealt with in Fig. 2 is a representative 
example that conveniently illustrates the approach fol- 

lowed by studying iight-induced processes in covalently- 
linked multicornponent systems.r13' In the figure, the be- 
havior of a porphyrin-fullerene dyad-type reaction center 
(P-C6(,) is compared with that of a carotenoporphyrin- 
fullerene triad (C-P-C6()). For the latter, the presence of 
the third component results in a two-step sequential 
transfer of electron; with an overall final quantum yield of 
charge separated state, Q,,. not far from unit. The 
chemical energy stored within the final CS state of the 
triad is less than that of the dyad, 1.1 versus 1.39 eV, 
respectively. However. the storage time. t,,. is three orders 
of magnitude longer. 340 11s versus 480 ps. respectively. 
which suggests an easier utilization of its energy content. 
In line with a supramolecular view. the energy schenles of 
Fig. 2 are drawn by combining the spectroscopic and 
electrochernical properties of the single components. 

A related area in supramolecular photochemistry has to 
do with the transduction and collection of excitation 
energy in the presence of a convenient energy gradient. 
This type of process is frequently a multistep one and was 

Fig. 2 Artificial photosynthesis: photoinduced storage of chemical energy in5pired by the behavior of natural  system^:'"^'^' 
co~npariion of the performance of a dyad and related triad.'13' 
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extensively studied in linear and dendritic-type assem- 
blies. In the former case, it can be initiated by light 
absorption at one terminal of the linear system (usually 
termed molecular wire). and after vectorial transfer of the 
excitation, it can lead to final population of excited states 
localized at the opposite terminal.['"] Cases are also 
known where a vectorial energy migration takes place 
along chromophores linked to a polymer backbone.r151 In 
dendritic-type systems, light absorption may take place at 
one peripherallcentral unit and result in the subsequent 

energy conveyance at a centrallperipheral unit."61 The 
final localization of the excitation at the periphery or at 
the center of the assembly can be driven by carefully 
organizing and integrating the active components. [I7 181 

As an example, the behavior of a polyphenylene-framed, 
rigid-shape system performing a periphery-to-center 
excitation collection is depicted in Fig. 3.11X1 The active 
components are naphthalene dicarboxmorioiimide (N), 
perylene dicarboxmonoimide (P), and terrylene tetracar- 
boxdiimide (T). These components exhibit conveniently 

Fig. 3 A two-step periphery-to-center excitation energy collection driven by the energy gradients between the excited levels of the 
three luminactive components.['81 
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scaled luminescent levels, and from the luminescence 
properties of the dendrimer, it is inferred that upon 
excitation of a peripheral N chromophore, a two-step, 
nearly quantitative final collection at the single central T 
unit is taking place. Clearly, assemblies may be envisaged 
that combine the funnelling of excitation energy at one 
component of a dendritic array with its subsequent uti- 
lization for performing CS steps. a scheme that is rerni- 
niscent of the behavior of natural sy~ tems .~"  12] 

SYSTEMS POWERED BY LIGHT: 
MACHINES AT THE MOLECULAR LEVEL 

Numerous interlocked assemblies were designed in 
connection with attempts to gain control of rotational 
and translational motions at the molecular level. a 
stepping stone toward possible outstanding develop- 
m e n t ~ . [ ' ~ . ~ ~ ]  As r egards light-operated cases, a represent- 
ative shuttling scheme for a rotaxane-based "molecular 
abacus" is depicted in Fig. 4.[211 As active components, 

the rotaxane axle contains a [ ~ u ( b ~ y ) ~ ] "  photosensitizer 
(which also plays the role as a stopper) and two MV-type 
electron-accepting stations exhibiting a slightly different 
accepting aptitude [bpy is 2.2'-bipyridine. MV is 4.4'- 
bipyridinium (inethylviologen)]. An electron-donor ring, 
a macrocycle containing two dioxybenzene units, is wired 
around the axle that is terminated by a tetraarylmethane 
group as a second stopper. The streamed arrangement of 
the two accepting stations sets up the stage for molecular 
displacements based on donor-acceptor interactions 
through the following steps: a) positioning of the 
macrocyclic ring according to the more favorable 
donor-acceptor interactions; b) the better acceptor turns 
into the worse acceptor by the photoinduced event, 
electron transfer; and c) displacement of the ring. This 
half-cycle is expected to be followed by restoration of 
the starting a) position after some time. Actually, the 
timing of the various steps represents the most critical 
factor within the scheme of Fig. 4. This is basically due 
to the fact that the ring displacement is usually exceed- 
ingly slow compared to the light-triggered events. De- 
spite these difficulties, successful systems were reported 

photosensitizer acceptor better ring 
acceptor 

Fig. 4 A light-driven "molecular abacus" with movements that are mediated by the covalent bonds and are stationed by the 
establishment of weak (donor-acceptor)  interaction^.^^" 
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where the light-induced intercomponent displacements 
are fast in comparison to the competing deactivation 
processes.['2~2" 

SENSING AND SIGNALING BY LIGHT 
UPON MOLECULAR RECOGNITION 

Biomedical applications as well as environmental and 
food quality control fostered the development of systems 
for easily sensing and fast reporting the presence of a 
chemical species, the analyte. With this purpose, a variety 
of supramolecular sensors were designed in the last 
decade, able to signal binding of a substrate via large 
changes in the overall optical properties. These structures 
generally possess a receptor for associating the analyte, a 
spacer, and a signaling unit that converts the recognition 
event into changes of the light absorption or emission 
features of the system. Receptors such as crown ethers, 
fiinctionalized calixarenes: cryptands, podands, chelators, 
and coronands are expressly designed for recognition of 
cations: polyammonium derivatives and functionalized 
metal ions are suitable for anions, whereas aromatic 
moieties of calixarenes and cyclodextrins easily bind 
neutral species. Various intercomponent interactions may 
work, such as H-bonding, hydrophobic forces, electronic 

effects, donor-acceptor interactions, metal coordination, 
and covalent bond formation. 

Because of their intrinsic higher sensitivities and 
selectivities, the luminescent sensors are considered to 
be convenient. The signaling events rely on emission 
quenching or enhancement related to photoinduced 
electron transfer (PET sensors), on new emissions 
originating by excimer or exciplex formation, on changes 
in Amax, quantum yield, and lifetime of the luminescence 
by intramolecular charge transfer (PCT s e n ~ o r s ) . ' ~ ~ . ~ ~ ~  

Compared to systems based on a single interaction, 
cooperative sensors based on  multiple^ concerted, inter- 
molecular interactions between the components exhibit 
higher discrimination capabilities and enhanced func- 
tions."" As examples for this class of sensors, two 
systems, both based on the absorption/luminescence 
properties of the porphyrin nucleus: are illustrated in 
Fig. 5 .  Structure (a) represents a ditopic receptor where 
cooperative binding of a cation by the amide-appended 
calixarene and of an anion by the Zn-porphyrin allows 
recognition of complete binary metal salts.L271 Structure 
(b) incorporates two cyclodextrin cavities and relies on 
the nlodification of the Fe(II1) complex spectroscopic 
properties by inclusion of guests in these hydrophobic 
sites.'2s1 This species is able to sense the presence of 
benzylmercaptane and 1-adamantanecarboxylate in four 

Fig. 5 Two examples of porphyrin-based cooperative optical sensors. (a) A ditopic receptor for binary metal salts.L27i (b) A 
cyclodextrin-capped porphyrin system able to sense and report in four distinguishable association rnode~. '~" 
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AND logic gate 

Input1 Input2 
H+ Ca2+ Output 

lnputl 
H + 

NOR logic gate 

Output 

Fig. 6 Molecular-scale implementation of logical gates based on the fluorescence signals of the anthracene unit. Inputs: H+ = 0 means 
[Hf] = loP7; M ~ +  = 0 means [iM2+] 5 loP9; and H+, zn2+, c a 2 +  = 1 are for concentrations ) loP' M. Output: 1 = strong fluorescence, 
0 = no or weak f lu~rescence . '~ ' .~~ '  The light input/output is indicated by straight arrows. 

different binding conditions. Empty cavities, singly- 
occupied cavity, doubly-occupied cavities in hoino- or 
heterocomplexes are easily distinguished by UVIVis spec- 
tra. The system coupled sensing properties with catalytic 
action, by trapping an oxidizable substrate near an acti- 
vated iron center or carrying out biomirnetic electron 
transfer reactions with quinones as 

Cooperative binding in supramolecular sensors is a main 
requirement for obtaining other sophisticated, environ- 
mentally effective, functions like the selective transport of 
rnolecu~es ."~~ 

FROM OPTICAL SIGNALS TQ 
LOGIC FUNCTIONS FOR 
MOLECULAR ELECTRONICS 

As seen above, thanks to a suitable structurai organiza- 
tion and functional integration of the components, the 
energy addition via light input can start useful energy 
conversion processes within a supermolecule. These may 
be exploited to achieve various types of luminescent 

and s ~ i t c h e s ~ ~ ~ . ' ~ ~  and may lead, along with 
increasing complexity of components and their integra- 
tion; to the development of nanoscale devices for 
information processing and molecular computing. In 
principle, these devices may be based on logic gates that 
combine the effect of chemical inputs on the optical 
output (luminescent signals) of a suitable chromophore. 
Nowadays, optical functions of two inputs are amenable 
to AND, OR, XOR, WAND, NOR, and XWOR behaviors 
via exploitationlinhibition of electron- or energy-transfer 
processes involving the excited luminescent level of the 
selected chromophore. Two simple model examples are 
illustrated in Fig. 6.133.341 For the upper case, amine pro- 
tonation or reception of ea2+ by the carboxylate groups 
prevents the occurrence of photoinduced electron transfer 
from these fragments to the excited anthracene unit; for 
the bottom case, protonation of the bpy unit or its co- 
ordination with zn2+ results in the quenching of the 
anthracene-based fluorescence. This probably happens 
because Hf and zn2' cause a stabilization of the lowest- 
lying levels of bpy so that an anthracene-to-bpy energy- 
transfer step becomes energetically allowed. Notably, the 
implementation of elaborate electronic functions at the 
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molecular level is further made possible by the combi- 
nation in series or in parallel of the two-inputlone-output 
gates of the type shown in Fig. 6.'33.341 

In supramolecular chemistry, concepts like recognition 
and self-organization based on the expression of molec- 
ularly stored infosmation appear to be strictly derived 
from a biomimetic approach, the one taught at the school 
of nature,12.43s1 S~~pramolecular photochemistry, with the 

emphasis placed on the use of energy consequent to its 
spatial localization at some selected and active component 
of a molecular array, appears to enforce prospects along 
the design of artificial systems, where preorganization of 
the stereochemical features holds the spotlight. For the 
supramolecular science, it is reasonable and tempting to 
envisage developments toward systems of higher degrees 
of complexity that incorporate more infosmation. This 
means that they can display improved self-organizing 
abilities (which are stored in the components) and that 
novel molecular architectures are at once made available 
because of the designing abilities of molecule makers, 
the chemists. These developments are sometimes claimed 
to possibly include molecular adaptive and evolutive 
schemes,135~361 until now an exclusive power of nature, 
exerted over time scales of hundreds of lnillions of 

We shall soon see what the future brings. 
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BNTROBUGTION GENERAL ASSEMBLY PRINCIPLES 

Conventional linear polymers are characterized by main- 
chain covalent bonds and by nonbonded interactions 
among groups localized at specific sites of repeating units. 
Supramolecular polymers (SPs) recently investigated 
display purely nonbonded interactions or unconventional 
combinations of covalent chains and supramolecular in- 
teractions. Novel structures, properties, and applications 
are displayed by SPs with respect to conventional poly- 
mers. The study of this exciting class of new inaterials is 
of interest for the formation of nanostructures with pre- 
scribed molecular order assembling hierarchically to 
mesoscopic dimensions, for the understanding of self- 
assembling processes in complex biological systems, and 
for the use of concepts cutting across traditional bound- 
aries between colloid, polymer, and solid-state science. 

DEFINITION, CLASSIFICATION 

A classification of several systems described as SPs was 
recently p~esented.".~ '  For the fully supramolecular 
polymers (Class A) the interactions holding the uni~ners 
along the main-chain are of a supramolecular nature. 
These polymers are open, self-assembled, equilibrium 
sequences of bifunctional unimers polymerizing to a high 
degree of reversible supramolecular polymerization (DP) 
according to mechanisms significantly different from 
those of conventional polymers. Unimers can be of several 
forms and sizes: from small molecules to covalent 
polymers terminated by supramolecular bonding units. 
In the latter case, a SP should be regarded as a "poly- 
mer of polymers." Assembly of multifunctional unimers 
results in multidimensional structures. Class B includes 
self-assembled, closed structures such as aggregates of a 
small number of rnolecules (s~~permolecules), helical, 
globular, and side-chain associations of monofunctional 
sites. Class C includes self-assembled systems based on 
supramolecular structures irreversibly associated to cova- 
lent polymers, as in the case of dendrimeric chains or 
single-stranded globular proteins. Finally. engineered (as 
distinct from self-assembled) supramolecular structures. 
ofien involving covalent polymers, are included in 
Class D. 

Localized interactions 

For all types of SPs, the stabilization of well-defined 
structures is due to combinations of interactions that may 
be localized at specific atomic groups of the unimers, or 
more uniformly distributed over the assembly surface. In 
all cases, shape colnpleinentarity is an integral part of the 
process of molecular recognition. Detailed quantitative 
assessment of the role of classical localized interactions 
(Coulombic. van der Waals, hydrogen. and solvophobic 
bonds) is described in the literature of low-molecular- 
weight host-guest complexes."1 In the case of SPs, most 
important types of localized interactions are based on 
H-bonds, charged groups, n-n stacking, or metal-ion 
coo~dination.'~-'~ Several combinations of these interac- 
tions may addiiively contribute to the overall contact 
energy. H-bonds are a primary source of stabilization due 
to their strong directionalities allowing positional control. 
For multiple H-bonds, the product of single-binding 
constants may be increased or decreased by parallel 
(e.g.. AAA-DDD) or antiparallel 

Solvents may compete or enhance the formation of 
localized bonds. For instance, H-bonds are stronger in 
apolar solvents, ionizable groups are sensitive to pH. and 
x-n interactions are not largely affected. Solvents also 
display nonlocalized effects on the formation of supra- 
n~olecular bonds, as described below. 

Site Distribution, Unlmer Functionality, 
Assembly Dimensionality 

The number of sites per unitner ( S )  and their distributions 
control the functionalitjj (F) of the unirners and the 
dimensionality of the assembly. Co~nplementarity of 
shapes and interaction. localized at the north and south 
contacting surfaces of bifunctional unimers, results in the 
formation of unidimensional (linear) assemblies (Fig. la: 
F = 2, S = 2). Functionalities greater than 2 result in 
the formation of more complex geometries (Fig. lb).'" 
Helical supramolecular chains are expected when two 
additional sites are located on the same side (i.e., NE and 
SE) of the uni~ner. '~ '  Planar assemblies are expected when 
four sites are distributed along the circumference of a disk, 
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Fig. 1 Shapes and functionality. (a) linear assemblies of 
bifunctional rod-like, spherical. disk-like unimers (F = 2. S = 2); 
(b) helical. planar. three-dimensional assemblies (F > 2. S > 2): 
(c) linear polymers, branching. and termination for T-arious F 
and S ;  and (d) assembly of unimers with different shapes 
and functionalities. 

or the equatorial plane of a quasi-spherical ~ n i m e r . ~ ~ ]  
Three-dimensionally ordered arrays are expected if N 
and S interacting sites increase (longitudinally) the func- 
tionalities of the planar systems. 

Supramolecular unimers can be of large size, and often 
more than one binding site occurs over each complemen- 
tary surface (cf. Fig. lc). If full compensation occurs. 
there will be no alteration of the functionality of the 
unimer or the dimensionality of the assembly. iMultiple 

sites on properly designed complementary surfaces have a 
high probability of being mutually compensated. Should 
a mismatch occur, or unimers with different functional- 
ities or numbers of sites be mixed. alterations in the 
above assembling patterns are expected, i.e., termination 
or random network formation. as shown schematically in 
Fig. lc.  More complex patterns are expected upon mix- 
ing unimers differing in shape, functionality, and bond 
type (Fig. Id). These situations are not yet under active 
investigation: computational and simulation methods 
(algorithmic assembling) might be used for describing 
assemblies of increasing complexities.[91 

Smoothed-Out interactions 

Wonlocalized interactions play a unique role in the 
assembly of SPs. particularly in their hierarchical evolu- 
tion from nano to mesoscopic dimensions. One type of 
smoothed-out interaction is described by thermodynamic 
parameters of compatibility between solute and solvent 
species (i.e., the parameter). and another type is related 
to thermodynamic parameters describing excluded vol- 
ume effects for unimers and growing SP~ . ' " '~ ]  

Incompatibility 

The .solvophohic ~ O I ~ C I ~ ' ~ '  describes the poor affinity of 
a nonpolar solute (i.e.. a hydrocarbon) for a polar solvent 
(i.e., water). The ensuing phase separation anlounts to a 
recognition of compatible components and hence is a 
driving force for s e l f - a s ~ e m b l ~ . ' ~ ~  If the solute is a dkopic. 
amphiphiiic molecule (i.e., a surfactanti"' or a block 
copolymer['21) dissolved in a selective solvent, the 
combined incompatibility of the components leads to 
micel l i~at ion.~~. '  '."I For ditopic molecules in the absence 
of a solvent. the inacroscopic phase separation expected 
for the unconnected components is replaced by a 
microsegregation in domains separated by the surface 
comprising the intersegmental bonds. A detailed mean- 
field theory satisfactorily explains the self-assembly of 
amorphous diblock copolymers into hexagonal, lamellar; 
and other phases by a balance of the thermodynamic 
incompatibility of components and their relative sizes and 
fle~ibilities."~' 

Excluded volume 

The tendency to reduce excluded volurne leads to a driving 
force for the orientation of rods having lengthldiameter 
ratio X = LID > - f ~ . ' ' ~ ]  and for the stacking of thin disks 
(0 < LID < O.!""). This hard interaction effect is detect- 
able even in diluted isotropic solution and leads, above a 
critical concentration, to an orientational transition to 



Supramolecular Polymers 

nematic and higher-order phases. Excluded volume is 
therefore an important driving force for self-assembly. It is 
important to stress the predicted differences between rod- 
and disk-like particles.[101 The relatively large axial ratios 
indicated above for rod-like mesogens suggest that only 
rigid assemblies or covalent polymers with large DP will 
attain the nernatic phase. On the other hand, a strong 
tendency to form nematic phases is exhibited even by low 
MW disk-like unimers, provided their thicknesses are 
sufficiently small. 

Assembling Mechanisms 

The general thermodynamic formalism regarding growth 
of supramolecular aggregates was highlighted by Israe- 
~ a c h v i l i . ~ ' ~ '  The growth of two- and three-dimensional 
systems can be described as a true phase transition 
(crystallization): the aggregation number tends to infinity 
above a critical aggregate concentration (CAC). Unidi- 
mensional assemblies (linear. helical, columnar. including 
spherical micelles), may instead display large coopera- 
tivity above the CAC but not a true transition: size 
distributions will occur. In line with the above considera- 
tions, three distinct mechanisms were identified for 
unidimensional growth.[61 

Multistage Open Association (MSOA) is the basic 
step-by-step process (not involving critical nucleus or 
cooperativity) similar to the molecular polycondensation 
of bifunctional  monomer^."^] Each step is described by a 
single binding constant K that includes all possible con- 
tributions to the contact energy and determines (Fig. 2a) 
the rate of increase of DP with unimer concentration. 
Detailed cal~ulations"~"~' reveal that values of K >  106 
M p l  are needed to produce SPs exhibiting DP in the 
range of interest (> 100) in diluted (< 1%) solutions. For 
H-bonded polymers, the above condition requires a mini- 
muin of three bonds (S= 6, F =  2, assuming a value of 
K- 500 M ' for a single EI-boi~d"~~).  

Helical growth (HG) occurs when a sequence of linear 
steps according to MSOA leads to a critical concentration 
C'p at which cooperative helical growth begins (Fig. 2b). 
Because more bonds per unimer are expected in the 
helical than in the linear chain, the sudden increase of DP 
at C > C* is described by a constant Kh > K and by the 
familiar Zimm-Bragg cooperativity parameter.".'" The 
original theory was developed by Oosawa for the nu- 
cleus schematized in Fig. l b  and applied to the G + F 
transformation of actin."] A recent extension by van der 
Schoot and coworkers,'"' applied to helical assemblies of 
discotic molecules, does not require the specification of 
the critical nucleus. 

Growth-coupled-to-orientationw). also described as 
the open supramolecular liquid crystal,'201 is an inter- 

Fig. 2 Growth mechanisms. Schematic theoretical variation of 
DP (or length) with unimer concentration for linear supramo- 
lecular polymerization according to (a) multistage open as- 
sociation; (b) helical growth: (c) growth-coupled-to-orientation. 
C:': and C' are critical concentrations co~~esponding to (b) and 
(c). Occurrence of liquid-crystalline phases (N. H, L) is indi- 
cated. Froin Ref. [I]. Copyright 2002 Wiley-VCH. 

assembly cooperative process occurring at a critical 
concentration C' at which growth of bifunctional unimers 
occurs siinultaneously with the formation of a nematic 
phase (Fig. 2c). The sudden increase of DP at C' is 
controlled by suitable combinations of contact energy and 
rigidity (persistence length) of the formed a ~ s e r n b l y . ' ~ ~ ~ ~ ~ ~  
The original developed for linear assemblies 
of cylindrical micelles in nematic solutions, was later 
extended to discotic molecules displaying hard interac- 
tions and showing nematic. hexagonal, and higher-order 
phases,~22.2~l Theory predicts that the nematic phase may 

be skipped for particular combinations of contact energy 
and rigidity.'231 

CLASS A SPs 

Representative examples of linear, helical. and columnar 
assemblies are summarized in Fig. 3.r1,41 The growth 
mechanism. the magnitude of the solution DP, and the 
nature of the main contact forces are evidenced. The 
figure highlights essential features of supramolecular 
polymerization. Note, for instance, how the geometry of 
the assembly is not necessarily related to the growth 
mechanism or the nature of contact forces. In particular. 
Polymers 1 and 3 assemble through the MSOA mechan- 
ism, but one is a linear chain. and the other is a columnar 
stack of disks. Polymers 4 and 6 assemble through the 
HG mechanism, but one is a double helical chain, and 
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"- MSOA +I000 H-bonds 

MSOA 4 1 0 0  Metal ion 

MSOA +I0 Salt inter. 

HG 44000 H-bonds 

li%G --- 

SCI, --- 

Fig. 3 Class A SPs. 1: Ureidopyrimidone-based linear chains;["." 12. . porphyria-based linear  chain^;'^" I: folic acid tetrarners 
columnar stacks:".'6' 4: actin double-helical 5: helicene helical  chain^:^^^.'^' 6: C3-symmetrical molecules forming helical 
columnar stacks:'"."' 7 :  uracyl or pyridine-terminated anthracene forming linear chains:r51 8: surfactant micelles linear polymers:'h.21i 
9: 2,3,6,7.10.11-hesa(l,4,7-trioxoacetyltriphe1ylene) columnar stacks.'"' 
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the other is a columnar helix. Polymers 7, 8, 9 assemble 
through the SLC mechanism, but 7 is a linear chain, 8 is 
a linear micelle, and 9 is a columnar stack of disks. Also 
to be noticed is the difference in the structure of the disk- 
like unimer in Polymer 3: a superrnolecular tetramer,'"' 
and in Polymer 9: aa amphiphilic molecule. The cooper- 
ative growth of Polymer 6 is attributed to a conforma- 
tional transition from a flat to propeller shape in each 
disk, allowing maximization of interaction."" The chi- 
rality of the unimer is usually expressed and reinforced 
in helical S P S . ~ " ' ~ , " ~ ~ ~ '  Not included are "tubular" 
polymers containing a large central cavity and based on 
MSOA stacking of peptide rings,"'' or on a spiralization 
(HC) of globular proteins, as in the case of microtu- 
b u l e ~ , [ ~ '  and helical assemblies of oligomeric foldamers 
such as m-phenylene ethylene.'33~"' 

The extent of polymerization (DP) appears to be 
directly related to the strength of contact forces and 
cooperativity effects. In particular, Polymer 1 attains DP 
well above the value reported for other MSOA polymers 
due to the large dimerization constant (K= 6 x 10' M- ' in 
C D C I ~ ) ' ~ '  of ureidopyrimidone forming four (self-corn- 
plementary) Id-bonds. The still larger DPs reported for 
Polymers 4 and 8 reflect the occurrence of cooperative 
growth mechanisms, HG and SEC, respectively (reported 
DPs refer to dilute isotropic solutions for MSOA or HG 
and to relatively concentrated anisotropic phases for 
SLC). It is theoretically predicted that DP will increase 
with unimer concentration, the largest DPs being expected 
in the undiluted state. If the assembly becomes oriented in 
a nematic phase, a sequence of transitions to hexagonal 
columnar and lamellar phases upon increasing concentra- 
tion represents a hierarchical ordering to mesoscopic 

Planar systems resulting from a crystallization pro- 
cess are exemplified by self-assembling S-layers (Fig. 4a), 
the protective monolayers for the external surface of 
bacterial cells.LX1 The constituent proteins have a quasi- 
spherical shape with an equatorial distribution of H- 
bonding sites (Fig. lb) and an additional site on the south 
pole, allowing weaker electrostatic anchoring to the cell 
membrane. Proteins were isolated and reassembled in 
vitro as single free-standing monolayers over inert sur- 
faces. revealing a tendency for this system to form open 
planar assemblies. More complex is the behavior of the 
in vivo assembly when features of a dynamic closed-sur- 
face crystal are exhibited. The curvature and finite size 
effects are controlled by the curvature of the bilayer 
cell membrane to which the protective layer is anchored. 
The assembly - disassembly process of the crystalline 
layer responds to cell growth and division by incospo- 
rating fresh protein at dislocation sites (intussusceptive 
growth). Nanotechnology applications of S-layers were 
de~cribed."~ 

Fig. 4 (a) A planar assembly of S-layers showing square 
symmetries and edge dislocations (sites for intussusceptive 
growth). From Ref. [a]. Copyright 2000 Marcel Dekker. (b) 
Thermal transition for a three-dimensional assembly of comb- 
like PEAA-IS. Loosely interdigitating clusters occur in the LC 
phase between T I  and T2. From Ref. [ 3 5 ] .  Copyright 1995 ACS. 

Three-dimensional assemblies of spheres with a sym- 
metrical distribution of equivalent sites (cf. Fig. lb) form 
regular crystalline arrays. More interesting are situations 
in which a geometrical anisotropy of the unimer or 
differences in the recognition pattern of different compo- 
nents exists allowing consideration of modes of growth 
along longitudinal and transverse directions. An interest- 
ing example is a comb-like polymer poly(r-n-alkyl-P,L- 
aspartate) (Fig. 4b) based on a helical backbone and 
aliphatic side chains.["' At the highest temperature 
investigated, the flexible segments were completely 
molten within a nematic phase, due to orientation of the 
helical backbones. At lower temperature; another LC 
phase was observed in which rigid helices were correlated 
by interdigitation with partly molten side chains. At still 
lower temperatures, the latter crystallized in a separate 
hexagonal lattice. Thus, it appears that a supramolecular 
unimer based on an elementary cluster of helices 
correlated by interdigitating side chains was a precursor 
of the solid-state structure.'"" This led to the suggestion of 
describing systems showing complex and mesoscopic 
structuralization in terms of supramolecular polymeriza- 
tion of specifically designed building blocks.".'01 A 
similar concept was used to describe the solid-state 
organization of interpenetrating nets.'361 The future 
evolution of this concept for building patterns of increas- 
ing complexity could be handled by methods of molecular 
computingr" ((Fig. 2c) and cellular auto~nation."~' 

The SPs in Class A exhibit strong growth (DP may 
exceed that of conventional polycondensation".17J) and 
labile bonds. DPs may reversibly change by altering 
concentration. temperature, and other external variables. 
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The linear systems conforming to the MSOA mechanism 
exhibit relatively minor changes of DP in response to the 
above variables. Rheological data offer compelling evi- 
dence for the persistence of polymer-like behavior in 
spite of reversible polymerization.[2""s1 Therefore, appli- 
cations in areas expanding the uses of conventional 
polymers were s ~ g g e s t e d . [ ' , ~ . ~ , ~ ~ . ~ ~ ~  In particular, the 
following applications were suggested: easier processing 
despite a large DP: topology control in networks; tunable, 
smart, self-repairing materials; increase of DP for covalent 
polymers: recycling; supramolecular block copolymers; 
and chiral and sequential control promoted by the high 
selectivity of molecular recognition. 

In the case of helical SPs; when major length changes 
occur in response to the above variables. microengines 
milnicking the mechanical behavior of biological sys- 
tems and engineered for new practical applications were 
suggested. Particularly important is the coupling of 
an external stin~ulus. or a chemical reaction, to the as- 
sembly-disassembly process, thus extending the use of 
SPs materials to complex, coupled systern~. '~. '~- '~ '  
For instance, ATP hydrolysis causes an alteration of 
polymerization-depolymerization rates at the two ends 
of a growing actin filament. As a result, the polymer 
translates. i27.2x1 

Interesting nonlinear optical properties were shown by 
chiral helicenes (5) forming LB films with larger second- 
order susceptibility than corresponding racemic struc- 
tures.'"' Nanotubes based on cyclic pep tide^'^'^ were re- 
ported to form membranes with ion-selective channels. 

Scheme IOa in Fig. 5 represents the formation of low- 
MW closed assemblies such as host-guest complexes, 
supermolecules, and cyclic oligomers. Examples include 
the supermolecules 11 and 12 and the cyclic folic acid 
tetramer (3 in Fig. 3). These compounds aroused interest 
due to their pronounced thermotropic behaviors com- 
pared to the unbound components. The enhancement of 
liquid crystallinity for Complex 11 is explainable by 
general consideration of soft interactions in low-MW 
rne~ogens.["'~ More complex is the case of Complexes 
12 and 3 that. due to discotic shape, can form columnar 
stacks. A close relationship between liquid crystallinity 
and columnar growth was anticipated.r"5.261 However. 
recent analysisL1' showed that columnar growth of the 
folate tetramer receives only a minor contribution from 
contact forces. The large excluded volume effect of thin 
disks is the main driving force for liquid crystallinity 
and self-assembly. 

Scheme 10b in Fig. 5 represents the for~nation of 
closed side-chains SPs. Electrostatic binding of salts and 

Fig. 5 Class B SPs. 10: Schemes for (a) closed low-MW 
assemblies; (b) side-chain polymers: and (c) multichain as- 
semblies; 11: supermolecule of 4-butoxybenzoic acid and stil- 
ba~ole:["~~j ']  12: supermolecule of derivatives of 2.6-diamino- 
pyridine and uracil:15i 13: polyacrylate with hexyloxy benzoic 
acid side chains H-bonded to stilba~ole."~' 

amphiphilic molecules to polyelectrolytes or polar poly- 
mers is an important topic of supramolecular interaction 
but is not usually described in the context of supramo- 
lecular polymers. Side-chain binding of small mesogens 
through H-bonding was pioneered by Kato and ~ r~che t . [ " '  
Example 13 in Fig. 5 illustrates how the interaction of the 
superinolecule 11 can be transfei~ed to a covalent polymer. 
In this case, a broad nematic phase occurred over a wider 
temperature range (140-252°C) than that for the individ- 
ual components. 

Scheme 10c in Fig. 5 represents the forination of 
closed supramolecular assemblies involving two (or a 
small number) covalent chains. There may be direct 
recognition of coinplementary groups attached to com- 
plementary chains. or ditopic units may be used to link 
(by electrostatic charge or H-bonds) identical chains. Con- 
spicuous examples of this type of assembly are described 
in the literature of multistrand proteins and nucleic acids 



but. again. are not usually described in the context of 
supramolecular polymers. It is to be noted that complete 
internal compensation of all sites carried by the poly- 
mers must occur for a closed structure to develop. Re- 
sidual uncompensated sites still allow growth to occur, 
causing a mixed behavior of closed and open systems. 
For instance, the stoichionletry of the tropocollagen triple- 
helix is strictly defined. but occurrence of uncompen- 
sated chain-ends and reduction of electrostatic repulsion 
cause side-by-side and head-to-tail aggregation of triple- 
helices at neutral pH. Ultimately, network structures may 
be formed. 

Formation of H-bonding between synthetic polyrners is 
used as a way to improve compatibility in blends.'"' 
Interesting examples of switching from closed to open 
assemblies are the reversible transformation of the 
structure of folic acid 3 into linear ribbon-like aggregates 
(by salt concentration  change^),'"^ and of cyclic octapep- 
tides into linear chains (by UV radiation).13'l 

CLASS C SPs 

Polyrotaxanes and poly[2]catenanes, exemplified by 14 
and 15 in Fig. 6, are a class of mechanically inter- 
locked macromolecules'35471 deriving from the exten- 
sively studied low-MW compounds ~ 6 . ~ ~ ~ . ~ ~ ~  Polyrotaxane 
14. prepared from the condensation of tetraarylmethane- 
based diols and acid chlorides in the presence of a crown 
ether, attained M,, - 25.000 with rings mechanically 
trapped between two large tetraarylmethane groups. The 
poly[2jcatenane 15, prepared f m n  a bisfunctionalized 
[2]catenane. attained MI, - 800.000 includiilg numerous 
mechanical linkages. Interest in this unconventional type 
of polyrners is due to the possibility of inducing relative 
movements of their noncovalently bound components 
under the action of external stimuli. In Scheme 16, rings 
of dibenzol[24jcrown-8 can flip around interactions local- 
ized at the NH2' centers. Relative motion can be trig- 
gered by electrochemically or photocheinically induced 
reduction/oxidation reactions.["] ~ o l e c u l a r  microengines 
and abacuses may thus be conceived. 

The components of the "shish-kebab" composite (17) 
based on Y.-cyclodextrin rings over poly(ethy1ene ox- 
ide,i5()1 are not irreversibly interlocked as for true Class 

C SPs. The assembly belongs to the class of clathrates 
(inclusion compounds) that have interest for separation 
processes. Single chains are confined in small channels 
(diameter - 6 A) for a wide variety of crystalline 
adducts. These systems suggests that smoothed-out 
effects assist rhe formation of host-guest polymeric 
assemblies in addition to locaIized interactions. The 
noniocalized effects may arise from the suppression of 

undulation modes of the polymer due to the presence of 
rings. and from excluded volume effects favoring elon- 
gated assemblies."] 

A covalent polymer (18) was synthesized starting from 
dendritic 7-oxanorbornene macromonomers. The solid- 
state structure of the polymer revealed helical columnar 
stacks of disks. Each disk included four tapered mono- 
dendrons (spanning two repeating units). with the main 
chain running in the central cavity and complying with 
the supramolecular organization of side chains.'"'."' The 
formation of columnar stacks of disks was documented 
for other monodendritic, tapered units having a crown 
ether at the focal point. When the latter was replaced with 
an oligoxyethylenic segment connected as a side chain to a 
polymethylacrylate chain, the columnar stack was trans- 
formed into a helical column. 

The organization of tapered monodendrons, connected 
or not to a covalent chain, can be regarded as a model 
C .  ,or the assembly of the tobacco mosaic virus, 19. included 

for comparison in Fig. 6. Here, the guest is a RNA 
molecule: and the host is a hollow column conlposed of 
2130 identical tapered protein molecules following a helix 
with 16.3 units per turn."" The whole structure can be 
disassembled by pH change and reassembled with and 
without RNA. In the latter case. however, the spiralization 
is lost, and the host is simply a stack of disks, each in- 
cluding 17 protein units. It appears. therefore, that a 
polymer hosted in the cavity of a columnar stack induces 
spiralization, irrespective of the nature (covalent or supra- 
molecular) of the bond with the host. The model of 
internal crank-shaft coupling features of Class A and 
Class C systems is suggested.'201 Additional features of 
biological assemblies were reproduced by polymers with 
dendritic side  chain^.'^""^ In particular, spherical assem- 
blies. modeling icosahedral virus. were obtained with low- 
DP dendritic polymers. 

The self-assembled monolayers 20 (SAMs) are two- 
dimensional assemblies of short hydrocarbon chains 
[i.e.. decanethiol HS(CH2)lOXJ grafted to a planar 
surface [i.e., AU(111) j .~~ '~  A covalent bond actually 
occurs between the head-group HS and gold. The 
organization of aIky1 segments involves. with increasing 
coverage, a phase with molecular axes parallel to the 
surface and a final phase with all trans segments tilting 
-30" from the norinal axis. Properties and applications 
of SAMs are influenced by the nature of the terminal 
fi~nctional group and by subsequent chemical transfor- 
mations, including the attachment of polymers. Pat- 
terning of SAMs is most conveniently done by 
microcontact printing, confinement in areas of nano- 
metric dimension was verified by AFM. Applications 
are in areas of nanotechnology: molecular electronics. 
optical devices, biological and chemical sensors, and tis- 
sue engineering. 
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CLASS El %psi final organization, but the assembly mechanisms are 
outside the theoretical framework discussed above. Thus: 

Engineered assemblies inay be produced by controlled only a few examples will be outlined. 
addition of components, chemical reactions or additives, The complexation of complementary polyelectrolytes 
external forces such as flow fields, and dissipative can allow the formation of assemblies attaining rnacro- 
proce~ses. '~ '  Supramolecular interaction still assists the scopic dimensions. Spherical skins may, for instance, be 

$ Terminal group, X 

WlQl chain, (Cgl,), 

Heed-group, "S" 

Fig. 6 Class C SPs. 14: ~ o l ~ r o t a x a n e ; ~ " ~ ~ ' ~  15: poly[2]catenane;r45~'71 18: linear dendritic hybrid chain from 7-oxanorbornene 
monomers substituted with two tapered monodentrons:'"' and 20: SAMs of n-alkanethiolates on gold.[541 Structures 16: [3]catenane and 
[3] rotaxane with two dibenrol[24]crown-8 rings;[48i 19: sc-cyclodextrin+poly(ethylene ~ x i d e ) ; ' ~ "  and 19: tobacco mosaic virus'"' are 
included for comparison. 
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produced by letting drops of a polycation solution free fall 
into a solution of a polyanion.i5'1 The theoretical basis for 
the forination of micellar-like aggregates within a gel of 
complementary polyelectrolytes was discussed.[55i Strat- 
ified deposition of complementary polyelectrolytes, col- 
l o i d s . ~ ~  bola-type amphiphiles may be achieved by 
alternating deposition of components anchored to a 
suitable surface; for instance, a substrate compatible with 
poly-(styrene sulfonate) alternatively dipped in poly(ally1- 
amine hydrochloride). and PSS  solution^.^"^^^' Uncom- 
pensated sites and intermediate rinsing steps prevent 
uncontrolled coprecipitation. The method has several 
advantages over the classical LB deposition and was 
applied to a wide variety of systems. It allows micro- 
patterning and tailored performance in applications such 
as biocompatibility, biocatalysis, and integrated optics and 
electronics.15"57' 

DNA nanotechnology allows the fabrication of nano- 
structured composites based on gold particles regularly 
distributed within a DNA matrix.'"' Complex function- 
aIities leading to branched and two-dimensional matrices 
Iead to programlnable nanodevices extending the assem- 
bling modes from periodic to algorithmic ones.i91 
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Supramolecular stabilization means stabilization of cer- 
tain chemical species. their different forms, and assem- 
blies in a particular supramolecular environment. Supra- 
molecular stabilization is responsible for the existence of 
"energetically unfavorable" conformations. different 
spatial isomers, unexpected oligorners, "unstable" mole- 
cules. highly reactive radicals, elements in unusual oxi- 
dation states. certain ionic species, and so on, in supra- 
molecular phases. Such species decompose. change, or 
equilibrate with alternative forms once they are brought 
out of their "stabilizing" environment. The best-known 
chemical reaction based strictly on supramolecular stabi- 
lization is the so-called "blue reaction." where iodine 
reversibly polymerizes in the presence of starch. 

Supramolecular stabilization provides an excellent 
opportunity to store highly reactive species or to obtain 
species not available by traditional methods in high con- 
centration. The phenomenon plays an important role in 
stabilizing drugs and may be usef~ll in the creation of new 
methods of separation and purification. the design of new 
functional and smart materials. and the development of 
new approaches to chemical and biological research. 

KlNETlC VERSUS 
THERMODYNAMIC STABBblZAf ION 

Kinetic and therinodynamic stabilization are intrinsically 
distinct and. therefore. should be treated separately. ICi- 
netic stabilization occurs because of the restrictions that 
a supramolecular environment superimposes on highly 
reactive species. These restrictions increase the activation 
barrier for decomposition routes. thus increasing the 
lifetime of the species. Typical restrictions include the 
isolation of reactive species from each other or from other 
possible issues relating to their instability: oxygen, water, 
light, radiation, and so on. Thermodynamic stabilization 
occurs because of a change in the energy balance created 
by the supramolecular environment. thus favoring forma- 
tion of stabilized species. This can be attributed to a spe- 
cific set of  onco covalent interactions, such as van der 
Waals forces, hydrogen bonding, additional coordination, 

or other secondary interactions. Although each individual 
interaction is weak. the cumulative contribution of mul- 
tiple intermolecular contacts may have an impact signif- 
icant enough to stabilize supramolecular complexes or 
solids with "unusual" chemical species. 

Kinetic stabilization is iinportant for increasing the 
useful lifetime of drugs. The active drug content of var- 
ious pharmaceutical for~nulations decreases with time 
upon heating, oxidation, hydrolysis. and self-degrada- 
tion. The guarantee of chemical and mechanical stability 
for a pharmaceutical product for periods of at least 2 
years is a key factor for marketing the product. Sta- 
bilization of photosensitive drugs by inclusion in cyclo- 
dextrins was reported."' The stabilization of proslaglan- 
dins and other pharmaceuticals using cyclodextrins is 
successful, and inclusion products are marketed in Japan 
and other ~ountr ies . '~ '  Kinetic stabilization plays an im- 
portant role in the chemistry of radicals. For example, 
stabilization or destabilization of nitroxides in redox pro- 
cesses and hydrolysis in the presence of cyclodextri~ls is 
well documented.''' 

Thermodynamic stabilization reflects a drive to the 
lowest overall energy of the final phase. This tendency 
may cause flexible chemical species to change in order to 
accept the most favorable geometry ill context of the 
resulting supramolecular environment. Thermodynamic 
stabilization falls into several types. depending on the 
kinds of species that are stabilized. The most common 
types are dealt with below. 

SPECIES THAT CAM BE SPABlLlZED 

Conformationel isomers 

Three experimental observations provide good estimates 
of how strongly molecular geometry is influenced by 
surroundings in molecular crystals. The first observation 
is "contact corlformational isomerism.. ' where different 
coilformations are encountered for the same lnolecule in a 
single phase.iJ' The statistical analysis of crystals having 
two or more syn~metricaily independerlt molecules in the 
same structure reveals that about 20% contain molecules 
with different conf~rmations.l"~ A second observation is 
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conformational polymorphism, the existence of different 
conformatioils of the same molecule frequently observed 
in polymorphs.[5i A third observation is conformational 
isomerism ~nduced by a guest template. the appearance of 
different conformations of the same molecule in a range of 
inclusion c ~ m ~ o u n d s . [ ~ - ~ ~  

Monomers, Oligomers, Polymers 

First described in the literature in 1814,'9' the "blue 
reaction" of iodine with starch is the best-known example 
of a polymerization process induced by supramolecular 
stabilization. Structural studies indicate that amylose (the 
linear fraction of starch) forms a helix with six glucose 
residues per turn to include guest iodine molecules.['01 
Inside this helix, iodine molecules form a polymeric chain 
with a periodicity of 3.1 A, which is much shorter than the 
nonbonded distance between iodine atoms (4.3 A) but 
greater than the single 1-1 bond distance (2.7 A).'"' The 
amylose-iodine reaction is widely used in analytical 
chemistry and was utilized for the solubilization and 
purification of carbon n a n ~ t u b e s . [ ' ~ ~  

Oligolnerization of metal complexes induced by a 
template drastically changes properties of materials. Ex- 
posure of a polymeric copper(1) complex to toluene vapor 
leads to the disappearance of its blue emission and the 
appearance of yellow emission because of the forma- 
tion of a new tetrameric complex which forms an 
inclusion compound with guest toluene.'"' Nickel(1I) 
dibenzoylmethanate monomer, a brown diamagnetic 
material. rearranges into a trimer, green paramagnetic 
material. in the presence of benzene, as the trimeric form 
accommodates guest benzene in its void The 
material transformations described above are reversible 
and selectively sensitive to a specific transforming tem- 
plate and, therefore. may be used in the design of 
functional and smart materials. 

Spatial Isomers 

Several types of isomers can be stabilized in supramolec- 
ular solids,'"' and the temperature. or the presence of 
various templates, may factor in switching molecules 
from one isomer to another. These may be inorganic 
ions,'16' polar molecules like water,'17' or typical organic 
molecules like o - ~ ~ l e n e . " ~ ~  Guest-induced stabilization of 
stereo- (cis-fmrzs) isomers has the most potential: stereo- 
isomers are usually similar in energy (because they have 
the same set of chemical bonds), but they can form 
different inaterials (due to dramatic differences in molec- 
ular geometry). 

The utility of the stabilization of spacial isomers is 
vividiy illustrated by a system of two conjugated poly- 

trans (50%) cis (50%) 

a -form 

trans (1 00%) 

p -form 

Fig. 1 Isomer distribution in the two polymorphs of (1,1,1- 
trifluoro-5,5-dimethy1-5-methoxyacetylacetonato)copper(II). 
The n-form has trarzs and cis isomer units, whereas in the P- 
form, they are all trans. For clarity, fluorine atoms are dark. 

morphs of a copper P-diketonate complex.['5"y1 The r- 
form of the complex contains cis and trans units that 
assemble into a dense structure, whereas the @-form 
contains only tmn.r units that assemble into a microporous 
framework (Fig. I).  Therefore, the x-to-P (or reverse) 
transition involves cis-to-trans (or reverse) isomerization 
on a molecular level and switches on (or off) the mi- 
croporosity, an integral property of the material. The 
identification of appropriate conditions that control the 
isomerization made it possible to utilize the system as a 
first smart sorbent, that is. a sorbent with microporosity 
that may be switched off and on in situ by an operator.'20' 

Host Molecules 

The stabilization of host molecules in van der Waals 
clathrate matrices is referred to as "contact stabiliza- 
tion," [2'-2'1 Th' is type of stabilization is most striking, 
as the molecule can exist only in a "stabilizing" 
supramolecular environment and cannot form a stable 
solid phase without a template. In other words, a favor- 
able set of noncovalent interactions prevents the mole- 
cule from decomposition. 

Contact stabilization is observed in the binary system 
pyridine (Py)-cadmium nitrate. The phase diagram of the 
system[2" indicates formation of an inclusion coinpound 
[CdPy4(N03)2]'*2Py (Fig. 2). The compound comprises 
molecules of the [ C ~ P Y ~ ( N O ~ ) ~ ]  host complexi251 (Fig. 3) 
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Fig. 2 The phase diagram of the pyridine (Py)-cadmiurn 
nitrate system (fragment). The host complex [CdPy4(NQ3),] 
does not exist in the spstern as a solvent-free compound. 

that build a crystal with guest pyridine included in 
cavities. As follows from the phase diagram, the host 
complex does not form an individual phase; the molecules 
of the [ C ~ P Y ? ( N O ~ ) ~ ]  complex exist only in the inclusion 
cornpound and instantly decompose upon removal of the 
guest component: 

[CdPy, (N03),]'22Py = [CdPy3 (NO;),] + 3Py 

In quantitative terms,12" the contact stabilization phe- 
nomenon appears when the stability of a molecule is 
comparable with the stability of its decomposition pro- 
ducts, and noncovalent interactions in a particular solid 
phase play a decisive role favoring or disfavoring for- 
mation of the molecule. 

Guest Species 

The stabilization of highly reactive or easily dissociating 
guest species included in host molecules or in a host 
framework is related to the contact stabilization phenom- 
enon. Various fluoride colnplexes of boron, silicon. and 
germanium are stabilized through creation of favorable 
hydrogen bonds with crown  ether^.'^" Oxonium and other 
ions of biological significance are stabilized in calixar- 
enes or coordination polymers, such as H ~ O ~ , ~ ~ ~ ~  
H ~ O ~ + . ~ ~ "  H ~ O ~ + . ~ ~ ~ '  and N ~ H ~ ~ . [ ~ ~ ~  

MOLECULARVERSUS 
SUPRAMOLECULAR STRUCTURE 

In the past. chemists underestimated the importance of 
noncovalent interactions, resulting in much confusion. 

The development of supramolecular concepts in chemistry 
made it possible to understand and rationalize a number of 
experimental observations. One such example is the so- 
called "hexapyridine metal complexes," representing 
dozens of compounds with the general formula MX2'!:6Py 
(M is a metal(l1). X is (- 1 )  anion, Py is pyridine or its 
derivatives). A priori, these compounds were described as 
complexes where six pyridine ligands coordinate to the 
central atom M with ionic packing comprising [ m y 6 l 2 +  
cations and A- anions. Recent studies revealed that this is 
not the case.i321 The compounds should be described by 
the formula [MPy4X2]'k2Py, as the X anions and only four 
pyridines are coordinated to the central atom, whereas the 
remaining two pyridines are included as guest species. 
Therefore. the compounds contain only neutral species 
in their van der Waals lattices. Exclusively using the 
language of chemical bonds, it would be difficult to ex- 
plain why such poor ligands as nitrate or perchlorate 
compete with pyridine for the coordination sites around 
the metal  enter."^' It is the noncovalent interactions that 
are responsible for the fact that hexapyridine metal species 
are rarely observed in the solid state. while the chemical 
analogue hexaammine complexes are common.["'] 

STABILIZATION OF 
MOLECULAR ENSEMBLES 

In a broader sense, supramolecular stabilization is 
responsible for the regular al-sangement of species in 
supran~olecular structures. The following examples show 
some of the applications of the phenomenon. 

Inclusion compounds of urea'"' display linear arrays 
of guest species inside cylindrical channels. This property 
makes it possible to conduct stereoregular poiymerization 

Fig. 3 Structure of the [ C ~ P Y ~ ( N O ~ ) ~ ~  coinplex nlolecule In 
the clathrate phase. 
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reactions of included species inside the channels. Another 
application is to constrain polymers in the ordered 
environment of the urea tunnel structure to simplify the 
spectroscopic and diffraction properties of the polymers. 
Orienting unsaturated molecules in certain supramolecular 
environments with appropriate hydrogen bonding makes it 
possible to cond~lct stereoregular condensation reactions 
in the solid phase in quantitative yield.[351 In more detail, 
the subject is reflected in other topics, see for example the 
following topics in this E~zcyclopedia: inclusion reactions 
and polymerization; hydrogen bonding; inclusion com- 
pounds; polarity in crystals; preorganization and comple- 
mentarity; soft and smart materials; solid-state reactivity 
and topochemistry; and strong hydrogen bonds. 

Supramolecular stabilization is an important concept that 
needs to be introduced when considering the influence of 
the supramolecular environment on the structures and 
stabilities of chemical species. The kinetic component of 
the phenomenon is responsible for increasing or decreas- 
ing the lifetime of chemical species included in host 
structures. The thermodynamic component of the phe- 
nomenon explains the existence of unusual, or one of 
many possible, chemical entities in supramolecular 
solids. Our current understanding of these phenomena 
allows a number of experimental facts to be explained 
and makes qualitative predictions possible in some cases. 
Further development of these concepts to more quanti- 
tative levels will allow improved predictions and the 
purposeful design of desired species stabilized in supra- 
molecular environments. 
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INTRODUCTION 

Surfactants are important, or even crucial, in a wide 
variety of phenomena, including wetting, surface tension 
reduction, micelle formation, solubilization of organic 
solutes in micelles, emulsification: dispersion formation. 
adjusting solution rheology, and foaming. The two 
articles on "S~trfactants" in this ellcyclopedia are split 
into "'Fundamentals. ' and "Applications," with funda- 
mental aspects of surfactant behavior being discussed in 
this article. The article in which a certain topic appears is 
arbitrary, because fundamental and applied aspects of 
surfactant behavior are involved in certain topics (e.g., 
wetting. emulsification, adsorption on solids). The pur- 
pose of this article is to outline the important physical 
behavior of surfactants, primarily in aqueous solution, 
because this is where most studies have been done. 

OVERVIEW 

The term "surfactant" is a co~ltraction of "surface active 
agent." because a characteristic of surfactants is their 
tendency to adsorb or concentrate at interfaces between 
bulk phases. such as at the water-air surface or at the 
solid-liquid surface. 

A surfacta~lt ~nolecule is composed of two basic parts: 
a water-soluble (hydrophilic) head group and an oil- 
soluble (hydrophobic) tail group, as shown in Fig. 1 .  
While the tail group is often a hydrocarbon chain. the 
head group can be charged or uncharged. The basic 
surfactant structure is illustrated by sodium dodecyl 
sulfate in Fig. 1. The anionic sulfate is the head group. 
the linear dodecyl chain is the tail group. and sodium is 
the counterion (ion of opposite charge to the head group). 
Based on the hydrophilic and hydrophobic regions of 
surfactant molecules. they are sometimes referred to as 
amphiphiles or amphipaths. 

In aqueous solution: the driving force for a surfactant's 
tendency to adsorb at interfaces and to form aggregates is 
the incompatibility of the tail group with water. Because 
of their hydrophobic nature, tail groups tend to insert 
themselves into a hydrophobic phase, or tend to self- 

assemble by forming aggregates in which the tails 
intertwine to form a hydrophobic environment from 
which water is largely excluded. If the tails cannot 
distribute into an oil-like phase. they essentially forrn 
their own oil phase, a process known as hydrophobic 
bonding. This term should not be misconstrued to imply 
that chemical bonds are formed between tail groups; 
rather, aggregation permits the hydrophobic tails to 
escape from water, eliminating this unfavorable tail- 
water interaction. 

Shown in Fig. 2 are several of the many aggregates 
formed by surfactaats. For these systems, unaggregated 
surfactant (monomer) is in equilibrium with the aggre- 
gate. If an aqueous solution of surfactant is in contact with 
air. the surfactant ~nolecules adsorb at the air-water 
interface as a monolayer, with the head groups immersed 
in the water and the tails sticking in the air phase. If the 
aqueous solution forms an interface with a hydrophilic 
solid (e.g., cotton fabric or a clay). under select condi- 
tions, bilayered aggregates. known as an admicelles, will 
form on the surface. In this case. the head groups of the 
first layer of surfactant can have attractive interactions 
with the solid surface (e.g.. electrostatic attraction or 
hydrogen bonding), and the second surfactant layer has 
head groups exposed to the water. In admicelles, the tail 
groups interact to form a hydrophobic interior. 

The surfactant can also forin aggregates in solution, 
such as micelles and vesicles. The spherical or cylindrical 
micelles shown in Fig. 2 have a core of interacting tail 
groups, coated by the head groups exposed to water, a 
configuration in which both dichotoinous regions of the 
surfactant molecules can be in favorable environments. In 
contrast. if the surfactan1 is dissolved in an organic 
solve~lt. reverse or inverse micelles can form. where the 
tail group is at the micelle surface exposed to the solvent, 
and the head groups are exposed to a droplet of water at 
the reverse micelle core. Vesicles have structrares similar 
to cell membranes, and in solution, the phospholipids of 
the cell membrane spontaneously fo

r

m vesicles. Surfac- 
tants can form many other aggregated structures, only a 
few of which are shown in Fig. 2. In each case, the basic 
driviilg force for self-assembly is for each of the surfac- 
tant inolecule's dissimilar parts to be in a favorable 
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Fig. 1 Surfactant architecture-general representation of a 
surfactant molecule. 

environment: for aqueous solutions, this means that the 
tail group should avoid contact with water. 

While the tail group of commercial surfactants can be 
fluorocarbon or silicon based. the vast majority of 
surfactants have a hydrocarbon group as the tail. This 
hydrocarbon tail Is generally derived from natural sources 
like animal fat or vegetabIe oil, or from synthetic sources 
like petroleum derivatives. The head groups can vary 
dramatically between surfactants. Based on their head 
groups, surfactants are normally classified into five ~najor 
classes. as illustrated in Fig. 3. Anionic surfactailts are the 
largest volume of surfactants produced, with the linear 
alkylbenzerle sulfonate (EAS). shown in Fig. 3, being the 
largest volume anionic surfactant produced commercially. 
For LAS. the head group is the negatively charged 
sulfonate group. while the linear alkyl chain (approxi- 
mately 12 carbons in le~lgth) with the benzene ring is the 
tail group. The counterion (sodium) completely disas- 
sociates from the surfactant when the surfactant dissolves 
in water. As with many commercial surfactants. LAS is a 
coinplex mixture of hornologues with varying alkyl chain 
lengths, and isomers with varying points of benzene ring 
attachment to the alkyl chain. This natural heterogenei~y 
produces performance advantages compared to a single 
surfactant molecule, including improved water solubility. 
In contrast to anionic surfactants. cationic surfactants, lilte 
ihose based on quaternary ammonium, have a positively 
charged head group. Nonionic surfactants typically have a 
polymeric group or an uncharged hydrophilic group like 
poly(ethy1ene oxide) as the head group (see Fig. 3). 

Zwitterionic s~rrfactants have positive and negative 
charges on the head group. Arnphoteric surfactants have 
a head group with a pH-dependent charge. The ainine 
oxide shown in Fig. 3 is zwitterionic at high pH, but 
becomes cationic as protonation occurs at low pH. 
Because amphoteric surfactants are generally zwitterionic 
at some pH. aild zivitterionic surfactants are often 
amphoteric. in practice, the terms zwitterionic and 
amphoteric are used as synonyms, and the term 
ampholytic is used to describe both surfactant types. 

As illustrated in Fig. 4. a number of surfactant properties 
experience discontinuity in slope at a specific concentra- 
tion called the critical micelie concentration (CMC). 
Below the CMC, an insignificant concentration of mi- 
celles is present. and essentially all the surfactant is pre- 
sent as monomer. Above the CMC. incremental surfactant 
forms micelles, and the monomer concentration remains 
nearly constant. Surfactant molecules contrib~~te differ- 
ently to a given property when present as monomer versus 
in a micelle. accounting for the discontinuity in slope in 
Fig. 4. The monomer concentration is often nearly 
proportional to the thermodynarnic activity of the 
surfactant, and it is this activity that determines such 
properties as adsorption at interfaces. surface tension 
reduction, and precipitation. Monomer concentrations 
become nearly constant abo\,e the CMC (for single- 
component surfactants), resulting in many physical 
properties plateauing above the CMC. For example. as 
shown in Fig. 4, surface tension at the air-water interface 
levels off above the CMC-this is the dominant method 
of measuring the CMC. El en practical properties. such as 

liquid crystalline 

reverse micelle 
adrnicelle 

kydrophiiic solidlwater interface 

Fig. 2 Examples of surfactant aggregates. 
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Examples: 

Anionic 

Nonionic 

6 
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+ 
c H , ( C H , ) , , ~ ( C H , ) , ~ ~  

CTAB (Cetyl Trimetkylammonium Bromide) 

AE (Alcohol Ethoxylale) 

CH,(CH,),, - H-CH,--- SO, 
I 

C k ,  ck, 

Dodecyl Dimethyl Amine Oxide 

Fig. 3 Major surfactant groups. 

particulate soil detergency, can plateau above the CMC. 
Charged or ionic surfactants contribute less to equivalent 
conductance in micellar form than as a monomer, 
resulting in the change in slope for this variable illustrated 
in Fig. 4; conductance is used to measure CMC of ionic 
surfactants at low ionic strength. Because the organic 
solutes dissolve (partition) into micelles (a phenomena 
called solubilization), the aqueous solubility of organic 
solutes increases with surfactant concentration above the 
CMC; conversely, surfactants do not significantly affect 
the aqueous solubility of organic solutes below the CMC, 
as illustrated in Fig. 4. 

As illustrated in Fig. 2, micelies can be classified as 
normal (tail groups forming the core and head groups 
coating this oil-like interior) in aqueous solution; or 
reverse (inverse) where the tail groups are on the micelle 
exterior exposed to an organic solvent. There are fewer 
studies of reverse micelles compared to those on normal 
micelles, because the vast majority of surfactant applica- 
tions are in aqueous solution, and normal lnicelles are 
much easier to form than reverse micelles. The focus in 
this article will be on surfactants in aqueous solution, due 
to this emphasis and space limitations. 

A typical spherical micelle in aqueous solution has an 
average number of surfactant molecules, or aggregation 
number, of 40- 100. The diameter of a spherical or cylin- 
drical micelle is around 4-6 nm for typ~cal surfactants. 
The shape of the micelle depends on surfactant molecular 
structure, solution ionic strength, temperature, and pre- 
sence of organic solutes in solution, among other factors. 

uctivity 

tension 

CMG 
Sudactant Concentration in Water 

Fig. 4 Some properties of aqueous surfactant solutions related 
to CMC. 
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For example, micellar structures commonly transition 
from spherical to cylindrical to planar to reverse micelles 
as the tail group length decreases, branching of the tail 
group increases, diameter of the head group decreases, 
ionic strength of solution increases (for ionic surfactants), 
or surfactant concentration increases. This can be under- 
stood in terms of how the surfactant molecules best fit 
together to form the aggregate. For a large head group and 
small diameter tail group. each surfactant can be approxi- 
mated as a cone, which best fits together as a sphere in 
water. As the tail group becomes more branched, each 
surfactani molecule becomes more like a cylinder in 
shape, which aggregates best as a planar structure. As the 
tail group becomes even more branched. the molecules 
can invert to form reverse micelles. with the head group 
surro~inding a droplet of water in the reverse micelle in- 
terior. This transition in aggregate type is shown in Fig. 5. 
The shape of the micelle can influence important physical 
properties. For example. cylindrical micelles (particularly 
when they become long or thread-like) can substantially 
increase solution viscosity, even at a fairly low surfactant 
concentration, a phenomenon sometimes used in shampoos. 

It is easy to think of micelles as stable species when 
viewing depictions such as that in Fig. 2. However, 
inicelles are dynamic structures. The average lifetime of a 
surfactant molecule going into and out of the micelle is 
normally on the order of 1 - 10 psec, and the average 
lifetime of an individual micelle is commoilly around 1 - 
10 msec. Thus, at a given condition, the fraction of 
surfactant present as monoiner versus nlicelles is that at 
equilibrium. beca~~se  equilibration times are so fast. This 
rapid kinetics can affect such processes as foaming or 
wetting, where the micelles act as reservoirs for surfactant 
monomer and replenish this monomer readily. as it is used 
by adsorbing at an interface. 

While rnicelles are the most studied surfactant aggre- 
gate. the driving force for forming other surfactant aggre- 
gates often mirrors those for micelle formation. Thus, 
knotvledge of how variables affect the CMC can provide 
guidance on the anticipated effect of variables on. e.g.. the 
surfactant aggregate adsorbed on solids or at the air- 

Normal Micelle 

Bilayer Structure a!!!!? t B biUUUJLL 

Fig. 5 Hob? tall gloup share can influence lllicelle shape 

water interface as monolayers. The analogous behaviors 
between aggregates composed of surfactants give sub- 
stantial importance to knowledge of micelle formation 
tendencies. Thus. as a broad generalization, the CMC is 
the single most important physical property of water- 
soluble surfactants in aqueous solution. 

The thermodyna~nics of micelle formation is unusual 
compared to formation of condensed or structured phases 
in systems not involving contact between water and 
hydrophobic groups. For example, when a vapor con- 
denses to form a liquid, the entropy decrease is compen- 
sated for by a large endothermic effect. so a condensed 
phase can be in equilibrium with a vapor phase. The heat 
of micelle formation is not large; while it can be 
endothermic or exothermic. it is always small. In micelle 
formation, the entropy decrease for surfactants in the 
aggregate is offset by an entropy increase in another part 
of the system, the water. Water forms highly structured 
layers. known as iceberg structures. adjacent to the hy- 
drophobic groups of surfactant monomer. When the ice- 
like sheath is disrupted as the monomer moves into a 
micelle, the increase in disorder as these structured water 
molecules become ordinary bulk water. approximately 
offsets the increase in order of the surfactant rnolecules as 
they form the structured micelles. The overall result is 
that the entropy change for the system is small when 
micelles form, consistent with small heat changes and 
resultant lack of free energy change when micelles form 
at the CMC. with the monomer in equilibrium with 
micelles. Sometimes. micelle formation is referred to as 
entropy-driven in the surfactant literature. This is a mis- 
leading term and results from the lack of the large entropy 
decrease normally associated with formation of a con- 
densed phase, rather than a large entropy increase upon 
micelle formation. which the term implies. 

There are two basic approaches to modeling the ther- 
modynamics of micelle formation. The mass action model 
views the micelles as reversible complexes of the inono- 
mer that are aggregating and predicts the sharp change 
in tendency of incremental surfactant to form micelles 
instead of monomer at the CMC: this sharp transition is a 
consequence of the relatively large number of molecules 
forming the aggregate. The mass action model predicts 
that micelles are present below the CMC but at very low 
concentrations. The ocher major model used to describe 
micelle formation is the pseudophase separation model, 
which views micelies as a separate thermodynamic phase 
in equilibrium with monomer. Because lnicelle forma- 
tion is a second-order phase transition. micelles are not a 
true thermodynamic phase. and this model is an approxi- 
mation. However. the assumption that there are no mi- 
celies present below the CMC, and that the surfactant 
activity becomes constant above the CMC. is close to real- 
ity. and the mathematical simplicity of the pseudophase 
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separation model is attractive. In fact, some version of the 
pseudophase separation model is predominantly used in 
modeling mixed surfactant systems (almost all practical 
applications involve surfactant mixtures). The distribution 
of the different surfactant components between monomer 
and micelle can be calculated using solution-mixing mo- 
dels to describe surfactant mixing in mixed micelles; 
regular solution theory is frequently used and results in 
simple mathematical relationships with a single parameter 
describing nonideality of mixing. 

Micelle fornmtion is enhanced (the CMC is lowered) by 
increasing the length of the hydrophobic gioup due to the 
increased tendency for hydrophobic bonding. For ionic 
surfactants, the repulsion between the like-charged head 
groups at the micelle surface must be overcome by 
hydrophobic bonding for the micelle to form. So, for a 
given tail group, the CMC of nonionic surfactants can be an 
order of magnitude or more below an ionic surfactant, 
because no electrostatic repulsion must be overcome for 
nonionic surfactants to form micelles. For ionic surfactants, 
the CMC decreases as this repulsion force decreases; this can 
be induced by increasing solution ionic strength or by 
inserting nonionic hydrophilic groups between the charged 
head groups by using a mixture of nonionic and ionic 
surfactants. This typeof synergismfromtheuse of surfactant 
mixtures is observed in many properties of the surfactant 
system, and use of surfactant mixtures is one of the most 
common ways to adjust properties and performance. 

LlQUlD GRYSTALS/SURFACTANT 
PRECIPITATION 

As the surfactant concentration increases above the CMC, 
many s~rrfactants form solutions in which the micelles are 

Biconlinuous Cubic Lamellar 

Fig. 6 Classes of surfactant liquid crystals 

no longer randomly distributed but are organized into 
structures called liquid crystals. Surfactants form four 
main types of liquid crystals, as shown in Fig. 6. 
Hexagonal liquid crystals involve cylindrical micelles 
packed hexagonally, where six micelles surround a central 
micelle. Lamellar liquid crystals are composed of bilayers 
of surfactants separating layers of water. Cubic liquid 
crystals are also known as the viscous isotropic phase. 
These are called cubic because they were originally 
thought to be composed of spherical micelles packed in a 
cubic structure. The current view is that there are two types 
of liquid crystals called cubic, although neither exhibits 
cubic packing. One of these is the discontinuous cubic 
liquid crystal, where oblong lnicelles are arranged in a 
highly structured fashion. Bicontinuous cubic liquid 
crystals have a continuous bilayer of surfactant extending 
through solution as a "plumbing-type" of structure sepa- 
rating the water, which is also a continuous phase; hence, 
the term bicontinuous. 

As the surfactant concentration increases, surfactant 
structures commonly transition as follows: spherical mi- 
celles, cylindrical micelles, discontinuous cubic liquid 
crystals, hexagonal liquid crystals; bicontinuous cubic 
liquid crystals, and lamellar liquid crystals. However, 
viscosity increases in the order as follows: lamellar 
liquid crystal, hexagonal liquid crystal, and cubic liquid 
crystals, with both types of cubic liquid crystals being the 
most viscous (cubic liquid crystals are commonly 
deduced to be present from high viscosity). Lamellar 
liquid crystals can exhibit relatively low viscosity despite 
high surfactant concentrations due to the existence of 
shear planes, along which the aggregated surfactant layers 
can move easily. The cylindrical micelles in hexagonal 
liquid crystals can shear past each other, but there are no 
shear planes in discontinuous cubic liquid crystals and 
bicontinuous surfactant structures, which must be broken 
for flow to occur, so both types of cubic liquid crystals 
exhibit high viscosity. Liquid crystal formation or 
transition of one type of liquid crystal to another can be 
induced by other variables, such as ionic strength and 
temperature. Liquid crystals have substantially longer 
lifetimes than micelles; transitions between different 
liquid crystal types often occur in a few seconds. Optical 
microscopy under polarized light is often used to detect 
liquid crystals, because hexagonal and lamellar liquid 
crystals are birefringent. 

As the temperature of an aqueous solution of nonionic 
surfactants is increased, at some temperature, called the 
cloud point, the solution transitions from a one-phase to a 
two-phase system. If the solution is allowed to equilib- 
rate, a coacervate phase (highly concentrated in sur- 
factant, as much as 70 wt %) and a dilute phase separate. 
The solution appears cloudy at the cloud point, because 
an emulsion of coacervate phase exists in the dilute 
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phase. The cloud point is an important temperature for 
nonionic surfactant solutions; for example, nonionic sur- 
factants are used above their cloud points in automatic 
dishwashing formulations to promote low foaming. In 
addition, optimum laundry detergency is observed around 
the cloud point. 

If the solubility product of a charged surfactant 
monomer with an ion of opposite charge is exceeded, 
precipitation will occur. Hydrophobic bonding in the 
surfactant precipitate causes precipitation to occur at low 
counterion concentrations, particularly if the counterion is 
multivalent. Hard water cleaning has always been chal- 
lenging, because hardness ions (calcium or magnesium) 
readily form a precipitate with many anionic surfactants. 
Surfactant precipitation is generally undesirable, because 
when the surfactant is present as a crystal, it is unavailable 
for adsorption at interfaces and interfacial tension adjust- 
ment, or for forming other aggregates. such as micelles 
and vesicles. When the surfactant is a fatty acid or soap, 
the precipitate formed is called soap scum. The use of 
anionic and cationic surfactant mixtures is limited by their 
tendency to precipitate over a wide concentration range. 
Precipitation can be avoided by manipulation of the 
surfactant structure so that the molecule will not fit well 
into a crystal lattice. for example, by making the tail 
group more highly branched and increasing the solubility 
product. As shown in Fig. 7, another strategy is to 
synergize micelle formation, thereby reducing the CMC 
and monomer concentration. Because the surfactant acti- 
vity is reduced, a higher counterion concentration (called 
hardness tolerance in this case) is required to exceed 
the solubility product. Micelle formation can be made 
more favorable by adding nonionic or amphoteric 
surfactants to ionic surfactants, by increasing ionic 
strength of nonprecipitating counterions for ionic surfac- 

Fig. 7 Equilibria between anionic surfactant precipitating with 
a hardness cation and surfactant monomer and micelles. 

tants, etc. Manipulation of conditions to Iavor one type 
of aggregate over another is a common technique used 
by surfactant technologists to improve system per- 
formance. Recently introduced industrial surfactants are 
designed to preferentially fonn micelles rather than pre- 
cipitate, for example, by judiciously introducing branch- 
ing in the hydrophobe; this is an example of molecular 
engineering to manipulate surfactailt physical properties 
and system performance. 

SURFACE TENSION 
WEDklCTIONIFOkBMSrnETTING 

One of the most important properties of surfactants is 
their ability to reduce surface or interfacial tensions 
between bulk phases: which results from their surface 
activity or adsorption at the interface. Surface tension is 
the energy per unit area required to create new surface 
area and is the consequence of dissimilarity between 
phases. When a vapor and liquid are in equilibrium for a 
single-component system, as the critical point is ap- 
proached. the vapor-liquid surface tension approaches 
zero as the two phases become identical. Surface tensions 
result from the reduction in intermolecular interactions 
when a molecule is moved from bulk phase to a surface 
and a reduction in interaction with nearest neighbors of 
the same structure. Surfactants reduce surface tensions 
due to their tendencies to adsorb at the surface. and they 
act as linkers to make these phases more compatible 
with each other. This is illustrated in Fig. 8 for an air- 
water interface. At room temperature. air-surfactant-free 
water surface tension is about 72 d / m  (same as m.J/m2), 
while a typical air-alkane interfacial tension is 30 mN/m. 
When a surfactant monolayer adsorbs at the air-water 
surface, the head groups are immersed in or adjacent to 
the water, while the tail groups stick in the air. The 72 
n f l /m air-water interface was replaced by a head group- 
water interface and a tail group (oil-like layer)-air 
interface. The sum of the surface tensions of these two 
new interfaces is that of an oil-air surface (about 30 mN/ 
m) and a head group-water surface (very low surface 
tension). As a result of the surfactant linking the air and 
water phases, the surface tension is reduced from 72 mN/ 
m to about 30 mW/m. Surfactant-induced surface tension 
modification is used in a wide range of applications. 
For example, air-water surface tension reduction is 
important to processes such as wetting of an aqueous 
solution on a hydrophobic surface or production of foam; 
interfacial tension reduction at an oil-water interface is 
important in the removal of oily soil from fabric in 
laundry detergency. 

The air-water surface tension decreases with increas- 
ing surfactant concentration below the CMC and 
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Fig. 8 Using adsorption to lower surface tension of water: 
surfactant acts as linker between phases. 

plateaus above the CMC for single-component surfac- 
tants. Because the tendency of the surfactant to adsorb at 
the air-water interface and its tendency to form ~nicelles 
is affected similarly by changes in many conditions, the 
plateau surface tension does not vary greatly within a 
homologous series of surfactants. For example, as the 
number of carbons within a linear hydrocarbon tail 
group increases. to attain a specified surface tension, a 
lower surfactant concentration is needed, but the 
concentration at which no further surface tension 
reduction occurs (the CMC) is also lowered. As a result. 
the plateau surface tensions between meinbers of a 
homologous series vary little with alkyl chain length of 
the surfactant. Similar trends are true for other variables 
that synergize micelle formation. such as increasing 

ionic strength for ionic surfactants or adding a nonionic 
surfactant to the ionic surfactant. This is illustrated for 
the addition of NaGl to an aqueous solution of the 
cationic surfactant cetylpyridinium chloride in Fig. 9. It 
is difficult to attain a plateau air-water surface tension 
of less than about 25 mN/m with hydrocarbon-based tail 
groups in surfactants. Silicon-based hydrophobic groups 
allow surface tensions as low as 20 mN/m, and 
fluorocarbon-based hydrophobic groups exhibited sur- 
face tensions as low as 13 mN1m. 

When a droplet of liquid is on a solid surface, the 
contact angle describes whether the droplet wets the 
surface (spreads) or beads up, as shown in Fig. 10. A 
contact angle through the droplet of 0" would corre- 
spond to wetting and 180" to dewetting. As a liquid 
spreads over a solid surface and the contact angle 
decreases. a liquid-vapor surface and a solid-liquid 
surface are created. and a solid-vapor interface is 
destroyed. This process is made thermodynamically 
favorable when surfactant adsorbs at the two newly 
created interfaces. reducing their surface tensions; total 
system energy decreases upon wetting in this case. as 
illustrated in Fig. 10. In part because it is easily 
measured, liquid-vapor surface tension is often consid- 
ered the dominant force that affects wetting of an 
aqueous solution on a hydrophobic solid, and surfactants 
cause an increased tendency to wet due to surface 
tension reduction. The most effective wetting agents in 
water are fluorinated surfactants, followed by silicon 
surfactants. Wetting is important in many applications, 
including spreading of an aqueous solution of herbicide 
sprayed on crops in agriculture, spreading of inks on a 
plastic film up011 printing. and spreading of a detergent 
solution over dishware in automatic dishwashing. to 
name a few. 

Fig. 9 Surface tension of cetylpyridinium chloride (CPC) solutions at different salinities. 
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vapor 

yLV:ySV, andy,,refer to interfacial tension 
between liquidlvapor, solidlliquid, 

and solidlvapor, respectively. 

Hydrophobic Solid Surface 

Fig. 10 Contact angle (0) for liquid wetting a solid and role of 
surfactant adsorption i n  aiding spreading (0 decreases). 

Foams are dispersions of gas in a liquid. The thin- 
liquid fi l~n (film lamellae) separating the discrete gas 
bubbles is continuous. Surfactants are critical to effective 
foam formation and stability for two basic reasons: 1)  the 
reduction in liquid-vapor surface tension reduces the 
energy required to creaie the large surface areas in a 
foarn; and 2)  the adsorbed surfactant monolayers on each 
side of the film lamellae repel each other. thereby 
opposing thinning and the ultimate rupture of the film, as 
shown in Fig. I I .  If the head groups are ionic, there is 
electrostatic repulsion between the charged monolayers: 
if the head groups are large polyethoxylate nonionic 
groups, steric (space-filling) repulsion exists between 
layers. These electrostatic and steric repulsive forces, 
generically refesed to as a disjoining pressure, are 
crucial to stabilization of the foam. Because electrostatic 
forces are often stronger than steric forces. ionic 
surfactants are generally the best foaming agents. Foam 
stability is particularly good when using mixtures of 
ionic and zwitterionic surfactants, because they form 
stable monolayers. Fortnation of cylindrical rnicelles or 
liquid crystals in the foarn lamellae can increase viscosity 
in the film and increase foam stability. As a foam ages 
and the liquid drains froin the liquid film. the foam 
becomes dryer, and the gas bubbles transition from 
spheres to polyhedrons. The minimum free energy of a 
foaming system occurs when the foam breaks. demon- 
strating the instability of these systems. Foams can be 

formulated. however. to be stable for rnonths or even 
years. One foam of academic interest has ultrathin liquid 
films separated by gas bubbles. so thin that no light 
reflects from them. and they appear to be black. These 
black films were first observed by Newton and can be 
stable. because repulsive and attractive forces between 
the two surfaces of the liquid film can be in balance. This 
is a quasiequilibrium state. however; at equilibrium. 
these black film-based foams will break due to the large 
energy gained by the system when the film surface area 
is destroyed. 

Surfactants improve foam formation by inducing film 
elasticity. which is helpful when the film is stretched as a 
gas bubble emerges from a liquid solution to become part 
of the foam matrix. As the film stretches, differentia! 
surfactant adsorption at the interface leads to surface 
tension gradients and healing of the filrn (so it thins with 
approximately uniform thickness). The optirnum surfac- 
tant concentration for foam forrnatioll (although not foam 
stability) is around the CIVIC. 

Water-insoluble surfactants (particularly silicoa-based) 
can act as antifoams (prevent foarn formation) or defoam- 
ers (break existing foams) due to displace~nent of water- 
soluble surfactants from the air-water interface. resulting 
in inelastic adsorbed monolayers. poor foam formation, 
and poor resistance of an existing foam to rupture upon 
stretching (due. for example, to mechanical vibrations). 
So, surfactallts can help make or help break foams, 
depending on the desired effect. 

Emulsions and microemulsions are widely used in a 
range of products. including pharmaceuticals, cosmetics, 
food products. and cleaning. to name but a few. as well 
as in industrial operations. such as in the production of 

~ h i i  Film 
(Lamellae) 

Fig. II Formation of surfactant monolayers at the air-water 
interface that stabilizes foam. 
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emulsion polymers. An emulsion, or macroemulsion, is a 
thermodynamically unstable mixture of oil and water. 
Surfactants can help to stabilize these emulsions for 
months, or even years, depending on the desired shelf 
life for a given product. By contrast, a microemulsion is 
a thermodynamically stable system. The surfactant 
selection approach to stabilize a macroemulsion and to 
form a microemulsion are similar in some ways but 
different in others. The discovery that microemulsion 
formation and macroemulsion stability are linked is 
rapidly changing the designs of macroemulsion surfac- 
tant systems. 

Macroe~nulsions are opaque dispersions of an oil and 
water phase, taking on a milky-white appearance when 
the oil is colorless (as in the case of milk). The milky- 
white appearance results from the emulsion droplet size, 
typically on the order of 0.5-1.0 microns, which is large 
enough to scatter visible light. Stable macroemulsions 
cannot have droplets much larger than this, as the buoyant 
forces that result from the oil-water density difference 
will cause the droplets to "cream out," rising to the top of 
the continuous phase. By contrast, microemulsions are 
generally transparent, a result of their much smaller 
droplet size-larger than a micelle, 4-6 nm, but much 
less than 100 nm. As microemulsion systems approach or 
exceed this upper limit. they evidence a blue-white or 
hazy appearance; this region is sometimes known as a 
miniemulsion; or swollen micelles. 

Droplet size plays an important role in macroemul- 
sion stability. Forming a macroemulsion requires energy 
input because of the increased interfacial area between 
the oil and water phases (Fig. 12). Conversely, as the 
emulsion breaks and the system returns to the original 
state, energy is released. In the example in Fig. 12, 31 J 
of work is required to form one micron droplet of 100 
mLs of heptane in 1 L of water. If smaller droplets were 

L ~ e ~ t a n e  dispersed 
in 1 rnlcron 
d~arneter droplets work = y,AA 

AA = 600 square meters 
'1, = 52.4 mN/m 

Work to create the interfacial area = 31 Joules! 

Fig. 12 An example of energy required to form a macroemulsion. 

desired, more energy input would be required because of 
the increased interfacial area. At the same time, smaller 
emulsion droplets experience less buoyancy effect and 
creaming (coalescence as the droplets rise to the 
surface). Surfactants help the emulsion process in two 
important ways: 1) by reducing the interfacial tension, 
surfactants decrease the energy input required to form a 
certain droplet size (or, for the same energy input, smaller 
droplets are formed); and 2) as surfactants accumulate at 
the oil-water interface, they provide electrostatic or steric 
hindrances to droplet coalescence. It is by producing 
smaller emulsion droplets and hindering the coalescence 
process that surfactants help to form stable macroemul- 
sions. Once a macroemulsion breaks, energy must again 
be added to reform the macroemulsion. 

As a general description, a microemulsion is a homo- 
geneous phase that contains a substantial fraction of 
both oil and water, their mixing being induced by the 
dissolved surfactant. In contrast with macroemulsions, 
microemulsion systems form spontaneously in solution. 
As with micelles, microemulsions are thermodynamical- 
ly stable. As a result, in contrast to macroemulsions, 
microemulsion formation is reversible. For example, if 
changes in a system parameter (e.g., temperature) alter 
the microemulsion system, when the system parameter 
returns to its original state, so does the n~icroemulsion 
system. In contrast to macroemulsions, a microemulsion 
forms virtually independent of the volume of the oil 
phase, but once formed, the microemulsion enhances the 
aqueous solubility of the oil phase. Most often, an 
excess oil phase persists in the presence of a micro- 
emulsion phase-the oil and water phases do not 
completely mix. 

Macroemulsions can occur in two basic forms: oil in 
water ( O m )  or water in oil (WIO). In an O/W emulsion, 
the system has bulk properties of a water phase, and thus 
behaves like oil droplets dispersed in a water continuous 
phase. Conversely, for a WIO emulsion, the system has 
properties of water dispersed in a continuous oil phase. 
An obvious questions is: how does one design a 
surfactant system to form or stabilize an O/W or a W/ 
0 emulsion'? A traditional rule-of-thumb, Bancroft's 
Rule, indicates that an O W  emulsion will result when 
the emulsifying agents (surfactants) are more soluble in 
the water phase, while WIO emulsions result when the 
emulsifying agents are more soluble in the oil phase. The 
more quantitative hydrophilic-lipophilic balance (HLB) 
is an indicator of a surfactant's water or oil solubility. 
Surfactants with relatively high HLB values (e.g., 16 or 
greater) are highly water soluble. while relatively low 
HLB values (e.g., six or less) indicate surfactants that are 
oil soluble. As expected, increasing the surfactant tail 
length decreases the HLB, while increasing the number 
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of ethylene oxide groups or going from a carboxylate to 
sulfate or sulfoilate head group increases the HLB. As 
the MLB of a surfactant, or surfactant mixture. decreases 
between these extreme values, it transitions from being 
water so l~~b le  (micelles) to oil soluble (reverse micelles). 
This transition occurs at intermediate HLB values 
(approximately eight to 12, depending on the oil). An 
en~ulsion has its highest stability when the HLB of the 
surfactant is tailored to the HLB of the oil. In this case. 
the smfactant concentrates at the oil-water interface, 
lowering the interfacial tension and providing electro- 
static and steric hindrances to emulsion coalescence. If 
the smkctant is too oil or too water soluble (the HLB is 
too low or too high). the surfactant will preferentially be 
in the oil or water phase rather than at the interface 
stabilizing the emulsion. Surfactant mixtures help 
optimize the MLB. increase the surfactant packing 
density at the oil-water interface, lower the interfacial 
tension, and enhance the electrostaticlsteric hindrances to 
coalesce~lce. all of which improve emulsion stability. 
The HLB method is widely used. because it provides a 
single value that characterizes the water solubility of a 
surfactant or mixtures thereof. Within a class of 
surfactants. the lower the HLB. the greater the tendency 
to form aggregates from aqueous solution [such as 
micelles (reduced CMC), precipitate (for ionic surfac- 
tants. higher Mrafft temperature)]. form monolayers at 
the air-water interface, etc. However, at the same HLB, 
surfactants from different classes (e.g., anionic versus 
nonionic) can behave differently. 

One limitation of the HLB concept is its failure to 
account for variations in system conditions from that at 
which the HLB is measured ( e . ~  temperature. electrolyte 
concentration). For example. increasing temperature dec- 
reases the water solubility of a nonionic surfacta~lt. uiti- 
rnately causing phase separation above the cloud point. an 
effect not captured in a temperature-independent HLB 
value. When both water and oil are present. the tempera- 
ture at which a surfactant transitions from being water 
soluble to oil soluble is known as the phase inversion 
temperature (PIT). Below the PIT, nonionic surfactants are 
water soluble, while above the PIT. they are oil soluble. 
Thus, from Bancroft's rule. a nonionic surfactant will form 
an O/W emulsion below its PIT and a WIO emulsion 
above its PIT. Likewise, increasing salt concentrations 
reduces the Lvater solubility of ionic surfactant systems. At 
elevated salt concentrations, ionic surfactants will even- 
tually partition into the oil phase. This is illustrated in Fig. 
13. which shows aqueous micelles at lower salt con- 
centrations and oil-phase inverse micelles at higher salt 
concentrations. Increasing the system temperature will 
likewise cause this same transition for nonionic surfac- 
tant systerns. 

Interesting things happen in the region where a 
surfactant transitions from being water soluble to oil 
soluble. At the incipient point of transition. the 
surfactant dislikes the water and the oil phases and 
prefers to be at the interface, but there is not sufficient 
room at the interface to accommodate all of the 
surfactant. In this case, a new phase forms, which we 
call a middle-phase microemulsion. The middle-phase 
microemulsion combines virtually all of the surfactant 
with portions of the oil and water phases, giving it an 
intermediate density. and exists in equilibrium with 
virtually surfactant-free oil and water phases. Middle- 
phase microemulsions appear at the intermediate salt 
concentrations shown in Fig. 13. Unlike oil- water 
emulsions. which break given sufficient time, a mid- 
dle-phase microemulsion system is thennodynamically 
stable and does not break with time (given that system 
conditions remain constant). Winsor referred to this 
middle phase as a Type III microemulsion. as opposed to 
Type I (micelles) and Type I1 (inverse micelles) 
microemulsions. Middle-phase microemulsions have 
several highly desirable properties; including ultralow 
interfacial tensions with the water or the oil phases, 
potentially less than 1 0 ~ '  mNIm, and ultrahigh solu- 
bilization potentials for oil or water, potentially two to 
three orders of magnitude higher than in simple micellar 
systems. as illustrated in Fig. 13. To illustrate the re- 
markable ability for oil and water to coexist in a middie- 
phase microemulsion. a few weight 5% ssufactant can 
cause equal amounts of oil and water to be contained in 
the microeinulsion. 

While the middle-phase microemulsion appears at a 
discrete point in the temperature or salinity scan, system 
properties change continuously through the scan. As 
illustrated in Fig. 13. the interfacial tension decreases 

Increasing Salinity 

Decreasing WLB 

Fig. 13 Effect of electrolyte concentration on Winsor micro- 
emulsion type (salinitj scan). w: water: o: oil: m: microemul- 
sion: solubilization parameter: \~olume of oil sol~~bilixed per 
mass of surfactant. 
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continuously as the system transitions through the Type I 
region toward the Type III boundary, and it will decrease 
by orders of magnitude prior to the appearance of a 
middle-phase microernulsion. Likewise, the solubilization 
potential will increase by an order of magnitude or more 
prior to the appearance of a middle phase. We refer to the 
Type I microemulsion region just before a Type III 
microe~nulsion forms as the supersolubilization region. 

As the surfactant concentration increases. there is more 
surfactant in the middle-phase region. Because the 
surfactant is accumulating at the oil-water layers within 
the middle phase, as the surfactant concentration increases, 
the volume of the middle phase must increase to accom- 
modate the additional surfactant. Eventually, at elevated 
surfactant concentrations. the volume of the middle phase 
grows sufficiently to consume all of the oil and water 
phases, and we are left with a single-phase microemulsion. 
In this Winsor Type IV microemulsion, the oil and water 
become miscible, the system interfacial tension reaches a 
global minimum. and the solubilization potential reaches a 
global maximum. In order to form a single phase, a Type 
bV microem~~lsion requires elevated surfactant concentra- 
tions, but the improved performance may warrant 
additional costs for certain applications. As a microe~nul- 
sion transitions from a Type 1 toward a Type I11 system, 
micelles become swollen. and eventually, a bicontinuous 
structure forms with a rnonomolecular surfactant film 
separating regions of oil from regions of water. (See Fig. 
13.) Hence. water and oil are continuous; this bicontinuous 
structure is present, not only in middle-phase microemul- 
sions containing approximately equal volumes of oil and 
water. bur also as we approach the Type I or I1 
microemulsio~l boundaries within the middle-phase region. 

Emulsion stability is also a function of surfactant con- 
centration. As discussed above. if the surfactant HLB is 
not tailored to the HLB of the oil, the surfactant will be in 
the oil or water phase rather than accumulating at the 
interface. But in addition to having the right surfactant 
system (HLB matched to the oil phase), there must be 
sufficient surfactant present to cover the interfacial area of 
the optimally sized emulsion droplets. In addition to 
saturating the oil-water interface: enough surfactant must 
be added to maintain the aqueous CMC, as this equi- 
librates with the desired level of surfactant at the in- 
terface. If the surfactant concentration is less than this 
optimal concentration. then larger emulsion droplets will 
occur, and increased buoyancy forces will result in a 
shorter shelf life than desired. Thus, optimal emulsion 
stability requires selecting the right surfactant system. as 
guided by the HLB concept, and the right amount of this 
surfactant system, as estimated from the oil-water inter- 
facial area and the area per head group of the surfactant 
present as an adsorbed monolayer. 

CONCLUSION 

The tendency of surfactants to adsorb at interfaces and 
self-assemble results in unique physical properties and 
behavior. Formation of micelles, liquid crystals. macro- 
emulsions, microemulsions. and foams, as well as surface 
tension reduction and improving wettability of aqueous 
solutions, are just a few phenomena exhibited by sur- 
factants. This behavior is of both fundamental interest as a 
unique subset of physical chemistry as well as leading to 
many practical applications. 
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Surfactants are used in many applications, including 
consumer products. industrial products and processes, 
and environmental remediation. The total annual value of 
surfactants is on the order of $6 x 10'. As an example of 
the commercial importance of applications in which 
surfactants are crucial, the worldwide annual market for 
detergent or cleaning products. in which surfactants are 
an important component, is approximately $60 x lo9. The 
two articles on "Surfactants" in this encyclopedia are 
split into "Fundamentals" and "Applications," with this 
article discussing applied aspects of surfactant behavior. 
The article in which a certain topic is included is 
arbitrary. because fuildamental and applied aspects of 
surfactant behavior are involved (e.g., wetting. emulsify- 
ing. adsorbing on solids). The purpose of this article is to 
extend the discussion of fundamental surfactant behavior 
from Part I; to discuss some applications, like detergency 
and surfactant-based separations. and to describe envi- 
ronmental aspects of surfactants that influence their use 
in applications. 

SURFACTANT ABSORPTION ON 
SOblDSdBlSPERSiONS 

Surfactants tend to accumulate at the solid/liquid interface 
just as they accunlulate at the vapor/liquid and liquid/ 
liquid interfaces. Surfactants also tend 'to form aggregates 
at the solid/solution interface, just as they tend to form 
inicelles in solution. Bilayered aggregates of adsorbed 
surfactants are called admicelles. 

Shown in  Fig. I is a typical adsorption isotherm for a 
single-component surfactant adsorbing from an aqueous 
solution surface for which the head group of the monomer 
has an attractive interaction, such as an anionic surfactant 
adsorbed on a positively charged surface. The x-axis is the 
equilibrium concelltration of surfactant in solution, and 
the y-axis is the amount of adsorbed surfactant. in moles 
or ~nolecules or mass per area or adsorbent weight. 

The surfactailt adsorptioil isotherm is usef~illy divided 
illto four regions. Region I is called the Henry's Law 

Region, where adsorptioll is proportional to concentration. 
In Region I. monomers adsorb independently on the solid 
surface, without cooperation or competition for adsorp- 
tion sites, because the number of available adsorption 
sites greatly exceeds the number of adsorbed molecules. 
Region I1 is characterized by the formation of admicelles 
(adsorbed bilayers) in patches on the smface. The Region 
IIRegion I1 transition is marked by a sharp increase in the 
slope of the adsorption isotherm. as the surfactant 
inolec~iles begin to cooperate, and hydrophobic bonding 
causes formation of admicelles. The Region ITIRegion III 
transition is characterized by a competition between ad- 
micelles for available formation sites, as the number of 
adrnicelles can approach the number of sites available for 
admicelles. Thus, while Region I1 is dominated by 
cooperative interactions between surfactant monomers to 
form admicelles, Region 111 is dominated by competition 
between the admicelles for the available surface area of 
the solid. Region 111 may not exist in some systems where 
surface coverage of adlnicelles is sparce. Region IV 
begins as the monomer concentration in solution reaches 
the critical micelle coacentration (CIVIC). Because the last 
admicelle forms at the same chemical potential as the first 
micelle to form. surfactant added above the CMC goes 
into forming more inicelles with little change in the 
chemical potential of the surfactant molecules. resulting 
in a nearly constant adsorption above the CMC in Region 
IV. The level of adsorption above the CMC is often called 
the plateau adsorption. In cases where the head group has 
a neutral or even repulsive interaction with the surface. as 
might occur with a hydrophobic surface or with a surface 
having the same charge as the head group, the admicelles 
will tend to be local monolayers called hernimicelles. with 
a tail-down, head-out configuration. In this case. the 
driving force for self-assembly is less than that for the 
systems shown in Fig. 1.  so a gradual increase in sur- 
factant adsorptioil with concentration instead 01 an abrupt 
transition upon surface aggregate formation is observed. 
However, adsorption still plateaus above the CMC in 
these cases. 

It is hard to overstate the observation that the admicelle 
has properties similar to a micelle. Counterion binding on 
the adrnicelle is nearly identical to that on the micelle: 

Eizcyrlopetlin (?fS!~prci~nolec~~Ini. Chemirtiy 
DO!: 10.1081lE-ESMC 12001 6053 
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Log Suefactant Concentration 

B -- Longer aikyi chain length or higher electrolyte 
concentration (for ionic surfactants) than A 

GAC -- Critical Admicelle Concentration 

Fig. 1 A typical sul.factant adsorption isotherm on a hydro- 
philic surface from water. 

admicelles will soiubilize organic solutes, a phenomenon 
called adsolubilization. to about the same extent as the 
same solute is taken up by a micelie. A consequence of 
this is that the transition from Region I to Region II- 
often called the CAC, or critical admicelle concentration 
in analogy to the CMC-will decrease with added 
electrolyte in nearly the same manner as the CMC 
decreases for ionic surfactants. In Fig. 1, Isotherm B can 
represent the same surfactant as in Isotherm A. adsorbing 
on the same surface; Isotherm B is shifted to the left. 
because added electrolyte reduced the CAC along with 
the CMC. Isotherm B could also represent a surfactant 
with a larger hydrophobic g

r

oup than Isotherm A. As with 
added electrolyte for ionic surfactants, increased hydro- 
phobicity lowers the CAC and the CMC and shifts the 
Isotherm to the left. For all concentrations of surfactant 
between the CMC and the CAC, the adsorption for 
Isotherm B is higher than the adsorption in Isotherm A: 
however. because the electrolyte or increased hydrophobe 
size lowered the CMC, the CMC occurs at a lower 
surfactant concentration. and the level of adsorption 
above the CMC is practically unchanged. Above the 
CMC, the plateau adsorption level inay be at or near 
complete biiayer coverage but may be significantly less if 
there is not a stroilg interaction between the surface and 
the hydrophilic group of the surfactant. 

While ionic surfactants will always adsorb strongly on 
surfaces oppositely charged to the head group. nonionic 
surfactants adsorb strongly on some substrates, like silica 
(due to hydrogen bonding), but have low adsorption on 
substrates like alumina. A nonionic surfactant may adsorb 
to form a complete bilayer on silica but may not even 

begin to form admicelles on alumina. Anionic and. 
~lonionic surfactants can form monolayers (hemirnicelles) 
on hydrophobic surfaces and can form admicelles on 
hy drophilic surfaces. 

All hydrocarbon nlixed surfactant systems with 
dissi~nilar head groups. such as ionic/nonionic, ionic/ 
amphoteric, and anionic/cationic, tend to have increased 
adsorption relative to the pure component adsorption at 
the same surfactant concentration. This synergisin is 
analogo~~s to the effect of mixed surfactant systems in 
forming low CMC surfactant n~ixtures. It is easier to form 
a mixed ad~nicelle rather than a pure component 
admicelle, just as it is easier to form a mixed micelle. 

Adsorption of surfactant at the solidlsolution interface 
is important in technologies such as ore flotation (a 
separation process). stabilization of dispersions. wetting. 
and surface cleaning. Surfactants are important compo- 
nents in paints. drilling muds; printing inks, and ceramic 
green bodies. There are many similarities in the phe- 
nornenologies of dispersions and emulsions. In both 
phenomena, adsorption of surfactants at the solvent 
interface lowers the interfacial energy and also imparts 
steric and electl-ostatic repulsion between particles; this 
inhibits aggregation of the particles, thus preventing the 
buoyant force on the aggregate fro111 becoming significant 
enough to reduce the stability of the dispersion. The role 
of the adsorbed surfactant layer in stabilizing a dispersion 
of hydrophobic particles (e.g., carbon black) is illustrated 
in Fig. 2. In emulsions, in contrast to dispersions. 
optimization of the surfactant systems results in smaller 
liquid droplets. so that the buoyant force becomes 
negligible. For solids, the particle size does not adjust 
when surfactants are added (although surfactants can 
cause small particles to agglomerate into assemblies or 
flocs-this is not the same as adjusting the primary 
particle size). This means that for solid particles too large 
to be suspended by Brownian motion, the negative 
buoyant force will cause the particles to settle. no matter 

Adsorbed Surfactant Layer 

Aqueous Surfactant Solution 

Fig. 2 The role of adsorption in solidiliyuid dispersions 
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how effectively the surfactant adsorbs at the particle1 
solution interface. 

Despite the central role of surfactants in stabilizing 
solidlliquid dispersions. the most important variables 
affecting dispersion stability are the particle size and the 
volume fraction of the solid. These variables essentially 
determine the strategy to be used to form a stable 
dispersion of the particles in liquid. Only in the case of a 
low volume fraction of subrnicron particles will surfactant 
adsorption on the surface, and the resulting electrostatic 
and steric repulsion between the particles, be sufficient to 
form a stable suspension of dispersed particles. When the 
solid particles are too large to be suspended by Brownian 
motion, as is generally the case for particles of micron 
size or larger, if the particles are completely, uniformly 
dispersed, then the dispersion stability remains low. To 
form stable suspensions in such systems, it is important 
that the particles have a small amount of "stickiness" 
between one another. Sticky particles form high volume 
fraction aggregates that, even though too large to be 
suspended by Brownian motion, form a large volume 
fraction clay or floc that is readily redispersed by shear 
forces and does not form a dilatant (shear thickening or 
nonredispersable) clay. Formation of high volume frac- 
tion aggregates that keep one another suspended is easier 
as the volume fraction of the solid increases. 

There is a strong correlation between surfactant con- 
centration and cossesponding adsorption, and the type of 
dispersion obtained. Consider, for example, an aqueous 
suspension of silica particles to be stabilized by adsorp- 
tion of a nonionic surfactant. The silica particles have a 
negatively charged surface above pH 2; consequently, 
submicron silica particles at neutral pH tend to remain 
suspended even in the absence of added surfactant, 
because the charged surfaces repel one another. When 
the particles are greater than a micron in size; however, the 
density of silica (specific gravity of two) causes rapid 
settling of the particles, despite their electrostatic repul- 
sion. Addition of surfactant to a level where the surfactant 
equilibrates in Region I of the adsorption isotherm has 
little effect on the suspension because of the low level of 
adsorbed surfactant. When the surfactant equilibrates in 
Region 11, however, the silica particles begin to aggregate. 
The aggregation is caused by the simultaneous coadsosp- 
tion of individual admicelles on two silica particles. 
resulting in the formation of an admicelle bridge linking 
the particles together. So, when the surfactant adsorption 
density is such that surfactant-covered patches on one 
particle interact substantially with bare patches on other 
particles, the surfactant can decrease dispersion stability or 
cause aggresation. The extent of aggregation and the size 
of the aggregates will vary throughout Region 11, and there 
will generally be an optimum level of surfactant for 
stabilizing the dispersion. Once the surfactant adsorption 

level reaches Region 111, however, a high fraction of 
adsorption sites can become filled. and there can be a 
decrease in aggregation. By the time the plateau or Region 
IV adsorption is reached, the adsorbed nonionic surfactant 
admicelles cause steric repulsion of the particles, and a 
stable dispersioil can result. 

In selecting a surfactant for use in modifying dis- 
persions, the most important consideration is whether or 
not the surfactant adsorbs on the solid. Ionic smfactants 
adsorb best on oppositely charged surfaces of oxides like 
silica, alumina, or titanium dioxide. The opposite charge 
is determined by the pH of the solution. For example. 
silica gels generally have what is called a point-of-zero 
charge (PZC) between pH 2 and pH 3. Below pH 2 the 
silica surface is positively charged, and anionic surfac- 
tants will adsorb best; above pH 3 the silica surface will 
be negatively charged, and cationics will adsorb best. In 
contrast, zinc oxides generally have a PZC around pH 9. 
Below pH 9 the zinc oxide has a positively charged 
surface, and anionic surfactants adsorb best and are better 
able to affect the stability of zinc oxide dispersions. 
Above pH 9 the zinc oxide will have a negatively charged 
surface, and cationic surfactants will adsorb best and be 
more effective. 

As in the earlier example. where nonionic surfactant 
decreases then increases dispersion stability of silica as 
surfactant concentration increases from Region I on the 
adsorption isotherm to the CMC. ionic surfactants can 
exhibit the same qualitative behavior with hydrophilic 
solids. If the surfactant has an opposite charge to that of 
the particle (e.g.. anionic surfactant with alumina at pH 
below its PZC of 9), adsorption of surfactant can reduce 
the absolute value of electrical potential of the particle, 
reducing electrostatic repulsion between particles and 
reducing dispersion stability. As surfactant concentration 
and adsorption are increased further, the surfactant 
adsorption density can cause the net charge on the 
particle to change from positive to negative (or vice 
versa), a phenomena known as charge reversal. Further 
increases in surfactant concentration, up to the CMC, 
can increase charge density on the particles. increase 
electrostatic repulsion, and increase dispersion stability. 
Charge reversal is possible, because hydrophobic bonding 
in admicelles can overcome electrostatic repulsion 
between charged surfactant head groups. So charge 
reversal can be yet another factor causing surfactant to 
act as an agglomeration agent or as a dispersant, 
depending on concentration. Dispersion stability approx- 
imately plateaus above the CMC, because surfactant 
adsorption also plateaus (Region IV in Fig. I).  Unlike 
hydrophilic particles, where dispersion stability can 
exhibit a minimum with surfactant concentration, the 
higher the adsorption (higher concentration up to the 
CMC): the greater the dispersion stability of hydrophobic 
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particles in water (see Fig. 2), because electrostatic and 
steric stabilization improve with increasing surfactant ad- 
sorption. In designing dispersed systems. relating equi- 
librium surfactant concentration to the CMC is crucial. 
rather than using empirical rules related to a wt% of 
dispersant recommended for a given system. 

DETERGENCY 

Detergency can be defined as removal of unwanted 
materials from a solid surface. Most detergent applica- 
tions occur in aqueous solution. although in laundry dry 
cleaning. organic solvents are used. We will restrict 
discussions here to water-based systems. Detergent 
products include laundry detergents (mostly powders, 
liquids. tablets), hand dishwashing detergents, autoinatic 
dishwashing detergents, hard surface cleaners, shan~poos, 
bar soaps and body washes for cleansing of the skin, 
carpet cleaners, glass cleaners, car washes, and many 
other products. While a universal formn~llation could do a 
reasonable job of cleaning most surfaces, the consumer 
demands high performance. so products are designed for 
specific applications with differing compositions. Surfac- 
tants are a key component in the detergency process. In 
some applications (e.g.. inexpensive bar soaps, most hand 
dishwashing detergents). surfactants are the only additive 
responsible for cleaning. 

Unwanted materials (or soils as they are referred to in 
detergency) to be removed from the substrate are 
normally classified as oily, particulate, or solid non- 

Before Wash 
P 

bath r' YOB 

Surface destroyed 
upon detachment 

New surfaces 
created uoon 

After Wash 

Detachment: 
Create soillbath + substratelbath surfaces 

Destroy substrate/soil surface 

Fig. 3 Destruction and creation of surfaces upon oily soil 
detachment. 
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Fig. 4 Remox'al of oily soil by the roll-up mechanisrll. 

particulate. Oily soils are any liquid substances that can 
spread out or bead up (contact angle change) on the 
substrate; motor oil or vegetable oils are typical model 
oily soils used in detergency studies. Particulate soils are 
hard particles such as carbon black (model hydrophobic 
soil) or clay (model hydrophilic soil). Solid nonparticulate 
soils are sebum from human skin. which can contain 
enough crystallinity (due to fatty acids) so they do not 
flow, yet they do not remain intact as discrete particles 
like particulate soils. Soils are different from stains; 
stains involve a chemical bond between the contaminant 
and substrate (e.g., blood, coffee, blueberries), whereas 
soils are attracted to the substrate by physical forces 
like van der Waals, electrostatic, and hydrophobic forces. 
Enzymes and bleaches are generally used to treat stains, 
whereas surfactants are critical to removal of soils. 
Substrates to be cleaned are generally classified into tex- 
tiles or hard surfaces (e.g.. dishes, kitchen counters), al- 
though there are a number of surfaces that do not fall 
into either of these categories. Another way of classifying 
substrates is as hydrophobic (e.g., synthetic clothing, 
polyethylene food storage containers) or hydrophilic (e.g., 
cotton fabric, ceramic dishes). This latter classification 
is mechanistically more convenient, as illustrated by the 
example that the toughest detergency challenge is oily soil 
on a hydrophobic surface. 

The general principle of surfactant action to remove 
soils from a surface is illustrated for oily soil in Fig. 3. 
When the soil is detached from the substrate, the surface 
between soil and substrate is destroyed. but two new 
surfaces are created-that between soil and bath and 
between substrate and bath. Detachment will be thermo- 
dynamically favorable when the sum of the interfacial 
tensions of the two new surfaces is less than that of the 
destroyed surface. A primary function of surfactants is to 
adsorb at the soillbath and substrate/bath interfaces and 
reduce these interfacial tensions to make detachment 
more thermodynamically favorable. As surfactants adsorb 
and modify interfacial tensions, the contact angle (8 in 
Fig. 3) increases. and the contact area between soil and 
substrate decreases. As shown in Fig. 3, this results in the 
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"roll up" mechanism of detergency as the oily droplet 
rolls up and detaches. However, as shown in Fig. 4, when 
the substratelbath interfacial tension is not sufficiently 
reduced, a phenomena called snap-off can occur where 
the oil droplet becomes elongated. forms a neck. and only 
part of the drop is removed. For particulate soil de- 
tergency. surfactants act to adsorb onto the newly created 
soillbath and substratelbath interfaces, reducing these 
interfacial tensions to make detachment more thermody- 
namically favorable. However, because removal is all 01- 

nothing in this case, there are no contact angles or roll-up 
mechanisms. As shown in Fig. 5. for solid nonparticulate 
soil, the surfactant diffuses into the soil and loosens pieces 
of the soil. thereby promoting detachinent of these dis- 
persed particles. Thus, the surfactant acts as a dispersing 
agent as well. 

Whatever the type of soil removed, once this soil is 
detached from the substrate, barriers must be set up to 
inhibit reattachment or redeposition. The chelnicals used 
to achieve this are known as antiredeposition agents. 
Surfactants can achieve this by adsorbing onto the 
detached soil and setting up electrostatic and steric 
barriers to redeposition. For example, anionic surfactant 
can adsorb onto a particle to induce a negative charge. and 
the resultant repulsion of these particles from negatively 
charged cotton. Nonionic surfactants can adsorb onto the 
surface of oily soil droplets, form a macroemulsion, and 
set up steric barriers to redeposition. In practice. water- 
soluble polymers (e.g., sodium carboxymethylcellulose) 
are used for antiredeposition. but the mechanisms are 
electrostatic and steric stabilization. 

Anionic surfactants are generally most effective in 
removing particulate soils, while nonionic surfactants are 
most effective at removing oily soils. Cationic surfactants 
adsorb strongly onto negatively charged fabrics like 
cotton and act as fabric softeners. as they set up an 
adsorbed monolayer with hydrophobic groups sticking out 
to give a smooth feel to the fabric. 
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Fig. 5 Detergency of solid nonparticulate soil 

INDUSTRIAL APPLICATIONS OF 
SURFACTANT-BASED SEPARATIONS 

Separation techniques using surfactants are valuable in 
industrial operations and in analytical chemistry. We will 
briefly discuss several industrial applications of surfac- 
tant-based separations to illustrate how surfactants are 
used in such important operations as wastewater clean-up 
and recovery and purification of valuable materials. 

Detergency aside, ore flotation is the largest industrial 
use of surfactants. Ore is mined. crushed into small 
particles, mixed with water, and placed into a flotation 
cell. In the froth flotation process, as illustrated in Fig. 6. 
surfactant is added to the slurry, and air is bubbled into 
the solution through a sparger at the bottom of the vessel. 
Surfactant adsorbs at the airlwater interface as a 
monolayer and (under the right condition) adsorbs as a 
bilayered structure onto the valuable ore (colligend) that 
is to be collected. When the air bubble collides with the 
ore particle, the minimum free energy corresponds to the 
configuration shown in Fig. 6, where the surfactant acts as 
a bridge between the air and ore surfaces. Surfactant is 
chosen that does not adsorb well onto the mineral to be 
rejected (gangue), which then does not stick to the air 
bubbles and stays suspended in the water. The colligend is 
carried up to the foam (called a froth in this case). where it 
is suspended in the froth and carried overhead as the froth 
flows over a weir or is skimmed off. Depending on the ore 
type, anionic surfactant or cationic surfactant is chosen; 
pH is a crucial parameter for maximizing adsorption of 
s~~rfactant onto the colligend. Calcium is sometimes added 
as an activator with anionic surfactant. coadsorbing or 
acting as a bridge between the ore surface and the sur- 
factant. Foam stabilizers are sometimes added to make 
the froth strong enough and stable enough to hold the 
ore particles. 

During paper deinking, ink removal permits recycling 
of the paper as secondary fiber. Paper is pulped (blended 
into small pieces), and the ink is detached from the paper 
by immersing in a surfactant solution, which is basically a 
detergency process. In flotation deinking, the slurry of 
paper fiber and ink is placed in a flotation cell (same type 
of equipment as used in ore flotation), and air is sparged 
through the solution. As with ore flotation. under the 
correct conditions. certain materials (in this case, ink) 
attach to the air bubbles as they rise through solution. 
leaving the paper fibers behind for reuse. Nonionic 
s~irfactants are often used in the detachment step. while 
fatty acids. with calcium as an activator. are often used in 
the flotation operation. The calcium synergizes the 
anionic surfactant adsorption onto ink. 

As illustrated in Fig. 7. in micellar-enhanced ultrafil- 
tration, surfactant is added to water at concentrations well 
above the CMC. Dissolved organic solutes (e.g., chlo- 
rinated organic pollutants) and multivalent ionic solutes 
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Fig. 6 Froth flotation for ore separation. 

(e.g., cadmium, copper, chromate, arsenate) are incorpo- 
rated into the micellcs via solubili~ation and counterion 
binding, respectively. When solubilizing nonionic organic 
solutes, any type of surfactant can be used, but surfactants 
of opposite charge to the target multivalent ions arc used 
for their removal. The solution is then treated by 
ultrafiltration, with membrane pore sizes sufficient to 
block or reject micelles. The solution passing through the 
membrane contains only unsolubilized solute, unbound 
counterions, and monomeric surfactant. If insufficient 
concentration reduction is attained, the process can be 
staged. One intriguing application is the use of optically 
active surfactants or solubilized ligands to selectively 
remove biologically active enantio~ners in a bioseparation. 

In surfactant-enhanced subsurface remediation, surfac- 
tan1 solutions are pumped through a subsurface contam- 

containing dissolved 
organic and heavy adsorbed 

metals from 

- - - - -  

Fig. 7 Miccllar-enhanced ultrafiltration 

inated with organic pollutants, such as a chlorinated 
solvent (e.g., trichloroethylene) or components from a 
fuel spill (c.g., gasoline). The pollutant is trapped between 
soil grains due to capillary forces. As illustrated in Fig. 8, 
a concentrated surfactant solution is pumped between thc 
in.jection and recovery wells. The flush solution is treated 
above-ground and reinjected. There are two mechanisms 
by which the surfactant solution enhances pollutant 
removal: solubilixation into micelles; and sufficient 
reduction of interfacial tension between the organic phase 
and the aqueous phase so the organic droplets are 
mobilized or removed intact from the pores. Which 
rncchanism is desirable depends on the pollutant and 
aquifer characteristics. For organics less dense than water 
(LNAPLs, or light-nonaqueous-phase liquids), the more 
efficient mobilization process is generally desired, but for 
organics heavier than water (DNAPLs, or densc-non- 
aqueous-phase liquids), sol~~bilixation may be favored, 
because if mobilized, the organics might sink into pre- 
viously uncontaminated aquifer rcgions and get retrapped. 
So, solubili~ation capacity and the ability to attain ul- 
tralow interfacial tensions are crucial properties of the 
surfactants, in addition to high hardness tolerance and low 
adsorption onto the soil. In addition, the residual surfactant 
left behind must be biodegradable, often under anaerobic 
conditions. Cationic and nonionic surfactants tend to h a w  
unacceptably high soil adsorption. Ethoxylated anionic 
surfactants, gemini surfactants, and branched-tail surfac- 
tants are three types of popular surfactants for this ap- 
plication. For economical operation for multiple porc 
volume flushes (greater than four), the surfactant has to be 
reused. In above-ground operations, the flush solution 
is treated to removc the organic pollutant (for volatile 
organics, pervaporation or air stripping can be used; for 
nonvolatile organics, liquid-liquid extraction can be used) 
and to concentrate the s~trfactant that was diluted during 

Fig. 8 Recovery of organic conlain~nant by surfactant-en 
hanced subsurface remediat~on. 
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the subsurface operation by the use of micellar-enhanced 
ultrafiltration. These operations further constrain surfac- 
tant selection, because excessive foaming makes stripping 
difficult, and micelles must be big enough to be ultra- 
filtered. Following the flushing operation, bioremediation 
is often used to remove the small residual pollutant con- 
centration in a polishing step. 

ENVIRONMENTAL AND HEALTH BSSBBES 

Over the past several decades, chemical impacts on the 
environmental and human health have been an increasing 
concern. Fortunately, the human toxicity of surfactants is 
relatively low compared to many other environmental 
contaminants. However, surfactants can be toxic to 
aquatic life at relatively low concentrations (1 -10 mgl 
L) and can cause foaming in rivers at even lower 
concentrations. It was through these effects that the 
deleterious effects of surfactants were first observed in the 
environment. Introduction of the highly branched (tetra- 
propyl) alkylbenzene sulfonate (ABS), which is highly 
resistant to biodegradation in wastewater treatment plants, 
resulted in the widespread occurrence of surfactants in the 
environment. This had not been a problem before, 
because soaps are readily biodegradable. To help combat 
this situation. ABS was replaced by linear alkylbenzene 
sulfonate (LAS), which readily biodegrades in wastewater 
treatment plants. Once again, surfactant being discharged 
into the environment reached acceptable levels. This shift 
from tetrapropyl to linear ABS started a trend to eliminate 
ali branching in surfactant molecules. Recently. it was 
found that a mild degree of branching in the tail group can 
lead to perforrnance advantages without sacrificing bio- 
degradability. The majority of surfactant biodegradation 
work focused on aerobic environments. However, recent- 
ly, the fate of surfactants in anaerobic environments is 
receiving increased scrutiny. 

Nonionic surfactants have the lowest oral toxicity. 
while cationic surfactants have the highest toxicity, and 
anionic surfactants have an intermediate toxicity. One 
measure of toxicity is the lethal dose for 50% fatality 
&Elso). The LDS0 of nonionic surfactants with rats 
(1000-25,000 mglkg) is slightly higher than that of 
anionic surfactants (700-15,000 mglkg). which is higher 
than that for cationic surfactants (300-600 mglkg). By 
contrast to surfactants, the LDso of dioxin, a highly toxic 
compo~md, is 0.02 mglkg. The high LD50 values for 
hydrocarbon-based surfactailts indicate how safe they are 
to consumers or industrial workers. Fluorinated surfac- 
tants are recalcitrant to biodegradation and can bioaccu- 
mulate in the liver, leading to toxicity. 

Surfactants can also cause irritation to skin. mucous 
membranes, etc. This irritation tends to be greatest for 

cationic surfactants, with decreasing irritation from 
anionic to nonionic and amphoteric surfactants. The 
irritation also tends to be greatest for 12-carbon alkyl 
groups and decreases with increasing ethoxylation of 
nonionic surfactants. This same trend is observed for a 
wide range of surfactant impacts on the environment and 
human health. In addition, for certain systems, the irritant 
results from an impurity or by-product of the surfactant 
manufacturing process rather than the surfactant. 

Likewise, in some surfactant systems, the environ- 
mental or toxicity concern results from an additive or 
impurity in the formulation rather than the surfactant. 
Sultone or chlorosultone impurities in some anionic 
surfactallts can lead to irritation. As another example, 
polyphosphates used to be commonly added to detergents 
as builders (i.e.; to bind calcium and magnesium and 
prevent hardness precipitation of the surfactant). In some 
surface water bodies, phosphorous scarcity limits the 
growth of algae: discharging additional phosphorous into 
such water bodies can cause algal blooms and eutrophi- 
cation. For this reason, phosphate builders were removed 
from many detergent systems, in some cases being 
replaced with zeolites for hardness sequestration. But 
there is some uncertainty as to how much impact phos- 
phate builders have on the environment as compared to 
other phosphorous sources, and many areas of the world 
still use phosphates in formulations. 

CONCLUSION 

Surfactants are used in a wide range of industrial and 
consumer applications from washing fabric to remediat- 
ing polluted water. Understanding and applying the 
fuildamental properties of surfactants is resulting in a 
continuing expansion of practical uses of surfactants. 
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Swelling Clays (Smectites) and Nanofilms 
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Smectites or swelling clays are almost ideally suited for 
fabrication of functional nanofilms. Self-assembling, also 
called fuzzy assembling or layer-by-layer assembly, and 
the Langmuir-Blodgett technique were explored. The 
functionality is introduced in the nanofilrns by ion 
exchange of amphiphilic molecules. In that way, films 
with nonlinear optical properties were prepared. Highly 
dispersed organoclays are also used in nanocomposites of 
polymers and in coatings to increase the mechanical 
strength, the photostability, and the heat resistance. and to 
prevent leakage. 

Clay is a general term for inorganic inaterials in the nano- 
and micrometer-size range that show plasticity."' Clay 
minerals form the crystalline fraction of clays. They belong 
to the class of the phyllosilicates. This class is subdivided 
into 1: 1 and 2: 1 clay minerals. The elementary sheet of the 
1: 1 clay minerals consists of a layer of Si04 tetrahedra and 
one layer of Al- or Mg-ociahedra. which share a layer of 
oxygen atoms. In 2:l clay minerals, the Al- or Mg- 
octahedral layer is sand~viched between two SiOl tetrahe- 
dral layers. Iso~llorphous substitution of %'+with trivalent 
cations. mainly i l l3+ .  or ~ l ' + i n  the octahedral layer by 
rvlg2+or ~ g ' " i n  the octahedral layer with Li+leads to 
negative layer charges compensated by exchangeable 
cations. When the isomorphous substitution amounts to 
0.2-0.6 e per unit cell formula of 2: 1 clay minerals. we 
have srnectites or swelling clays. They are the subject of 
this article. Typical unit cell formulae are given in Table 1. 

The superscripts IV and VT stand for the tetrahedral 
and octahedral layers. respectively. Smectites with Mg in 
the octahedral layer are called trioctahedral: those with an 

interlamellar spaces.[" Depending on the size and charge 
of the cations. one or two layers of water ~nolecules are 
associated with the exchangeable cations in the inter- 
lamellar space. In liquid water. additional water molecules 
are taken up, leading to the swelling of the aggregates. The 
limiting case is that of complete swelling into elementary 
clay sheets or platelets. which diffuse independently of 
each other in the aqueous suspension. Whether such a state 
can ever be achieved is a matter of debate. Two opposing 
forces determine the extent of swelling: on the one hand, 
the cations, which attract water ~nolecules through ion- 
dipole interactions; on the other hand. the interaction 
exchangeable cation-negative layer charge. The fonner 
promotes swelling; the latter prohibits swelling. As a 
consequence. most extensive swelling is observed for the 
smallest nlonovalent cations, Li+and Wa+. but swelling 
decreases significantly with increasing cationic radius 
( 0 ' ) .  Di- and trivalent cations have strong interactions 
with the negative lattice charge, which limits the degree of 
swelling: the ion-dipole interaction is too weak to over- 
come the ion-negative lattice charge attraction. 

Swelling is an extremely important property of the 
smectites. because it maltes the interlamellar surface 
available. e.g., ion exchange with almost any type of 
cation. be it organic or inorganic. Cationic surfactants such 
as long-chain allcylarnmonium cations are selectively ion 
exchanged and form well-defined s~ipramolecular assern- 
blies at the surface. depending on the negative charge 
density of the clay mineral and the length of the alkyl chain. 
These so-called o r g a n ~ c l a ~ s [ ~ ~  are hydrophobic, s\vell in 
suitable organic solvents, e.g., methanol or ethanol. and 
form stable suspensions in these organic solvents. In 
principle. it is possible to prepare smectites with well- 
defined hydrophobicity or l-iydrophilicity. This properly 
together with the nanolmicrometer size of the elementary 
clay sheets is at the basis for the development of functional 
nanomaterials. starting from natural or synthetic smectites. 

Al-octahedral layer are called dioctahedral. 

GATBQNIC DYES 

SWELLING Cationic dyes such as methylene blue. rhoda~nine B or 6G, 
and many others are extremely selectively adsorbed by ion 

The elementary sheets form aggregates. and the exchange- exchange."] The reaction is instantaneous. The dyes form 
able cations are located at the surfaces of the sheets in the aggregates around the smectite particles in aqueous 
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Table 1 Typical unit cell coinpositio~ls of smectites 

(S~~)~"(A~~~~(M~,.,~)"~O~~(OH)~ I\/l mH70: montmo- 
rillonite 

+ 66 IIIH~O: saponite 
( s ~ ~ ) ~ ~ ( M ~ ~  3 1 ~ i 0 . 6 6 ) V T ~ 2 ~ ( ~ ~ ) ~  Mi0.66 mH20: hectorite 

suspension, from which the dye molecules slowly redis- 
tribute over the surface of the smectite particles.r" The 
extent of redistribution and the time scale of the event 
depend on the type of clay. This means that aggregation and 
desaggregation phenomena of the elementary clay sheets 
and the layer charge (position and amount) come into play. 
The result is that a mixture of monomers, dimers. and 
aggregates of dye molecules are usually present on the clay 
surface. The relative proportion of each of these species 
depends on the loading, the particle size of the smectite, 
and the location of the isomorphous substitution (octahe- 
dral layer versus tetrahedral layer). Two additional in- 
teresting observations were made in the study of smectite- 
dye systems in aqueous suspensions: 

1. When water is removed, the dye aggregates redistrib- 
ute into monomers.[6i This meails that in excess water, 
dye-dye interactions dominate, while in the absence 
of water, dye-clay particle interactions dominate. 

2. The hyperpolarizability of adsorbed methylene blue in 
a methylene blue-smectite suspension is 1 I times 
higher than that of methylene blue in a methanolic 
solution.r71 This effect disappears with increasing 
loading. Thus, two effects play a role: weak electronic 
interaction of the methylene blue molecule with the 
clay surface and organization of the dye molecules at 
the surface. 

The nanosize of the elementary sheets ( I  nm thickness). 
ion exchange, swelling. and hydrophobic and hydrophilic 
balance are the basic properties of smectites for layer-by- 
layer construction of nanofilms and the development of 
nanodevices. Films can be prepared by casting and spin 
coating. However. the two most important techniques. 
which allow a layer-by-layer construction of the nano- 
films, are self-assembling (SA) or fuzzy assembling (FA) 
and the Eangmuir-Blodgett (LB) technique. 

Self-Assembling QSA), Fuzzy Assembling 
(FA), or Layer-by-Layer Assembling (LBL) 

Self-assembling is based on the Coulombic attraction 
between negative and positive charges. In that way. nano- 

composite films of oppositely charged polyelectrolytes 
can be constructed, but the technique can also be applied 
with smectite particles, because the elementary sheets are 
negatively charged. Multilayered nanofilms can be con- 
structed by alternate deposition of a layer of a cationic 
polyelectrolyte and of a layer of smectite particles on a 
suitable substrate such as glass, quartz, Si, or mica. The 
latter is preferable, because it is also a 2: 1 phyllosilicate 
with a very high negative charge density and therefore not 
swellable in water. The cationic polyelectrolyte is strong- 
ly adsorbed from a dilute aqueous solution on the surface 
of the mica sheet. After washing and drying of the poly- 
electrolyte film, a dilute suspension of a smectite is depos- 
ited. The smectite particles are retained by electrostatic 
attraction with the cationic polyelectrolyte. Excess smec- 
tite is washed away, and the film is dried in air. This 
procedure can be repeated several times to produce 
multilayer films of the type (PEIclay),, where PE stands 
for polyelectrolyte and n is the number of layers.[81 A 
linear increase of the film thickness with the llumber of 
deposited layers is obtained. The average layer thickness 
is proportional with the concentration of the polyelectro- 
lyte in the solution used for deposition. The clay particles 
are essentially single sheets (no aggregates) that are ran- 
domly oriented in the layer and are partially overlapping. 
They also form a submonolayer, which means that they do 
not completely cover the surface. As a consequence, the 
films have a significant roughness, which is proportional 
to the amount of polyelectrolyte. This observation gives a 
hint for the mechanism of film formation. In a thick layer 
of polyelectrolyte, there is a high density of positive 
charges, giving a medium with high ionic strength. When 
a dilute clay suspension is deposited, the high local ionic 
strength causes clay particle aggregation, thus increasing 
the roughness. This is schematically shown in Fig. 1 .  In a 
thin layer of polylectrolyte molecules, the positive charge 
density is low, as is the ionic strength; and the 
polyelectrolyte molecules are stretched. Clay particles will 
mainly deposit as individual sheets, aggregation is 
minimal, and the roughness of the film is minimal. The 
main advantages of such a layer-by-layer assembly are 
simplicity, control of thickness on the nanometer scale, 
universal applicability, and easy incorporation of a 
functionality.'" This functionality is necessary if the 
nanofilms are going to be implemented into a device. 
Two strategies were described in the literature. 

In the first. developed by us.i1o1 a layer of clay mineral 
particles is covered with the cationic polyelectrolyte 
poly(dial1yldimethylammoniumchloride) (PDDA) and 
subsequently with the anionic, noncentrosymmetric dye 
4-{4[N-ally1,N-methylamino]phenylazo) benzene sulpho- 
nic acid (NAMC). Thus, the monolayer consists of clay/ 
IPDDAmAMO. It is supported on a glass substrate. 
derivatized with 3-aminopropyl-trimethoxysilane (APTS) 
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A LO\+ PDD4 conce~itrat~on H13h PDDA concciitratton 

Fig. B Model of self-assembling of clay mineral particles 
(represented as gray slabs) and PDDA (represented as thin 
curled lines) on a substrate. (A) PDDA only: (B) PDDA + clay 
mineral particles in the presence of water: and (C) dried film of 
PDDA + clay mineral particles. 

or N-trimethoxysilylpropyl-WWNNiV-tri~nethy1ainmonium 
chloride (TMSPA) and exhibits noillinear optical proper- 
ties (Fig. 2). The amount of PDDA is the most important 
parameter, determining the intensity of the second harmon- 
ic signal. The type of clay and the type of derivatization 
of the glass substrate seem to have a less pronounced 
influence on the signal. The NAlWO molecules are 
probably adsorbed with their S O 3  groups toward the 
positive charges of the PDDA. If the latter molecules are 
more or less stretched on the surface of the clay, a 
noncentrosymmetric organization of the WAMOs can be 
realized. At high PDDA loadings. a stretched configuration 
of the PDDA molecules is impossible at the clay surface. 
Chains of PDDA stick out of the clay surface in different 
directions and adsorb NAMO molecules. The positive 
charges on PDDA are randomly distributed, as are the 
NAMO molecules, and the nor~centrosymmetric organi- 
zation fades away, leading to a decrease of the signal. 

EBL assembling is not restricted to two-dimensional 
particles such as smectites. Spherical particles, which 
carry some negative charge, can also be organized in 
nanofilms. Such particles include Fe304, CdTe, PbS, and 
T ~ O ~ . ' "  Thus, the assembly can be (PDDA/Fe3Ol),, with 
n= 1-30. Smectite layers can also be included, thus 
giving, e.g.. ( P D D A / C ~ ~ ~ / P D D A / F ~ ~ O ~ ) ~ ~  or (PDDAI 
C ~ ~ ~ I P D D A J C ~ T ~ ) ~ ~ .  The smectite particles have at least 
two positive effects: avoidance of interpenetration of the 
Fe304 or CdTe layers or isolation of the magnetite layers 
and the CdTe layers from each other, thus strongly 
influencing the magnetic properties (Fe304) and the 
luminescence properties (CdTe) of the nanofilms.'"] 

A special case is that of the free-standing nanofilms."" 
In this case, the glass substrate is covered with a layer of 
cellulose acetate (CA). This layer is partially hydrolyzed, 
thus generating negative charges, on which PDDA and 
Fe304 or PDDA. smectite. PDDA and Fe304 can be depos- 
ited, thus giving films of composition glasslGPJPDDAl 
Fe304 or glass/CA/PDDAlclaylPDDAlFe304. The film is 
peeled off, and cellulose acetate is dissolved in acetone 
without damage to the nanofilm. The latter is freely sus- 
pended in acetone and nlaintains its magnetic properties. 

Bangmuir-Blodgett Technique (LB) 

In the LB technique, a monolayer of amphiphilic mole- 
cules, prepared at the air-water interface, is transferred to 
a substrate, thus giving a monomolecular film. The 
molecules must be solvable in a volatile, water-insoluble 
(organic) solvent. but not, or to a very limited extent. in 
water. Thus. when the solution of the molecules in the 
organic solvent is spread over the surface of water, the 
solvent evaporates, leaving a  non no layer of ~nolecules at 
the air-water interface. This monolayer can be com- 
pressed and transferred to a substrate. When the mole- 
cules are replaced by colloidal. nanosized particles. mo- 
nolayers of these particles on a substrate are obtained. 
Smectites are especially well suited for the LB technique. 
The elementary clay sheets are about 1 nm thick and a 
few tens to hundreds nIn wide and long. In the alkali- or 
alkaline earth form. they are hydrophilic, but by ion 
exchange with suitable amphiphilic cations. they become 
hydrophobic. There are then two ways to prepare mono- 
layers of smectite clay particles by the LB technique. 

Fig. 2 Intensity of the second harmonic signal versus the 
amount of PDDA offered in solution (CPDDA in molesL) for the 
film: glaas/clay/PDDA/NAMO. Lap= laponite: Hec= hectorite; 
Sine= synthetic saponite: APTS=3-aminopropyltrimethoxysil- 
ane: and TMSPA = trimethoxy silylpropyIlri1nethymammonium. 
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The first starts with the preparation of a hydrophobic 
smectite, which forms a colloidal suspension in chloro- 
form. This suspension is spread over the water surface in 
the EB trough, chloroform evaporates almost instanta- 
neously, and the remaining monolayer of clay particles is 
transferred to a hydrophobic glass plate.i131 The procedure 
is laborious because of the preparation of the organophilic 
smectite. In addition, it is not at all evident that the 
aggregates of organophilic smectite particles swell in 
chloroform to such an extent that they break up into 
individual elementary sheets necessary for the monolayer 
film formation. An alternative and, in principle, easier 
approach is schematically shown in Fig. 3. The LB trough 
is filled with a dilute aqueous suspension of s~nectite 
particles. The amphiphilic cations are spread at the air- 
water interface. The organic solvent evaporates, and the 
amphiphilic cations undergo an ion exchange reaction 
with the elementary clay sheets at the air-water interface. 
Thus, a monolayer smectite sheet-amphiphilic cations is 
formed at the air-water interface, which is compressed 
and transferred on a substrate (e.g., glass) by vertical or 
horizontal dipping. The advantage of this procedure is that 
the preparation of the organoclay is avoided. A dilute 
aqueous suspension of a Nat-smectite guarantees that 
the smectite suspension contains a large fraction of indi- 
vidual eleinentary clay sheets. This is proven by visuali- 
zation of the smectite particles in the monolayer film 
with AFM. 

The technique was developed with octadecylammo- 
nium cations as amphiphiles. However, short-chain, 
water-soluble alkylammonium cations can also be 
used.""."' In that case, some of the alkylammonium 
cations are picked up by the eleinentary clay sheets and 
stabilized at the air-water interface and some dissolve in 
the aqueous subphase. In any case, the alkylammonium- 
smectite sheet can be compressed at the air-water 
interface and transferred to the substrate. This proves 
that the ion exchange reaction between the smectite 
particles and the alkylammonium cations at the air-water 
interface is an extrerne!~ fast and selective reaction. 

Multilayers can be prepared, and their formations can be 
followed by measuring the intensities of the C-H stretch- 
ing vibrations of the ion-exchanged alkylammonium 
cations. The linear increase of the intensities with the 
number of deposited layers indicates that, on average, the 
same amount of eleinentary clay sheets and alkylammo- 
nium cations are deposited in each layer. 

If functional films are to be made. the alkylammonium 
cations have to be replaced, at least partially, with 
functional molecules. Thus, if the optical isomers or the 
racemic mixture of [Ru(phen)2(dcC12bpy)](C10~)2 
(phen= 1.10-phenanthroline; dcC12bpy =4.4'-carboxyl- 
2.2'-bipyridyl didodecylester). is used as an amphiphile. 
monolayer and rnultilayer films are obtained that have 
nonlinear optical properties.'161 That rneans that they 
generate a second harmonic signal upon illumination with 
a Nd-UAG laser. When the Ru complex is diluted in octa- 
decylamrnoniurn cations. the signal intensity increases 
quadratically with the number of layers deposited. 
indicating that films with noncentrosymn~etric organiza- 
tion of the Ru complexes are realized. This is not the case 
in the absence of octadecylamrnonium cations. The latter 
observation suggests that in the absence of octadecylam- 
monium cations, the Ru complexes form aggregates at the 
clay surface. In principle then, one can control the 
organization of amphiphilic cations at the smectite 
surfaces and tune it into the desired direction. Amphiphilic 
dyes can also be used. If the right couple of dyes is used, 
energy transfer can be realized in the films. This has been 
shown for 3.3'-dioctadecyloxacarbocyanine and octadec- 
y1-rhodamine B.'"] The former is the donor. Upon 
excitation around 460 nm, the fluorescence of rhodamine 
B in the region 500-580 nrn is monitored. The advantage 
of the clay films is that they stabilize the dye molecules 
against degradation by light and that the organization of 
the molecules can be monitored in the presence of 
octadecylamrnonium cations. 

With a single layer of elementary clay sheets and a 
single layer of adsorbed molecules, one can now start 
studies of the clay sheets with x-ray techniques.i181 vibra- 

\ 
clay particles 

spreading compressing film transfer 

Fig. 3 The preparation of clay mineral-amphiphilic cation films by the Langmuir-Blodgett method. 
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tional and electronic spectroscopies. The same holds for 
the adsorbed molecules. 

Highly Dispersed OrganocBays 

One of the essential conditions for formation of smectite 
nanofilms is the presence of elementary clay sheets in the 
system. This is not only the case for LB and SA films, 
discussed above, but also for a number of modern 
developments in fabrication of devices and formulations 
of polymeric materials. Thus, Ecke and ~ e c h e r " ' ~  
fabricated organic light-emitting devices (OLEDs) with 
an isolating barrier of single sheets of montmorillonite in 
the active medium between the two electrodes. This 
isolating montmorillonite layer plays a key role in the 
electrooptical properties of the device, increasing the light 
output. But the exact mechanism of action of the isolating 
mont~norillonite layer is not yet known. 

Single clay layers or 100% dispersion of the clay in 
polymer matrices is also the ideal situation in which to 
obtain nanocomposite materials with enhanced mechan- 
ical properties. This was achieved by researchers at the 
Pennsylvania State ~ n i v e r s i t y ' ~ ~ ' ~  with a semifluorinated 
organic surfactant to modify the montmorillonite, which 
is subsequently compounded with polypropylene (func- 
tionalized with, e.g., maleic anhydride). In The Nether- 
lands,[21.221 the clay is intercalated with polyethyl- 

eneoxide block copolymer. This material is swollen in 
the monomer (methylmethacrylate). which polymerizes to 
poly(methy1methacrylate) by radical polymerization. The 
swelling ensures complete dispersion of the clay. 

Organophilic clays can also be homogeneously dis- 
persed in coatings, giving them improved corrosion resist- 
ance, thermal stability. and barrier properties (decreased 
permeability toward water and oxygen). If the organic 
modifier of the clay is a dye, improved color stability 
against. e.g., UV irradiation, is ~ b t a i n e d . ' ~ " ~ ' ~  

Organoclays in an adequate solvent provide micro- 
environments for formation of quantum-sized sernicon- 
ductor particles, such as CdS and Finally, they 
are excellent adsorbents of pesticides, which leads to 
improved stability of the pesticides: higher resistance 
against photodegradation and reduced leaching into 
water.'261 

CONCLUSION 

It has been convincingly shown that functional nanofilms 
on the basis of smectites can be prepared. Properties that 
must be under control are complete swelling of the clay 
minerals into individual elementary sheets, selective and 
fast ion exchange of f~~nctional molecules, and organiza- 
tion of the rnolecules at <he clay surface. 

These nanofilms open two directions of research. First 
and for the first time they allow the fundamental study of 
single elementary clay mineral sheets and of their 
adsorbed molecules. Second. there is still a long way to 
go from nanofilms to devices. These hurdles can only be 
solved by research. Thus, there is a bright future for more 
research on clay minerals. 
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Tectons: Definition and Scope 

Pierangelo Metrangolo 
Giuseppe Resnati 
Polytechnic of  Milan, Milan, Italy 

Many molecules tend to be involved in a pattern of several 
intern~olecular interactions of comparable relative 
strength. the structure of the resulting aggregated system 
being determined by the balanced cooperation of these 
interactions. The relative relevance of these interactions 
often depends on the properties of the partners with which 
the molecules are connected. This is the case of molecules 
that can give rise to weak interactions only. In contrast. 
there are molecules with interactions that are dominated 
by particular associative forces that induce the self- 
assembly of an organized network with specific architec- 
tural or filnctional features. In i991. James D. Wuest 
proposed nanling these molecules tectons. from the Greek, 
T E K T ~ V .  which means "builder" and is the root of such 
words as architect."] Water is among the simplest 
tectons.l2] 

Tectons interact with their neighbors in strong and 
well-defined ways, as they inherently possess the molec- 
ular structure and intermolecular recognition features to 
predictably self-assemble into crystalline networks. The 
interactions pattern of a tecton is robust enough to be 
exchanged from one network structure to another, thus 
securing generality and predictability in self-assembly 
processes. Within their structure. tectons contain the 
recognition sites and a specific assembling algorithm that 
will operate when complementary sites are available. 
Tectons can be considered to consist of peripheral "sticky 
sites" that direct molecular association, as well as of 
scaffolds that hold the sticky sites in pa

r

ticular orienta- 
tions. Together, these features help tectons control how 
their neigh'oors are positioned, despite the competing 
effects of other intermolecular interactions that are weaker 
and less specific."] Tectons must fulfil energy and 
structural criteria (interaction robustness and scaffold 
geometry. respectively). An effective method for making 
tectons is to attach selected functional groups that are 
known to participate reliably in specific intermoleci~lar 
interactions to geometrically suitable molecules.'" Vari- 
ous interactions are used to direct association. thanks to 
their strength, directionality, and specificity. e.g.. metal 
coordination. hydrogen bond. and halogen bond. 

The concept of tecton can be better understood if 
contrasted with the concept of supramolecular synthon. 
Paraphrasing Corey's historic definition of ~ y n t h o n . ~ ~ ~  
Desiraju defined that a supranlolecular synthon is a struc- 
tural unit within a supermolecule that can be formed or 
assembled by known or conceivable synthetic operations 
involving intermolecular  interaction^.'^' The supramolec- 
ular synthon concept is backwardly oriented (i.e., is useful 
in supra~noleculai- retrosynthesis) and focuses on the part 
of a supermolecule that is formed or can be formed 
through an intermolecular interaction. The tecton concept 
is forwardly oriented (i.e., is useful in supramolecular 
synthesis) and focuses on a molecule that predictably 
gives supermolecules, thanks to its tailored structure and 
robust binding sites. 

Various derived terms were also introduced. Molecular 
tectonics is the art and science of supramolec~llar con- 
struction using tectonic subunits['] and describes the 
chelnica! construction of systenls with an order higher 
than the molecular scale.'" The term "metallatecton" is 
used to indicate tectons having a metal ion coordinated in 
their core.'"101 but its employment could be extended to 
indicate all the tectons where a metal is present [see the 
discussion of metal coordination presented later in this 
a r t i ~ l e ~ " . ' ~ ' ] .  The term tecton is also used to address 
synthetic polymers '"] and DNA strands.li" When struc- 
tures of inorganic frameworks are considered. the word 
tecton is used to address oligomeric groups of polyhedra 
that enable a desired topology to be formed.i151 

TECPONS 

Metal-ligand dative bonds are always highly directional. 
While their strength spans over a wide range. depending 
on the nature of the species involved, in most cases. metal 
coordination overpowers a number of weaker interactions. 
Being a dominant supraniolecular interaction. it is 
perfectly tailored for the design and synthesis of tectons. 
The studies of Peter J. Stang on the self-assernbly-driven 

=es are formation of high-symmetry coordination ca, 
sinlultaneously elegant in their simplicity and in their 
complexity and are particularly well-suited for a case 
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history on tectons exploiting inetal coordination." '.lZ1 
Stang's paradigm is the recognition between two comple- 
mentary tectons. one bearing the metal sites and the other 
bearing the ligands. Two libraries of tectons were 
prepared (Scheme 1). Platinum atoms are typically used 
as metal sites, and the nitrogen atoms of pyridine moieties 
are used as ligand sites. Less frequently. pall a d' ium atoms 
and cyano groups are also employed with comparable 
success."61 Metal tectons (1-5) and ligand tectons (6-10) 
can be classified as functions of the recognition sites 
number; namely. they can be differentiated into ditopic 
tectons (1-4. 6-8a.b). tritopic tectons (5, 8c. 9; PO), and 
tetratopic tectons (8d). A further differentiation can be 
made in relation to the angle between the recognition 
sites. Ditopic 180" tectons are typically obtained by the 
1,4-difunctionalization of a benzene ring (la) or by the 4- 
functionalization of a pyridine (6a). If metric engineering 
requires the distance between the recognition sites to be 
tuned, ethylene. acetylene. and benzene spacers are used 
(Pb, 6 b . ~ ) . " ~ '  Ditopic 120" tectons are obtained by 
interposing an sp2 atom between two para-substituted 
benzenes (2a) or pyridines (7a). Siinilarly, ditopic 108" 
tectons are obtained by intei-posing an sp3 atom (2b; 7b.c). 
Ditopic 90" ligand tectons are formed by appending two 
4-pyridyl residues in positions 5,10 of a poiphyrin systern 
(8a,b). When a third and fourth 4-pyridyl substituent are 
added in positions 15 and 20 of the porphyrin scaffold, the 
tritopic and tetratopic 90" tectons 8c and 8d are obtained. 
respectively."81 The 90" ditopic metal tectons (3a,b) are 
obtained by resorting to dicoordinating platinurn or 
palladium ions. Metal tectons with different topicity and 
geometry are obtained by using other metals with different 
numbers or geometries of coordination. For instance, 
Ag(I) is frequently used as a ditopic 180" metal tecton in 
the coordination of pyridyl ligands"" and Cu(1) as a 
tetratopic tetrahedral tecton for oligo(2,2'-bipyridine) 
l igand~."~'  Tritopic tectons with either a planar (5 and 
9) or a tetrahedral (10) arrangement of the "sticky sites" 
were also developed. The 1.3,5-trisubstitution of a 
benzene core is the standard approach to tritopic planar 
tectons, while the trisubstitution of a methane (10a-c) or 
adamantane (Bod) ~noiety affords tetrahedral tectons. 
Once again, their metrics are controlled by using rigid 
acetylene and phenyl spacers. 

By combining tectons 1-10 as the bricks of a molecular 
Lego: Stang obtains several cage molecules, and among 
them, some of the Platonic and Archimedean solids 
(Scheme 2). On self-assembly. the pyridyl or nitrile 
nitrogen atoms replace the triflate, or nitrate, residues at 
the metal. Dodecahedranes 11 are formed by self- 
assembly of 30. 180" ditopic tectons 1 and 20, 108" tri- 
topic tectons 10, yields being nearly quantitaiive inde- 
pendent from the metric of the employed ditopic tecton. 
The same three-dimensional geometries can be obtained 
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---+%- 12 
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Scheme 2 

by switching the donor and acceptor sites between ditopic 
and tritopic tectons. For instance. cuboctathedrons 13 
and truncated tetrahedrons 14 can be obtained by self- 
assembly of metal tritopic tectons 5 with ligand ditopic 
tectons 7 and 8 or of ligand tritopic tectons 9 with metal 
ditopic tectons 2 and 3. Selective self-assembly of dif- 
ferent tectons can also occur. When 12 equivalents of 
trans-bis(benzonitrile)palladiuin(II) chloride are mixed 
with four equivalents of '1-shaped" tectons 8b. four 
equivalents of "T-shaped" tecton 8c, and one equiv- 
alent of ' 'X-shaped' ' tecton 8d, a 2 1 -membrered discrete 
square array is obtained, where the "L-shaped" tectons 
form the corners of the array, the "T-shaped" tectons the 
sides, and the "X-shaped" tecton the central core."8' 

Hydrogen bonding is the nlost frequently occurring 
interaction in self-assembled systems of living organisms. 
forcefully indicating the outstanding power and effective- 
ness of the interaction. It is not surprising that several 
tectons were developed by exploiting hydrogen bonding. 
As described above, tectons based on metal coordination 
bear donor or acceptor sites. On the other hand. tectons 
exploiting hydrogen bonding bear both donor and accep- 
tor sites, and it is important that an equal number of 
complementary sites be present so that robustness and 
predictability during the self-assembly process are max- 
imized. In most cases, tectons exploiting hydrogen 
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bonding were built by endowing them with the ability to 
participate in multiple intermolecular hydrogen bondings. 
Simple. well-known hydrogen-bonding motifs, which 
were carefully studied and shown to be particularly strong 
and reliable, were selected and repeatedly inserted on a 
core to construct the tectons via a inodular approach. 

In the solid state and in solution, 2(1H)-pyridinone 
(17a) shows a well-established tendency to self-associate 
and to form cyclic hydrogen-bonded dimers (Ub, 
Scheme 3). This preference is used effectively to control 
the association of more complex derivatives that incor- 
porate multiple 2-pyridiaone groups[" and have some of 
the desirable properties of zeolites, including high struc- 
tural integrity, potential large void \rolumes, and adjust- 
able microporosity. Compound P8a is a tetratopic and 
tetrahedral tecton that have four 2-pyridone groups ap- 
pended to a methane core through phenylacetylene spac- 
ers. The intermolecular hydrogen bondings of these 
tetrahedrally oriented pyridones direct the self-assembly 
of a diamandoid network. The enormous voids in this 
structure are filled by a combination of interpenetrating, 
independent, diamondoid networks and enclathrated 
molecules of carboxylic acids (acetic, propionic, butyric, 

in, 

Scheme 3 

or valeric acids). The hydrogen-bonded networlts are 
porous enough to pennit the exchange of the acid (e.g., 
valeric by acetic acid) and robust enough to remain in- 
tact. Compound 18b. where the tetrahedral core is a sil- 
icon atom, also crystallizes in diamondoid interpenetrated 
networks. The Si-C covalent bond is approximately 0.33 
A longer than the C-C bond, and the intertectonic 
separation in the crystal of 1% is approximately 0.7 A 
larger than that in the crystal of BSa. The structural siin- 
ilarity between 18a and 18b extends also to functional 
properties, as 18b also enclathrates carboxylic acid mole- 
cules in the void channels of the crystal.[71 To have con- 
tracted diamandoid networks, the tecton B8c was 
constructed. Its s~naller size results in a decreased inter- 
tectonic separation (1 1.7 A) and reduced interpenetration 
(twofold in 18c. sevenfold in 18a. eightfold in P8b) but 
leaves unchanged the ability to selectively enclose carbox- 
ylic acid guest ~nolecules in the void chan~lels. When the 
silicon core of B8c is replaced by a more flexible tin core 
(ILSd), the direct hydrogen bonding of pyridone rings still 
links each tecton to four neighbors, but because the core is 
more susceptible to angular deformation. cyclic quartets are 
present instead of diamondoid networks. Nevertheless, 
functional properties are retained. and carboxylic acid 
molecules are once again enclosed in the channels.'*" 

Also, simple aryl boronic acids form cyclic hydrogen- 
bonded dimers in the solid state. Tetraboronic acids 18e,t  
bearing four -B(OH)* groups oriented tetrahedrally by 
cores derived from tetraphenylmethane and tetraphenyl- 
silane, afford isostructural. fivefold interpenetrated, and 
diamandoid networks held together by hydrogen bondings 
of the -B(OH), groups. Both networks present void 
channels available for the inclusion of disordered guests, 
and their crystallization affords inclusion compounds of 
approximate composition 18. 5CH3C00C2H5. X H ~ ~ . ~ * * '  

The 2,4-diamino- and the 2.4.6-triaminotriazine (mel- 
amine) motifs proved particularly effective in tecton 
construction. The pentaerythritol derivative P8g, having 
four 2,4-dimethylaminotriazine residues appended to the 
tetrahedral core through flexible spacers. affords crystals 
where, despite the eightfold interpenetration, 60% of the 
volume is available for including guests. which can be 
exchanged quantitatively without loss of c ry~ ta l l in i t~ . '~ '  A 
similar inclusion behavior is shown by other tectons 
bearing four tetrahedrally oriented 2,4-diaminotriazine 
residues, e.g., 18h. 

In synthetic chemistry; the reactivity profile of a 
functional group is inherently invariant, as only some of 
its marginal aspects are affected by the overall structure of 
the molecule in which the f~~nctional group is inserted. 
Similarly. the interactions pattern of a tecton is strong 
enough to be exchanged from one network structure to 
another. but some slight changes may occur as a function 
of the properties of the partner with which it is interacting. 
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The pairing of melamines and barbituric acids, two 
tritopic 120" tectons, gives a telling example.[2" 1,5- 
Diethylbarbituric acid (19) cocrystallizes with N,N'-his 
(4-methylpheny1)melamine (20a) to form the linear, poly- 
meric, tape-like array 2123 (Scheme 4). On replacement of 
the methyl group of the melamine subunit with the 
sterically bulkier carbomethoxy substituent, as in 20b, the 
crinkled tape 21b is generated in the solid to relieve 
unfavorable lateral nonbonding interactions that would 
be present in a hypothetical linear tape. Placing highly 
encumbering tert-butyl substituent on the melamine 
subunit, as in 20c, effects the production, in the solid 
state, of the rosette-like supermolecule 21c. 

All tectons described above give rise to nonionic 
hydrogen bonds. Other tectons form intermolecular 
recognition patterns dominated by directional hydrogen 
bonds and strong but less directional ionic interactions. 
This is the case, for instance, of cyclic bis-amidinium 
dications interacting with dihydrogenophosphate anions, 
iso- or terephthalate dianions, fumarate, pyromellitate, or 
acetylenedicarboxylate d i a n i o n ~ . [ ~ ~ ]  

Halogen bonding[251 is another directional, strong, and 
selective interaction that allowed several iodo-substi- 
tuted compounds. and to a lesser extent their bromo ana- 
logues, to work as reliable tectons. The "sticky sites" 
here are the halogen atoms. Chlorine atoms give rise to 
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weak halogen bondings that do not dominate the associa- 
tive forces driving self-assembly processes. Bromine 
atoms give stronger halogen bonds, but in the reported 
tectons, the bromines are usually appended to electron- 
withdrawing scaffolds in order to strengthen the interac- 
t i ~ n . [ ~ ~ ]  Iodine atoms give strong halogen bonds, and a 
wide diversity of tectons was described where the iodines 
were bound to cores, which are quite different from the 
structural point of view. 

Strategies employed to prepare halogen-bonding 
based tectons strictly parallel those described above for 
metal-coordination-based tectons. 1,4-Difunctionalization 
of a benzene ring affords ditopic 180" tectons (22a-c, 
Scheme 5). Perfluoroalky chains, due to limited confor- 
mational flexibility, behave as rigid bars, and r,o- 
diiodoperfluoroalkanes 2%-d are ditopic 180" tectons 
for which the metric can be controlled by simply varying 
the difluoromethylene units number. Ditopic 108' 
tectons are obtained by interposing an sp3 atom between 
two pam-substituted benzenes (24a,b), and 1,2-difunc- 
tionalization of a benzene ring affords ditopic 60" 
tectons 25a,b. Tetrabromomethane 26 is a tetratopic and 
tetrahedral tecton. 

Several one-dimensional and infinite chains are formed 
when ditopic halogen tectons 22-25 interact with ditopic 
electron donor tectons (Scheme 6). Noncovalent copoly- 
mers 27a-h are formed when 22a-c interact with 
dipyridyl 6a and its analogues 6b and 6d, where an (E)-  
ethylene and ethane spacer separate the two pyridine 
rings. X-ray analysis of these one-dimensional chains 
shows a remarkable crystal packings arrangement consist- 
ent with the self-assembly being dominated by the 
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algorithm of the starting t ec t~ns .~ '~ . "~  Infinite chains are 
also obtained on the interaction of 6a with the ditopic 
halogen tectons 24b and 25a,b. Because the geometry of 
the supramolecular chains is controlled by the geometry 
of the "sticky sites" on starting tectons, the noncovalent 
copolymers given by 24b and 25a,b show a wave-like or 
screwed arrangement rather than the linear arrangement 
of 27a-h. 1,4-Diiodobenzenes 22a,c also afford one- 
dimensional infinite chains when interacting with ditopic 
tectons, where the electron donor sites are oxygen atoms 
(e.g., 4,4'-dipyridyl N,N1-dioxide and l,4-dinitrobenzene, 
27i,j)i27,291 or sulfur atoms (e.g., 2-mercapto-1-methyl- 
imidazole, 27&).['O1 Similarly, x,o-diiodoperfluoroai- 
kanes 23a-d give infinite chains 2%-g upon interaction 
with a wide variety of ditopic tectons, where the electron 
donor sites are either neutral (e.g., primary, secondary, and 
tertiary amines, anilines, pyridines, ethers) or anionic (e.g., 
fluoride or iodide In all reported structures, the 
perfluoroalkyl chains adopt a twisted trans conformation 
and behave as rigid, linear spacers of the two terminal 
"sticky sites." 

When the tetratopic and tetrahedral halogen tecton 26 
interacts with an electron donor with a similar topicity 
and geometry, for instance, hexamethylenetetramine, 
diamondoid networks are ~bta ined.~"  The tecton 24a 
bears two iodine atoms (halogen-bonding donor sites) 
and two nitro groups (halogen-bonding acceptor sites) 
that are oriented after a tetrahedral geometry. On crys- 
tallization, the system behaves as a tetratopic and 
tetrahedral tecton and affords a fivefold interpenetrated 
diamondoid network.[321 

Finally, tectons based on two other interactions types 
were reported. 

The van der Waals interactions-driven recognition pro- 
cesses between dicollcave and diconvex tectons afforded 
one- and two-dimensional inclusion  network^.'^" 
Calix[4]arene units in the cone conformation offer 
preorganized and tuneable hydrophobic pockets that 
include a wide variety of neutral molecules. Fusion of 
two calix[.i',]arene units in the cone conformation and in a 
face-to-face arrangement (by bridging their eight OH 
groups with two silicon atoms), gives diconcave tectons, 
the "sticky sites" of which are the two cavities arranged 
in a divergent fashion. Mexadiyne and p-xylene are used 
as diconvex tectons. Being included in the calixarenes 
cavities thanks to van der Waals interactions, these 
hydrocarbons work as connectors and form one-dimen- 
sional networks. 

With metals, tetracyanoethylene can work as a poly- 
dentate ligand via several different bonding modes. In 
addition, with a number of organic n systems, it sustains 
K-n. stacking interactions as a result of a combination of 
electrostatic and charge-transfer interactions. In this last 
context, it was considered a tecton prone to give, in the 
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solid state, infinite and one-dimensional stacks with 1,4- 
dialltoxybenzene 

CONCLUSION 

The term tecton does not address a "yes-or-no phenom- 
enon." It is applied to molecules with interactions that 
thanks to energetic and structural characteristics, are 
dominated by particular associative forces that induce the 
self-assembly of organized networks with specific archi- 
tectural or functional features. The term pinpoints aspects 
of the suprainolecular behavior of molecules. As is always 
the case in behavioral matters and in dominance affairs, 
the use of the term is somewhat subjective. This becomes 
more true when the extremity of weak interaction patterns 
is approached, and the possibility of exchanging the 
pattern from one network structure to another becomes 
more remote. For this reason and with the aim to avoid a 
biased selection, the tectons described in this article were. 
in most cases, drawn from the compounds already named 
in this way in the primary scientific literature. 

Nevertheless, the term can be applied and should be 
applied to many other lnolecules and whenever the 
pertinent aspects of the supran~olecular behavior of 
molecules have to be stressed. For instance. purine and 
pyrimidine bases are reliable tectons. as their intermolec- 
ular recognition patterns are predictably defined by the 
well-known hydrogen bonds to which they give rise. 
However, to the best of our knowledge, they were never 
named in this way. The introduction of the term tecton 
declared the need for molecules with predictable and 
invariant self-assembly features. Identifying new tectons 
can be equated to devising molecules to be discussed in a 
graduate textbook of supramolecular chemistry or to be 
included in a hypothetical "Aldrich catalogue for supra- 
molecular chemistry.. ' 
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INTRODUCTION 

Template reactions have been used to produce new 
molecules with remarkable chemical architectures." The 
field of macrocyclic ligand chemistry and the closely 
related field of cage-like ligand chemistry had their be- 
ginnings in their template synthesis as the new concept 
ligands of their era. As the sophistication of templates 
grew, interlocked molecular structures emerged, including 
catenanes (interlocked rings), rotaxanes (axle inolecules 
locked in cyclic molecules by large end groups), oligo- 
catenanes and oligo-rotaxanes of various kinds, and mo- 
lecular knots (see Fig. 1). 

DEFINITION AND lkLUSTRATBON OF THE 
TEMPLATE EFFECT 

By definit i~n, '~ '  "a molecular template organizes an as- 
sembly of atoms, with respect to one or more geometric 
loci. in order to achieve a particular linking of atoms." 
Such a template plays an active role in the construction of 
a new molecular entity, and this involves two essential 
features: 1) the template organizes some specified as- 
sembly of atoms, thereby influencing their chemical re- 
actions; and 2) the results of this organization are found in 
some spatial, geometric. and topological relationships 
built into the structure of the new m o l e c ~ l e . ~ ~ ~ ~ ~  

The basic concept of the template effect is illustrated 
by the first example of such a reaction (Fig. 2). In this 
seminal case, the template effect results froin the binding 
to the nickel(I1) ion of the ligand that is precursor to the 
macrocyclic product. The ideal behavior results from the 
fact that the tetradentate ligand is just the right size to 
wrap around the metal ion (complementarity); the sulfur 
nucleophiles of the ligand are still active while bound to 
the metal ion, while the nitrogen donors are not; and the 
length of the xylylene unit in the %,a-dibromo-o-xylene 
reagent is right for spanning between the two sulfur 
nucleophiles (again, complementarity). Finally. the coor- 
dination sphere of the metal ion has an appropriate ge- 
ometry, square planar, bringing the s ~ ~ l f u r  nucleophiles 
into adjacent locations. Here is what happens. The metal 

"For a brief history of the field see Ref. [ I ]  

ion wraps the long ligand molecule about itself, binding to 
all four donor atoms, S and N. and bringing the two, still 
reactive, terminal donors (sulfur atoms) into adjacent 
positions. This new metal complex encounters one of the 
r,a-dibromo-o-xylene molecules, and a bound sulfur nu- 
cleophile displaces Br from one end of that reagent. This 
produces an intermediate in which the second active 
functional group, the second sulfur atom. is ideally lo- 
cated to displace the second bromide, closing a ring that 
now encircles the metal ion. Thus, a neighboring group 
effect favors ring closure and formation of only a single 
product in a system that ordinarily would have given a 
useless mixture of products, including linear oligomers 
and polymers, rings of various sizes, and mixed oligomert 
ring structures. 

This first example not only illustrates the template 
effect, but it also shows certain elements of a molecular 
template. The metal ion serves as an anchor that holds 
certain groups of atoms in place, and it also bends a long 
linear molecule into what is usefully termed a molecular 
turn. These are basic elements of a molecular template. 
Anchoring the ligand to the metal ion in the form of a 
molecular turn facilitates tying the ends of the turn to- 
gether with a complen~entary reagent; and that results in 
the formatio~l of a large ring that encircles the metal ion. It 
follows that the essential elements for the formation of a 
macrocycle by a template reaction are an anchor, a mo- 
lecular turn, and its complement. 

A less obvious part of the template concept is that. 
once formed, the products of these template reactions are 
not dependent on the template that guided in their gen- 
eration. Thus, the macrocyclic ligands formed by template 
reactions of the kind shown in Fig. 2 can be removed from 
their metal ions and moved to other chemical applica- 
tions. The great promise of the template effect rests on 
that fact. Templates facilitate the synthesis of complicated 
molecular architectures composed solely of the light atoms 
typical of organic molecules. 

KBNETIC AND THERMODYNAMIC 
TEMPLATE EFFECTS 

Two different kinds of template effects have long been 
known. One of these is an equilibrium phenomenon and is 

E~~c>clopi.dia qf'S~4~1ranzolec~tlur Clleinisfry 
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Fig. 1 Rotaxanes, catenaries, and knots formed by template reactions. 

therefore of thermodynamic origin, while the other is 
mechanistic: or kinetic, in its fundamental nature. The 
example in Fig. 2 exemplifies the kinetic template effect. 
As described, the template controls a sequence of reaction 
steps by constraining reactant molecules. Exalnples of the 
thermodynamic template effect were first invoked when, 
as a result of a chemical reaction, a metal complex of a 
new ligand was discovered, and that new ligand was 
known to be unstable in the absence of the metal ion.l4] 
The organic components chat form the new ligand are 
capable of equilibrating to form a variety of products, but 
one of them binds to the metal ion much more strongly 
than do the others. Consequently, the metal ion sequesters 

that product and shifts the equilibrium in the direction of 
its for-mation. 

COMPONENTS OF TEMPLATES 

Maxirn~am value of templates will be achieved only 
through an intimate understanding of how they function. 
As pointed out in the discussion of Fig. 2, a template for 
macrocycle formation need only consist of a molecular 
turn, an anchor, and a complementary reagent to link the 
two ends of the turn. Anchors and turns recur repeatedly 
in template reactions and are among the most important 
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Fig. 2 The seminal example of a template reaction; the product is a coordinated macrocycle. 

basic elements of a template.[" Shown in Fig. 3 are a 
number of important examples. In Fig. 3a, two turns are 
united by an anchor to create another basic element of 
templates. a crosover. Crossovers template the formation 
of catenanes (interlocking rings) and rotaxanes (axles 
threaded through rings. with the ends of the axles 
blocked). If a linking group makes a ring from one of 

Fig. 3 Elements of molecular templates: (a) a crossover reacts 
with a linker to give (i) a catenane and (ii) a rotaxane; (b) a fused 
turn closed with a fused linker gives a macrobicycle; (c) two 
anchors and two pairs of inverted ditopic turns template a trefoil 
knot: (d) composite knots require two two-anchor templates; and 
(e) oligocatenanes can be formed with multicrossover templates 
on a single anchor. 

the turns, a rotaxane is formed. If two linking groups 
convert both turns to rings, a catenane if formed. Shown 
in Fig. 3b is how closing a fused pair of turns, using a 
fused linker, produces a bicycle, or cage-like molecule. 
Linearly connected pairs of turns that are mutually in- 
verted can be used in pairs, with pairs of anchors, as 
a template for tying a trefoil knot (Fig. 3c). Further 
doubling of the number of turns and anchors to eight and 
four: respectively. led to the formation of molecules 
having the configurations of square knots and granny 
knots. In addition to anchors, turns, and crossovers, thread- 
i n g ~  are elements of general applicability in templates. 
Threading of an axle molecule through a cyclic molecule 
obviously produces a rotaxane. Almost as simply; if a 
turn is threaded through a ring, and the two ends of the 
threaded turn are then linked, a catenane is formed. Fur- 
ther. a second way to generate a trefoil knot is by thread- 
ing through a loop created by a crossover using a single 
linear molecule. The product is a mathematically accept- 
able knot if the ends of the molecule are then joined. 
Multiple crossovers anchored onto a single ring lead 
to oligocatenanes. 

VARIOUS USES OF THE TERM ""TEMPLATE" 

The word "template" occurs in the vocabularies of bio- 
chemists, materials scientists, synthetic chemists, and else- 
where. reflecting broad usage in the chemical literature. 
Here, template refers to controlling the outcome of a 
chemical reaction, commonly in chemical synthesis, by 
organizing components that are being united or rear- 
ranged in the templating process-all 011 the molecular 
scale. Thus. the formation of very small, but macroscopic, 
fibrils and tubules within molds provided by the pores of a 
membrane does not qualify as the product of a molecular 
template reaction-the scale is not molecular. On the 
other hand. the astounding control over pore size in alu- 
minosilicate molecular sievesr6] and the molecularly im- 
printed macroporous polymers[71 represent limits of the 
realm of molecular templates. In biology, the word has 
been applied to the biosynthesis of DNA and other natural 
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products. However. the obvious extension into the realm 
of continuous hydrogen-bonded supramolecular arrays is 
supramolecular chemistry, but not template chemistry. 
Beautiful and complicated architectures in which metal 
ions participate in their backbones, including polymers. 
cages, catenanes of n~etallocycles, inetallo-macrocycles. 
and dendrimers inalce use of the metal ion coordination 
spheres in determining supramolecular structures. but 
they do not involve template reactions. Fisher's "lock and 
key" concept (e.g.. enzyme/substrate selectivity) is some- 
times suggested as the equivalent of the molecular 
template. That is incorrect; the key is the complement 
of the lock, and this is an excellent example of com- 
ple~nentari t~.~" not a template. Also, foundational com- 
ponents upon which other moieties may be appended are 
sometimes referred to as templates. Such components 
might better be called platforms; one is adding super- 
structure, not conducting a template reaction. The critical 
aspects of a template reaction are the creation of a struc- 
ture that is otherwise difficult to produce, often for reas- 
ons of entropy. and that would still exist if the anchoring 
component were removed. 

PRIMARY EXAMPLES 

Metal ion Templates 

The seminal example (Fig. 2) produced a family of macro- 
cyclic cornplexes in high yield with no apparent by- 
products, in accord with the expectations of a well- 
designed template.'" This was followed by the use of 
inetal ion anchors for the template syntheses of hundreds 
of macrocycles varying frorn nine-membered tridentate 
rings, through a plethora of tetradentate rings. to 24- 
membered and greater rings with as many as eight donors, 
that is best known for binding two inetal ions simulta- 
n e o u s ~ ~ . ~  Macrobicycles were [isst produced using metal 
ion templates[101 to make the cage complexes. Many hexa- 
dentate cage ligands having only saturated amine donors 
were produced by template reactions.'"' Cyclidenes, bi- 
cyclic ligands of a different kind, were produced using 
inetal ion They are bicycles, but they con- 
tain two distinctive cavities, one having four donor atoms 
that binds a metal ion. while the second is essentially 
hydrophobic and provides a cave-like site for binding a 
second species, either a ligand for the metal ion or an 
organic molecule that might be a substrate. 

The first template synthesis of catenanesrl" made use 
of ligands that were turns and a copper(1) ion as anchor 
(Fig. 4). Terrninal phenolic f~~nc t ions  provided the 

' ~ n  earl) re\-ien of macrocyclic l~gand  cheniistrq. (Ref. [9].) 

Fig. 4 Sauvage's template con~posed of two molecular turns 
bound to a copper(1) anchor: phenolic functions were reaction 
sites for ring closures and catenane or rotaxane formation. 

reactive sites to co~nbine with linking groups and produce 
two interlocked inacrocycles, a catenane. The same 
copper(1) anchor and the same molecular turns were used 
in the tying of knotsr"' using multicentered templates 
(Fig. 5). 

Hydrogen-Bonded Templates 

Although elegant results were obtained with metal ion 
templates, the ultimate applications of rotaxanes. cate- 
nanes, knots. and the production of the as yet unavailable 
polymers. nlolecular braids, or woven molecular materials 
will depend oil simpler materials, such as those presently 
found in synthetic fibers. Arguably the nlost likely can- 
didate for an anchor in such long-term developments will 
be a proton. or multiple protons, anchoring axles, or turns 
through hydrogen bonding. The early demonstration that 
the ammonium ion forms a complex with a crown ether 
was harbinger to these systems.'151 The difficulty of the 
threading process was emphasized by low yields in the 
early work, for example. a system that yielded 3 0 8  for a 
[2]rotaxane gave only 10% for the corresponding [3]- 
~o taxane . [ '~ ]  For high-yield syntheses. the threading and 
the blocking reactions must be efficient. Such a successful 
synthesis was reported in 1998, with the yield of a [ 3 ] -  
rotaxane at 84~/c . ' "~  

A high dilution reaction that might have been expected 
to produce a macrocycle, serendipitously yielded an en- 
tirely new kind of catenane (Fig. 6) and led to the 
characterization of a different family of hydrogen-bonded 
templates.['" Structural and isomer studies led to the 
conclusion that the threaded rnacrocycle is the critical 
intermediate in the catenane formation. making this a 
classic te~nplate process.'191 

Templates with More Complex Anchors 

Short tube-shaped cyclodextrins, consisting of six (Y), 
seven (p),  or eight ip{) x-1.4-linked D-glucose units. act as 
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Fig. 5 Template synthesis of a trefoil knot 

Fig. 6 The hydrogen-bonded amide template and its first catellane product. 
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anchors in a broad range of template reactions. The 
cyclodextrins bind an axle molecule within their cylin- 
drical cavities through a combination of weak intermo- 
lecular interactions such as hydrophobic effects, van der 
Waals interactions, and hydrogen bonds, the latter at the 
periphery of the cavity. Although their guest-host 
complexes have been studied for many years,1201 its use 
as the anchor in template formation of catenanes and 
simple rotaxanes is relatively recent. Remarkably, linear 
polymers heavily laden with threaded P-cyclodextrins 
were prepared as early as 1976 and have been studied 
extensively. In a particularly striking example of a 
template reaction, cyclodextrin rings strung along a linear 
polymer were bound together by reaction of their pe- 
ripheral OH groups with epichlorohydrin. Removal of the 
poly~ner anchor then liberated the first synthetic tubular 
polymer.'"1 

c.J 
Fig. 7 The n-n template in use to form a catenane. 

As the above example illustrates, the discovery of a 
new template can lead to volu~ninous chemistry with 
exciting new results. Such has been the case with the 
development of templates based on guest-host complexes 
between derivatives of the electron-deficient herbicide 
paraquat and n-donor molecules like bis-p-phenylene-34- 
crown-10.'~'~ Powerful noncovalent forces lead to appre- 
ciable yields of predictable products. The strong interac- 
tions between the 7c-systems may be viewed as playing the 
role of the anchor. In some cases, Inore complicated 
interactions create tums from the mutually attracted 
molecules, but a phenylene-linked bis-paraquat wraps 
about an electron-rich aromatic ring forming a prototyp- 
ical molecular turn. The latter stages of [2]-catenane 
formation in such a system are shown in Fig. 7. These 
systems have been used to produce oligo-catenanes up to 
a [7]-~atenane,'~" Olympiadane, the [5]-catenane. being 
best known."" i n  enormous assembly of interlocked 
molecular structures has been designed and synthesized 
using this template, including functional species not 
previously described here, like molecular switches. 

CONCLUSION 

It is remarkable how much new chemistry emerges when 
a new molecular template is discovered. This is espe- 
cially true of the discovery and development of a new 
molecular turn. Sauvage's turn and Stoddart's turn have 
been exceptionally productive in leading to new molec- 
ular architectures. New turns will continue to create new 
opportunities. For example, there is 110 turn specific for 
cyclodextrins. although it is reasonably clear how to 
proceed in attempts to design such a potent addition to the 
toolbox of parts for interlocked molecules. 

Other new kinds of funda~nelltal elements for template 
chemistry await development. A relatively new arrivali2s1 
is what has been called the divergent  tun^.^" This requires 
re-labeling the previously known turns as convergent. 
Convergent turns extend across the anchor with which 
they associate in a molecular template, whereas divergent 
tums extend away from their anchor. Illustrated in Fig. 8a 
is a divergent turn. Show11 in Fig. 8b is how a divergent 
and convergent turn might be combined to produce non- 
i~lterloclied rings of different sizes. Shown in Fig. 8c is 
how using a half-blocked divergent turn along with a 
convergent turn could result in a blocked trefoil knot. The 
latter concept, knots stabilized by blocking groups after 
the fashion of rotaxanes, appears not to have been tested 
in the laboratory as yet. Envisioned in Fig. 8d and 8e is 
the use of a combination of divergentlconvergent turns to 
produce new interloclied figure eights. A possible new 
template element. the templated loop. may be used to 
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Fig. 8 (a) A hypothetical divergent turn; (b) combining convergent and divergent turns in a template produces a complex with a ring in 
a ring; (c) a knot designed after a rotaxane. using divergent and convergent turns: (d) and (e) a hypothetical combined convergent and 
divergent knot gives an interlocked set of figure eights. 

form temporary rings for threading, and this might be 
helpful in the formation of still more complicated archi- 
tectures as the field advances. 

The development of rack complexes'261 and the over- 
laps of strands observed in a star-shaped circular double 
h e l i ~ a t e l ~ ~ ]  give promise of the eventual success of at- 
tempts at molecular weaving, an ultimate goal of inter- 
locked molecular structures. Through molecular weaving 
and molecular braids, the development of materials may 
be possible that multiply the strengths of covalent bonds. 
The three-dimensional equivalent of a woven material is 
easily envisioned on the molecular scale and may present 
~nicroscopic structures with no macroscopic counter- 
parts. Molecular switches, traditional and Boolean, and 
molecular-scale inactive information storage remain 

viable goals of chemistry controlled at the inolecular 
level by templates. 
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Thiourea inclusion Compounds 
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It has been known since 1947'" that thiourea forms 
crystalline inclusion compounds in the presence of 
appropriate guest molecules. These thiourea inclusion 
compounds have a t ~ ~ n n e l  host structure (Fig. 1) that is 
similar in some respects to the urea tunnel structure but 
has a larger cross-sectional area. As a consequence, the 
urea and thiourea host structures typically accommodate 
different types of guest molecules. with the thiourea host 
structure able to incolporate larger guest molecules that 
cover a more diverse range of chemical types. For 
example, the thiourea tunnel structure can include guest 
inolecules such as cyclohexane and its derivatives, 
ferrocene and other organometallics, and compounds 
containing aromatic rings. Such guest molecules do not 
generally form inclusion compounds with urea. Empirical 
generalizations on the characteristic features of guest 
molecules that form inclusion compounds with thiourea 
have been discussed elsewhere.[241 

The host structure in thiourea inclusion compounds is 
generally rhombohedral or monoclinic. For guest mole- 
cules that have fairly isotropic shapes (such as cyclohex- 
ane; chlorocyclohexane, and ferrocene). the host structure 
at ambient temperature is usually rhombohedral. and the 
guest molecules generally exhibit reorientational dynam- 
ics. In many cases, this rhombohedral structure transforms 
(via one or more solid-state phase transitions) to a 
monoclinic structure at sufficiently low temperature. On 
the other hand, guest molecules with a more planar shape 
(such as 2.6-diethylnaphthalene: 2,3-dimethylbutadiene: 
and 1,5-cyclooctadiene) tend to favor the monoclinic host 
structure at ambient temperatme, with the guest molecules 
constrained to adopt an ordered arrangement. Lowering 
the symmetry from rhombohedral to monoclinic is 
associated with a deformation of the tunnel, leading to 
greater orientational ordering of the guest molecules. 

While the tunnel in conventional urea inclusion 
compounds is fairly cylindrical (with fairly constant 
cross-sectional diameter), the thiourea tunnel structure 
contains bulges and constrictions at different positions 
along the tunnel. As a consequence, it is often more 
appropriate to regard the thiourea host structure as 
" cage1'-type rather than "tunnel"-type, and many prop- 
erties of thiourea inclusion compounds can be understood 

more directly on this basis. Thus, the guest molecules in 
thiourea inclusion compounds usually occupy specific 
preferred sites along the tunnel, cossesponding to one 
guest molecule per cage and a stoichiometric guest1 
thiourea molar ratio of 113. Thus, most thiourea inclusion 
compounds have a commensurate relationship between 
the host and guest substructures. 

In this article, an overview of structural aspects of 
thiourea inclusion compounds is provided and some of the 
interesting properties of these materials are elaborated 
upon, such as the dynamic and conformational properties 
of the guest molecules, chemical reactions, and applied 
aspects. Also highlighted are the types of techniques and 
approaches that have been used in order to acquire an 
understanding of these properties. Several review arti- 
c le~. [~ , '- ~ '  have been pttblished on thiourea inclusion 
compounds, and contain comprehensive lists of references 
to the original literature in this field. 

STRUCTURAL PROPERTIES 

Stru~turaB Aspects of 'C~snventiolaal" 
(Rhombohedral) Thiourea 
inclusion Compounds 

The host s t r u ~ t u r e ~ ~ - ~ ~ ~  in "conventional" thiourea in- 
clusion compounds is rhombohedral [usual space group 
R ~ C ;  a= 15.5-16.2 A. c=  12.5 A (hexagonal setting)] and 
exhibits a significant variation in tunnel diameter on 
moving along the tunnel, with constrictions (minimum 
diameter ca. 5.8 A) and bulges (minimum diameter ca. 7.1 
A). In most thiourea inclusion compounds, the guest 
molecules occupy specific sites along the host tunnel, 
corresponding to one guest molecule within each "cage" 
in the host structure and corresponding to the commen- 
surate relationship ch=2c, (where ch is the periodic repeat 
distance of the host structure along the tunnel, and c, is the 
periodic repeat distance of the guest molecules along the 
tunnel). Thus, there are two guest molecules within the 
periodic repeat distance of the thiourea host structure 
along the tunnel, leading to a guestlthiourea molar ratio of 
113. The well-defined positioning of the guest molecules 
at specific locations within each tunnel gives rise directly 
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Fig. I Structure of the cyclohexanelthiourea inclusion con- 
pound at ambient temperature, showing 1 0  complete tunnels 
(with van der Waals radii) viewed along the tunnel axis. Guest 
molcculcs have been inserted into the tunnels, illustrating 
orientational disorder. The positions of the guest molecules are 
not actually determined from x-ray diffraction data at ambient 
temperature. (View this art in c,olor at www.deltker.c~orn.) 

to three-dimensional (3-D) positional ordering of the guest 
molecules controlled by the 3-D periodicity of the host 
structure. However, in many cases, as discussed below, 
there is orientational disorder of the guest molecules. 

Much progress has also been made in understanding 
the structural properties of conventional thiourea inclusion 
compounds below their phase transition temperatures. The 
rhombohedral structure of the high-temperature phase 
usually transforms to a monoclinic structure in the low- 
temperature phaser' '' and is associated with changes in the 
dynamic properties and the degree of ordering of the guest 
molecules. Powder x-ray diffraction studies of the chlo- 
rocyclohexane/thiourca"21 and cyclohexane/thiourear131 
inclusion compounds have highlighted the advantages of 
using powder diffraction techniques when transforma- 
tion to the low-temperature phase is associated with crys- 
tal twinning. 

Structural Aspects of Some Thiourea 
inclusion Compounds with Monoclinic 
Host Structures 

As discussed above, a number of thiourea inclusion 
compounds have monoclinic structures that can be 
considered as distorted forms of the conventional (rhom- 
bohedral) thiourea tunnel structure. Two examples of 
inclusion compounds in this category are discussed here. 

In the monoclinic structure of the 2,3-dimethylbutadienet 
thiourca inclusion compound,[14i the planar guest mole- 
cules are arranged longitudinally (rather than stacked) 
within the tunnels and occupy 6.3 A per guest molecule 
along the tunncl. The cross-sectional dimensions of the 
guest molecules pcrpendicular to the tunnel are ca. 4.0 r\ 
x7.0 r\, and the tunnel is considerably dcformed from 
the regular hexagonal cross scction found in the convcn- 
tional (rhombohedral) thiourea inclusion compounds, but 
with the same N- H . .S hydrogen-bonding scheme. The 
guest molecules do not exhibit orientational disorder 
with respect to the tunnel axis. In the monoclinic struc- 
turc of the 2,6-diethylnaphthalcnc/thiourea inclusion 
compound,r"' the cross section of the tunnel is a 
deformed hexagon, and the asymmetric unit comprises 
three thiourca molecules and half the 2,6-diethylnaphtha- 
lene molecule. Thus, in contrast to the conventional 
thiourea inclusion compounds, there is one guest molecule 
per unit repeat distance of the host structure along the 
tunnel, and the molar guesttthiourea ratio is 116. 

CASE STUDIES: STRUCTURAL AND 
DYNAMIC PROPERTIES OF SOME SPECIFIC 
THIOUREA INCLUSION COMPOUNDS 

In many respects, the cyclohexanetthiourea inclusion 
compound is regarded as the prototypical example of 
conventional thiourea inclusion compounds, and its 
properties have been investigated widely. At ambient 
temperature, cyclohexanetthiourea has the conventional 
rhombohedral thiourea host ~tructure,~" and the cyclo- 
hexane guest molecules are located at the sites of 32 
symmetry along the tunnel. Three distinct phases have 
been identified:'""" Phase I (above 149 K) is rhombo- 
hedral (space group ~ 3 c ) ;  Phase I1 (149-129 K) is 
monoclinic (space group P2,/a, with twice the volume of 
the rhombohedral unit cell); and Phase 111 (below 129 K) 
is also monoclinic (space group P21/a), with a disconti- 
nuity in the lattice parameters between Phases 11 and 111 at 
129 K. The phase transition between Phases I and 11 is 
second order, and the phasc transition between Phases 11 
and I11 is first order. A comprehensive investigation of the 
structural and symmetry properties associated with these 
phase transitions has been reported,ll" including the 
application of Landau theory to establish a detailed 
understanding of the mechanisms of the phasc transitions. 

Early studies of the dynamic properties using wide-line 
solid-state 'H-NMR of cyclohcxanc/thiourea-d41113161 con- 
cluded that molecular motion of the guest molecules 
occurs in all three phases 1-111. More details of the 
dynamic processes have been elucidated subsequently 
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from 'H-NMR studies of cyclohexane-d12/thio~~rea.i177181 
although confiicting interpretations of the dynamic prop- 
erties have emerged from these studies. The most 
cornprehensive study of the dynamics of cyclohexanel 
thiourea to dateL''' has involved the application of single- 
crystal 'H-NMR techniques. In Phase I, the dynamic 
properties of the cyclohexane guest molecules are de- 
scribed by a model of jumps of the C3 symmetry axis of 
the lnolecule among six equiprobable orientations 
(corresponding to the D6 point group symmetry of the 
site occupied by the guest molecules within the host 
structure), together with rapid reorientation of the guest 
molecule about its G axis. The dynamics in Phase I1 
involve reorientation of the C3 axis of the guest molecule 
among six inequivalent orientations, although with spe- 
cific relationships between these orientations. Order 
parameters driving the transition from Phase I to Phase 
I1 have been identified. and the orientational ordering 
process in Phase I1 has been elucidated. In Phase 111, an 
abrupt ordering of the C3 axis of the guest molecule takes 
place, due to freezing the motions of this axis relative to 
the host structure, although rapid reorientation of the guest 
molecule about its C3 axis still occurs at the temperatures 
investigated within this phase. The information obtained 
on the dynamic properties together with the structural 
information obtained from powder x-ray diffraction 
studies were both important in developing a detailed 
description of the phase-transition mechanisms in this 
material. Molecular dynamics simulation studiesi1g1 have 
also been exploited to understand the dynamic properties 
of cyclohexanelthiourea. 

At ambient temperature. ferrocenelthiourea has the con- 
ventional rhoinbohedral thiourea host structure.['01 The Fe 
atoms of the fessocene guest molecules occupy the sites of 
32 symmetry within the host tunnel, and the cyclopenta- 
dienyl rings are disordered. Heat capacity measure- 
mei~ts~'~'l have suggested that there are five phase 
transitions (at ca. 147, 160, 171, 186, and 220 K) between 
13-280 K, which led to the proposal that the transitions at 
147 K and 160 K are associated with reorientational 
order-disorder processes involving the molec~~lar axis 
of ferrocene. 

Early studies of the dynamic properties focused on 'H- 
NMR of fessocene/tl~iourea-d~~~~'~ from which it was 
concluded that the fivefold axes of the ferrocene mole- 
cules are frozen in a number of nonequivalent orientations 
at low temperature. and that the phase transition at 160 K 
is associated with the onset of reorientational motion of 
these axes. Anisotropic '?-NMW chemical shielding 
spectra,['21 l7I?e Mossbauer spectroscopy,[2" and solid- 
state 'H-NMR'~" studies have also shed significant light 

on the orientational and dynamic properties of the guest 
molecules. The most recent 2 ~ - ~ ~ ~  study of fessocene- 
dlo/thiourea'251 proposed that there are four distinct 
orientations of the ferrocene guest molecules in the 
thiourea tunnel. In three of the orientations; the principal 
axis of the fessocene molecule is perpendicular to the 
tunnel axis, whereas in the fourth orientation, it is parallel 
to the tunnel axis. Below the phase transition at 160 K. the 
only motion effective on the 'El-NMR timescale is rapid 
reorientation of each cyclopentadienyl ring about its C5 
axis. In this temperature regime, each fessocene molecule 
is confined (at least within the 2 ~ - ~ ~ ~  timescale) to one 
of the four molecular orientations defined above. The 
phase transition at ca. 160 K is associated with the onset of 
reorientational motion of the C5 axes of the ferrocene 
molecules; between 165 and 220 K. the 2 ~ - ~ ~ ~  spectra 
are interpreted in terms of interchange of molecules 
between the three orientations perpendicular to the tunnel 
axis (with activation energy 6.4 kJ molpl)  together 
with interchange between the perpendicular and parallel 
orientations (with activation energy 10.1 kJ mol '). 
The populations of these orientational states were deter- 
mined as a function of temperature. At ambient temper- 
ature, the motion of the fessocene molecules is rapid on 
the 2 ~ - ~ ~ ~  timescale (i.e., frequency >lo7 Hz) and is 
still anisotropic, but by 340 K, the guest motion is 
effectively isotropic. 

Carbon TetrachBorCde'B"&lourea 

The CC14/thiourea inclusion compound has a rhombohe- 
dral host structure[26' (space group W3; a = 15.54 A, 
c = 12.53 A) at 170 K. The crystal structure determination 
developed a model for the disordered CCll guest 
molecules, with the carbon atoms of these molecules 
coplanar with the three sulfur atoms of thiourea molecules 
that point toward the center of the tunnel. Heat capacity 
measurements["' between 15-300 M give evidence of a 
first-order phase transition at 41 K and a second-order 
phase transition at 67 K. Possible types of molecular 
disorder in the high-temperature phase have been related 
to the transition entropy and the molecular and site 
symmetries of the guest molecules. The heat capacity of 
the lowest temperature phase is unusually large, perhaps 
indicating very low-frequency vibrational modes or labile 
configurational excitation of the guest molecules. 
NQR studies

r2" have elucidated details of the dynamic 
properties of the guest molecules in GCl4Ithiourea. 

Adamantanelthiourea has the conventional rhombohedra1 
thiourea host structure.[29i In the crystal structure deter- 
mination. the adamantane molecules were considered a i  
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rigid bodies, and a model of twofold disorder of these 
molecules was invoked. Dynamic properties of the 
adamantane guest molecules have been studied by solid- 
state 'H-NMR spectroscopy.['01 Motionally narrowed 
isotropic 'H-NMR line shapes are observed throughout 
the temperature range studied (1 19-333 K), and 'H-NMR 
T I  measurements indicate that the guest molecules 
reorient on the picosecond timescale at 300 K. There is 
only one solid phace over the temperature range studied, 
and the effective barrier to overall reorientation of the 
adamailtane guest molecules is estimated to be about 
1 1 k~ m o l l .  

CONFORMATIONAL PROPERTlES 
OF THE GUEST MOLECULES 

Guest molecules in solid host structures are often 
constrained to exhibit uncharacteristic conformational 
properties, which can be exploited inter alia as a means 
of cal~ying out spectroscopic characterization of such 
conformations. A classic illustration of such unconven- 
tional conformational behavior is provided by monohalo- 
genocyclohexane (C6H, ,X; %=C1, Br, I) guest molecules 
within the thiourea tunnel structure. For monohalogeno- 
cyclohexanes in liquid and vapor phases, the dynamic 
equilibrium between equatorial and axial conformations 
favors the equatorial conformation, and in the solid state 
(at sufficiently low temperature or high pressure), only the 
equatorial conformation is found. In contrast, however, 
when included as guests in the thiourea tunnel structure, 
C,Hl ,C1, C6HI and C6H1 ,I  exist predominantly in the 
axial conformation. These resuits have been established 
from infrared.[31' Raman,'"] and high-resolution solid- 
State l3c -N~~l33%341  techniques. From the 1 3 C - N ~ ~  

~tudies,~'" the mole fraction of the equatorial conforma- 
tion is in the range 0.05-0.15, in contrast to the 
cori-esponding range (0.75-0.81) for the same molecules 
in CFC13/CDC13 (3:l) solution (all values quoted are for 
temperatures in the range 159-220 K). There is also a 
marked contrast between the conformational properties of 
these guests in the thiourea tunnel structure and in various 
zeolitic hosts, within which the equatorial conformation 
predominates. Bromine K-edge extended x-ray absorption 
fine structure (EXAFS) spectroscopyL351 has also con- 
firmed that the axial conformation of bromocyclohexane 
predominates within the thiourea tunnel structure. This 
technique provides a direct measurement of the mtramo- : 

lecular Br. . 4 7 3 )  distance (3.27 A), and on this basis, the 
axial and equatorial conformations may be distinguished 
directly. The "c-IVMR results also demonstrate that for 
monohalogenocyclohexane guests in the thiourea tunnel at 

sufficiently high temperature, there is dynamic intercon- 
version between the axial and equatorial conformations. 

For guest molecules C6HIIX. with X=CH3, NH2. and 
OH, the equatorial conformation is preferred (mole 
fraction 0.82-0.97) inside the thiourea tunnel structure.[341 
Thus, for these guests, the conformational properties 
resemble those of the same molecules in solution, in 
contrast to the behavior of the monohalogenocyclohexane 
guests discussed above. 

Further diversity of behavior is observed for fluorocy- 
clohexane (C6H1 IF) guest molecules in the thiourea tunnel 
structure, for which there are approximately equal 
amounts of guest molecules in the axial and equatorial 
conformations. The conformational properties of this 
system and the ring inversion dynamics have been probed 
in detailL36i using a variety of different high-resolution 
' 9 ~ - ~ ~ ~  techniques (with high-power 'H decoupling) 
and triple-resonance ' k - N M R  experiments (with 'H and 
' 9 ~  decoupling). 

A number of experimental techniques have also been 
used to show that certain disubstituted cyclohexanes can 
adopt uncharacteristic conformations inside the thiourea 
tunnel structure. For trarzs-1-bromo-2-chlorocyclohexane~ 
intramolecular B r  . .C1 and B r  . C(3)  distances of 4.5 A 
and 3.27 A determined from bromine K-edge EXAFS 
spectra[3" den~onstrate that the diaxial conformation is 
preferred. In contrast, the diequatorial conformation is 
preferred in dispersed phases. 

CHEMICAL REACTlONS OF GUEST 
MOLECUBES BN THIOUREA 
INCLUSION COMPOUNDS 

Although the thiourea tunnel structure can accommodate 
guest molecules containing a diverse array of functional 
group types, reported studies of reactions in thiourea 
inclusion compounds have primarily concerned polymer- 
ization reactions. Classical work in this fieldL3] reported 
polymerization reactions of 2,3-dimethylbutadiene; 2,3- 
dichlorobutadiene; 1,3-cyclohexadiene; cyclohexadiene 
monoxide; iso-butylene; and vinylidene chloride. In all 
but the latter two cases, high-melting, crystalline polymers 
were obtained. There have been many subsequent reports 
of polymerization reactions carried out within the thiourea 
host structure. A computational study investigating the 
size requirements of polymers within the thiourea tunnel 
structure has also been rep~rted."~'  

Another example of a chemical reaction within the 
thiourea tunnel structure concerns the Diels-Alder reac- 
tion between maleic anhydride and cyclopentadiene, 
which is reported to occur with high conversion and high 
s tereo~elect iv i ty . '~~~ The two guest components were 
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cocondensed with the vapor of thiourea at 77 K. On 
subsequent heating, the Diels-Alder reaction occurs with 
90% conversion, and more than 95% of the product 
comprises the rndo isomer of the Diels-Alder adduct. 

APPLIED ASPECTS OF THlOUREA 
INCLUSION COMPOUNDS 

Nonlinear Optical Propeflkes of Thiourea 
lncleesion Compounds Containing 
Qrqanometallic Guests 

It has been shown by Tam and  coworker^'^^.^^^ that 
thiourea inclusion compounds containing appropriate 
organornetallic guests can exhibit second-harmonic gen- 
eration (SHG), i.e., doubling of the frequency of light as it 
passes through a material. Materials exhibiting SHG are 
important in a range of applications in optoelectronics and 
other fields. In order for a crystalline solid to exhibit SHG. 
the crystal structure must be noncentrosymmetric. If the 
crystal structure is centrosymmetric, the SIHG will be zero, 
even if the constituent molecules have high second-order 
hypelpolarizabilities (P). The organometallics [e.g., (q6- 
6.6H6)Cr(C0)3] studied have large values of P, but the 
structures of their "pure" crystalline phases are centro- 
symmetric and therefore do not exhibit SHG. Under the 
proposal that dipole organization may be favored inside 
the thiourea host structure, a large number of thiourea 
inclusion compounds containing organolnetallic guest 
molecules were prepared, and several of these materials 
were found to exhibit significant SHG. Structure deter- 
mination of the SHG-active crystals confirmed the 
expected dipole organization of the guest molecules. For 
example, the crystal structures of (q6-benzene)~r (~0)3 /  
thiourea, (q~trimethylenernethane)~e(~0)3/thiourea, and 
(q5-cyclohexadienyl)~n(~~)3/thiourea are isomorphous 
(space group R3c), and contain head-to-tail arrangements 
of the guest molecules along the tunnel. This work 
suggests, inter alia, that inclusion compound formation 
may be a widely applicable strategy for the formation of 
SHG-active materials. It was also shown that the SHC 
activity of these materials arises predominantly from the 
organometallic guest molecules, rather than the thiourea 
molecules (which also have significant 0). 

Application of a Thiourea lnclusioaa 
Compound as an Anaiyzer for X-ray 
Polarization Analysis 

In the case of visible light, studies of polarization are 
dominated by the use of dichroic filters (e.g., the Polaroid 
sheet), for which photons with polarization parallel to a 

certain axis in the material are preferentially attenuated 
over those with polarization perpendicular to this axis. In 
principle, materials analogous to the Polaroid sheet may 
be developed for applications as dichroic filters in other 
regions of the electromagnetic spectrum, and there is 
interest in the development of materials for analysis of 
polarized x-ray radiation (which may be produced, for 
example, from a synchrotron radiation source). A suitable 
dichroic filter would be a crystal for which the absorption 
of polarized x-rays depends significantly on the orienta- 
tion of the crystal, and such materials are of interest in a 
range of applications, such as in studies of magnetic x-ray 
scattering. Recently, it has been shownr"' that the 1- 
bromoadamantane/thiourea inclusion compound exhibits 
essentially optimal properties as a dichroic filter for 
polarized x-ray radiation (with x-ray energy close to the 
bromine K-edge). In this inclusion compound. the 
thiourea molecules form a tunnel host structure that 
differs to some extent from the conventional thiourea host 
structure. Within the repeat distance (24.75 A) along the 
tunnel, there are three crystallographically independent I - 
bromoadamantane guest molecule sites, corresponding to 
a guestlthiourea molar ratio of 114. At each site, there is 
disorder between two orientations (with essentially equal 
occupancies) of the guest moleci~le, but importantly, the 
C-Br bond of each guest molecule lies parallel to the 
thiourea host tunnel. It has been shown theoretically that 
this structural feature promotes optimal perforinance of 
such materials as dichroic filters for polarized x-rays. 

CONCLUSION 

As discussed above, the fact that thiourea inclusion 
compounds display a wide range of interesting structural 
and dynamic properties is well established. As with many 
solid inclusion compounds: structural constraints imposed 
upon the guest molecules by means of confinement within 
the host structure can confer properties upon the guest 
molecules chat differ significantly from those of the same 
molecules in dispersed phases. In view of the fact that the 
thiourea host structure can incorporate a diverse range of 
guest species, in terms of size, shape, and chemical 
functionality, there appears to be considerable potential 
for the design of thiourea inclusion compounds for 
applications in a range of scientific fields, and significant 
future developments in this regard may be anticipated. 

ARTlGLES OF FURTHER lNTEREST 
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The term "torand," derived by combination of "toms" 
and "ligand," denotes a macrocyclic ligand in which the 
perimeter of the large ring is completely formed by fusion 
of smaller rings. Three kinds of torands are currently 
known, dodecahydrohexaazakekulene (1, R' = R~ = H ) [ ~ . ~ ]  
and its substituted "expanded" torand 2 
(R = butyl) containing l,8-naphthyridine ~ n i t s , ~ ' . ~ ~ ~ ~ ~ ]  and 
mixed pyridinelpyrrole macrocycle 3 (R = butyl), an ex- 
panded porphyrin.[".61 The structures of these torands are 
shown i11 Fig. 1, along with those of related molecules. 
The latter include kekulene (4),['01 cyclosexipyridine 
(5),["] Shiff-base pyridomacrocycles 6 and 7,L"s.'21 and 
a heterohelicene molecular coil (8).'73'3.'41 These systems 
are included in the following discussion of the background 
for torands. Current methods for synthesis of torands 1 
and 2 are presented, followed by a summary of their 
binding properties. Torand 1 forms complexes with a wide 
variety of metal cations, incl~~ding alkali metals, and 
expanded torand 2 binds guanidinium cation via hydrogen 
bonds. These relatively rigid hosts form stronger complex- 
es than less highly preorganized analogues. 

RELATED MOLECULES 

Kekulene (4) 

The 'H-NMR s p e c t r ~ i r n " ~ ~ ' ~ ~  and crystal structure"61 of 
kekulene (4) disproved the concentric [18]annulene/ 
[30]annulene character implied by the resonance form 
shown in Fig. I. Instead, kekulene is better represented by 
a Dbh-symmetric structure including six benzenoid sex- 
lets,r16.171 Computational studies confirmed the semilocal- 

ization of .n electrons in six benzene rings['71 and also 
produced current-density maps contradicting the annulene 
model."" lorands of Type 1, formally dodecahydro- 
hexaazakekulenes, have six pyridine rings in the same 
positions as the six benzenes of the DGh kekulene struc- 
ture. Fully unsaturated torands were not reported, but a 
D3h-symmetric hexaazakekulene with three inner and 
three outer nitrogen atoms is l~nown. [ '~ ]  Lacking solubi- 
lizing substituents, this macrocycle only has appreciable 
solubility in strong acids. An insoluble dodecahydrodia- 

zakekulene may have been prepared from the corre- 
sponding dode~ahydrodioxoniakekulene.[~~' Kekulene 
(4) represents only one of a hypothetical family of 
"cycloarenes" derived by fusion of benzene rings to form 
macrocyclic hydr~carbons.~' '~ To date, 1 and "expanded" 
torand 2 are the only known torands formally derived 
from cycloarenes. 

The ultimate bridged-pyridine m a ~ r o c y c l e , ~ ~ ~ ]  cyclo- 
sexipyridine (5 ) ,  was a synthetic target for numerous re- 
search groups for decades prior to the 1983 reports by 
Newkome and ~ e e [ " ]  and on the parent and 
diaryl-substituted systems, respectively. These two com- 
munications did not give full details pertaining to syn- 
thesis and characterization and implied contrasting 
solubilities and sodium-scavenging properties. A thor- 
ough investigation of the synthesis of threefold symmet- 
ric triarylcyclosexipyridines was reported recently by 
Masciello and ~o tv in . '~ ' ]  The tris@-tolyl), tris(4-chlo- 
rophenyl), and tris(4-tert-butylphenyl) derivatives of 5 
were obtained as mixed Na+ and K+ complexes and were 
insoluble amorphous solids. On the other hand, the 
tris(4-neopentoxyphenyl) analogue is soluble in nonaro- 
matic solvents and was characterized (NMR, UVNis,  and 
matrix-assisted laser desorption ionization mass spec- 
trometry (MALDI-MS)) as a 5:2 mixture of Na+ and K+ 
complexes. Thus, the tendencies of cyclosexipyridines 
toward problematic aggregation and alkali metal seques- 
tration are well established. 

Schlff-Base Pyridomacrocycles (6 and 7) 

Metal complexes of Schiff-base macrocycle 614351 can be 
prepared by cyclocondensation of pyridine-2,6-di- 
carboxaldehyde with benzene-1.2-diamine in the presence 
of sr2+ [2425] pb2+, or ~ d ~ ~ . ~ ~ ~ ~  The metal-free mac- 
rocycle is prepared by replacement of SrZi with 
followed by decomplexation with excess 18-~rown-6."~] 
While 6 adopts the circular conformation shown in Fig. I 
in complexes with ~ r ~ ~ [ ~ ~ ~  and other metals, the cavity 
collapses in the absence of a guest.["" Despite this 
conformational flexibility, 6 binds both Na+ and Kf better 
than 18-crown-6 in dimethyl sulfoxide (DMSO), and it is 

Encyclopedia of S~rpranzolecular Cherni.rti?; 
DOI: 10.10811E-ESMC 120019187 

Copyright 'C 2004 by Marcel Dekker, Inc. All rights reserved. 



Fig. 1 Known torands (1-3) and related molecules: kekulene (4, cyclosexipyridine (5). Schiff-base pyridomacrocycles (6 and 7). and 
a molecular coil (8). 

slightly selective for K' over ~a+ . ' " '   ond dens at ion of 
1,lO-phenanthroline-2,9-dicarboxaldehyde with 2,9-bis 
(aminotnethy1)- I ,  10-phenanthroline in the presence of 
strolltiu~n triflate gave a 2: 1 mixture of diimine macro- 
cycles (7) as very stable s r 2 +  ~ o m ~ l e x e s . ' ~ . ~ ~  These 
complexes of 6 and 7 are among the first complexes of 
"hard" alkaline earth ions with hosts containing only 
"soft" nitrogen This apparent contradiction 
is, however. consistent with the large dipole moments 
associated with pyridine and irnine ligand and 
the importance of ion-dipole interactions in the stabiliza- 
tion of alkaline earth (as well as alkali metal) complexes. 

11-ring system, as in 8.L7,'3.'" Thi s expanded heterohe- 
licene. or "molecular coil." and a 13-ring analogue 
lacking the benrylidene group were synthesi~ed."."~ 
While the metal-free ligands were isolated, they were 
found to sequester Na+ or c a 2 +  from chromatographic 
sorbents (silica or alumina). Careful examination of 
sodium binding by 8 revealed that a double-helical 2:2 
complex was formed."31 These results underscore the af- 
finities of preorganized polypyridines toward alkali metal 
and alkaline earth cations. 

TBRAND SYNTHESIS 
Molecular Coils (8 )  

DodecahydrohexaazakekuIenes (1 1 
Torand 1 consists of alternating, angularly fused pyridine 
and six-membered carbocyclic rings. When this molecular A lengthy synthesis of the parent dodecahydrohexaaza- 
architecture is applied to open-ended systems, the ends kekulene (1, R' = R2 = H) was reported by Ransohoff and 
overlap when a total of 12 rings is reached, or when a ~ taab . " ]  The final, macrocyclization step apparently 
benzylidene group is introduced as a steric barrier in an gave the torand in 3% yield as a sparingly soluble solid, 
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which was characterized only by mass spectrometry and 
'H-NMR spectroscopy. Anticipating solubility problems 
with the parent torand, Bell and Firestone developed a meth- 
od for synthesis of butylated heptacyclic t e r p y r i d i n e ~ ~ ~ ' ~  
and applied it to tributyldodecahydrohexaazakekulene 
(I, R' = H. R' = buty~).~'] The rnacrocyclization step in 
both approaches involved the reaction of two compo- 
nents to form a bis(pyry1ium) dicationic intermediate. In 
the RansohoffIStaab case, a single compound represent- 
ing about half of the torand ring was dimerized. In the 
case of the BellIFirestone synthesis, two different 
octahydroacridines each comprising one-third of the 
toranci were combined, then the final third was incorpo- 
rated during macrocyclization. The strategy is illustrated 
in Fig. 2, which shows current approaches to both the 
parent and tributyl torands. 

Two routes were originally developed for the synthe- 
sis of intermediate diketone 18 ( R  = b~ty1) . [~ . '~]  One 
involved introduction of the two carbonyl groups by 
oxidation of the corresponding dibutyl heptacyclic 
t e ~ ~ y r i d i n e . [ ~ ~ ]  The other route is similar to that shown 
in Fig. 2, except that 14 was prepared by pyrolysis of the 
tri~llethyihydrazonium derivative of 12. An improved 
method for this " 113 + 113" coupling reaction involves 
condensing the HCI salt of Mannich derivative 113 with 
ketone 12 and a~n~nonium acetate, giving heptacyclic 
terpyridyl 84 in 70% yield. The synthesis of 9- 
butyloctahydroacridine (9) and its conversion to N-oxide 

10 are part of an Organic Syntheses p r o c e d ~ r e , ~ ~ "  and 
various routes to diketone 18 are documented in an 
article describing its complexation properties.['81 The 
overall yield of the tributyl torand is 3% for the 11-step 
synthesis shown in Fig. 2.16' The route was also applied 
to the unsubstituted torand (1, R1=R2=EI), in which 
case the overall yield is 2%. The synthesis of torand I is 
tedious, but the route shown in Fig. 2 can be used to 
prepare gram-quantities of the trifluoroinethanesulfonate 
(triflate) salt. The triflate salt of the tributyl torand can be 
converted to the free-base form by reaction with tetra- 
butyla~nmonium hydroxide in butanol~acetoni t r i le .~~~~ 

Similar pyridine annelation reactions were used to 
produce cleft-shaped molecules and torands bearing 
substituents capable of modifying their solubilities and 
aggregation properties. For example, 9-(4-t-butoxybutyl) 
octahydroacridine was prepared and used to synthesize 
corresponding disubstituted heptacyclic terpyridines and 
an undecacyclic quinquepyridine similar to 8.'"' Several 
P-arylenones resulting from condensation of ketone 12 
( R  = butyl) with aromatic aldehydes were condensed 
again with 112 and ammonium acetate to give. after 
oxidation, analogues of 14, in which the central pyridine 
ring bears a phenyl, 4-methoxyphenyl, 4-chlorophenyl. or 
4-nitrophenyl substituent."" By an approach analogous 
to that shown in Fig. 2: this method was applied to the 
synthesis of triaryltrialkyltorands (1, R '  = butyl, R' = ar- 
yl), which were obtained in 15-30% mmacrocyclization 

Fig. 2 Synthesis of dodecahydrohexaazakekulelle torands (R=K or butyl) 



yield.r6'71 Substituents in the four-positions of the three 
aryl groups may potentially be used to introduce ionic 
groups or steric barriers. 

Expanded Torand 2 

Angular fusion of six-membered rings produces torand 1 
with an 18-membered central ring; incorporation of three 
linearly fused pairs of pyridines produces three 1,8- 
naphthyridine units and a larger cavity defined by a 24- 
membered ring in torand 2. Annelated 1.8-naphthyridines 
are conveniently prepared by Friedlander condensation of 
4-aininopyrimidine-§-carboxaldehyde (19, Fig. 3), with a 
cyclic ketone, hydrolysis of the pyrimidine ring, and 
Friedlander condensation of the resulting o-aminoalde- 
hyde with a second ketone.'"' This method was applied 
to benzylideneketone 12 ( R  =butyl) to synthesize ex- 
panded torand 2, as shown in Fig. 3. as well as a 
nonmacrocyclic (or U-shaped) a n a l ~ g . " . ~ . ~ , ~ ]  The macro- 
cyclization step involves trilnerization of ketoaminoalde- 
hyde 22, which is obtained by ozonolysis of 21, the 
hydrolysis product of Friedlander derivative 20. The 
cyclotri~nerization yield (50% max.) is sensitive to the 
amount of cesium hydroxide used to promote the reaction. 
Torand 2 precipitates as a complex with cesium and is 
obtained as the free ligand after removal of the metal by 
boiling in water. 

Metal Cations 

Torand 1 (R = butyl) forms remarkably strong complexes 
with alkali metal salts. Lithiurn. sodium. potassium, and 

cesium picrate are completely extracted from water into 
chloroform, indicating that the stability constants of their 
1 : 1 complexes exceed 10" M-' .i5.'01 Competition ex- 
periments were performed by adding [2.2.1]- or [2.2.2] 
cryptand to solutions of the 1:1 complexes of B with 
alkali metal picrates, following the binding equilibrium 
by 'H-NMR spectroscopy under slow exchange condi- 
tions. The resulting logK, values were calculated: Lif, 
13.4; Na+, 14.7; and K', 14.3. L53301 AS shown in Fig. 4, 
under these conditions, torand P binds Na+ and K' with 
higher affinity than does cryptahernispherand 23, spher- 
and 24, [2.2.2] cryptand (25). or naphtho-18-crown-6 
(26). The cavity of 1 is more open than those or' the 
other hosts, so these findings refute the notion that en- 
capsulation is required for strong binding. Moreover. 
the low size-selectivity of B contradicts the usual pref- 
erence for the metal that best fits the cavity. The torand 
cavity radius is ileasly fixed at a previously estimated 
value of 1.3 A, and the hexacoordinate radii of potas- 
sium, sodium, and lithium are 1.38, 1.02, and 0.76 A. 
respectively .I5' 

The stability constants of the 1:l alkali metal picrate 
complexes of diketone 18. heptacyclic telpyridyl 27 and 
flexible terpyridine 28 were estimated by liquid-liquid 
extra~tion,"~' and the resulting logK, values for Na+ and 
K+ are also given in Fig. 4. The affinities of 18 and 27 
for these alkali metals are remarkably high for hosts 
containing only five or three ligand atoms; respectively. 
In water-saturated chloroform, pentadentate host 18 binds 
Na+ and K+ more strongly than do most crown ethers. 
Compared to naphtho- 18-crown-6 (26), 18 binds Wa+ 
4000 times better, and K+ 40 times better. Even tridentate 
host 27 extracts alkali metal picrates into chloroform, 
whereas flexible model system 28 is ineffective under the 
same experimental conditions. The potent complexation 

b 

Fig. 3 Synthesis of expanded torand 2 (R = butyl) by Friedlander trimerization 



Fig. 4 Stability constants (IogK,) of sodium and potassium picrate co~nplexes in H,O-saturated CHC13 (or D20-saturated CDC13) for 
torand 1. cryptahemispherand 23, spherand 24. cryptand 25. terpyridyldiketone 18. crown ether 26, preorganized terpyridyl 27. and 
flexible terpyridyl 28 (R = butyl in 1. 18. and 27). 

abilities of heptacyclic terpyridyl hosts 18 and 27 can be 
attributed to enforced orientation of relatively large 
ligand functional group dipoles toward the center of the 
molecular cleft. As observed for torand 1. selectivity is 
modest. Diketone 18 binds sodium and potassium slightly 
better than lithium, rubidium, and cesium, whereas 27 
shows a slight preference for lithium among all the alkali 
metals.r281 

The x-ray crystal structures of the lithiuin. potassium. 
and r~rbidiuln picrate complexes of torand 1 ( R  = butyl) 
were de~erinined.'".'"'~~ and the structures of the potas- 
sium and rubidium complexes are shown in Fig. 5. In 
ihese two complexes. the metal atoms rest in the center of 
the cavity of 1, which adopts the staggered p ~ e u d o - D ~ ~  
conformation predicted by molecular modeling.i33.3'1 
Potassium is clearly an excellent fit to the torand cavity, 

because it lies only 0.23 out of the best plane of the six 
nitrogen atoms. with I<-W distances ranging from 2.73- 
2.85 A. Potassiuin has a seventh contact to picrate, 
suggesting that the cavity radius of 1 should be revised to 
nearly 1.46 A, the ionic radius of seven-coordinate 
potassiurn.'5' The torand adopts the same conformation 
in 1 .Rb+. but rubidium lies 1.06 A out of the best nitrogen 
plane. and picrate is bidentate. 

In contrast to M+ and Rb', lithium picrate crystallizes 
with torand B as a 2:2 complex containing three water 
~no lecu les .~ '~ . '~~  The two torands are coaxially stacked 
and threaded by a hydrated dilithium chain: H20-EiC- 
H20-Li+-H20. Each lithium cation binds unsyinmetri- 
cally to two of the six nitrogens in each torand, and two 
water molecules complete the tetrahedral kif coordination 
sphere. No anion coordination is observed, and hydrogen 



Fig. 5 Crystal conformations of cationic complexes of torand 1 (R' = H, R' = butyl) with potassium (top left, bottom left) and rubidium 
(top right, bottom right). (View t h i ~  art  In color a t  w~v+t,.dekker.com.) 

29 29.C(NH2)3CI 

Fig. 6 Complexation of guanidinium by expanded torand 2 and flexible analogue 29 



bonding between Li+-coordinated water molecules and 
vacant N binding sites apparently enhances the stability of 
the supra~nolecular assembly. Torand stacking interac- 
tions are also irnplied by the cation response of thin films 
of torand 1 at the air-water interface.[38i Even though 1 is 
substituted only with three butyl chains, it is sufficiently 
hydrophobic to form compressible thin films on water. 
Surface pressurelmolecular area isotherms are dramati- 
cally affected by metal cations in the aqueous subphase. 
Transitions at 100-120 ~' lmolecule suggest the formation 
of stacked-torand di~ners in the presence of Li+, Cs+, and 
~b '+ . [~ ." '  Despite the relatively large cavity size of I, and 
unusual hexagonal planar ligand geometry, complexes are 
formed with metal cations throughout the periodic table.[" 
Fluorescence of protonated 1 is quenched upon binding 
certain metals (e.g., ~b '+ ) ,  so it might be useful as a 
sensor for detection of metals in solution.1391 

Organic Guests 

Torand 2 ( R  = butyl) presents a nearly ideal array of 
hydrogen-bond-accepting pyridines for complexation of 
the guanidinium cation, as shown in Fig. 6. This nearly 
perfect registry of host and guest geometries led concep- 
tually to the family of "hexagonal lattice receptors" for 
organic guests.'3" Flexible U-shaped host 29 has nearly 
the same array of pyridine rings as 2. but its minimum 
energy geometry is expected to be nonplanar, placing the 
terminal nitrogen nuclei nearly 7.3 A apa~t.~"."~ Thus, 2 
should bind guanidinium with little change in host 
conformation, while 29 must adjust to a more planar 
conforrnatio~l in the complex. Accordingly, the UVIVis 
spectrum of 2 shows no significant response to complex- 
ation, while 29 binds guanidinium with bathochromic 
shifts of the longer wavelength absorption maxima.1s~y~3y1 
Both 2 and 29 quantitatively extract guanidinium chloride 
into anhydrous CH2C12. Titration studies led to calculation 
of a stability constant of 2 x lo6 M ' for 29.  C(NH2)3C1 
in 95:5 e t h a n o l l ~ ~ ~ ~ l ~ . " ~ ~  and the stability constant of 
2 .  C(NH2)3C1 is apparently even higher. 

CONCLUSION 

Torands and closely related molecules, such as cycloar- 
enes, sexipyridines, and expanded heterohelicenes (mo- 
lecular coils). still constitute a relatively small group of 
known compounds. The main reason for this is purely 
synthetic: fusion of multiple rings requires many synthetic 
steps; and low-yield macrocyclization reactions com- 
pound the problem. Clearly, better methods are needed for 
the synthesis of torands to enable more complete ex- 

ploration of their complexation properties and other 
potential uses. Easier synthetic access would pave the 
way for application of these rigid molecules as, for ex- 
ample, scaffolds, dendrimer cores, mesogens, and nano- 
scale molecular devices. The binding properties of partial 
structures of torands also demonstrate the value of pre- 
organization in supramolecular chemistry. Fused-ring 
hexagonal lattice receptors can form strong complexes, 
and macrocyclic structures may not be necessary or 
desired for many applications. 
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Troger's base derivatives (5,6,11,12-tetrahydro-5:11- 
methanodibenzo[b,f] [ I  .5]diazocines) are V-shaped or 
roof-shaped chiral bases. They are potential concave re- 
ceptors. The angles between the two aryl rings vary from 
92" to 104" in the crystal. Calculated ab initio DFT (den- 
sity fi~nctional theory) values for isolated molecules are 
larger (112" for Troger's base). These compounds 
are frequently synthesized from primary aromatic amines 
and for~naldehyde or in related synthetic procedures. 
Numerous derivatives (the Chemical Abstracts Service 
(CAS) Registry file contains 532 entries at present) are 
known, and 24 of them are well characterized by x-ray 
crystallography. The racemates can be optically resolved 
to give pure enantiomers that racemize slowly in acidic 
inedia via reclosure of i~niniuin intermediates. Troger's 
bases can be used for optical inductions. 

They were complexed with heavy-metal salts and 
quaternized with alkylating agents. The quaternary salts 
are better hosts for formation of inclusion complexes with 
various guests. The receptor qualities and molecular as 
well as chiral recognition capabilities rely on the armature 
function for larger clefts and for larger pockets in 
trogerophanes via embedding in large ring systems when 
they exert their armature function. This leads to biological 
and pharn~aceutical actioils that are promising for medi- 
cal treatments. 

Various related ring systems of the nor, iso, and homo 
types are available. and most of them show promise for 
applications in supramolecular chemistry. The V-shape in 
all of these systems is the common structural motif. 

SYNTHETIC ASPECTS 

Troger's base [I (Fig. 1). R=CF13, X=H] (5,6,11.12- 
tetrahydro-2,8-dimethyl-5,11 - m e t h a n o d i b e n z o  
[b.f] [1:5]diazocine) was first obtained from y-toluidine. 
formaldehyde, and acid in 1887.'" The yields are not very 
high in that procedure but may reach 7 0 8  under carefillly 
selected  condition^.'^^ Numerous derivatives, including 
double Troger's bases. were prepared by this one-pot 
approach. however, only p-substituted aniline derivatives 
were succe~sfi~l ."~ The unsubstituted system nor-Troger's 

base 3 (Fig. 1) (1, R=X=H) required a bromine-lithimn 
exchange of I (R=Br, X=H) followed by hydroly~is"~ or 
a four-step synthesis froin anthranilic acid methylester. 
The last step is the reaction of the tetrahydrodibenzodia- 
zocine 4 (Fig. 1) with formaldehyde.15i An elegant 
synthesis starts with commercial 1,3,5-triphenylhexahy- 
drotriazine (2. Fig. i )  (easily synthesized from aniline and 
paraformaldehyde in boiling xylene), which is dissolved in 
trifluoroacetic acid to provide a 90% yield of 3 in a one-pot 
cascade reaction.16' Further derivatives of Tr~ger ' s  base 
were synthesized in a corresponding manner, using triaryl- 
2 with free ~ - ~ o s i t i o n . [ ~ '  

The intermediate labile iminium salt was isolated as its 
chloride in a gas-solid reaction between 2 and HCl. Water 
vapor produced 3 and aniline after final neutrali~ation.~~] 
Race~nic Troger's base derivatives can be optically re- 
solved by chromatography at chiral stationary phases.'71 
Absolute configurations of Troger's bases 1 were deter- 
mined and recently corrected: (-)-(R,R)-1: (+)- (S ,S)-~.~~ '  
The configurational stability decreases upon monoalkyla- 
tio11.'".'~] Alkylations provide monoquaternized salts, 
complexations of (+) or (2)-Troger's base with heavy 
metal salts (e.g.. HgBr2) yield 2:l complexes that were 
characterized by x-ray crystal structure determination 
(e.g., 5. Fig. l).'"] An enantiopure 1 : 1 complex 6 (Fig. 1) 
of Troger's base was formed with methyl rheniumtrioxide 
and was equally characterized by x-ray crystal structure 
analysis.["] X-ray structures were reported for Troger's 
bases with condensed aromatics, such as 7 (Fig. 1)L'21 and 
for the bis-Troger's base 8 (Fig. l)."" Highly f~lnction- 
alized (R,R)-Troger's bases, such as 9, (Fig. I), and also 
their (S,S)-enantiomers were prepared.i141 A polycyclic 
Troger's base 110 (Fig. 1) is easily obtained by acid- 
catalyzed self-condensation of o-aminoben~aldehyde.~'~~ 
Several derivatives are known. 

INCLUSION REACTIONS 

Troger's bare 11 (Fig 2) includes 1.4-dloxane (1 0 33 
ratlo) Mole versat~le are mclus~ons of the quaternary 
salt 12 (Fig 2) (X=I) which ~ncludes toluene p- and 171- 

xylene. p- and nz-chlorotoluene, diethyl ketone, cyclohex- 
anol. dioxane. and THF The characteristic ratios kary 
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Fig. 1 Syntheses schemes for Troger's bases and some varied structures. 

from 1:0.5 to 1: 1.25. In all cases, water is also included 
and is capable of being the sole guest (1:2.25).1'61 

Open-chain alcohols, cyclohexane, and p-cymene are 
not included. The inclusion capacity of I2 is slightly 
higher than that of 13a (Fig. 2). The 1:l-competition 
experiments showed that p-xylene is selectively included 
by 12 from mixtures with benzene or toluene. whereas 1% 
(X=I) selectively included benzene from these mixtures. 
Furthennore, 1,4-dioxane is selectively included by 1% 
from mixtures with benzene or to~uene.'"~ The chain 
length of the alkyl group in the salts 13a-d influences the 
stoichiometry of the inclusion, for example, with p-xylene 
(1:0.5, 1: 1. 1: 1.25, 1 :0.75 host-guest ratio, respective- 
ly).['61 The quaternary salts 13a-e, 14, and 15 (Fig. 2) 
exhibit a remarkable preference for aromatic guest 

solvents. Compound 13f prefers less voluminous guests, 
including acetone, 11-BuOH. and EtOM (not MeOH) for 
1:l incorporation into the crystal l a t t i~e . "~ '  Host 15 
compares closely with 13f in its inclusion selectivity. 
Furthermore, compound 14a corresponds to 1323 
(X=CH30S03): phenylmethanol, 1-phenylethanol, aceto- 
phenone, mesitylene, cyclohexanone. benzaldehyde, o- 
xylene, chlorobenzene, ethylbenzene are additionally 
included. Structure 14b resembles 13f in its inclusion 
behavior."71 The reason for the increased enclosure 
capabilities of the alkylated Triiger's base cations was 
not investigated further. According to DFT ab initio 
calculations at the B3LYP/6-31G:k level, the dihedral 
angle between the planes of the benzene rings of the 
cation B3a is predicted to be 109", smaller than for I 



TrGger9s Base Derivatives 

'1 1 '1 2 q3 a: R=Me (X=l; MeOSO,) 
x - b: R=Et (X=I) 

c: R=n-Prop (X=l) 

d$"30~eaJm d. e: R=(CH,),-bridge R=CH,CH=CH, (X=Br) (X=l) 
Me 0 f: R=p-CH,C,H,CH, (X=Br) 

/ 
'14 a: R=Me (X=l) 

b: R=p-MeOC,H,CH, (X=Br) l - + N ~ + I -  

H 

Jyjm N ;=,Cfjm N 

0, ,,0 C2H,0H R;b 
N - 

0.5 C2H,0H 
16 

Fig. 2 Troger's base inclusion compounds 

(R=CH3, X=H), with 112'. The angles at the methano 
bridges are found to be 110" and 11 1.5". respectively. 
Obviously, the inclusion lattices are further improved by 
alkylation. X-ray crystal analysis of 13a (X=I).0.5 1,4- 
dioxane established an enclathration-type inclusion.i171 
An investigation of the molecular packing of the pub- 
lished structure reveals that the dioxane does not immerse 
into the cleft of the V-shaped host molecules 13a. It is 
surrounded by two of them with their cleft open to it and 
two of them facing the outside of their cleft. Apparently, 
the V-shape may provide inclusion lattices that accom- 
modate the guest, but the cleft is not the site where the 
guest resides. This important question was addressed 
further. The resolved exo-endo-bis-Troger's base inclu- 
sion compound 16 (Fig. 2) packs in such a way that both 
of the LJ-shaped clefts go in the clefts of the next 
molecules: every two molecules are intercalated with 
each ot l~er .~ '"  The ethanol molecules are situated 
between the rows according to the published crystal 
structure. The salt 17 (Fig. 2) (inclusion of EtOH) has the 
counteranion out of ihe cleft, a peripheral aryl ring of the 
bisnaphthyl moiety covers the cleft of the protonated 

Troger's base, and ethanol is hydrogen-bonded to the 
anion at the backside of the cleft, according to the 
reported crystal A much larger U-shaped 
cleft (8-9 A wide. 5-7 A deep) is formed in the inclusion 
coinpound 118 (Fig. 2).[19' Two ethanol molecules are 
located within the cleft defined by the esters, with the 
Troger's base moiety at the bottom. The guest molecules 
are relatively disordered. They are held by hydrogen 
bonds to the ester groups and are clathrated in a mo- 
lecular chamber, the fourth side of which is defined by 
the next molecule in the stack. 

The V-motif is certainly used in the herringbone stack- 
ing of the crystalline Troger's base (I, R=CH,, X=H) at a 
distance of ca. 5.5 Further Troger's base deriva- 
tives use the same stacking motif (for example, 11).[ '~' 
An U-inside-inverted-U-packing requires the much larger 
U-shaped cleft in the endo-erzdo-bis-Troger's base 8. 

It could not be shown that the Troger's base cleft is 
used by included guest molecules. Rather, the clefted 
molecules are able to create lattices that can accomodate 
guest molecules, in particular. when they are protonated 
or alkylated. 
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Fig. 3 Troger's base as an armature for systems with molecular recognition. 

MOLECULAR RECOGNITION IN 
SELF-ASSEMBLING SYSTEMS 

The cleft of Troger's bases provides only limited success 
in supramolecular applications, however, their well-de- 
fined structures were used as armatures for aligning 
further functionality in order to provide receptors for 
molecular and chiral recognition. That goal was achieved 
with scaffold-type derivatives 19, 20, 24 (cf. 18) and by 
embedding Troger's bases in macrocycles that were called 
trogerophanes (21-23, 25) (Fig. 3). 

Scaffold 19 with two carboxyl groups intersecting at an 
angle of 120" forms hydrogen-bonded complexes by host- 
guest interaction with weak bases and exhibits large 
association constants ( K ) . ' ~ ' , ~ ~ ~  Thus. 2-aminopyrimidine 

(K=2600 M- I ) ,  dimethyleneurea (K=44,000 Mp I), tri- 
methyleneurea (K=33,000 I'v-'), 2-imidazolidone (K= 
21.000 M '), biotin methyl ester (K= 17:000 M- I), and 9- 
ethyladenine (K=45,000 M- ') are all bound in CDC13, as 
determined b y l ~ - N l t l ~  titration. Scaffold 20 is an ar- 
tificial receptor for dicarboxylic acids by virtue of se- 
lective binding.[231 

The trogerophane 21 forms association complexes with 
various phenols and p-toluenesulfonic acid."] It forms 
complexes with benzenoid substrates in acidic aqueous 
solutions. The crown ether trogerophanes 22 do not 
include solvent molecules for n= 1-3. The complexation 
of LiSCN (not NaSCN, KSCN) with 22 (n=3)  is weak. 
However, the larger rings in 22 (rz=4-6) exhibit supra- 
molecular cation-binding properties, as was shown for 
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NH4+, K+, Na+, Csi. Li+ using Cram's picrate extraction 
m e t h ~ d . ' ~ "  

The large trogerophane 23 is particularly versatile for 
molecular 1t complexes trarzs-tert-butyl- 
cyclohexanol (K=8600 M-') and much more efficiently 
cis-tert-butylcyclohexa~lol (K=41,000 M ' )  from aque- 
ous (D20) phosphate buffer. The enantiopure receptor 23 
(tetraammonium salt in D20)  binds cyclohexanoid and 
alicyclic alkanes, stereoisomeric menthols, diastereomeric 
cyclohexane derivatives, and steroids. Furthermore. it is a 
chiral shift reagent. The differentiation of (-)-menthol 
(K=2500 M I )  and (+)-menthol (K=2000 M i )  is not 
pronounced. but (+)-isomentho1 (K= 1000 M p l )  is dis- 
favored. The axial substituent is less welcome in the 
pocket.'25' Two crown-6 moieties in 24 recognize primary 
bisammoniuin salts, and the enantiopure Troger's base 24 
discriminates D- and ~-1ysine.'~" Even larger and more 
rigid clefts were constructed with Troger's base by [a,b]- 
and [e;b]-condensation to two pyrazino[b,a]porphyrins. 
Thus, a templated assembly by superstructure encapsula- 
tion is l ~ n o w n . ' ~ ~ ]  The dendrilner N,N,Nr,N'-tetra-(3-ami- 
nopropy1)-l,4-diaminobutane coordinates with all four of 
its primary amino groups to two clefted Troger's base 
molecular receptors with two pyrazino[b.a]-tetra-(3,5-di- 
tert-buiylpheny1)-zincporphyrin moieties each condensed 
to them. The binding sites are at the zinc atoms of the four 
assembled porphyrins. and a spherical supramolecular 
capsule results. 

The trogerophane based on the deoxycholic acid chiral 
template in 25 [and in its (R,R)-epimer] was used for an 
asy~nmetric synthesis of the enantiopure Troger's base 
analogues after hydrolysis."s.291 As the two hydroxyl 
groups of deoxycholic acid have different reactivities for 
esterification, unsyrnmetric Troger's bases could be asym- 
metrically synthesized as well. 

OPTlCAL INDUCTION BY T R ~ G E W ' S  BASES 

Resolved Troger's base (1) interacts with chiral alcohols 
as a chiral NMR shift reagent.'2"221 It is also possible to 
use enantiopure Troger's bases for chiral resolution and 
chiral induction. When 1 (R=CH3, X=H) was imprinted 
in rnethacrylic acid-ethylene glycol dimethylacrylate 
copolymers; enantioselectivity of the synthetic receptors 
was observed in high-performance liquid chromatography 
(HPEC) experiments with the polymer as stationary 

A (+)-Troger's base. when used as preadsorbed 
chiral ~nodifier of a Ptlalumina catalyst; provided enan- 
tioselective hydrogenation of ethyl pyruvate (65% ee in 
ACOH).'"' The application of (+)-(S,S)-Troger's base (1) 
as ligaild in 1,4-additions of lithium aryls to r,p-unsat- 
tirated tert-butyl esters provided ee-values up to 57% that 
compare to those obtained with (-)-sparteine (37. be- 

The (+)-(S,S)-Troger's base (1) (R=CH3, X=H) 
is a relatively poor chiral ligand in the asymmetric 
addition of diethylzinc to benzaldehyde~.[~'] However, the 
enantiomeric excesses were as high as 86% if 5% of 
5s. 1 IS-6-exomethylene-I was applied. 

BlOkOGlCAk AND PHARMACEUTICAL 
APPL~CAT~ONS OF T R ~ G E R ' S  
BASE DERIVATIVES 

Troger's base moieties are attractive pharmacological 
groups. The interaction of drugs with living materials is of 
a supramolecular nature, and interactions with DNA are 
particularly important. Thus; compound (-)-9, which 
contains two proflavine units, binds in enantio- and 
sequence-specific fashions to DNase I. Conversely, (+)-9 
interacts poorly with DNA in a nonsequence-selective 
fashion."41 The (-)-enantiomer preferentially recognizes 
certain DNA sequences containing both A , T  and G.C 
base pairs, such as the motifs 5'-GTT,AAC and 5'- 
ATGA.TCAT. Similarly, the asymmetrical compound 26 
(Fig. 4) containing a proflavine unit and a phenanthroline 
unit intercalates DNA topoisomerase 1, as indicated by 
linear and circular dichroism experiments and biochem- 
ical assay."41 The data are compatible with a model in 
which the proflavine moiety intercalates between DNA 
base pairs, and the phenanthroline moiety occupies the 
DNA groove. Cleavage experin~ents revealed the se- 
quence preference of the hybrid ligand, and a well- 
resolved footprint was detected at a site encoinpassing two 
adjacent 5'-GTC.5-GAC triplets. The chiral bis-(1,lO- 
phenanthroline) Troger's base copper(1) colnplex 27 
(Fig. 4) interacts with DNA and causes strand scission as 
determined by the almost complete conversion of the 
covalently closed circular pVC18 plasmid to open circular 
DNA."~' 

Compound 28 (Fig. 4) is an effective inhibitor of the 
enzyme thromboxane A2 (T x A2) synthase, with an EDjo 
of 30 ng m l  ' in a specified in vitro assay.r361 

The trogerophane 29 (Fig. 4) was synthesized for 
treatment of malignant tumors. It restores c-fos expression 
disorder in neuroblastoma cells.[371 

The known data indicate that further applications of 
Troger's bases in pharmacology and medicine are to be 
expected. However. this prediction is also valid for related 
clefted systems. 

RELATED SYSTEMS WITH 
CLEFT STRUCTURE 

The 5,6,11,12-tetrahydrodibenzo[b.fl [ I  .5]diazocines such 
as 4 become Troger's-base-like if they are complexed 
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Fig. 4 Triiger's bases with biological and pharmacological action (see also 9). 

with heavy-metal salts. The inclusion compound 30 cording to DFT B3LYP16-31G* calculations, the molec- 
(Fig. 5) is a well-studied The metha110 bridge ular skeleton of 31 (totally unsubstituted) is more stable 
is formally replaced by the metal salt. than conlpound 3 by 13.6 kcal mol--'. Seven derivatives 

In the pseudo-Triiger's bases 31"91 and 32 (Fig. 5),'"] of 31 were prepared from p-methylamino-benzaldehyde, 
the methano or imino bridge connects the carbons instead POC13, and diethylmalonate or other reagents with two x- 
of the niirogens of the dibenzo[b,,fl[l,5]diazocine. Ac- H atoms next to an activating heterocycle. The cleft 

Fig. 5 Clefted molecular systems related to Troger's base 
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Fig. 6 Visualization of clefts in  Troger's base and related 
systems. (:TCI13 instead of CHO, CH3. and C03CH3 replaced by 
H; :!::': NO2 and CH3 replaced by H.)  

shapes (calculated angle between the aryl rings: 109") do 
not considerably change with respect to Troger's base. and 
inclusion of water or acetonitrile occurs. 

Compound 32 has an imino bridge instead of the 
methano bridge and is synthesized by reacting a primary 
aromatic or benzylic amine with o-(triphenylphosphora- 
nylidene) aminobenzaldehyde. Isomers 33 (Fig. 5 )  of 
Troger's bases have long been known.'"] They are 
prepared from 5;6, 1 1.12-tetrahydrodibenzo[b.J1[1,4] dia- 
zocine and formaldehyde. Compound 33 (R=H) is 10.1 
kcal mol-' less stable than nor-Tr~ger ' s  base (3), 
according to ab initio DFT calculations at the B3LYPI 
6-3lG* level. The reactions of compounds 33 proved 
"comparable" to those of 3. even though the calculated 
cleft angle between the aromatic rings is considerably 
smaller (81" versus 112"), which leads to a considerably 
sharper cleft (see Fig. 6). 

The homologous Troger's base analogue 34 (Fig. 5) is 
selectively available in a one-pot synthesis from 2-chlo- 
romethylbenzimidazole and hexamethylenetetramine with 
a 56% yield.'42' The isomeric products of the multimethe- 
nylation in the absence of template catalysts are not formed 
under these conditions.1421 The clefted conformer of the 
bridged tetrazecine 34 is the most stable (endo-endo-34 is 
5.4 or 14.2 kcal m o l l  better than exo-rndo- or e.xo-rno- 
34. respectively) according to ab initio DFT calculations at 
the B3LYPJ6-31G" level. The cleft is very narrow in this 
case (4Q0), and more detailed investigations of the supra- 
molecular properties of 34 are clearly indicated. Two 
related benzo derivatives 35  (Fig. 5) were reported.[431 
They were synthesized from 5,6.7.12.13.14-hexahydro- 
dibenzo[c,h] [1,6]diazecine and aromatic aldehydes. 

Finally. the saturated bispidines 36 and (-)-sparteine 
34 (Fig. 5 )  exhibit interesting clefts for supramolecular 
use. Bispidines form metal salt complexes. The N,N- 
di~nethylbispidine (36) has as its most stable conformer 
the twin-chair V-shape, according to ab initio DFT 
calculations at the ] B ~ L U P / ~ - ~ ~ G "  level (5.7 or 8.4 kcal 
mol-' better than boat-chair or twin-boat conformers, 
respectively). 

This preference is not overridden by slight differences 
in the aqueous solvatioil energy. The bispidine moiety 
was combined with crown-ether functionality to form a 
n~olecular cavity (19 ring members, including the cleft 
of bispidine, two N and four Q).~"' Sparteine (37) is less 
stable than its 1 lg-diastereomer genisteine (by 9.3 kcal 
molp' according to ~ 3 L Y ~ l 6 - 3 1 C ' .  calculations). The 
(-)-sparteine is V-shaped (Fig. 6) and forms versatile 
chiral bases with lithium alkyls for enantioselective 
~yntheses.~"' These reactions are usually formulated 
via double coordination of the Li in the cleft of the 
(-)-sparteine conformer 37. Similarly, bidentate metal 
salt complexes of (-)-sparteine form readily. The com- 
plexing nitrogens in the clefts of the pharmaceuticals (-)- 
cytisine (38) and tedisamil (39) (Fig. 5 )  (with an isomeric 
ring system) are certainly involved in the blocking and 
release of calcium and potassium cations. The (-)-cytisin 
(38) is a neuronal nicotinic acetylcholine receptor. It 
activates a3P4 receptors and blocks r3P2 receptors.i461 
Tedisamil (39) is a new bradycardic agent that exerts 
antiischemic and antiarrythmic effects by blockading the 
different cardiac and vascular K+ currents.'"' 

The unifying structural motif in this article is the mole- 
cular cleft. Clefts may be wide or sharp. If they are formed 
by (nearly) planar groups in n~olecules of C2 symmetry, 
they are most easily characterized by the dihedral angle 
between the planes. Space-filling models indicate the 
amount of free space. Space-filling models of ab initio 
DFT B3LYPl6-3 I G'" calculations are contained in Fig. 6, 
as experimental values are only available for some of 
them. Both cleft arms are exactly vertical on the image 
plane in Triiger's base (I, R=CM3. X=H), pseudo- 
Troger's base (31. but CH3 instead of CHO: CH3 and 
C02CH3 replaced by H). iso-Trogers base (33: R=H), 
and the 10-ring compound 34. The alicyclic clefts of 
dirnethylbispidine (36) and (-)-sparteine (34) are better 
depicted in ball-and-spoke representation. In the bis- 
Troger's base 8 (NO2 and CH, replaced by H). two of the 
aromatic rings are vertical on the i~nage plane, and the 
five-clefts compound 18 (semiempirical PM3 calculation) 
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has the aryl rings for one dibenzo[2.2.2]cyclooctatriene 
moiety and both olefinic bridges vertical. 

A wide ciefi (112"; isolated molecule) is present in I. 
It is not much different from the upper dibenzobicy- 
clo[2.2.2]octatriene clefts in 18 (DFT angle for the main 
cleft of dibenrobicyclo[2.2.2]octatriene: 118"). The cleft 
shape does not change much in 31 (109"). However. 33 
has a considerably sharper cleft (81"). and 34 is very 
sharp (40"). The clefts of 36 and 37 are of different 
character, because their nitrogens (distances 2.958 and 
3.054 A. respectively) are not inaccessibly shielded. The 
nitrogen shielding in Troger-type clefts leads to outside 
protonation. alkylation. and heavy-metal salt complexa- 
tion (5, 6; 17). The cleft angles determine the size, but 
included organic guest molecules profit only from the 
crystal lattices. Inclusions in 8 profit from a large double 
cleft. The hirge cleft of 18 is created by substitution, and the 
Triiger's base moiety serves prilnarily as armature. as in the 
trogerophanes (21-23 and 251, with their large rings and 
pockets. Only these or similar elaborate systems are suitable 
for molecular and chiral recognition. The supramolecular 
properties of bispidine and sparteine are of different 
character. The field is far from being exhausted. 
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Unimolecular Electronics and Unimolecular Rectifiers 
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"Molecular electronics" (ME) (sensu sfricto), or "mo- 
lecular-scale electronics" or '~nimolecular  electronics" 
(UE) is the study of electrical and electronic processes 
meas~ared or controlled on a molecular scale or on the 
nanometer scale.".21 A wider definition of molecular 
electronics (sensu lato), or "molecule-based electronics" 
encompasses electronic p

r

ocesses by molecular assem- 
blies of any scale, including macroscopic crystals and 
conducting polymers.1"" This article deals with UE and 
focuses on electrical conduction (asymmetric or not), 
through single molecules or through a monolayer of 
molecules measured in parallel. 

In the 1950s, ME was discussed in the U.S. Defense 
Department and was presaged by Richard P. Feynman's 
visionary comment "there is plenty of room at the 
bottom.' ' i4J 

THE AVIRAM-RATNER ANSATZ, 
THE FlRST UE PROPOSAL 

The first concrete proposal for UE was the 1974 Ansatz 
by Ari Aviram and Mark A. Ratner that a rectifier of 
electrical current could be achieved with a single molec- 
~ l e . ' ~ '  A rectifier is an electronic device through which 
electrical current is conducted asymmetrically, i.e., pref- 
erentially from left to right. rather than vice versa: the 
IV curve is asymmetrical with voltage. 

Since the late 1940s, the solid-state inorganic rectifier 
has consisted of a pn junction, where the p region is a 
semiconducting Si or Ge crystal "doped" with a small 
excess of substitutional impurities (electron-poor group-3 
elements such as Al, Ga, In) that create a small excess of 
mobile "holes" (lack of electrons). The n region is a Si or 
Ge crystal doped with a small percentage of electron-rich 
group-5 atoms (N. P. As, etc.), creating a small excess of 
mobile electrons. Such p i 7  rectifiers. where electrons 
flow preferentially from the 11 region to the p region, are 
used in electrical circuits and in integrated circuits. 

Aviram and Ratner proposed that a uni~nolecular 
rectifier be a single D-o-A molecule, where D is a good 
one-electron donor with relatively first low ionization 
potential, o is some saturated covalent "sigma" bridge, 

and A is a good one-electron acceptor with relatively high 
electron affinity. when this molecule is placed between 
two appropriate metal contacts MI and M ~ . ' ~ '  The bridge o 
decouples the donor moiety D from the acceptor moiety A. 
If the decoupling between D and A i? complete, then 
intramolecular electron transfer becomes impossible. The 
molecular ground state of D-o-A has a low dipole moment 
and can be written as Do-o-A', while the first excited state 
is much more polar, and is the zwitterionic state D'-o-A-. 

The Aviram-Ratner mechanism consists of two reso- 
nant electron transfers across metal-organic interfaces: 

followed by an inelastic downhill intra~nolecular elec- 
tron transfer: 

which moves one electron from M2 to &',.['I This elec- 
tron transfer is possible if the molecule has reasonable 
oscillator strength in an intramolecular optical interva- 
lence transfer (IVT) band. 

The Aviram-Ratner proposal involves an electronic 
tran~ition.'~' which is inherently fast ( p s  to ns), com- 
pared with translations, conformational transitions, or mo- 
lecular rearrangements. 

PHYSBSORPT10N (LANGMUIR-BLODGETT, 
LB) VERSUS CHEMlSORPTlON 
(""SELF-ASSEMBLY") 

Aviram and Ratner did not specify how such a device 
could be interrogated electrically. There are two choices. 
The Langmuir-Blodgett (LB) technique allows for the 
assembly of one-molecule-thick ("monolayer") films or 
of several-molecule-thick films (multilayers):'6371 the 
assembly onto surfaces by physisorption has the advan- 
tage that the transfer of ainphiphilic molec~lIes from the 

Eilc\clopediu of Sirprumolet ~ t lu r  Chernzctrl 
DO1 10 1081lE ESMC 120012788 
Copbright C 2001 b~ Mar~e l  Dekke~,  Inc All nght i  ~ e s e r ~ e d  



Unirnolecnfmr Electronics and Unimolecular Rectifiers 

air-water interface to suitable solid substrate co~lld be 
quantitative: the disadvantage is the weakness of the 
binding of these iayers to the substrate. (The transfer ratio 
is the area covered by the LM monolayer on the solid 
substrate, divided by the area lost from the monolayer at 
the air-water interface.) 

A competing technique is the formation of chemisorp- 
tive rilonolayers that are covalently bonded to the 
substrate:'" this is no\v called "~elf-assembly."[~~ Self- 
assembly has file advantage of strong binding, but its 
disadvantage is that the surface coverage by a self- 
asse~nbled rnonolayer !SAM) is rarely quantitative and is 
difficult to measure. 

Fig. 2 Lehei (b). piston (e). and beakel ( f )  111th 1.4-ben- 
zenedlth~ol solutlon (From Rei [I31 ) 

EARLY INTEREST IN ME AND UE 

ME was launched with some f a i ~ f a r e , " ~ - ~ ~ '  then languished 
for several years. Recently. UE registered significant 
results, thanlts to advances in how to place electrodes 
above EB monolayers of organic molecules without 
"frying them." and to st~idies of SAlMs (thiols covalently 
bonded to gold) by either a scanning tunneling microscopy 
(STM) tip. by conducting-tip atomic force microscopy 
(AFM), or by gold "brealc junctions."['" The interest in 
UE is due to projections that the technological progress in 
ultraminiaturization of Si-based integrated circuits. which 
makes colilputers faster as the distance ("design rule") 
between iiidividual components shrinks (Gordon E. 
Moore's may not reach nanoscopic dirne~~sions. 
At design rules of 3 nm. one-molecule electronic devices 
(resistors. capacitors. rectifiers, and amplifiers) may 
present a significant technological alternative. 

THE EIGHT MILESTONES OF UE 

Here is a subjective list of eight milestones. i.e., recent 
significant advances in UE: 

1. Henry Taube showed that electroil transfer between 
two different ~netal  ions bridged by a shared ligand in 
solutioll was faster if the ligand was conjugated than if 
it was saturated, i.e., nonconjugated.'15' In Mile.stnrze 

Fig. 1 Insertion of 4.4-di(pheny1eue-ethyny1ene)-benzenethio- 
late into a SAM of rz-dodecylthiolate on Au{ 11 1 ) .  (From 
Ref. [Ih].) 

Fig. 3 Depiction of Au shards. and of 14-benzenedithiol 
n~olecules attaching themselves to one electrode. the other. or 
both electrodes. (From Ref. [ I  31.) 
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One, a STM was used by Paul S. Weiss, David L. 
Allara, James M. Tour, and coworkers and confirmed 
Taube's result directly. by measuring the electrical 
current through individual  molecular wires.""61 
The current through an aromatic 4,4-di(pheny1ene- 
ethyny1ene)-benzenethiolate bonded to an Au(ll1) 
surface is larger than that through an aliphatic n- 
dodecanethiolate bonded to the same substrateii6' 
(Fig. 1). 

2. Rolf Landauer proved that the minimum resistance of 
any single-channel wire (composed of atoms or mo- 
lecules or polymers), measured between any two 
macroscopic electrodes. is the quantum of resistance 
R = (h/2e2) = 12.91 kR, where I1 is Planck's constant, 
and e is the electronic charge.'I7' In Milestone Two, 
this Landauer quailcum of resistance was measured 
by Walt de Heer and coworkers at room tempera- 
ture between a multiple-walled carbon nanotube 
(MWCNT), glued to a conducting AFM tip, and a 
pool of liquid ~ g . " ~ '  

3. Milestolze Tlzi-ee occuned when a break junction was 
fabricated by Mark A. Reed and coworkers, by 
evaporating a thin Au wire onto a Si wafer, then 
compressing this wafer between two static levers and 
a movable piezoelectric piston. When the Si wafer 
cracked, the Au wire sepa

r

ated, creating two Au 
shards. with a ~nutual separation that could be 
controlled to k0.01 nnl by the voltage on the piston 
(Fig. 2)."" When a benzene solution of 1,4-benzene- 
dithiol was put into the gap (Fig. 2j, some 1.4- 
benzeiledithiol molecules bonded covalently, either 
to one electrode or to the other or to both (Fig. 3).  
When the latter happened. a one-molecule bridge was 
created, with n resistance of 22 MQ (Fig. 4a),[I3] 
which was three orders of magnitude larger than the 
Landauer resistance quantum, because the lowest 
u~loccupied molecular orbital (LUMO) of the benzene- 
dithiolate was not in resonance with the work 
function of Au. The resistances were reproducible 
(Fig. 4b). If two ~nolecules bonded to both Au shards 
(two one-molecule bridges). 13 MQ was measured 
(Fig. 4 ~ ) . " ~ '  

4. Milestorze Four took place when Mark A. Weed 
developed a "nanopore" technique. Into a thinned- 
out region of a Si wafer, Au was evaporated to form a 
50-nm-wide, few-nm-deep "bowl" of Au{ 11 I }, onto 
which thiols were self-assembled (Fig. 5). The nano- 
pore was then covered with Ti (and its oxide), then ALI. 
Thus. sandwiches "Au /thiolateTi/Ti02 Au" could 
be studied, with maybe a thousand SAM molecules 
of area 2 nm' each. in parallel. A SAM of 4-ethynyl- 
phenyl-4'-ethynylphenyl-benzene-1-thiolate was a 
Schottky barrier rectifier."" In contrast, a SAM of 
2'-amino-4-ethynylphenyl-4'-ethy nylphenyl-5'-nitro- 

0 
-4 -2 0 2 4 

Voltage (V)  

0 1 2 3 4 5  
Voltage (V) 

Voltage (V) 

Fig. 4 IV culves (left) and dI/dV (right) for (A) one-molecule 
brldge. nith Coulomb blockade: (B) three separate one-molecule 
junct~ons, and (C) a junct~on with two one-molecule bridges 111 

parallel (From Ref [I31 ) 

benzene-1-thiolate gave a surprise. a negative differ- 
ential resistance (NDR) peak, useful if this molecule 
could replace a tunnel diode in a device (Fig. 6).1201 
STM suggests that the molecule changes its orienta- 
tion on Au( l l l l and thus its conduct i~i ty .~~" 

5 .  Milestorze Fit,e is as follows. When a single-walled 
carbon nanotube (SWCWT) was deposited by Louis 
Paseeur's method onto a Si substrate with a 70-nm- 
wide Au source and drain electrodes, and was studied 
by STM (Fig. 7):  with the STM tip acting as a gate 
electrode. the nanotube acted as a semiconductor, 
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80 nm / An Top electrode \ 

- \ ~u,,dottom electrode / 

3. AM evaporated from 
below to fill this cavity, 

on both formed by plasma opening above it: this is 
the bottom electrode 

4. Biphenylthioacetate 
solution exposed to Au 
in pore for 3 days, forming 
biphenylthiolate SAM on An 

5. East, 4 nm Ti, then 
80 nm Au are 
evaporated onto the 
SAM: this is the top 
electrode 

i 1 

Fig. 5 Construction of nanopore. (Redrawn from Ref. [19].) 

0 0.5 1 1.5 2 2.5 
Voltage I Volts 

Fig. 6 Current-voltage (IV) curve for Au j 2'-a1nino-l-ethynylphenyl-4'-ethyi~ylphenyl-5'-nitro-l-benzenethiolate I Au at 60 K, 
exhibiting NDR. to ivit. (dIldV) = R < 0 for 11 > 2.1 Volts. (Redrawn from Ref. [20].) 
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mK experiments on an individual nanotube 

contact resistance - 500 kQ 

Fig. 7 A SWCNT acting a? the scm~conductor in a FET 
measured by S'TM. (From Ref. [22] . )  

and field-effect transistor (FET) behavior was ob- 
served.[221 FETs are a major source of power am- 
plification in Si-based integrated circuits. They are 
three-electrode devices, where the current from 
the source electrode to the drain electrode traverses 
an electrical semiconductor region, with an elfec- 
tive width (and therefore electrical conductivity) con- 
trolled by the electric field between the gate 
electrode and source and drain electrodes. Thus, a 
FET requires only that a scmiconductor or any 
dimension be placed between the three electrodes. 
Its efficiency is due to the sizes and placements of the 
three electrodes. The gain in the SWCNT FET was 
only 0 . 3 3 , ~ ~ ~ '  but later irnprovcmcnts showed much 
higher gain.i23.241 
FET behavior in LB physisorbed multilayers of 
conducting polymers were seen,1251 as was FET be- 
havior in thin-film organic semiconductors, e.g., 
s e x i t h i ~ ~ h e n e . ' ~ ~ . ~ ~ '  The assembly of SWCNT in the 
F E T ~ ~ ~ - ~ ~ ~  is limited to "Pasteur's method" of 
studying the one SWCNT that fortuitously landed 
across the "right" Au electrodes. This is a major 
shortcoming of all carbon nanotube-based devices. 

6. In Milestone Six, a change in electrical conductivity, 
prcsuinably tied to a molecular translation, was re- 
ported. A cyclic bistable [2]catcnane, with two dif- 
ferent electron donor moieties (the closed "track") 
and a cyclic acceptor traveling on the catenane (the 
"train" on the closed track) (Fig. 8) was measured 
as a LR monolayer between polysilicon and Ti 
electrodes. The two donor moieties are naphtha- 
lene, a weak donor, and tetrathial"ulvalene, a much 
stronger donor (in the sense that it is more easily 

oxidized. The electron acceptor is a paraquat salt. 
The current-voltage plot was asymmetric (Fig. 9), 
as the train moves from the lower-conductivity sta- 
tion to the higher-conductivity station, although it is 
not clear which signal is due to which station.L2X1 
The device speed is low, because it depends on a 
fast electronic transition followed by a slow molec- 
ular translation. 
Milestone Sevcn is as follows. The metal-organic 
equivalent of a single-electron transistor (SET), which 
is a Coulomb blockade device with no gain. was 
recently A Coulomb blockade occurs in 
a nanodcvice (quantum dot, or small metal particle) if 
adding an extra charge to a finite set or charges on that 
nanodevice is hindered by Coulomb repulsion, and 
extra energy is required to add that charge in spite or 
the Coulomb repulsion. A hexacoordinate Co(I1) 
complex, shown in Fig. 10, was attached at many 
points to a prefabricated Au wire with a narrow kink 
in it atop an oxide-covered n-type degenerate Si 
wafer.i2" The attachment to Au was through one or 
two t h i o ~ s . ~ ~ "  When current was passed through the 
Au wire at 4.2 K: at some point, the device melted at 
the kink, and the bithiol then bonded between the two 

Fig. 8 'Train+track. (Frorn Ref. 1281.) 
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-2.0 0 2.0 -2.0 

Voltage (V) 
0 

Voltage (V) 

Write Voltage (V) Readwrite Cycles 

Fig. 9 Current-voltage plots and read-write cycles. (From Ref. [28].) 

Fig. 10 Electro~nlgration to create an "Au 1 Co (11) c o o ~ d ~ n a t ~ o n  complex , Au" sanduich at 4 K. (From Ref [29] ) 



Unimolecolar Electronics and Unimolecular Rectifiers 

1" zwitterionic ground state D+-z-A- "1" first excited state DO-K-AO 

Fig. 11 Three unimolecular rectifies (I. 2. and 3) 

Au shards, with a success rate of a few percent.r291 
When a potential was applied to the Si gate elec- 
trode. the conductivity through the complex at 0.1 K 
changed. This change was ascribed to oxidation from 
Co(IIf to ~ ~ ( I I I ) . ~ ~ ~ ~  

8. In Milesfone Eight, unimolecular rectification was 
confirmed by Robert M. Metzger and coworkers for 
an LB monolayer of hexadecylquinolinium tricyano- 
quinodimethanide. CIB EZ33 Q-3CNQ B (Fig. 11) 
sandwiched at first between oxide-bearing A1 elec- 
trodes (Fig. 1 2)."0-321 and later across oxide-free Au 
electrodes (Fig. 1 3).r33'"1 

The next two rectifiers were dimethylanilinoazafuller- 
ene, DMAn-NC60 (%), a D-o-A molecule,["' and 2,6- 
di[dibutylamino-phenylvinyll-1-butylpyridinium iodide, 
( B U ~ N T V ) ~ B ~ P ~ +  1 ( 3 ,  a charge-transfer salt or inter- 
ionic rectifier.r361 Details and recent reviews are given 
elsewhere.['7401 

REGTIFIGATION BY A SINGLE MOLECULE 

The electrical conduction through macroscopic matter 
follows Ohm's law, I = VIR, where I is the current, V is the 
applied potential or bias or voltage, and R is the resist- 
ance. Ohm's law is obeyed if the conduction is limited by 
scattering from impurities or lattice defects. 

On the nanoscopic level, the current I is limited by 
quantum-mechanical tunneling in some form and depends 
exponentially on some power c of V: I = A exp (b Vc) 
(the prefactor A also depends on some power of V). For 
V < 0, I is also negative: I = -A exp (blVI"), so the 
current-voltage is sigmoidal, or symmetrical with V: I 
(-v) = - I (V) .  

In contrast, electrical rectification, or asymmetrical 
conduction implies the following: 

This asymmetrical conduction, or rectification. for a 
single molecule or for a monolayer of molecules measured 
in parallel, can have three causes: 

1. A Schottky barrier (dipole layer) at the metal-molecule 
interface: due to differences in Cibbs free energies 
of the metal and the molecule or the formation of a 
dipolar layer of charges on the two sides of the 
interface. This is "S" (for Schottky) re~tification.'~" 

2. The asymmetric placement between two electrodes 
of the "chromophore,' ' or electron-rich region of 
the molecule. This is "A" (for asymmetric) 
rectification.'"' 

3. The asymmetric placement between the electrodes of 
the significant molecular orbital coefficients of the 
energy levels relevant for electron transfer. This is 
"UU; ' (for uilimolecular) rectification. 
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Bias i Voits 

Fig. 12 I-V plot fol a monolayel of 1 sandwiched between A1 electrodes. (From Ref [30] ) 

For example. ~nolecule P is an "A" rectifier (because coworlters between two electrodes of the same metal [at 
of the long hexadecyl .'taila' needed for EB assembly) first A I , ~ ' ~ ~ " ~  then AU"~-'" (Fig. 14)]. Also, Molecule 1 
and. most importantly. a ''UeJ" rectifier. was thoroughly ~ h a r a c t e r i z e d . ~ ~ ~ . ~  The ground-state stat- 

ic electric dipole mo~uerit of 1 is yc,, = 43+8 ~ e b y e s . ' ~ ~ '  
Rectification by Moleeule 1 There is a strong and nassow absorption band peaked 

between 600 and 900 nln. which is strongly hypsochro- 
The rectification for 1 was first detected by J. Roy mic; this IVT"~'."' fluoresces in the near-IR region."51 
Sanlbles and coworkers between Mg and Pt electro- The excited-state dipole rnornent is estimated to be 
des.'",'" A nmonolayer of 1 was placed by Metzger and LIES = 3-9 ~ e b y e s : ~ j " ]  1 is zwitterionic in the ground state 

0 0.5 1 1.5 2 2.5 3 3.5 

Bias V I Volts 

Fig, 13 I-V plot for a mo~lolayer of 1 sancI\viched between 4 u  electrodes. with saturation in the forward current. (From Ref. [34].) 
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(D'-T-Ap, l'), and less dissociated (]D~'-T-AO, 1") in the 
first excited state. Molecule 1 forms amphiphilic Pockels- 
Langmuir monolayers at the air-water interface, with a 
collapse pressure of 34 mN m- ' and a collapse area of 50 
A' at ~O"C. [ '~ '  It transfers well on the upstroke, with 
transfer ratios around 100% onto hydrophilic glass, 
quartz, or al~~minum,'"~ or fresh hydrophilic ~ u . ~ ~ ~ . ~ ~ ~  
The LB monolayer thickness of 1 was determined as 2.3 
n~n[~( ' '  or 2.9 nm"" (x-ray diffraction), 2.3 nrn (spectro- 
scopic e~li~sometry),["~ 2.2 nm (surface plasmon reso- 
nan~e) ,"~. '~ '  and 2.5 nm (x-ray photoelectron spec- 
trometry, XPS).'"'   he molecule in the monolayer is 
estimated to lie at 46' from the surface n~nnal .~" '  To 
perform rectification measurements, LB lnonolayers and 
multilayers of I were sandwiched between macroscopic 
A1  electrode^['^' and then between Au  electrode^.^^^.^^' 

For Au deposition, the sample holder is cryo-cooled to 
77 K, and 10-' torr of Ar gas is added to the evaporation 
chamber. Also. the substrate is shielded from direct 
thermal radiance from the heated Au source.1341 

When a monolayer of 1 is placed between A1 elec- 
trodes (with their patchy and defect-ridden AI2Q3 coat- 
ing), then a dramatically asymmetric current is seen 
(Fig. 12). 

The rectification ratio (RR) at potential V is the current 
at a positive bias V divided by the absolute value of the 
current at the corresponding negative bias -V: 

For 1, RR=26 at 1.5 Volts; this corresponds to a current 
of 0.33 electrons molecule

p 

Isp '.["O1 Th' 1s same asymme- 
try is seen also for multilayers of 1, for a sample covered 

Direction of 
enhanced 
electron flow 

C16H33Q"3CNQ, 26 i 

I Simplified molecular diagram 

I Cr adhesion layer I 

glass substrate 

Fig. 14 Molecular structure and geometry of LB rnonolayer of 1 sandwiched between Au electrodes with direction of enhanced 
electron flow. The substrate was glass. 50 mm x 50 mm x 0.4 mm, covered either by a Cr adhesion layer or by a hydrophobic xylene 
covering, followed by an evaporated Au film 50 mm x 50 mm x 50 nm. then the LB monolayer or multilayer, then by 48 cylindrical Au 
pads. 17 nrn thick and with an area of 0.283 mm2. (From Ref. [34].) 
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0.035 
Cycle 1 

0.03 

0.025 

0.02 

Cycle 2 

Cycle 3 

C ycle 4 
Cycle 5 
Cycle 6 

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 

Bias i Volts 

Fig. 15 I-V plots for 2 measured in an "ALI I LB monolayer of 2 1 Au" cell. for six successive cycles of measurement. RR= 12.7. 5.4. 
3. 3. for cycles 1 through 6, respectively. (From Ref. [35].) 

by Mg pads topped by A1  pad^."^)."."^ fo r  non no layers and 
multilayers of 1 on graphite studied by scanning tunneling 
spectroscopy,i301 and even for a solution of 1 in dimethyl- 
sulfoxide placed in the STM."~)~ The RR varies from pad 
to pad because it is obtained in two-probe measurements. 
It was suggested that any molecule with RR<2 at 
maximum V should not be considered a rectifier.'"] As 
high potentials are scanned, RR decreases gradually, 
presumably because in an electric field of (1.5 Voltsl2.3 
nm) = 0.65 GV m ' .  molecules in the monolayer inay 
turn around, end over end. to minimize the total energy.'301 
lkleas~~~ements in the temperature range 105 M < T< 390 M 

established that the asymmetry is not temperature depen- 
dent. 1'21 

When the "cold gold" evaporation technique'421 was 
used, the current through the Au pads increased dramat- 
ica11y.[33.34J The best rectification ratio was 27.5 at 2.2 

~ o l t s . ~ " '  The maximum current was 90,400 electrons 
molecule  ' s  '. '"'So me cells exhibited. as in Fig. 13, 
the saturation in the forward current1341 predicted by 
the Aviram-Ratner model.'s1 

These results confirm experimentally the Aviram- 
Ratner ~nsatz. '"  but the low-polarity and high-polarity 
states are i ~ ~ t e i - c h a n g e d . ~ ~ ~ '  

-1.5 - 1 -0.5 0 0.5 2 1.5 

Bias V / Volts 

Fig. 16 Current-voltage plots for 3 measured in an "Au LB monola~~er  of 3 Au" cell. (Frorn Ref. [36].) 
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Rectification by Molecule 2 

The ( B U ~ N ~ V ) ~  BuPy+lP, Molecule 2 forms a Pockels- 
Langmuir film at the air-water interface and transfers to 
hydrophilic substrates as a Z type  EB rnu~tilayer[~" (.'Z- 
type" means that all dipoles are in the same direction). 
The monolayer thickness values were 0.7 nm (ellipso- 
metry) and 1.15 nm (surface plasmon resonance) and 
1.3 nm (x-ray diffra~tion)."~' The films exhibit an ab- 
sorption maximum at 490 nm (slightly hypsochromic in 
solution, attributable to iodide-to-pyridiniuln back-charge 
transfer). and a second-harmonic signal X(2)=50 pm 
V '.'"'  he rectification in Fig. 15 shows a decrease o f  
rectification upon successive cycles. Some cells have 
inicial RRs as high as 60. The favored direction o f  
electron flow is from the gegenion to the pyridinium ion. 
i t . ,  in the direction o f  "back-charge transfer," and the 
rectification in ( B U ~ N Q V ) ?  BuPy+ I-, 2 is attributed to an 
interionic process rather than to an intramolecular 
process."61 

Rectification by Molecule 3 

The azafirllerene DMAn-NCho, 3 is a weak electron donor 
(dimechylaniiine) bonded to a moderate electron acceptor 
(N-capped C60), with a significant IVT peak at 720 nm.i'6' 
The molecular areas in the monolayer at the air-water 
interface are only 70 A%at extrapolated zero pressure. and 
50 A' at 22 mN m ', whereas the molecular area o f  CG0 
is close to 100 A2. The inolecules 3 are probably 
transferred in a slightly staggered mode."61 The XPS 
film tl~ickness is 2.2 nm."" The monolayer is covered, as 
p r e v i o u ~ l ~ , ~ ' " ~ ~ '  by Au  pad^.^"^ The current-voltage plot 
in Fig. 15 shows a "marginally" rectifying current'"] in 
the forward direction, with RR o f  about 2.'"' 

CONCLUSION 

Although uni~nolecular rectification has been confirmed. 
there are still questions: 

1 .  How fast is the rectification process? 
2. Can inelastic electron tunneling spectroscopy confirm 

that the electron really goes through the molecule 
(instead o f  tunneling through space)? 

3. Can the device be made Inore sturdy. e.g.. by an- 
choring the molecules covalently to both metal 
electrodes? 

4. Can one investigate optically what occurs during the 
electrical rneasurernents? 

5. Can rectifiers and strands o f  conducting polymers be 
grafted together to form a molecular amplifier with 
power gain? 
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Uses inclusion coinpounds were first discovered in the 
1940s with the serendipitous preparation by ~ e n g e n [ "  
of an adduct between I-octanol and urea. Many different 
families of guest molecules based on long alkane chains 
are now known to form inclusion compounds with urea, 
and x-ray diffraction rt~~dies". '~ have been that the host 
structure in these crystalline solids contains linear. parallel 
tunneis that are constructed from an extensively hydro- 
gen-bonded arrangenient or urea molecules. The guest 
n~olecules are densely packed along these tunnels. A re- 
markable fact is that the vast majority of different urea 
inclusion compounds (containing different types of guest 
molecules) have essentially the same urea host structure 
at ambient temperature, and we refer to such cases as 
"conventional" urea inclusion compounds (guest mole- 
cules that represent exceptions are discussed later in this 
article). The conventional urea inclusion compounds are 
characterized at ambieiit temperatu-re by: a hexagonal host 
tunnel structure (Fig. 1: space group P6122 or P6$2; 
n = h z 8.2 A; c - 11.0 A: effective tunnel "diameter" 
ranging between 5.5 A and 5.8 A on moving along the 
tunnel): an incommensurate relationship (see below) 
between the periodicities of the host and guest substruc- 
tures along the tunnel axis; and substantial dynamic dis- 
order (reorientation about the tunnel axis) of the guest 
inolecules (see below). In the conventional urea inclusion 
compounds, the urea inolecules form hydrogen bonds 
only to other urea molecules. and there is no hydrogen 
bonding between urea molecules and guest molecules. 
The host structure coillprises a spiral arrangement of 
urea molecules, and a given single crystal contains only 
right-handed spirals (P6122) or only left-handed spirals 
(Pb522). Thus. the host tullnel is a chiral structure. 

Sh-uciural conipatibility between host and guest 
components is fu~idamental to most inclusion phenom- 
ena. and the con\.entional urea tunnel structure is fol-ined 
only with guest molecules that are based on a suffi- 
ciently long alkane chain and with only a limited degree 
of substitulicn of this chain allowed. Examples of ap- 
propriate guest molecules are 12-alkanes and derivatives 
such as 2.o-dihalogenoalka~m, diacyl peroxides, car- 
boxylic acids, alkanones. carboxylic acid anhydrides, and 
a.w-alkane dicarboxylic acids. In general. rnolecules 

containing benzene or cyclohexane rings do not form 
inclusion coinpounds with urea. presumably because 
these structural components are too wide to fit com- 
fortably inside the tunnel. Several empirical general- 
izations have been madei'." concerning the geometric 
and steric features of guest molecules that form 
inclusion compounds with urea. The requirement for 
size and shape compatibility between host and guest 
components leads to the possibility of using urea 
inclusion compounds in applications based on molecular 
separation. such as the separation of mixtures of linear 
and branched alkanes. Such applications provided the 
motivation for much early research (particularly within 
the petrochemicals industry) on urea inclusion com- 
pounds. before it was found that zeolites and related 
materials offer several advantages in such applications. 
Nevertheless, the formation of urea incl~sion compoiinds 
is still used on the laboratory scale as a inethod for iso- 
lating linear nlolecules. 

The empty urea tunnel structure is unstable, and it has 
been shown by experiment and computer sirnulation that 
the tunnel collapses if the guest molecules are removed 
from the inclusion compound. leading to the "pure" 
crystalline phase of urea, which does not contain empty 
tunnels. The instability of the "empty" urea tunnel 
structure clearly limits the potential for developing 
certain applications of urea inclusion compounds. 

In addition to forming tunnel inclusion compounds. 
urea can also for111 specific complexes with a variety of 
organic and inorganic nlolecules and ions. Discussion of 
these complexes is beyond the scope of lnis article. which 
is focused on tunnel inclusion compounds of urea. 

In this article, an overs.iev\l of structural aspects of 
urea inclusion compounds is provided, and some of the 
interesting properties of these ruaterials. such as the 
dynamic and conforrnational properties of the guest 
molecules. chemical reactions, and applied aspects, are 
elaborated upon. Also highlighted are the types of 
techniques used to investigate these properties. Several 
review articles have been published on urea inclusion 
compounds.["01 and they contain conlprehensive lists 01 
references to the original literature in this field. The 
reader is encouraged to consult these review articles. 
and the original papers cited therein, in order to obtain 
more information. 

Ei~cqc/ope(lin of .Sl~pi~iiio/ecr~lcir Cliernittn 
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Fig. 1 Structure of the hcxadccanelurca inclusion compound 
at ambient temperature, showing 9 complete tunnels (with van 
der Waals radii) viewed along the tunncl axis. Guest molecules 
have been inserted into the tunnels. illustrating orientational 
disorder. Thc positions of the guest molecules arc not actually 
determined from X-ray diffraction data at ambient temperature. 
(View this art in color at www.dekker.conz.) 

STRUCTURAL PROPERTIES 

Periodic Structural Properties 

As discussed above, the conventional urea inclusion 
compounds arc charactcri~cd by the hexagonal urea 
tunnel structure shown in Fig. I at ambient tempcrature, 
and by an incommensuratc relationship between the host 
and guest substructures along the tunnel axis (Fig. 2). The 
periodic repcat distance of the guest molecules along the 
tunnel (c,) depends directly on the length of the guest 
molecule in thc linear type of conformation required to fit 
inside the tunnel, and the periodic repeat distance oS the 
urea molecules along the tunnel ((j,) is fixed by the host 
structure (c,, is essentially invariant at ca. 1 I A i'or urea 
inclusion compounds containing different guest molecules). 
The incommensurate relationship bctween cg and ch in 
conventional urea inclusion compounds is readily cvident 
from x-ray diffraction photographs (see Fig. 2 of article on 
"Incommensurate and Cornmcnsurate Structures"). 

Although the focus in this articlc is on the conven- 
tional urea inclusion compounds, we note that the in- 
clusion compounds formed between urea and certain 
specific gucst molcculcs arc commensurate tunnel struc- 
tures. For such commensurate systems, the host structure 
is usually distorted from the hexagonal tunnel structure 
shown in Fig. I .  Exa~nples are thc inclusion compounds 
formed between urea and the guest molecules 1,6- 
dibromohcxane,'"' scbaconitri1e'"l and (a  + l),(w - 1)- 

alkanedlones [ l Z 1  The ~ncluuon compounds of urea and 
(a  + l),(o 1)-alkanedloncs exhrbit an mteresting dr- 
verslty of commensurate superqtructure\ In wh~ch there 
IS d~rcct  hydrogen bonding between urea molecules and 
the guest molecules. Furthermore, a number of tunnel 
inclusion compounds of urea containing polymeric guests 
have been found to exhibit host structures that differ from 
the conventional urea tunnel ~t ructure ."~ ''I 

Many conventional urea inclusion compounds exhibit 
three-dimensional (3-D) ordering of the guest moleculcs, 
and thus there are well-defined structural relationships 
bctween gucst molecules both within each tunnel and 
between adjacent tunnels. Thc mode of intertunncl 
ordering (characterized by the intertunncl offset A,, 
defined in Fig. 2) is found to depend on the functional 
groups present on the guest molecule, and difSerent 
homologous families of guest molecules exhibit charac- 
tcristic modes of intertunnel ordering. Results for selected 
families at ambient temperature arc: alkanelurea, A, = 0 
A; diacyl peroxidclurea, A, = 4.6 A;rr7' a,w-dibromoal- 
kanelurea, A ,  and (., are related by the exact relationship 
4, = d3;'1xiand carboxyiic acid ;mhydriddurea, A, = (I 
A, with the exception of heptanoic anhydridelurea, for 
which A, = 2.3 The complete 3-D arrangement of 
guest molecules is understood by extending the $ 
concept into three dimensions, leading to monoclinic, 
rhombohcdral, and hexagonal guest structures for diacyl 
peroxidelurea, a,w-dibromoalkanelurea, and alkanelurea 
inclusion compounds, respectively. For the alkanelurea 
and a,o-dibromoalkanelurea inclusion compounds, these 
average symmetries require disorder of the guest 
molecules with respect to reorientation about the tunnel 
axis. In many cases, a given single crystal contains 

Fig. 2 Schematic two-dimensional representation o P  a urea 
inclusion compound viewed perpendicular to the tunnel axis and 
indicating the definitions of c,, ch and A,. (View this art in color 

a/ www.deklcer.com.) 
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different domains of the guest substructure: each domain 
has an identical packing of guest molecules but has a 
different (although equivalent) orientation relative to the 
host structure. Although, as discussed above, diffraction 
data allow the average periodicity and symmetry of the 
basic guest structure to be determined, dynamic disorder 
of the guest molecules in conventional urea inclusion 
compounds can limit the ability to obtain detailed 
information on the guest structure. One consequence of 
the dynamic disorder of the guest lnolecules is the 
appearance of different forms of diff~ise scattering in 
diffraction patterns of urea inclusion compounds. 

As a consequence of the incommensurate nature of 
urea inclusion compounds, the symmetry of the composite 
inclusion co~npound (i.e., considering host and guest 
components implicitly together) cannot be described by a 
3-D space group, and instead. a four-dimensional (4-D) 
superspace group is required. Descriptions of the symme- 
try properties of urea inclusion compounds in su- 
perspace groups have been developed,'201 and attempts 
to determine the incommensurate modulations in the host 
and guest substructures by solving the structure of the 
composite inclusion compound in a superspace group 
have been reported.i"3'21 Much has been 
devoted to the study of all aspects of the diffraction 
patterns from incommensurate urea inclusion compounds 
(particularly alkanelurea inclusion compounds), including 
measurement of incommensurate satellite reflections and 
detailed characterization of different forms of diffuse 
scattering. The diffraction patterns of incommensurate 
urea inclusion compounds contain a rich variety of 
features: which promise to yield important fundamental 
inforination on the disorder properties and the incom- 
mensurate structural nature of these solids. A related 
aspect concerns the vibrational properties of the inclusion 
compound, and much attention has focused on the 
existence and observation of an extra acoustic vibrational 
mode (the "sliding mode") that may be expected to be 
observed for incommensurate systems. 

Phase Transitions and Structural 
Properties at Low Temperature 

At sufficiently low temperatu

r

es, most conventional urea 
inclusion compounds undergo phase transitions associated 
with changes in the symmetry of the host structure and 
changes in the dynamic properties of the guest molecules. 
For alkanelurea and x.o-dibromoalkanelurea inclusion 
compounds, ~ t r u c t u r a l ~ ' ~ ~ ~ "  and d y n a r n i ~ ~ " ~ ' ]  aspects of 
these phase transitions have been investigated extensively 
using a variety of techniques. Qualitatively, the alkane1 
urea and r,w-dibromoalkanelurea inclusion conlpounds 
behave in a siinilar way with respect to these transitions. 

In both cases. the host structure in the low-temperature 
phase is orthorhombic and is based on a small distortion 
from the orthohexagonal description of the high-teinper- 
ature structure. The structural relationship between the 
host and guest substructures along the tunnel remains 
incommensurate. Other urea inclusion compounds, such as 
1,lO-decanedicarboxylic acidlurea'"' exhibit more com- 
plicated structural behavior in the low-temperature phase, 
with the formation of large superstructures in directions 
perpendicular to the tunnel axis. Thus. the exact nature of 
the distortion of the host structure in the low-temperature 
phase depends critically on the type of guest molecule. 

There have been various attempts to rationalize the 
phase transitions observed in urea inclusion compounds. 
One of these approachesL431 draws an analogy between the 
phase transition in alkanelmea inclusion compounds and 
the order-disorder phase transitions in alkali cyanide 
crystals and proposes that coupling between transverse 
acoustic phonons of the host structure and the orienta- 
tional order of the guest molecules provides an indirect 
mechanism for orientational ordering of the guest mole- 
cules in the low-temperature phase. 

The phase transitions for alkanelurea and r,o-dibro- 
moalkanelurea inclusion compounds are not associated 
with changes in the mode of 3-D ordering of the guest 
molecules. However, the behavior of other urea inclusion 
compounds is different in this regard. For example. 
heptanoic anhydridelurea exhibits two phase transitions 
below ambient temperature.["1 The first transition (at 
179 K on cooling) is associated only with a change in the 
mode of 3-D ordering of the guest molecules (A, = 2.3 A 
above 179 K: A, = 1.5 A below 179 K), whereas the 
second transition (at 122 K on cooling) is associated with 
a distortion of the host structure as well as a further 
change in the mode of 3-D ordering of the guest molecules 
(A, = 0 A below 122 K). 

Conformationel Properties and Local 
Interactions of Guest Molecules 

The structure of a crystalline solid determined from 
diffraction studies represents a space-averaged and time- 
averaged represelltation of the true structure. and in cases 
for which there is disorder (static or dynamic), structure 
determination from diffraction data cannot readily provide 
a complete description of the distribution of local (spa- 
tial or temporal) structural features about this averaged 
representation. As discussed below. there is substantial 
dynamic disorder of the guest inolecules in convention- 
al\urea inclusion compounds, and although informa- 
tion on the average periodicity of the guest molecules 
can be established from diffraction data (as discussed 
above), eiucidating a detailed description of the structural 
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properties of the guest illolecules from such data is far 
from straightforward. Nevertheless, other experimental 
and computational techniques can be used to obtain direct 
information on local structural properties, such as the 
conformational properties of the guest molecules, the in- 
teractions between guest molecules within the tunnel, and 
the orientational distributions of the guest molecules. Illus- 
trative examples from such studies are now highlighted. 

Raman spectroscopy has been to probe 
conforanational properties of a.o-dihalogenoalkane guest 
molecules [X(CH2),,X: n = 8 for X = C1: n = 7-1 1 for 
% = Br: 71 = 8 for X = I] in urea inclusion compounds. In 
particular. the C-X stretching vibrations were used to 
assess the relative amounts of trans and gauche end 
g r o ~ p s  as a function of the length (n) of the guest 
molecule. the identity of the terminal substituent X, 
temperature, and pressure. These investigations suggest 
that there is no well-defined relationship between the 
proportion of end groups in the gauclze conformation and 
the length of the Br(CH2),Br guest molecules. The 
proportion of gauche end groups decreases significantly 
as the size of the terminal substituent is increased-at 
ambient temperature, the proportion of gauche end groups 
is 51% for C1(CH2)&l. 7% for Bs(CH~)~BS. and 1% for 
I(CH2)81. For Rr(CH2),Br/urea inclusion compounds. the 
proportion of gcri~che end groups increases slightly as 
temperature is increased and increases markedly [for 
B S ( C H ~ ) ~  lBr/urea] as the applied pressure is increased. 

To directly probe the interaction between adjacent 
guest molecules in a urea inclusion compound, high- 
resolution solid-state ' 9 ~ - ~ ~ ~  spectroscopy (with high- 

I power H decoupling) was employed.["1 For the urea 
inclusion compound containing I ,  10-difluorodecane 
[F(CH2)loF] guest molecules, the close proximity of the 
fluorine end groups of neighboring guest molecules gives 
rise to essentially isolated ''F. . .'% spin pairs. Measure- 
ment of the '". . ."F dipole-dipole interaction provides 
an opportunity to estimate the I9F. . distance. although 
such analysis is colnplicated by conformational disorder 
(the '9 nucleus may be in gauche or tizrzs positions with 
respect to the alkane chain. leading to the possibility of 
1-7-arzs-timzs, tmrzs-gauche, and gauche-gauche end group 
situations between adjacent end groups) and by reorien- 
tation of the guest molecules about the tunnel axis. 
Different '9-NMR techniques are in agreement that the 
average '%, . .19!F dipole-dipole interaction is about 1 kHz 
at alnbient temperature. This value is consistent with a 
random distribution over all mutual orientations for the 
frnns-gauche and gauche-guuche situatioils. with little or 
no population of the irans-trans situation. 

Bromine M-edge extended x-ray absorption fine struc- 
ture (EXAFS) experiments were carried outrd7' to inves- 
ligate a variety of local structural properties of urea 
inclusion cornpounds containing %.a-dibromoalkane guest 

molecules [Br(CH2),Br; rz = 7-1 I] ,  and has led to unam- 
biguous information on the intramolecular geometry 
around the bromine atom based on the Br C distances 
for the three intramolecular carbon atoms closest to the 
bromine atom. The value of the B r , .  .C(3) distance 
indicates that the bromine end groups exist predominantly 
in the trans conformation, in agreement with results froin 
Raman spectroscopy. 

~ e c e n t l y , ' ~ ~ '  information on the guest-guest interac- 
tions in urea inclusion con~pounds containing %,a-diio- 
doalkane [I(CH2),I] guest molecules has been established 
directly from analysis of the intensity distribution of 
diffuse sheets in their x-ray diffraction patterns. These 
diffuse sheets are often observed in x-ray diffraction 
patterns of urea inclusion compounds and correspond to 
1-D ordering of the guest molecules along the tunnel axis. 
Thus, analysis of the intensities of the diffuse sheets 
provides information on the structural properties of the 
periodic linear array of guest molecules along an 
individual tunnel. Experimental measurements were made 
of the intensity distribution I([,) obtained from 1-D scans 
of reciprocal space perpendicular to the diffuse sheets 
(where each diffuse sheet is specified by integer 2,). The 
1-D Patterson maps constructed from the [(I,) data have 
a dominant peak at ca. 3.94 A. which is interpreted as 
the projection: onto the tunnel axis, of the intermolecular 
1. . .I distance. This value is consistent with a model in 
which the iodine end groups are in van der Waals con- 
tact. with the I--1 vector lying essentially parallel to the 
tunnel axis. 

Guest molecules in solid host structures are often con- 
strained to exhibit uncharacteristic conformational prop- 
erties, which can be exploited as a means of carrying out 
spectroscopic characterization of such conformations. For 
example. guest molecules in the 1,6-dibromohexane/urea 
inclusion compound (a commensurate system) exist ex- 
clusively with both bromine end groups in the gauche 
conformation: allowing a definitive characterization of 
the vibrational properties of this conformation."x1 

Studies of End-Group Interactions for 
Unsymmetrie Guest Molecules 

For unsy~nrnetric guest molecules of the type X(CH2),Y 
in urea inclusion compounds, three different types of end- 
group interactions are possible within the tunnel (Fig. 3): 
X. . .X (head-head). X. . .Y (head-tail), and Y.  . .Y (tail- 
tail). Thus. as proposed by ~ollingsworth,~""lx~erimen- 
tal measurements of the relative numbers of the different 
types of end-group interaction may yield f~indamental 
information on the relative preferences for interactions 
between different types of functional groups. An advan- 
tage of this strategy for deriving fundamental information 
on functional group interactions is that, in a host tunnel 
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Fig. 3 Schematic illustration of the X.. .X. X.. .Y and Y . .  .Y 
intermolecular interactio~ls for unsymrnetric guest molecules of 
the type X(CH?),,Y inside the urea tunnel structure. (Vie~t. this 
urt irl color at u.~t.~v.dekker.com.) 

structure. the functional groups are constrained to ap- 
proach each other in a well-defined and controlled 
geometry, allowing interactions between different types 
of fiinctional groups to be co~npared on a consist- 
ent geometric basis. Here we use Nx...x, NX.. .Y- and 
Ny . to represent the ]lumbers of each type of end-group 
interaction in a given inclusion compound. For a random 

- distribution of guest orientations, N,.. ., + N,. . ., - 

2 N x  ... and any deviations from this relationship indicate 
the preferential formation of certain end-group interactions. 

For many different types of unsymmetric guest 
molecules X(CF12),Y in the urea tunnel structure, the ratio 
N x  ,INx.. .y and the ratio f i .  ..YINX.. . Y  can be deter- 
mined from high-resolution solid-state 13C-PJ~R spec- 
troscopy, as many types of end groups show significant 
chemical shift differences in the presence of different 
neighboring end Examples include the I3c 
resonances of methyl. aldehyde, nitrile, formate ester. 
lormamide. methyl ester, alkene, alkyne. -CH2Cl. 
CH21[.  and thiocyanate end groups, the 29Si resonances 

19 of SiH3 end groups, the F resonances of C H 2 F  and 
trifluoroacetyl end groups, and the "N resonances of 
nitrile end groups. Triple-resonance solid-state NMR 
techniques may also be exploited in the characterization 
of different types of end-group  interaction^.'^^' 

For a I -D inclusion conlpound containing only 
X(CH?),,Y guest molecules. N,. .x and Ny.. ., are equal, 
and the ratios Nx.. .xlNx.. .y and Ny...ylNx . , are, 
therefore, also equal. Knowledge of this ratio from 
experimental measurements allows assessment of the 
preference for two X. . .Y interactions in comparison with 
one X. . .X interaction plus one Y.  . .Y interaction, but it 
provides no information 011 the relative preferences of 
X. . .X interactions versus Y. . .Y interactions. It has been 
shown["' that this limitation can be overcome by consid- 
ering I -D inclusio~l compounds containing two (or more) 
different types of guest molecules containing the end 
groups X and Y [for example, X(CH2),,X and X(CH,),YI. 
and by studying a set of these inclusion compounds for 
which each member of the set has a different (known) 
molar ratio of the two types of guest molecules. Provided 
the molar ratio of the two types of guests in each member 
of the set is known from independent measurements (such 

as chemical analysis, elemental analysis, or spectroscopic 
measurements), the intrinsic relative preferences for all 
the X. . .X. X. . .Y. and Y . .Y interactions can be extracted 
from the experimentally measured ratios Nx.. .xlNx.. .Y 

and Ny. .YINX.. .Y. 

DYNAMIC PROPERTIES 

Several techniques have been used to investigate dynamic 
properties of urea inclusion compounds. including solid- 
state NMR, incoherent quasielastic neutron scattering; 
ESR; molecular dynamics simulation, Raman, infrared, 
dielectric loss, and x-ray diffraction. In addition to in- 
vestigations of the dynamics of the guest molecules, 
the dynamic properties of the urea molecules have also 
been studied. 

Early studies of guest motion in urea inclusion com- 
pounds focused on solid-state ' IH-NMR,~~" with measure- 
ments of line widths. second moments, and spin lattice 
relaxation times. Subsequent NMR work has mainly 
involved 2 H - ~ ~ ~  of urea inclusion compounds contain- 
ing fully deuterated or selectively deuterated guest mole- 
cu~eS,L33-35,3X.39,51] These experiments probe the 2~ quad- 
rupole interaction parameters, and line shape analysis of 
the 2 ~ - ~ ~ ~  spectra can provide detailed inechanistic 
information for motions with characteristic timescales 
between about lop% and lopX s. %I-NMR provides 
information on reorientational motions of the guest mole- 
cules but does not yield direct information on translational 
motions. Progress in understanding translational motions 
(in addition to reorientational motions) has been made using 
incoherent quasielastic neutron scattering (IQNS),"~."' 
which probes motions on characteristic timescales between 
about lop i0  s and i0-I2 s. The 'PI isotope has a large 
incoherent neutron scattering cross-section and generally 
dominates the incoherent neutron scattering from organic 
solids. For urea inclusion compounds containing urea-& 
and guest inolecules containing natural isotopic abun- 
dances, the incoherent neutron scattering arises pre- 
dominantly from the guest molecules. BQNS studies of 
such materials selectively probe the dynamics of the guest 
molecules. By studying semioriented polycrystalline 
samples in which the tunnel axes of all crystals are 
aligned parallel to each other, and measuring the IQNS 
spectra either with the neutron momentum transfer vector 
parallel ( Q  spectra) or perpendicular (Q.L spectra) to the 
tunnel axes. the translational motions of the guest 
molecules along the tunnel (Q spectra) can be investi- 
gated separately from the reorientational motions of the 
guest molecules about the tunnel (Q- spectra). 

For alkanelurea and r,o-dibromoalkanelurea inclusion 
compounds, 'H-NMR studies have provided valuable 
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insights into the reorientational motions of the guest 
molecules about the tunnel axis in the high-temperature 
phase, although the timescale of the dynamics in the high- 
temperature phase is generally short in comparison with 
the timescale of the 'H-NMR technique. IQNS spectros- 
copy has provided a more complete description of the 
translational as well as the reorientational dynamics of the 
guest molecules. and detailed studies of a lkane~urea '~~]  
and x,w-dibromoalka~lelurea'~~' inclusion compounds 
have been carried out. In both cases, there is quasielastic 
broadening in the Q- spectra in the high-temperature 
phase, implying rapid reorientation of the guest molecules 
about the tunnel axis. This motion is diffusive (rather than 
discrete jumps) and can be modeled as uniaxial rotational 
diffusion in a onefold cosine potential. Rotational dif- 
fusion coefficients (0.3 x s-' for nonadecanelurea- 
d4 at 306 M) and other parameters relating to this dynamic 
process have been determined as a function of temper- 
ature. The Q spectra indicate that there is also rapid 
translation of the guest molecules along the tunnel. This 
motion can be modeled as translational diffusion between 
impermeable boundaries, and the diffusion coefficient 
and translation length have been determined as a function 
of temperature. For nonadecanelurea-d4, the translation 
length is 2.7 A at 306 K and 1.1 A at 160 K (just above 
the phase transition), and the translational diffusion 
coefficient at ambient temperature is 1.5 x lop5 cm2s-I. 
Given the extent of motion of the guest molecules, it is 
remarkable that x-ray diffraction patterns at ambient 
temperature indicate both long-range intratunnel and 
intertunnel ordering of the guest molecules, and there is 
presumably a high degree of correlation between the 
translations of neighboring guest molecules both within 
a given tunnel and between adjacent tunnels. 

The dynamics of the guest molecules in nonadecanel 
urea have also been probed in detail by molecular 
dynamics  simulation^.^'" The results indicate, inter alia, 
that the interaction between adjacent guest molecules in 
the tunnel exerts an important influence on their 
translational and reorientational motions and demon- 
strates that the reorientation of the guest molecules about 
the tunnel axis is coupled with movements of the host 
structure. Importantly, this work established links be- 
tween the results froin the molecular dynamics simula- 
tions and experimental results from IQNS spectroscopy. 

Although the alkanelurea and r,o-dibromoalkanelurea 
inclusion compounds exhibit similar dynamic behavior, 
the dynamic properties of other urea inclusion compounds 
can differ substantially. The dynamic properties of 
dioctanoyl peroxide guest molecules have been investi- 
gated

rs3' by a combined approach employing IQNS and 
2 ~ - ~ ~ ~ .  Both techniques indicate that the reorientation 
of the guest molecules about the tunnel axis can be 
described by a model of uniaxial rotational diffusion in a 

twofold potential, with two preferred orientations sepa- 
rated by 116". The orientational distribution of the 
dioctanoyl peroxide guest molecules is substantially more 
restricted than that for the guest molecules in alkanelurea 
and r,o-dibromoalkanelurea inclusion compounds, and a 
mechanism involving conformational interconversion of 
the dioctanoyl peroxide molecules is consistent with the 
observed dynamic model. The translation of the guest 
molecules along the tunnel can be interpreted by a model 
involving jumps between sites with unequal probabilities 
of occupation, in contrast with the more continuous 
description of translational diffusion for alkanelurea and 
x,o-dibromoalkanelurea inclusion compounds. There is 
agreement between the IQNS and 'H-NMR techniques 
in describing the reorientational dynamics of the guest 
molecules in this system, and the combination of these 
techniques represents a powerful strategy for probing 
motions across a range of different timescales. 

The dynamic properties of the urea molecules have 
2 also received attention. Thus, H-NMR studies of the 

alkanelurea-d4'"bnd a,o-dibrornoalkane/~rea-d~'~~~ in- 
clusion compounds have shown that, at sufficiently high 
temperatures, the urea molecules undergo 180' jumps 
about their C=O axes. For 1,lO-dibroinodecanelurea-d4 
at 293 K: the jump frequency is 5 x 1 0 % ~ ' ,  and there is 
no evidence for reorientation of the NH2 groups about the 
C-N bond (on the 'H-NMR timescale). The timescale of 
the 180" jumps of the urea molecules is substantially 
longer (at a given temperature) than the timescale of 
the guest motions described above, suggesting that the 
180" jumps of the urea molecules are not correlated 
with the translational and reorientational motions of the 
guest molecules. 

FUNDAMENTAL AND APPLIED ASPECTS 

Practical Applications in Industrial, 
Commercial, end Laboratory Contexts 

Many studies of urea inclusion compounds have focused 
on practical applications, such as inclusion polymeriza- 
tion. stabilization of liquids or unstable solids in an 
isolated form, and molecular separation and chromatog- 
raphy. Chemists studying fatty acids, for example. 
routinely use urea inclusion compoullds to carry out 
molecular separations. Among industrial examples, urea 
inclusion compound formation has been used by the 
petroleum industry in the dewaxing of certain oil 
fractions. although zeolites are now routinely used in 
such applications. Other applications include stabiliza- 
tion of diacyl peroxides and peroxy acids in laundry 
products, and the use of urea inclusion compounds as 
solid supports in gas-liquid chromatography. 
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Chemical Reactions of Guest Molecules 

Much early work relating to chemical reactions in urea 
inclusion compounds focused on studies.i571 primarily 
using ESR spectroscopy, of radicals generated from the 
guest molecules by x-ray irradiation. and provided full- 
damental information about the spin density and its 
anisotropy in a variety of radical species. Subsequently, a 
number of other workers have used ESR spectroscopy to 
identify radicals formed by x-ray or ;,-ray irradiation and 
to study the dynamic, chemical. and electronic proper- 
ties of these radicals.["' Details of these studies were 
reviewed elsewhere.17' 

Detailed studies of the photodecomposition of diacyl 
peroxide guest molecules \vithin the urea tunnel structure 
have been carried out. [71 and have provided interesting 
contrasts to the photodecomposition behavior of the same 
lnolecules in their "pure.' crystalline phases, which have 
been ii~vestigated in considerable depth by McBride, 
Hollings\vorth. and coworkers. 

The photolysis processes of alkanone guest molecules 
in urea inclusion compounds have also been studied["] 
and have been shown to involve Norrish Type TI reactions. 
For 5-nonanonelurea and 6-undecano~~elurea the reac- 
tions show an almost complete diastereoselective prefer- 
ence for the Z-cyclobutanol product. 

Papers concerning the physical properties of polymers 
as the guest components in urea inclusion compounds and 
polymerization reactions of guest monomer molecules 
within tile urea tunnel structure have been reviewed 
elsewhere.i7-"" The polymers studied included poly(eth- 
ylene), poly(acrylonitri1e). polyi1,3-butadiene). poly(eth- 
ylene oxide), poly(tetrahydrof~1ran). poly(acrolein), 
poly (vinyl chloride), poiy (ethyl acrylate), poly (lactide). 
poly(1actic acid), poly(et11ylene adipate). poly(ethy1ene 
succinate). acryionitrile-ethyl acrylate copolymer. and 
poly(hexanedio1 diacrglate). 

Host-Guest Chiral Recognition 

The host structure in the collventional urea inclusion 
compounds is a spiral hydrogen-bonded arrangement of 
urea molecules. A given single crystal contains only right- 
handed spirals (space group P6122) or only left-handed 
spirals (space group F6,22). and the host structure in a 
gi~e11 single crystal is therefore chiral. This chirality is 
generated spoiltaneously during crystal growth of the 
inclusion compound. Clearly. the chiral nature of the host 
structure has the potential to infl~~ence the structural and 
chemical properties of chiral guest molecules. As the R- 
gucst/iP6,22)-host and S-g~estl(P4~22)-host systems 
have a diastereoisomeric relationship, a given crystal of 
the inclusion compound should have a preference to in- 
corporate one particular enantiorner of a chiral guest 

species. and extensive experimental investigations by 
Schle~lk[~ '  .621 independently showed that the formation of 
urea illclusion compounds containing chiral guest mole- 
cules can be associated with significant chiral recognition. 
Recent computational  investigation^'^^' have provided 
insights into the characteristics of host-guest interaction 
that underlie the chiral recognition. focusing on urea 
inclusion compounds containing chiral 2-bromoalltane 
[CH3.C(Br)H.-(CH2),,CH3] guest molecules. These studies 
have shown, inter alia, that there is a clear energetic 
preference for the R-enantiomer of the 2-brornoalkane 
guest molecules within the P6122 urea tunnel. In assessing 
enantiomeric excesses for incommensurate systems. such 
as 2-bromoalkanelurea inclusion compounds, it is neces- 
sary to explore the host-guest interaction as a function of 
the position of the guest molecule along the tunnel. For 
example, for the lowest-energy conformation (Br tmnsl 
CH3 gnuclze) of the 2-bromotridecane guest within the 
tunnel, the same enantiomer iR) is preferred at all positions 
along the P6,22 tunnel (for other conformations, such as 
Br gnliclzelCH, tmrzs. the R enantiomer is preferred at 
some positions, and the S enantiomer is preferred at other 
positions). The assignment of the lowest-energy confor- 
ination (Br t~anslCH; gaziclze) from these computational 
studies is in agreement with a direct experirne~~tal 
measurement of this property using bromine K-edge 
x-ray absorption spectroscopy.'h4' 

Orientation of Molecules for 
Spectroscopic Research 

In general, confinement of guest molecules within the 
urea tunnel structure can be exploited as a means of 
isolating and orienting these molecules, or selecting a 
specific conformational state. in order that detailed 
spectroscopic studies can be carried out. One example 
concerns characterization of the spectroscopic properties 
of linear conjugated polyenes. An important property 
relating to the use of conjugated poiyenes in nonlinear 
optoelectronics and other applications is the orientation of 
the electronic transition dipole moment relative to the 
long-axis of the molecule. Experimental investigations are 
rendered difficult by the requirement to prepare perfectly 
oriented samples of the polyenes. This problem has been 
addressedi6" by constraining such nlolecules within the 
urea tunnel structure. ensuring that the molecular axes of 
all guest ~noiecules are parallel and orientationally well- 
defined with respect to the crystal morphology. In these 
studies, octadeca-9.11,13,15-tetraenoic acid was consid- 
ered as a dilute guest mithin the hexadecanelurea inclusion 
compound. and polarized fluorescence excitation spectra 
showed that the transition dipole lies at an angle of ca. 
20 * 1" with respect to the molecular axis of the guest. On 
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taking into account the effects o f  the surrounding medium, 
this value beconles modified to ca. 15 + l o  for the isolated 
molecule. This result has important implications with 
regard to applications o f  these materials. There are clearly 
important prospects for exploiting the urea tunnel siruc- 
ture in such st~tdies that require unidirectional ali, anment 
o f  molecules (guests) for measurement o f  electronic or 
other properties. 

Control of Crystal Morphology 

To explore several properties o f  crystalline solids and to 
exploit some o f  their applications, it is often crucial to 
obtain single crystals with a specific desired shape (mor- 
phology). Howeyer, the crystal morphology produced 
spontaneously by normal crystal growth procedures is 
often not the required morphology, and in such cases. 
experimental strategies must be devised to bias the 
crystal growth toward the desired morphology. Crystal 
growth is generally governed by kinetic factors, and to 
alter the crystal morphology requires control o f  the 
relative rates o f  crystal growth in different directions. A 
general strategy for controlling the crystal morphology 
o f  tunnel inclusion compounds (ranging from long- 
needle crystals to flat-plate crystals) has been devel- 

and demonstrated for alkanelurea inclusion 
compounds. Spontaneous crystal growth o f  alkanelurea 
inclusion cornpounds produces a long hexagonal needle 
morphology as the rate o f  growth parallel to the tunnel 
( k l : )  is substantially greater than the rate o f  growth 
perpendicular to the tunnel (k l ) .  It has been shown that 
crystals o f  alkanelurea inclusion compounds can be 
induced to grow instead as hexagonal flat plates by using 
a selective crystal growth inhibitor (5-octadecyloxyiso- 
phthalic acid; 5-ODOIQA) that reduces the rate o f  crystal 
growth along the trrnnel direction, such that k  << k l .  
Furthermore, by altering the concentratiorl (c,,,,) o f  
inhibitor in tlie crystaflization solution. crystals with 
any desired morphology between the two extreme situa- 
tions [long-needle crystals (c,,,,, = 0: k , :  >> kL)  and flat- 
plate crystals (cinh sufficiently large; k  << kL)l  can be 
grown, including (for intermediate values o f  cinIl) the 
growth o f  crystals that have comparable dimensions 
paral!ei and perpendicular to the tunnel axis (arising 
ii-oin k  zz k l ) .  

Guest Exchange Processes 

The ability to separate different types o f  molecules based 
on their strluctural cl~aracteristics is an important objective 
in many aspects o f  chemistry. Solid host structures can 
play an important role in such applications. as the host 
structure can display selecti1-icy with regard to incorpo- 

ration o f  guest molecules o f  differing size, shape. and in 
some cases also chirality. Many families o f  solid inclusion 
compounds (for example. zeolites) are widely used in such 
applications. However, the fact that the "empty" urea 
tunnel structure is unstable limits ~nuch o f  the scope for 
using urea inclusion compounds in this regard. Thus, 
applications involving diffusion o f  guest lnolecules into, 
within, and out o f  the "empty" host structure are not 
feasible. However. it is; nevertheless, feasible to carry out 
exchange o f  guest ~nolecules within urea inclusion 
compounds, provided that full occupation o f  the tunnel 
by guest molecules is maintained at all stages during the 
exchange process (with the actual identity o f  the guest 
molecules changing with time due to the exchange 
process). A general design strategy for achieving such 
exchange processes in urea inclusion compounds has been 
demon~trated.'~~' Net transport o f  guest molecules in one 
direction along the tunnel can be achieved by inserting 
new (thermodynamically inore favorable) guest ~nolecules 
at one end o f  the crystal (e.g.. by dipping it into the liquid 
phase o f  the new guest). with the original guest inolccules 
expelled from the other end o f  the crystal. Such phenorn- 
ena have considerable potential as the basis o f  highly 
selective microscale separation techniques. based on 
discrimination o f  molecular size, shape, and chirality. 

Experimental Assessment of Host-Guest 
interaction Energies 

In order to derive a fundamental rationalization o f  the 
structural properties o f  molecular solids. it is essential to 
understand the intermolecular interactions that govern the 
observed molecular packing arrangement. However, 
while chelnists have considerable intuitive understanding 
o f  preferred intermolecular interaction nnotifs, derived 
from observing common motifs in known crystal struc- 
tures and froin conducting co~np~rtational studies o f  
intermolecular interaction strengths, there is a paucity o f  
direct qrrantitative experimental information on intermo- 
lecular interaction energies in molecular solids. A method 
has been developedL691 for estimating interaction energies 
in tunnel inclusion co~npounds directly from experimental 
investigations. The method focuses on the competitive 
coinclusion o f  two different types o f  guest molecules 
X(S),,iX and X(S),,;X within the same host tunnel structure. 
For each pair o f  guest molecule types (i, 1 ) .  :he inc!usion 
compound is prepared for several different values o f  the 
proportion o f  X(Sj,,iX molecules in the crystallization 
solution (denoted by and in each case. the proportion 
o f  X(S),,X guest molecules in the inclusion cornpound 
(denoted by mi) is measured. Thus. the experimental data 
comprise several values o f  (>'i. vzl) for each pair o f  guest 
molecule types (i. j) .  The values o f  (yi, n z , )  indicate the 
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relative extent of uptake of the two different types of 
guest molecules within the host tunnel structure, which 
in turn. depends on the interaction energies within the 
incl~ision compound. A mathematical method has been 
developed for determining interaction energy terms for 
the tunnel inclusion compound directly from experi- 
mental measurements of ( ; l i ,  mi), and this method has 
been appliedi701 to real experimental data for urea 
inclusion compounds containing binary mixtures of 
%.a-dibromoalkane [Br(CH2),Br] guest molecules. The 
interaction energy terms derived from the experiinental 
data are found to be in agreement with the corresponding 
interaction energy terms computed using a standard po- 
tential energy parameterization. 

Analyzer Crystals for X-Ray 
Polarization AnaBysis 

Studies of polarization of visible light are dominated by 
the use of dichroic filters (e.g., the Polaroid sheet), for 
which radiation with polarization parallel to a certain axis 
in the material is preferentially attenuated over radiation 
with polarization perpendicular to this axis. In principle, 
materials analogous to the Polaroid sheet may be 
developed as dichroic filters for polarized x-ray radiation 
and would have considerable potential in a range of 
applications (for example, in the field of magnetic x-ray 
scattering), although the development of a dichroic filter 
material for x-ray polarization analysis was demonstrated 
for the first time only recently.i711 The material studied 
was the 1. 10-dibromodecanelurea inclusion compound, 
and the successful application of this material as a 
dichroic filter was demonstrated in a study of magnetic 
diffsactioil from antiferro~nagnetic holmium. In spite of 
this success, however. the efficiency of 1.1 O-dibromodec- 
anelurea as a dichroic filter is limited by the fact that the 
C-Br bonds undergo reorientation around the tunnel axis 
at ambient temperature and are oriented at about 35" to 
this axis. Theoretical considerations suggest that a tunnel 
inclusion compound in which all C-Br bonds are aligned 
parallel to the tunnel would be a more effective material, 
and this situation has been realized subsequently for the 
1-bromoadamantanelthiourea inclusion compound. 

Properties of Commensurate Systems 

While the focus of the majority of this article has been on 
the conventional (incomn~ensurate) urea inclusion com- 
pounds. studies by Hollingsworth and coworkers have 
revealed a wide range of interesting physical properties of 
conlmensurate tunnel inclusion compounds of urea co11- 
taining alkanone and (Y. + l),(o - 1)-alkanedione guest 

molecules. These studies have led to a profound level of 
understanding of the interactions within these materials 
and the ways in which these interactions control prop- 
erties such as ferroelastic behavior (i.e.. domain re- 
orientation under the application of external anisotropic 
stresses)i721 and crystal growth mechanisms.['" As an 
illustration, we highlight a study of stress-induced domain 
reorientation in the 2,lO-undecanedionelurea inclusion 
compound, which is a commensurate system (2 c, = 3 cl,) 
with a well-defined stoichiometric guestlurea ratio (119) 
and a well-defined positioning of the guest molecules with 
respect to the host structure. One out of every three urea 
molecules is oriented such that its two sxn N-H groups 
form N-H.. .O hydrogen bonds with C=O groups of 
guest molecules in different tunnels. All C = 0  groups of 
the guest molecules are involved in host-guest hydrogen 
bonding in this way. producing an extended hydrogen- 
bonded network connecting the host and guest compo- 
nents throughout the structure and providing a direct 
mechanism for guest molecules in different tunnels to 
communicate with each other. Not surprisingly, the 
structure is distorted from the hexagonal structure of the 
conventional urea inclusion compounds and is ortho- 
rhombic. Crystals of this inclusion compound consist of 
domains; within a given domain, the planes of all guest 
molecules are oriented in the same direction, with 
different domains related to each other by rotation of 
the guest molecules by a multiple of ca. 60" about the 
tunnel axis. These domains are birefringent, allowing the 
different domain orientations to be observed directly by 
optical microscopy (striking optical micrographs illus- 
trating the well-defined sectoring of crystals of this 
inclusion compound have been publi~hed"'~). A remark- 
able property of these inclusion compounds is that 
compressive stresses applied to the crystal call bring 
about reorientation of the domains. Reorientation of the 
guest molecules associated with this domain reorientation 
requires breakage and formation of hydrogen bonds 
(guest-host and host-host), and the requirement to re- 
construct the guest-host hydrogen-bonding network 
underlies the large-scale cooperativity of this process. 
Interestingly, by incorporating 2-undecanone guest im- 
purities (ca. 20%), the domain reorientation is spontane- 
ously reversible, with the daughter phase reverting to 
the mother phase when the applied stress is removed. The 
2-undecanone impurities disrupt the guest-host hydrogen- 
bonding scheme. influencing the energetic properties 
of the mother and da~tghter phases and the interface 
between them. 

Among studies of other commensurate inclusion com- 
pounds of urea. it has been shown["' that structural 
changes in the l,6-dibroinohexanelurea inclusion com- 
pound as a function of temperature (the metric symmetry 
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Van der Waals forces play a decisive role in many 
supramolecular complexes, and in many other fields, 
such as in structure and function of  protein^,"^ nucleic 
acids,12." In . adhesion phenomena including cell recog- 
nition, in membrane formation and transport, in self- 
assembly: in new materials from aromatic systems. in 
dendrimers: etc. A major problem is to distinguish van 
der Waals effects from hydrophobic interactions, also in 
supramolecular complexes: such as with c y c l o d e ~ t r i n s . ~ ~ ~  
Van der Waals interactions belong to the most often 
invoked binding nlechanislns in supramolecular systems, 
but they are the most difficult to quantitatively predict, 
and even pose serious problems in definition. These high- 
order interactions are treated in classical  textbook^,[^-^] 
mostly in the context of interlnolecular forces between 
simple "inert" molecules. such as noble gases. 

Traditionally, one summarizes under van der Waals 
interactions high-order noncovalent binding mechanisms 
that do not rely solely on permanent charges but on 
polarization of electron clouds. Hydrogen bonds are not 
generally viewed this way, although one often uses here in 
force field description a Buckingham or Lennard-Jones 
potential (see below) in addition to the Coulombic 
interactions that prevail in hydrogen bonds of weaker or 
medium strength. The van der Waals attraction, e.g., 
between a permanent dipole and another dipole gener- 
ated by polarization of the second is, finally. also based 
on interactions between permanent charges. Even the 
classical description of dispersive interactions in the form 
of the London-Eisenschitz forces involves a Coulomb- 
type attraction. only that in this case, it is considered to 
exist between fluctuating dipoles, some of which at a 
given time will have opposing, and hence attractive 
charge distributions. 

COMPUTATIONAL DESCRlPTlONS 

The only gradual distinction between low- and high-order 
effects in noncovalent binding is reflected by the classical 
potentials, as they are used in force fields. Noticeably, 
Coulombic attractions with, e.g.. the benzene quadrupole 

(see below) already fall off with the power of three with 
the distance r, in contrast to the "soft" long-range 
potentials for interactions between point charges, which 
depend on r-'.  High-order effects. based on polarization 
of electron clouds, show increasingly steep dependencies 
on the distance r between the host and the guest site, and 
are usually described by simplified Lennard-Jones or 
Buckingham potentials: 

EV = a .  r-" - 6 .  r-6 

(Lennard - Jones - poterztial) ( 1 )  

EV = 10" e-4 6' - 5 0 .  rp6 

fi 9 
repulsive attractive term 

(Buckirzgham - potential) 

The dependence of dispersive attractions on the polariz- 
ibilities cr. of the two interacting atom, or groups i and j is 
described by the Slates-Kirkwood Eq. 3. e.g., quantifying 
the factor b in Eq. 1. In Eq. 3, e and m refer to the electron 
charge and mass, n to the number of electrons in the 
valence shell, and h to the Planck-Dirac constant. The 
polarizibility increases with the size of the electron shell 
of atoms: typical values for cr. can be found in the literature 
and in parameters of force  field^.'^] 

Force field calculations of such interactions in principle 
require explicit consideration of polarizibility even of lone 
pairs, with an appropriate treatment of electron correla- 
tion.'" Several approaches were taken to describe polar- 
izibilities and induced dipole moments within force fields, 
e.g., on the basis of the MM3 Mutual polariza- 
tions can be included in the term for electrostatic 
interactions by describing Coulomb interactions with 
fluctuating atomic charges.'"-'31 Multipole molecular 
mechanical models using a restrained electrostatic poten- 
tial approach were shown to accurately reproduce aqueous 
solution-free energies of inethanol and N-methyl acet- 
amide. nucleic acid base, amide hydrogen bonding, and 
several chloroform and water partition  coefficient^."^' 

In quantum chemical descriptions,"" van der W a d s  
interactions correspond largely to electron correlation and 
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necessarily need to include polarization. For this reason. 
density functional (DFT) calculations, which describe 
Coulomb. exchange, and correlation energy altogether as 
functional of electron densities in three dimensions, need 
at least the use of the MP2 (second order M$ller-Plesset) 
method.['h-ixl Still. the problem is that even for gas-phase 
modeling and with the fast DFT approach, the computa- 
tional time is long. and it increases, e.g., with the MP2 
method by a power of five with the molecular size of a 
given complex. 

Many well-known supramolecular con~plexes with aro- 
matic components' '"-"I rely on coulombic-type attrac- 
tions between electron-poor and electron-rich parts. and 
are for this reason often called donor-acceptor (D-A) 
interactions. An importailt clue to the dorninating mech- 
anism. also of practical significance. is that donor- 
acceptor and electrostatic interactions can be strong in 
organic solvents of lower polarity, whereas van der Waals 
forces relying on polarization effects reach their maxi- 
muin in water due the extremely low polarizibility of this 
medium. The problem then is to distinguish the 
corresponding dispersive from hydrophobic interactions. 

BENZENE-BENZENE INTERACTIONS: 
STACKING AND C-H-n BONDS 

T i e  classical example for stacking interactions seems to 
be the benzene dimer.["' However, MD and ab initio MO 
calculations indicate a predominance of edge-to-face 
complexes over the stacked sandwich awangement by 3 
kJ/mol in the gas phase and by 6 kJ/~nol in In 
contrast, the calculations predict for toluene in the gas 
phase, but not in water, a preference for stacking. 
Obviously. the permanent negative charges of K-electron 
clouds must lead to repulsion in parallei face-to-face 
complexes. In displaced stacks (Scheme 1). the repulsion 
between the n-moieties can be counteracted by electro- 
static attraction between the positively charged aryl 
protons and the next n: system. Such considerations lead 
to semiquantitative structure and energy predictions of 
stacked aromatic ~ ~ s t e m s . ' ~ ~ . ~ ' ~  This treatment was 
criiicized also because ab initio n~olecular orbital 
calculations describe stacking between aromatic systems 
to a large degree by electro~l correlation."" which stands 
for dispersive interactions of fluctuating dipoles. The 
high polarizibility of the n-cloud enhances such forces 
also in less-displaced orientations. In the solid state. one 

edge-to-face face-to-face 

Scheme 1 Stnck~ng and edge-to-face 5tructures of benrene 
d~mers  

observes for larger. fused aromatic hydrocarbons a 
packing based most often on displaced stacking and on 
edge-to-face interactions. with typical heningbone struc- 
tures, 129-XI 

Experimental data on benzene association constantsiz1 

show only values around I M I  in water but they vary 
considerably. Magnetic field alignment NMR studies with 
benzene in water speak for an edge-to-face preferei~ce 
of up to 3 k ~ / m o l . " ~ ~  Significant pattern changes are 
observed with different substituents at phenyl rings."31 In 
1.8-diarylnaphthalenes. an increase of rotational barriers 
with the number of fluorine groups in one of phenyl rings 
was observed: the decreased electron density by the 
substituents leads to less unfavorable orientation in the 
enforced parallel stacks in the ground state. The quadru- 
poles of benzene rings with fluorine or hydrogen atoms 
have similar magnitudes but opposite signs with an 
inversion of the C-X bond polarityp which favors 
parallel  stack^.^^^.^^^ 

Edge-to-face orientations are frequent motifs also iil 
proteins,L35' and they can be viewed as hydrogen bonds 
between weakly acidic aromatic C-H bonds and n- 
moieties.[""lnd will therefore noi be discussed in detail 
here. D ~ l e  to s~nall  polarity. the strengths of such bonds are 
so small that they are lnostly observable only in solid-state 
structures or with intramolecular balances set up to reflect 
particular interactions by changes in conformational 

However. it was concluded on the basis of 
force field calculations, including a solvation model, that 
van der Waals and solvation forces play a decisive role 
in the conformational equilibrium in\lolving C-H-7i 
bonds.i3S1 

BNPEWACTlQN OF CATIONS WITH 
n-MOIETIES AND WITH ELECTRON 
LOME PAIRS 

Cation-n:  effect^.^".'^'^ result largely from coulombic at- 
traction. as long as metal catiolls interact with n-moieties: 
these effects are discussed in other chapters of this 
E~~cyclopediu and will therefore only be mentioned here 
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Scheme 2 Aryl-aryl interactions in an intramolecular balance, (see the text for further discussion) 

with respect to van der Waals binding contributions. The 
MO caiculations at the MP2 level speak for significant 
contributions of electron correlation effects in complexes 
between ammonlum cations and aromatic  system^.^" "l 

Complexation of anions by aromatic clefts also indicates 
polarization as a dominant factor.'"' Even crown-ether 
complexer with metal ions are stabilized significantly by 
polarization effects on the oxygen electron lone pairs.'44' 

STACKING DOMINATED BY 
DiSPERSlVE INTERACTIONS 

The dispersive interactions in stacking aggregations is 
expected to increase with the size of the interacting -rc- 
moieties. A similar increase would be predicted if 
hydrophobic forces dominate (see Njdrophobic Effects 
in this  encyclopedic^). That dispersive interactions play a 
major role is, however9 obvious by the fact that such a 
size-dependence is also seen in solvents such as chloro- 
form: in a classical study with ethyladenine as guest and a 
series of hosts offering hydrogen bonds as the primary 
binding force and methyl, phenyl, naphthyl, and anthryl 
residues for stacking. the association free energies AG 
show a systematic increase of AAG = 1.85 + 0.15 kJ/mol 
for each additional benzene moiety interacting with the 
n~cleobase.["~"'~ Measurements of the EIZ equilibrium 
around the antide bond in the "balance" molecules in 
Scheme 2 show a preference for the E conformer, which 
for R = H has the same small AGEIZ difference to the cis- 
conformer in water (D20) as in chloroform. Only 
substituents R in the pam-position of the phenyl can in 
the E conformer reach the naphthyl moiety, and in water 
leads to an increase of AGE/z, which is larger for 
R = phenyl than for R = cyclohexyl. This is in contrasi 
to expectations on the ground of the much higher 
hydrophobicity of cylohexane compared to benzene, and 
clearly speaks for dominant dispersive interactions. 
Noticeably, in chloroform. the AGEZ values remain 
constant for the different substituents The same 
evidence for dispersive instead of hydrophobic interac- 
tions between aromatic systems is seen if the aryl groups 
in the balance bear nitrogen atoms. Thus, with R = pyridyl, 

pyrimidyl, or quinolyl residues. one observes larger ACE/z 
differences, with a stronger preference for stacking with 
heterocycles than with arenes in spite of their smaller 

The results emphasize the propensity 
of heteroaromatic systems for stacking, e.g., in nucleic 
acids, although the observed variations are small, with, 
e.g., -AGEIZ = 0.43 versus 0.79 kJ/mol for R = phenyl or 
R = pyrimidyl, respectively. 

Stacking interactions can become so strong that other 
possible binding contributions cannot materialize, because 
optimal geometric disposition for all intermolecular forces 
is no longer possible. Thus, the observation of the same 
association energy between positively charged host 
compounds and either ~lucleotides or electroneutral 
nucleosides provides evidence for dispersive interaction 
mechanisms. Bis(phenanthridinium) receptors like 1 
(Scheme 3) folm equally strong complexes in aqueous 
media (lg K = 5-6) with both nucleotides and nucleosides. 
In spite of the positively charged nitrogen centers in the 
flat aromatic receptors, there is also no dependence on the 
ligand  charge^^^'^^ 

PORPHYRlN COMPLEXES: DERIVING A 
SCALE FOR DISPERSIVE INTERACTIONS 

Porphyrins are ideaily suited for dispersive interactions 
due to their extended K-moiety, coupled with a relatively 
high flexibility that imposes small steric constraints on 
complexation with a variety of substrates. A porphyrin 
host has a surface often several times larger than the guest 
compound, and then it acts as receptor, with, e.g., twice as 
many binding sites, with a concomitant increase in bind- 
ing strength. This effect can be further increased by 
doubling those interactions with a suitable porphyrin 
dirner 2 (Scheme 3, Fig. I).'"' Measurements of porphy- 
rin complexes with inany ligands in water allowed the 
discrimination of hydrophobic from other binding mecha- 
nisms and the inference of free-energy increments of van 
der Waals interactions for many sub~tituents.'"'.~') The 
affinities of. e.g.. benzoic acids to positively charged 
porphyrin derivatives, does not change significantly by 
alkyl substituents; in line with this, the binding constant 
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Scheme 3 Bis(phenanthridinium) B and porphyrin 2 as stacking units. 

of cyclohexane carboxylic acid shows only the value 
expected for ion pairing. In contrast, the phenyl ring in 
benzoic acid has a similar surface as a cyclohexane ring, 
which leads to a value higher by about 8 k 3 1 m o l . ~ ~ ~ ~  
Affinities of other aromatic compounds exhibit an in- 
crease of up to 18.5 kJ/mol for, e.g., acridine; a plot of the 
complexation free energies against the number of n- 
electrons is linear and gives an increment of about 2 kJ/ 
mol per electron pair. That saturated systems show smaller 
interactions in spite of their larger lipophilicity is in line 
with the above-mentioned conclusions reached with the 
"balance" in Scheme 2. This emphasizes that dispersive 
and not hydrophobic mechanisms are the major driving 
force for intermolecular interactions of unsaturated sys- 
tems in water, noticeably including cyclopropane (see 
Table 1). 

Measurements of over 50 complexes with positively or 
negatively charged pol-phyrins showed additive substitu- 

ent increments AAG (Table 2), which describe the 
observed free energies accurately. Because electron- 
withdrawing and electron-pushing substituents on ben- 
zene rings increase the affinity the same way with all 
porphyrins, and there is a general increase of AG with the 
polarizibility of the groups, other mechanisms except for 
dispersive interactions can be excluded. The AAC values 
in Table 2 have to be taken as relative numbers, much like 
substituent constants in, e.g., the Hammett equation. Their 
absolute magnitude will depend on the size of the acceptor 
molecule, which in the case of porphyrins is several times 
larger than, e.g., a single benzene unit, and also change 
with the reaction medium. 

Table 1 Calorimetric results for selected 
cyclodextrin complexes 

p-CD 
Fig. I Dispersive interactions between adenine in AMP and a -AG 15.0 14.2 24.5 
porphyrin dimer. (For an interactive model, see http://www.uni- -AH 16 10 22 
sb.de/matfaMtbll/schneider.) (View t1li.s art in color at www. TAS - 1  4 3 
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Table 2 S~~bstituellt increments-AAG for van der Waals 
interactions. (Ref. [ 5 2 . ] )  

Note: AAG is deri\cd from aver;~gcd assoclatlon constants a i t h  
porphlnn dcrivati\ec ( in  water. 298 K. pH 7.00. phosphate buffer 
I=0.05 bl); iz: number of ~~nder lying sqqtems for AAG calculation: 
de\ iations of d 4 G  Srom different con~nplexes: +I - 0.25 kJ1mol; (+ I  
-0.35 AJimoi. R=I. COCH;). 

CVGLODEXTRIN COMPLEXES 

Inclilsion of guests in the cavity of cycloa~nyloses can 
have its origin in solvophobic effects as well as in a 
number of direct host-guest interactions. An empirical 
equation based on a iarge nuinber cyclodextrin complex- 
ation constant K in water describes IgM as a function of 
solvent-solute and host-guest interaction energies result- 
ing fro111 hydrogen bond or electrostatic interactions. plus 
an additional term containing the change in accessible 
nonpolar surface area of the host upon con~plexation."~ 
Calorimetric measurements can show if complex forma- 
tioil is dominated by a favorable entropy AS against an 
enthalpic disadvantage, as expected with the hydrophobic 
Erank-Evans effect as the major driving force. Unfortu- 
nately, the reslults are ~isually not as clear-cut, and often 
one observes entropy-enthalpy   om pens at ion.'^^' Calori- 
metric studies of cyclodextrin compiexes with guests of 
either low or higher polarizibility show systematically 
more favorable AH values for those with larger polariz- 
ihility. as long as the cavity size allows the tight fit 
necessary for dispersive interactions. If the polarizibility is 
smaller. like in l~itrophenol instead of nitrophenolate, or in 
adamanianes, the AH contribution decreases, wit11 more 
favorable entropy if the complex is not too tight (Table 2). 

CHARGE-TRANSFER COMPLEXES 

Associations between electron-rich and electron-poor 
inolecules can be accompanied by an electron transfer 
from high-energy occupied molecular orbitals of the 
donor D to ulloccupied acceptor A orbitals of lower 
energy: they can be described with linear cornbinations 
of wave functions corresponding to structures like h-19 
alld ~ + ~ - , i ' j - 5 7 1  Such orbital mixing leads to charac- 

teristic CT bands in the low-frequency part of UVIVis 
spectra. which, however, do not correlate with the 
strength of the binding. The interaction free energy AG 
between the soft Lewis acid iodine I2 as acceptor and a 
range of hydroxy-, thio-, and aminocompou~lds corre- 
lates linearly with the basicity of these donors, in line 
with significant polar contribution from the A'D- 
state.'jxl The CT complexes are not to be confused with 
those between hard Lewis acids and bases, which usually 
are termed donor-acceptor complexes and were men- 
tioned above. The CT complexes in solution are usually 
weak, with, e . g 9  AG = 4.6 kJ11nol in CCll for the strong 
acceptor trinitrobenzene with the donor hexamethylben- 
zene. With toluene. the association constant is already 
lower than I .  Nevertheless. CT complexes can. in 
contrast to those due to hydrophobic or dispersive 
interactions, also form in organic solvents and are. there- 
fore. important for applications where solubility prob- 
lems prohibit the use of aqueous media. Interesting 
complexations were observed with calixarenes and 
eiectron-deficient fullerene deri~atives;"~' iodine substit- 
uents at the calixarene rim increase association constants 
with CbO from K = 460 M '  for the uns~lbstituted host in 
benzene as solvent to K = 1840 M - ' . ' ~ ~ "  

CONCLUSION 

The few examples given in this article should illustrate the 
significance of van der Waals interactions in supramolec- 
ular systems. Space does not allow a detailed discussion of 
the results and views on staclting forces in and with 
nucleic acids. Only recently has it become clear that the 
nlajor factor for the formation of the double helix is base 
stacking.i611 Investigations with a iarge number of 
heterocycles implemented instead of a natural nucleobase 
show only a rough correlation of duplex stability with the 
surface size of the base: a similar dependence holds for 
intercalat~rs.~".".~" Based. i.e.. on solvent effects, it was 
suggested that hydrophobic forces rule the duplex stabii- 
ity.'6'.6'1 However, dispersive interactions would lead to 
similar soivenc effects. and are. e.g.. on the basis of 
calc~~!ations,'"~ believed to be the major stacking factor. 
Obviously. much needs to be done to further clarify fhe 
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mechanisms of these chemically and biologically signif- 
icant interactions. 
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Vibrational Spectroscopy 

Carolyn A. Koh 
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INTRODUCTION 

Vibrational spectroscopy is an important complementary 
tool to x-ray diffraction for structural characterization of 
materials. including supramolecular compounds. Unlike 
x-ray diffraction. where all the data must be collected to 
give the structure of the molecule. vibrational spectros- 
copy can be used to zero-in on part of the structure of 
interest. Furthermore, information on guest-host interac- 
tions of inclusion compounds can be readily determined 
from infrared (IR) and Rainan spectra. whereas this 
information is not readily accessible froin x-ray diffrac- 
tion. Therefore, IW spectroscopy and more recently 
Raman spectroscopy are used to study the structure and 
dynamics or inclusion compounds. IR spectroscopy is also 
widely and routinely used to characterize supramolecular 
compounds containing macrocyclic molecules. The struc- 
tures and dynamics of these compounds can also be 
studied using resonance Rainan spectroscopy. 

This article provides a brief overview of the theory of 
4R spectroscopy and Raman spectroscopy (for more in- 
depth descriptions of these methods see Refs. [I-31). 
This is followed by a reviemi of vibrational spectroscopic 
studies performed on clathrate hydrates (a class of 
inclusion compound) and macrocyclic suprainolecular 
compounds. Clathrate hydrates were highlighted in this 
article because of all the clathrate compounds. they are 
particularly amenable to vibrational spectroscopy and are 
of great illdustrial significance. Similar IRIRaman meth- 
ods can be applied to other well-known clathrate com- 
pounds. including quinol'4' and ureai'' clathrates. Finally, 
future directions on the use of vibrational spectroscopy in 
supramolecular compounds will be given. 

THEORETIGAL BACKGROUND OF 
VIBRAB18NAB SPECTROSCOPY 

Atoms in a lnolecule 11brate w ~ t h ~ n  the wa\e number 
iallge 10-- lo5 cmpl .  wlth IR and Ramail spectro- 
5cop1c measurements of suprCimolecular compounds usu- 
ally being performed within the region 10-3000 c m  ' 
The ~~bra t iona l  spectluln of a rnolecule leflects the 
properses of the molecule a\ a whole and character~st~c 

features of separate chemical bonds. Tlle compression and 
extension of a real bond of a diatomic molec~rle can be 
represented by an anharmonic oscillator model. The 
selection rules for an anharmonic oscillator are that the 
allowed vibrational energy transitions Av= a 1, a 2 ,  * 3 
(lines beyond this have very low intensities and therefore 
are not easily observed). Vibrational modes involving 
transitions of A\)=& 1 are the fundamental (or normal) 
modes. while those of Av > a2 are the overtone modes. 

Because a polyatomic molecule has more than one 
vibrational degree of freedom, a linear molecule contain- 
ing N atoms will have 3M-5 normal modes of vibration 
(3M-6 for a nonlinear molecule). Each vibrational motion 
of a molecule is considered as a superposition of these 
normal modes of vibration. Therefore, a particular corn- 
pound will have several characteristic frequencies that 
can be assigned to specific vibrational motions. Although 
a normal vibration in general involves all the atoms in a 
molecule, some vibrational modes such as 0-H bond 
stretching, C-C-C bond angle bending. or C-N bond 
stretching always appear at approximately the saine wave 
number region in spectra of different compounds. These 
characteristic vibrational modes are therefore used to 
identify specific functional groups present in a molecule. 
as well as to determine any changes in the bonding or 
environment of these groups. The symmetry of a molecule 
changes upon transition from the gas phase to condensed 
phases and can be detected from the vibrational spectrum. 
In solids, the situation is complicated by the occurrence of 
lattice vibrations, however. these are only observed if 
equivalent atoms i11 each unit cell vibrate in-phase. 

Theoretical calculations and coinputer simulations 
can be used to predict the TWRaman spectra of various 
molecules and can aid in the interpretation of vibrational 
spectral data. For example. calculating Raman spectra 
using molecuIar dynamics (MD) simulationsi"' involves 
expressiilg the energji of a vibrating molecule in a solvent 
as the sum of the inter- and intramolecular interac- 
tions (both contributiolis are expandable in terms of the 
normal coordinates). Intramolecular interactions consist 
of a harmonic part and an anharmonic part. Transitions 
between perturbed energy levels can be calculated by 
taking the intramolecular (anharmonic pari) and inter- 
molecular interactions as perturbatioz~s to the energy 
levels of the anharmonic oscillator. Therefore. one can 
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calcu!ate the Raman shift that occurs due to intermolec- 
ular interactions. 

Infrared Spectroscopy 

The selection rule for a vibration to be infrared active is 
that the lnolecule must undergo a vibrational motion that 
changes the dipole moment of that vibrational mode. 
Hence. LR light of a frequency matching that of an IR- 
active vibrational motion will be directly absorbed by the 
molecule. This quantum of light will then promote the 
~nolecuie to a higher vibrational energy state. 

The development of Fourier Transform IR (FTIR) 
spectrorneters led to the ability to measure vibrational 
spectra of supramoIecular coinpounds with increased 
speed and sensitivity. The main feature of an FTIR 
instrument is the interferometer, which modulates the IR 
input waves by a moving mirror, MM, moving back and 
forth toward and away from the beam splitter. Depending 
on the position of MM. recombination of waves from Mbl 
and the stationary mirror, Ms, at the beam splitter creates 
constructive or destructive interference that results in an 
output wave of varying intensity, i.e. the interferograin 
(see Fig. I ) .  

Therefore. the interferograin is the sum of all the 
frequencies (plotted as intensity versus time). By 
performing a Fast Fourier Transform algorithm using a 
computer, the infrared spectrum is obtained in which 
intensity is now plotted versus frequency (usually given in 
cmp' ) .  Therefore, by means of the interferometer, an 
@FIR instrument can analyze all frequencies simulta- 
neously. unlike a dispersive instrument that examines the 
frequencies one at a time. 

Sampling methods used for TR analysis of clathrate 
hydrate compounds, which are largely composed of highly 
absorbing water molecules, were limited to mulls, thin 
films prepared by vapor co-deposition methods (the 
resulting amorphous deposit is warmed in a vacuum to 
the crystallization temperature

r7'), or adamantane pellets 

@ sample 

Fig. 1 The Michaelson interferometer. 

(for samples to be analyzed below 125 cmp'). These 
mulls, thin films, and pellets need to be prepared at cryo- 
genic temperatures to maintain stability of the clathrate 
hydrate at atmospheric pressure. Conversely, macrocyclic 
supramolecular compounds are generally stable at ambi- 
ent temperatures and pressures. Therefore, IR analysis of 
these co~npounds does not require cryogenic tempera- 
tures, and sampling methods include KBr disks and pellets 
and mulls. 

Raman Spectroscopy 

The selection rule for a vibration to be Raman active is 
that the molecule nus t  undergo a vibrational motion that 
changes the polarizability of that vibrational mode. When 
a sample is irradiated with light (of visible, ultraviolet; or 
near-IR frequency), the molecule is excited to a virtual 
state of higher energy. Relaxation of the molecule to the 
original or a different vibrational energy state results in 
Rayleigh scatter or Raman scatter, respectively (see 
Fig. 2). 

The Raman effect can be explained as follows. When a 
molecule is placed in a static electric field, it experiences 
some distortion that causes an induced dipole moment, p. 
to be set up in the molecule. The molecule is then said to 
be polarized. The size of the induced dipole depends on 
the magnitude of the applied electric field, E, and the ease 
with which the molecule can be distorted, i.e.. its 
polarizability. a. If the field is supplied by electromag- 
netic radiation of frequency, v,,, and the vibrational 
frequency, v,ib9 changes periodically, Eq. 1 is obtained: 

where a, is the equilibrium polarizability, E, is the 
maximum field strength, (6~/6q),, is the rate of change of 
polarizability with distortion aro~lnd the equilibrium 
position. and q, is the maximum distortion. Therefore. 
scattered radiation at frequencies v,,. (V,+V\ .~~) .  and 
(\J~-V\,~, ,) .  are Rayleigh. anti-Stokes Raman. and Stokes 
Raman scatter, respectively. 

Similar to the infrared instruments, there are two 
general types of Raman instruments: the dispersive and 
FT Raman spectrometers. The FT Raman instrument 
incorporates an interferometer that provides similar 
advantages to those given by the interferometer of an 
FTIR spectrometer (for further details. see Ref. [3]) .  
although modern dispersive instruments with CCD detec- 
tors can measure a range of frequencies simultaneously. 

Raman spectroscopy was recently used to study the 
structures of gas hydrates. It offers the advantage over IR 
analysis in that the sampling methods are significantly 
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Fig. 2 Energy transitions of Rayleigh and Raman scatter. 

simpler, i.e., glass cells and high-pressure cells can be 
used. Therefore, in situ measurements can be performed 
on clathrate hydrates at real conditions, which was not 
possible with previous IR studies. 

Resonance Raman spectroscopy is a particularly 
powerful probe for studying the structures and dynamics 
of ~nacrocyclic supra~nolecular compounds, e.g., metallo- 
porphyrins. These compounds have strongly allowed 
electronic transitions in the visible or UV regions that 
can enhance the intensity of some Raman-active vibra- 
tions by a factor of 10'-lo3, i.e., resonance enhancement 
or resonance Raman effect. 

Clathrate hydrates are crystalline inclusion compounds 
composed of host water cages that trap guest mole- 
cu le~ . [~ ."  The three most common types of clathrate 
hydrates are known as structure I, 11, and H: which differ 
in the type of water cage they contain. The type of 
clathrate hydrate structure formed depends mainly on the 
size of the guest molecules present (for further details, see 
the article Clatlzrcrle Hjdrc~tes and Refs. [8.9]). The 
structures of these compounds were first determined from 
x-ray diffraction studies.L81 however, as mentioned previ- 
ously, vibrational spectroscopy can provide important 
complementary information on the structures and dynam- 
ics of these compounds and can also detect the presence of 
any guest molecule-host lattice interactions. 

intense peak within the 120-200 cm

p

' region shifting by 
2.5 cm

p

' lower than the corresponding peak for cyclo- 
propane or 1,3-dioxolane deuterate guests. Guest vibra- 
tions were not found to significantly affect the water 
vibrational spectrum at 4.3 K at frequencies the guest does 
not absorb. This suggested that the interaction between 
guest-host vibrations is weak. particularly for THF. 
Further mid-TR spectral studies on EtO hydrate1'" showed 
that only the water-network torsional inodes couple with 
those of EtO molecules (the ring deformation modes of 
Et0 at around 870 cmpl) .  A later study by Fleyfel and 
~ e v l i n " ~ ~  suggested that the large guest-host interaction 
of TMO hydrate caused disproportionate lengthening of 
the weaker H-bonds of the hose lattice. 

IR studies on acetylene hydrate also suggested that 
guest rotation is significantly hindered in the water lat- 
tice.['"] This was concluded from the fact that the l i-  
brational spectra of the hydrate showed no evidence of P-R 
band contours at any temperature, although the bandwidths 
showed pronounced temperature dependence. Free rota- 
tion of guest molecules in the cages wo~lld have led to its 
inertial constant providing a rotational band contour for v3 

with P and R wings. The temperature dependence of the 
bandwidth was attributed to librational movement of the 
guest around some fixed orientation in the cage. 

The above examples clearly demonstrate the impor- 
tance of host-guest interactions in clathrate hydrate 
compounds. These interactions, together with the hydro- 
gen-bonded water network, are iinportant in stabilizing 
the hydrate system. 

Evidence of Guest-Host interactions Differentiating Between Structure 
I and HI Hydrates and Ice 

Far-IR transmission spectra were recorded of Structure I 
[ethylene oxide (EtO) hydrate]"01 and Structure I1 From YIP studies. absorptions by water molecules in EtO 
[cyclopropane, trimethylene oxide (TMO), l,3-dioxolane, hydrate were found to be similar to those in ice.'I2' This 
tetrahydrofuran (THF), and cyclobutanone was expected. because the water lattice of the hydrate is 
hydrates. The slight water lattice stretching due to the similar to that of ice. with water nlolecules in EtO hydrate 
large size of cyclobutanone was indicated by the most at 100 K being orientationally disordered and reorienting 
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extremeiy slowly (in contrast to the reorientatio~l rate of 
ErO 01 about 10" s I) .  However, preparing EtO hydrate 
from H20/D10 dilutions, the 0 - H  and 0 - D  stretching 
niodes of isolated HOD rnolecules [voH(HDO) and 
\loD(HDO). respecf-ively] were found to be different for 
hydrate anci ice materials. The frequency and half-width 
of voH(HDO) and voD(BDO) in Structure I hydrate are 
2427 .c 3 cmp' and 80 + 10 c m ' .  respectively, compared 
to 2413 cmp'  and about 65 cmp' for the corresponding 
values for hydrate containing ice. These differences in 
half-widths were explained in terms of the narrower range 
of 0-0 bond distances in ice compared to the hydrate. 
This was also confirmed later by FTlR studies on 
Structure 1 and Structure 11 hydrates.'"' The half-width 
of the vor, band of isolated HOD nlolecules was found to 
be sensitive to the distribution of 0-0 distances of the 
water lattice in ice, Structure I, and Structure I1 hydrates. 
Therefore, the \lo, half-width is a useful test for 
confirming the structure of the hydrate and for detecting 
any ice impurities in hydrate samples. 

G u e s t  Qccupency 

The guest HR spectra of EtO and H2S hydrates indicated 
that EtO and H2S occupy small and large water 
The spectra of Structure 11 niixed hydrates were used to 
identify the frequeilcies of these bands for guest 
molecules in small and large cages. H2S inolecules in 
the small cages of Structure H were found to absorb near 
2610 cm ', while in the larger cages. they absorb near 
2550 c m ' .  This finding"" suggested that H2S molecules 
are not rnore gas-like in larger cages, as one would 
intuitively expect. but rather the lower stretching fre- 
quency of the large cage reflects the theoretical predic- 
tion that small molecules occupy energy ininima offset 
from the large cage centers."" This clearly demonstrates 
that vibrational spectroscopy offers an advancement on 
inforlllation obtained from x-ray diffi-action, which only 
gives a vague picture of the position of a guest molecule 
in a hydrate cage. 

Similarly, splitting of the v7 mode of ethane (a single 
peak in the gas phase) illto components at 2982 and 2972 
cmp' on enclathration was interpreted as being due to the 
preferred molecular orientation of ethane in the large 
hydrate cage. resulting in a nonsymmetric interaction with 
the cage wall.i151 This will the11 eliminate the threefold 
molecular symmetry axis and split the degenerate vibra- 
tional states. A later study on EtO, H2S, TMO, MeCl. and 
C 0 2  hydrates also showed that the frequency of the 
stretching-mode bands for guest molecules in a small cage 
is us~ially greater than that in a large cage.lnl Similarly. 
FTTR studies of acetylene hydrates showed that the C-D 
stretching frequency of C1D2 guest rnolecules in large and 
small cages is at 2319 and 2431 cmp' ,  respe~tively."~' 
The integrated intensities ratio of these bands was found 

to be the same as the ratio of the number of large to small 
cages in Structure 1 hydrate (3:l). 

In agreement with the above 1R studies, Raman studies 
(performed at high pressure) show that the generai trend in 
vibrational frequencies of guest molecules in hydrate 
cages is that a guest in a larger cavity gives a lower 
vibrational frequency.['71 This was attributed to the 
qualitative "loose cage-tight cage" model of Pimerltel 
and Charles. By monitoring the ratio of the vibrations of 
guest molecules in large and small cages, Raman spec- 
t r o s ~ o ~ ~ " ~ '  can be used to determine the relative occu- 
pancies of the large and small cavities and the hydration 
number for single and double gas hydrates (containing 
one and two types of guest molecules, respectively). 

Recent Raman studiesr17' also show that contrary to 
previous reports. ethane can be trapped in the sinall cage 
of Structure II hydrate at higher pressures (-70 MPa). 
Similarly. Raman microprobe studies of ethylene hydrate 
at 95 MPa and 303.9 K show that despite ethylene's large 
van der Waals radius; it can occupy the small cage of 
Structure I hydrate.1191 

It is assumed that only one guest lnolecule can be 
accommodated within each clathrate hydrate cage. How- 
ever, recent measured[201 and calculated (using MD 
computer calculationsi") Raman spectra showed that 
nitrogen can doubly occupy the large cage of Structure 
II nitrogen hydrate at higher pressures. The frequency of 
I\il doubly occupying large cages (around 2332.5 cnlp') is 
lower than that in singly occupied snlall cages (around 
2335 c m ' )  but higher than that in singly occupied large 
cages (around 2330 cmp'). 

In Situ Studies of Hydrates 

Raman spectroscopy provides a rapid and convenient tool 
for structure analysis without having to use diffraction 
techniques. Subsequently. Rama~i spectroscopy was used 
to st~idy the structures. phase equilibria, and kinetics of 
gas hydrates at high pressure and close to ambient 
ternperature~.~" By monitoring the Rarnan spectra of 
guest molecules. the phase transition from Structure 1 to I1 
hydrate for an ethane-methane gas mixture was identified 
for the first time. This was an unexpected result. because 
both methane and ethane form Structure I 

Because in situ Raman spectra can be recorded, this 
provides a particularly coavenient and useful tool for 
following the kinetics of gas hydrate formation and de- 
composition. For example, such studies we

r

e performed 
37-74] during methane hydrate - The evolution 

of two peaks at 2905 and 2915 c m l  on hydrate formation 
from a single peak (at 29 1 1 c m '  for methane dissolved in 
water) can be monitored as a function of timeltemper- 
aturelpressure. The effect of adding various che~nicals 
that retard the hydrate formation process was also studied 
(Refs. 122-241: see Fig. 3). 
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Fig. 3 (a) In situ Raman spectrum of the v(C-H) symmetric 
mode of methane in methane and (b) intensity 
ratio of v(C-H), ,,,, ,,,, /v(C-H) ,,,, ..,, plotted as a function of 
time (in arbitrary units) for methane hydrate formation in the 
presence of a chemical inhibitor. Until the temperature is re- 
duced, the intensity ratio is less than the usual 3:l ratio. (From 
Refs. 123.241.) (View this art ii-r color at ~r~v~v.dekker.corn.) 

SUPRAMOLECULAR COMPOUNDS 
CONTAINING MACROCYCLIC MOLECULES 

%R and Raman spectroscopies were used to study the 
structures of a wide range of supramolecular compounds 
containing macrocyclic molecules. Some examples of the 
use of vibrational spectroscopy in structural studies of 
these compounds will now be given."5p2s1 

Iron (IV, V) porphyrins were studied by resonance 
Raman spectroscopy.i251 These compounds have biolog- 
ical significance. because oxoferryl posphyrins {O=Fe 
(IV)(por)) are involved in enzymatic reactions of cyto- 
chrome P350, horseradish peroxidase (HRP). and related 
heme proteins. The mechanism of formation of the 
oxoferryl porphyrin z-cation radical was determined from 
resonance Rarnan measurements. The former radical is 
considered to be a model compound of HRP-I. 

Resonance Rainan spectroscopy was also used as a 
probe for detecting aggregation in porphyrin-DNA com- 
plexe~. ' "~  For example. t-bis(N-methylpyridinium-4- 
y1)diphenylporphine (t2-H2-Pa,,)-DNA aggregation is 
indicated by intensity enhancements of bands due to 
bending motions of the pyridinium or phenyl groups. 

Microstructural changes occurriilg upon aggregation can 
also be detected from the resonance Raman spectrum.i261 

The study of time-dependent changes in protein 
structure is important in connecting their structures and 
functions. A recent Raman study of the heme macrocycle, 
myoglobin, revealed that a small absorption band, known 
as Band IIH. at 762 nm is allowed by means of vibronic 
coupling rather than the previously proposed Frank- 
Condon mechanis~n."~' Band 111 was found to show an 
enhancement of non-totally-symmetric vibrational modes. 
Vibronic coupling involves the non-totally-symmetric 
modes that promote or enhance an electronic transition 
by lowering the symmetry of the molecule. Conversely, 
Frank-Condon active modes involve totally symmetric 
modes showing displacements of equilibrium positions 
upon excitation. It was suggested that these results change 
the interpretation of a large number of studies on 
Inyoglobin and will impact models connecting structure 
and dynamics in my~glob in .~"~  

Structural trends in sandwich-type compounds [A- 
( c r o ~ v n ) ] ~ [ U O ~ X ~ ]  (where A=Li, Na, K; X=Cl, Bi-; 
crown= 18-crown-6, 15-crown-5, 12-crown-4) were stud- 
ied using IR and Rarnan spectroscopy in combination with 
x-ray diffraction and elemental analysi~."~' Understanding 
uranium coordination chemistry is crucial to the reprocess- 
ing and separation of uranium from nuclear energy and 
weapons industry waste streams. Separation and extraction 
of actinides in the waste stream by complexation with 
crown ethers to form coordination compounds is partic- 
ularly attractive. This is because of the high chelating 
ability of the crown ethers and the tendency of actinides to 
adopt high coordination nunlbers. IR and Raman spec- 
troscopy were used to characterize the structure of these 
compounds via the asymmetric v(U-0) and symmetric 
vl(U-0) bands, respectively. In addition. Raman studies 
show that the coordination trends within this series of 
compounds are consistent with the principles of hard-soft- 
acid-base theory and Pearson's principle. i.e., .'hard acids 
prefer to bind to hard bases and soft acids prefer to bind 
to soft bases." This is likely to be important for predicting 
binding. e.g., to remove actinide halides in a waste stream 
by coordination to form these sandwich-type compounds. 

Vibrational spectroscopy is clearly a valuable tool for 
studying the structures and dynamics of supramolecular 
compounds, including inclusion compounds and macro- 
cyclic compounds. In addition, resonance Raman mea- 
rurements were shown to be useful in studying the 
structure and f~lnction of biological molecules (containing 
macroc yclic moieties). 

In terms of future directions, Raman spectroscopy will 
be important in further phase equilibria and kinetic rtudies 
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of clathate hydrates. These results coupled with macro- 
scopic and x-ray and neutron diffraction measurements 
will aid in understanding how to control hydrate forma- 
tion/dissociation in subsea pipelines and during energy 
exploitation. Finally, further advances are needed in 
theoretical calculations for interpreting measured vibra- 
tional spectra. 
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Viruses have long been recognized as being remarkable 
for their abilities to package. transport. and deliver their 
genornes using small well-defined containers: viral 
capsids. These viral containers span a wide range of size 
and shape, yet they are all essentially molecular as- 
semblies with homogeneous properties.'" These aspects 
of their biological functiolls have been recognized by 
chemists and materials scientists and are currently being 
exploited as a platforrn for the synthesis of inorganic 
nanomaterials; the attachment of biologically active lig- 
ands, the discovery of novel peptides, and the assembly of 
functionalized viral particles into well-ordered two- and 
three-dimensional arrays. 

The protein shell of a virus is assembled from multiple 
copies of virally encoded protein subunits.i21 The inter- 
action among subunits is designed to provide maximum 
contact through non-covalent b~nding.~".'] Not su~pris- 
ingly, the repetition of such interactions among a limited 
number of subunits results in regular structures with 
symmetry that describes the spatial interaction between 
protein buildiilg blocks. The protein shells of allnost all 
virions are based on icosahedral or helical symmetry. 
Icosahedral symmetry is the largest closed structure that 
can be built from a repeating subunit in which the in- 
teractions between all subunits are chen~ically identical.L" 
The T number (triangulation number) is a measure of the 
allowed arrangement of subunits to maintain icosahedral 
syrnmetry of the virus particle. 

An icosahedron is defined by 20 triangular faces and 
12 vertices related by two-. three-. and fivefold axes of 
rotational symmetry (Fig. 1). A spherical virion based on 
true icosahedral symmetry can be built from 60 copies of 
an identical coat protein subunit. However. a virion based 
or1 true icosahedral symmetry severely restricts the size of 
the genome that can be packaged. In nature. most 

spherical viruses are based on quasi-icosahedral symme- 
try that allows assembly of larger shells necessary to 
accommodate typical viral genomes (3-500 Kb). The 
basis for quasi-icosahedral syinmetry is that the bonding 
properties of subuilits in different structural environments 
are similar but not identi~al .~" For example. a particle 
comprised of 180 copies of a single subunit (T = 3) ar- 
ranges its subunits so that it retains the 12 vertices, but 
additional subunits arranged with sixfold symmetry are 
interposed between the fivefold symmetric clusters. In 
this type of arrangement, each subunit will be present in 
one of three slightly different chemical environments 
(designated A. B. and C). Even larger particles can be 
formed following the quasi-equivalent positions that 
allow the assembly of protein shells \with diameters that 
typically range from 18-500 nm. 

ICBSAHEDRAL V I R U S  PARTICLES 

Three icosahedral viruses emerged as usef~il te~nplates 
with cage-like architectures for na~lotechnology: ccwpea 
chlorotic mottle virus (CCMV) and cowpea mosaic 
virus (CPMV) and Norwalk virus (NV) (Fig. 2).  CCMV 
and CPMV are both plant viruses. while NV is an 
animal virus. 

The CCMV is an RNA-containing plant virus. These 
28 nm diameter virions contain 180 identical coat protein 
subunits (19.8 WDa each) arranged o11 an icosahedral 
lattice (T=3), which self-assemble to form a protein cage 
2-4 nm thick and define a central cavity in which the 
viral RWA is packaged. The N-terminal 25 amino acid 
residues are basic, and negatively charged RNA is thoiight 
to interact electrostatically with this region of positi\-e 
charge. In vivo. removal of this region of the protein 
prevents encapsulation of RNA but does not disrupt for- 
mation of empty virus particles in vitro. 

The CPMV is also an RNA-containing plane virus. The 
icosahedral virus particle is forrned from 6 k o p i e s  of two 
different types of protein subunits (large 37 kDa and small 
23 kDa). These proteins asseinble into a pseudo ( T  = I )  
particle approximately 30 nm in diarnete~.~" Very high 

Enc?.clopediu of S~~/~rc~i~1oIecir lc1~ Cl~elizistr\ 
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lective entrapment and release of large molecules from 
the central cavity of the virion. 

Fig. 1 Assembly of T = 3 icosahedral virus particle showing 
the three subunits of thc asymmetric unit A l ,  BI ,  C l . ' "  (Used 
with permission from http://mmtsb.scripps.edu/viper/viper.htm) 

yields of virus can be obtained through a straightforward 
virus p~~rification of infected plants. A kilogram of in- 
fected plant tissue can yield 1-2 g of virus. Unlike 
CCMV, this virus is not easily reconstituted into an empty 
protcin cage, but these particles are thermostable (up to 
60°C) and noninfectious to animal cells. 

The NV is a human calicivirus and contains a singlc- 
stranded R N A  genorne.17' Particles of NV have T = 3 
icosahedral symmetry with an approximale outer diameter 
of 38 nm and an average inner diameter of the central 
cavity that ranges from 20-29 nm. Thcse virions contain 
180 niolecules of identical capsid protcin (56.6 klla each), 
which has two principle domains, S and P. linked by a 
Ilexible hinge.[" These viruses arc difficult to cultivate in 
tissue culture systems or animals,Lxi making them difficult 
to study, and this factor limits their use as nanosynthctic 
reaction vcsscls. 

Structural Transitions 

The CCMV undergoes a reversible pH and mctal-ion- 
dcpcndcnt swclli~lg that results in a 10% increase in virus 
dimension.'"' This transition is the result of an expansion 
at the pscudo threefold axis of thc virus which 
causes the formation of 60 soarate 2 nm diameter 
openings in the protein shell (Fig. 2D). Under swollen 
conditions (pH>6.5), these openings allow free molecular 

Molecules can be packaged within the virion of CCMV 
and NV as crystalline solids that have a very high packing 
density. For example, it was shown that crystals oS an 
ammonium salt of H , w ~ ~ ~ ~ ~ ~ ~ )  can be packaged as a 
nanosizc crystalline solid within the CCMV protein 

and that modified viral cages will accommo- 
date ~ e ~ 0 ~ . n ~ ~ 0 . [ ' ~ ~  The s i x  and shape of the cncap- 
sulated nanomaterial is determined by the size and shape of 
the cavity crcated by the CCMV (or NV) protein cage. 
Therefore, the viral protein cage acts as a constrained re- 
action vessel to limit nanoparticle growth and morphology. 

The crystallization of guest molecules can be achieved 
and controlled because the virion provides a charged pro- 
tein interface (on the interior) that facilitates the aggre- 
gation and crystallization of ions. The plant virus CCMV 
has been a good model system for nanophase crystal 
growth, and a range of polyoxometalate species (vana- 
date, molybdatc, tungstate) can be crystallized within the 
CCMV protein cage. The same type of mineralization 
reaction (with tungstatc) is possible using NV. Thcse 
rnincralization rcactions are accomplished by providing 
an interface for molecular aggregation, based on complc- 
mentary electrostatic interactions between the protcin and 

exchange between the virus cavity and the bulk medium. Fig. Cryo electroll microscopy and image 
In contrast, in the non-swollen form (pH < 6.5), there is C,,wpe2, Virus (CpMV); (B) ~ ~ ~ ~ ~ l k  virus (NV); 
no apparent exchangc of large molecules between the (c) c,,~,, ~ h l ~ , ~ ~ ~ i ~  M ~ ~ ~ I ~  virus (CCMV) unswollcn; and 
cavity and the bulk medium. This transition can be (11) CCMV swollen."' (Used with permission from http:// 
viewed as analogous to reversible gating in tnolccular mmtsh.scripps.edu/viper/vipcr.htm) (View th i .~  ur.1 it1 color elf 

host-guest with the potential Sor sc- www.dekk~r.con~.) 
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thc metal species, which creates a locally high concen- 
tration at the protein interface. Briefly outlined, thc empty 
virions were incubated with the precursor ions (w04'-, 
V 0 3  , ~ o 0 ~ ' - )  at approximately neutral pH. Under 
these conditions, thc virus exists in its open (swollcn) 
Eorm and allows all ions access to the cavity. The pH of 
thc virus solution was then lowered to approximately pH 
5.0. This induced two important complementary cffects. 
The inorganic spccics underwent a pli-dependent oligo- 
merirabion to form largc polyoxometalate species such as 
H ~ w ~ ~ o ~ ~ ~ ~ - ,  which were readily crystallized as ammo- 
nium salts. In addition, the viral capsid particle underwent 
a structural transition in which the pores in thc protein 
shell closed, trapping crystallized mineral or mineral 
nuclei within the virus. Crystal growth of the polyoxo- 
mctalate salt continued until the virion container was 
filled. Thus, the material synthesiccd was constrained by 
the size and shape of thc interior of the viral protcin cage. 
The resulting product could be easily purified (by cell- 
trifugation on sucrose gradients or sizc cxclusion chro- 
matography) and was visualized by transmission electron 
microscopy (TEM). 

To test the dominance of electrostatic effects in the 
mineralization modcl, a mutant of CCMV was con- 
structcd (subE) in which all the basic residues on the N- 
terminus or the coat protein were substituted for glutamic 
acid (E), thus dramatically altering thc electrostatic 
character of the interior of the assembled protcin cage.'"' 
This mutant was able to catalyze the oxidative hydrolysis 
of Fe(T1) to form an iron oxide nanoparticle encapsulated 
within the protein cage of the modified virus. High- 
rcsolution spectral imaging allowed the elemental com- 
position of a protein-mineral composite material to be 
rcsolvcd ( I  nm spatial rcsolution, Fig. 3). This clearly 
showed that the mineral nanoparticle was completely 
encapsulated within the protein cage structure. This 
mutant is able to bind Fc(II), facilitate its autoxidation 

Fig. 3 Iron oxide nanoparticle cores synthesircd within the 
mutant form of C:C:R/IV (subE). High-resolution TEM (left) or 
a single core (scale bar 30 n m )  and (right) encrgy loss spec- 
tral imaging of a single particle showing N (dark pixels) and 
Fe (light pixels). (View thi.s art in color at www.drkker.com.) 

to Fe(IlI), and engage in subsequcnt hydrolysis to form a 
ferric oxide mineral within the virion. The nanomaterial 
within the cage is size and shape constrained by the in- 
ternal dimensions of the particle. Wild-typc CCMV 
showcd none of this spatially defined catalytic activity, 
and when incubated in the presence of Fc(lI), bulk 
autoxidation and hydrolysis was observed, and no virion- 
encapsulated mineral was detected. Thus, selective engi- 
nccring of the virion is possible, illustrating the synthetic 
plasticity of these architectures as biotemplates. 

Encapsulation Based on 
Structural Transitions 

Reversible virus gating (swelling) appears to play a role in 
the selective entrapment and relcasc of materials from the 
protcin cage."".'4' The selective entrapment of the large 
anionic organic polymer poly(anetholsu1fonic acid) (av- 
erage molecular weight of 10,000 klla) was used as a test 
of the role of gating. Empty virions were incubated under 
swollen conditions (pH 7.0) in a low eonccntl-ation of 
poly(anetho1sulfonic acid). When the virion is swollen, 
the polymer has rrcc access to the interior through the 2 
nm holes opened at the quasi-threef'old axes and binds 
strongly to the highly cationic protein inner surface. When 
the pH of the solution was lowered, closing the holes, the 
polymer remained trappcd inside and could bc isolated 
as an organic composite, as demonstrated by TEM analy- 
sis and sedimentation on sucrose gradients. The poly 
(anetholsulfonic acid) loaded particles isolated from the 
gradients were subsequently dialyzed at pH 7 in buffer 
lacking the polymer, whereupon the poly(anetholsu1fonic 
acid) was released from the particles. Thc rclease of thc 
polymer was indicated by reanalysis of the particles on 
sucrose gradients that showed the sedimentation velocity 
or an empty particle (50s) and the loss of the unique 
poly(anetho1sulSonic acid) absorbance at 315 nm. Whcn 
the virion was incubated with polymer under nonswollen 
conditions, no uptake was observed. The same result was 
achieved with other polyanions such as poly(dextran 
sulfate). Thcse results suggest that gating can be manip- 
ulated to play a central role in the selective entrapment and 
release of largc molecules. 

SURFACE MQDIFICAPIQN QF VIRUS 
PROTEIN CAGES 

A recent scrics of articles illustrated the potential of 
using viruses as addressablc nanoblocks having a variety 
of chemical and physical properties. Thcsc icosahedral 
virus particles can be derivatized using f-luorescenl 
organic  label^^'^.'^^ or particles of n a n o g o ~ d . ~ . ' ~ '  This is 
an illustration of the usc of  chemical functionality in a 
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Fig. 4 Cryro electron micrograph and image reconstruction of 
Au-labeled CPMV. This illustrales the spatial selective labeling 
of engineered Cys residucs on thc outer surface of CPMV. 
Adapted from Re[. [18] with permission. (View t1zi.r art irz color 
af w~v~.~.drkker.c.onz.) 

biotemplate. Spatial selectivity of the derivatization 
process could be achieved using specific functionality 
enginecred into the virion structure. 

The native CPIMV virion could be reacted with the 
thiol reactive 5-maleimidofluoroscein, and it was found 
that 60 cysteine residues on the inside of each icosahcdral 
particle could bc d e r i v a t i ~ e d . ~ ' ~ ~  A mutant form of CPMV 
was constructed with an exposed sulfhydryl on the 
exterior surface of the large s u b u n i ~ , ~ ' ~ ]  and the resulting 
two cysteine residucs could be differentially labeled, the 
exterior thiols reacting more rapidly than those on the 
interior. Qerivatization of thiol groups on the virus with a 
stilbene derivative for which antibodies wcre available 
showed the spatial dirferenccs between the location of 
thiols in the wild type and the mutant forms of the virus. 
The mutant, with thiols on the exterior of the virion, when 
derivatized with the stilbene, showed conjugate formation 
when reacled with the antibody. In contrast, attachment of 
the stilbene to the wild-type thiol on the interior of the 
virion showed no rcactivity with the antibody. 

The surface-exposed thiols on the mutant virus wcre 
additionally reacted with monomaleimido-nanogold; and 
a three-dimensional image reconstruction was computed 
from cryo-electron microscopy."81 As shown in Fig. 4, 
the gold particles are clearly visible at the positions of the 
inserted cysteine residues. 

Dcrivatiration of exposed lysine groups (-NH2) on 
CPMV using rcactivity with N-hydroxysuccinimide esters 
or isothiocyanates provides additional flexibility for the 
use of viruses as biotemplates. Attachment of biotin to 
CPMV by this route, followed by reaction with avidin, 
resulted in c

r
oss-linking of the virus particles to form a 

gcl."" This is an initial step toward the programmed 

assembly of virus nanoblocl<s to form hierarchical struc- 
tures with many levels of order. 

Similarly, the wild type of CCMV could be cheinically 
derivatized using amine-reactive fluorescent anhydrides 
or via activation of surface-exposed carboxylates and 
subsequent reaction with fluorophores bearing nucleo- 
philic amine groups. In addition, genetically engineered 
CCMV with surface-exposed cysteine residues could be 
used for additional thiol selective attachment of fluoro- 
phores and peptides. 

PHAGE DISPLAY 

Phage display libraries arc "living" libraries of infectious 
Eschevichia coli bacteriophage that were genetically 
engineered to express a library of small peptides on their 
exterior surface. A simplified overview of the phage dis- 
play technique is illustrated in Fig. 5. The MI3  fila- 
mentous phage (a virus) naturally infects and multiplies in 
the bacterium E. coli, and the genome or this phagc was 
completely sequenced. By inserting a library of peptide 
sequences into a "tail-like" protein of the phagc (three to 
five copies of which are located at one terminus of the 
assembled virion),'"' the living library is generated. The 
engineered phage present the corresponding novel pep- 
tides on their exterior surfaces and can then be used to test 
interactions with various targets, including inorganic and 
organic substrates. The first round of phage display in- 
volves introduction of the phagc library to the target and 
subsequently washing away those phage that do not 
interact with the target. The bound phage can then be 
eluted off the target by adding various compounds that 

4 l'i f i  
Phapc l~brary 1 1  1 I / 
w ~ t h  10' random I 1 ,  1 

Liquid crystal alignment 

Fig. 5 The process used to generate nanocrystal alignment by 
the phage display method. (From Ref. 1271.) 
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disturb the peptide-target interaction, without denaturing 
the remarkably resilient phage.'201 The eluted phage are 
amplified by re-infection of bacteria and then isolated and 
re-exposed to the same target (stringencies can be varied, if 
desired: in order to isolate peptides that interact with the 
target under certain experimentally relevant conditions). 
Typically. three to five rounds of phage-target exposure, 
unbound phage removal, elution (collectively referred to as 
"biopanning"), and amplification are performed. After the 
final amplification step, phage are isolated from infected 
bacteria, and their genetic inserts, corresponding to the 
novel peptides they each expressed, are sequenced. and the 
corresponding amino acid sequence of each peptide insert 
can be deduced. The biopanning results in the identifica- 
tion of several peptide sequences corresponding to those 
that interact strongly with their targets. 

The use of phage display for the identification of 
proteins that specifically interacted with iron oxide targets 
was i~litiated'".~" using slightly more complex systems 
than those depicted in Fig. 5. Similar peptide sequences 
were identified containing an RSK sequence domain. 
which correlates previous work that employed a bacterial 
display system.['" Another sequence, identified by phage 
display, contained an RRSRHH sequence domain, again 
consistent with sequences identified in earlier work."21 

The use of phage display was applied to the iden- 
tification of a number of different peptides showing affin- 
ity for such materials as G a ~ s , " ~ '  I ~ P , ' ~ ~ ]  ~ i , [ ~ ~ ~  ~ g , [ ~ ' ]  
~ i 0 ~ , ~ ~ ~ ~  C ~ C O ~ , ' ~ ~ ]  and z ~ s . " ~ ~  In addition, the binding 
to different crystallographic faces of GaAs was probed. 
and peptide sequences were isolated that bound selec- 
tively to GaAS{100} faces but not GaAs( l l1  } faces.[231 
Interestingly. those peptides identified as having strong 
interactions with S i02  surfaces showed high sequence 
similarity to proteins isolated from the diatom Cylindr-o- 
thecn ,fisifornfis, which biomineralizes ~ i 0 ~ . " "  The 
peptides identified by phage display were effective in iu- 
ducing the mineralization of SiOz in synthetic reactions 
using silicic acid. 

Recently. the isolation of a phage expressing a seven 
amino acid long peptide sequence that specifically bound 
to the surface of ZnS (Asn-Asn-Pro-Met-His-Gln-h) 
was When whole phage expressing this 
peptide were placed in precursor solutions of zn2' and 
s ' ~ ,  they induced the nucleation of nanoparticles of ZnS 
that remained bound to the phage. This concentrated 
sol~ltion of phage led to self-assembly of smectic. cho- 
lesteric. and nematic liquid crystal-like arrays comprising 
the filamentous phage bound to five ZnS crystals 
(2.66 ? 0.22 nm; Fig. 5) .  The resulting ordered arrays 
of ZnS with phage showed periodicity of 895 nm 
corresponding to a separation of the nanocrystal domains 
(2.66 nin crystals in about a 20 nm cluster) by the 
dimensions of the phage (880 nm in length, 6.6 nm in 

diameter) stacking end to end giving a continuous 
lamellar morphology. This structure extended beyond 
the nanometer size regime to 72 ym domains that even- 
tually form a film of cm dimensions (Fig. 5 )  but still have 
quantum dot properties. The value in this quantum 
dot function lies in an approach to computing based on 
a binary code that uses the semiconductor properties of 
ZnS nanocrystals. 

In a similar set of experiments, phage display was used 
to identify peptides with high affinity for A ~ . [ ~ ~ ~  These 
peptides were active toward the formation of Ag nano- 
particles. and when the phage displaying these peptides 
were placed into a solution of silver ions (0.1 mM 
AgN03) for 16-48 h, they formed silver nanoparticles 
60-150 nm in diameter. As in the case of the ZnS phage, 
it was possible to assemble these Ag nucleated phage into 
liquid crystal-like arrays in which layers of silver particles 
were separated by 680 nm, the dimensions of the phage. 

The phage display technique was shown to have two 
important implications. For the first time: peptide se- 
quences with high affinity for specific crystallographic 
mineral interfaces can be identified and were shown in 
some cases to influence the nucleation of specific min- 
erals from solution. In addition, the ability to use self- 
assembly of the highly anisotropic and mineralized phage 
particles opened a new realm of supramolecular host- 
guest chemistry that combines high selectivity and long- 
range order. 

The use of viruses and viral proteins for materials syn- 
thesis, encapsulation. and patterning, provides a number 
of unique advantages. The protein cages are biological in 
origin and, as such, are amenable to large-scale pro- 
duction (fermentation. farming, etc.) and are also in- 
herently biodegradable. The icosahedral structures can be 
routinely modified using a genetic approach to impart 
specific chemical or structural functionality. The presen- 
tation of functionalizable reactive groups also allows a 
chemical approach to be taken to the attachment and pre- 
sentation of organic and inorganic ligands. This structural 
and functional plasticity allows many of the protein cage 
systems described here to be engineered and redesigned 
for specific applications in materials science, homoge- 
neous and heterogeneo~ls catalysis. and biomedicine. The 
phage display technique provides a unique coinbinatorial 
approach to determining specific protein-mineral inter- 
actions, which can then be used to selectively synthesize 
mineral nanoparticles. In addition, the ability of the 
isotropic and anisotropic viral particles to make self- 
assembled superlattices and arrays in two and three 
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dimensions has the potential to make a significant 
impact in nanoelectronics. This chemistry is fundamen- 
tally biomimetic, and the lessons learned from how 
biological systems deal with issues of spatial control and 
assembly can now be applied to purely or partially syn- 
thetic systems. 
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Vitamin BIZ  and Heme Models 
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Heme proteins, like the globins and the cytochromes, fulfill 
important functions. They share the common structural 
feature o f  having a heme group, i s . ,  an iron posphyrin 
complex, embedded in the protein (Fig. IA).  Four types o f  
globin, differing in structure, tissue distribution, and likely 
function, were discovered in man and in other vertebrates: 
hemoglobin (Hb), myoglobin (Mb),  neuroglobin (Ngb), 
and cytoglobin ( ~ g b ) . " '  Tetra~neric Hb, located in the red 
blood cells, serves to transport Q2 in the circulatory system. 
The ~nonomeric Mb, present mainly in the cardiac and 
striated muscle, acts as an O2 buffer, facilitates O2 dif fu- 
sion, and plays a role in NO removal. Ngb, predominantly 
expressed in nerve cells, and Cgb, expressed in many tis- 
sues, are two recently discovered members o f  the verteb- 
rate globin family exhibiting a hexacoordinated heme. 
They are o f  ancient evolutionary origin, and their physi- 
ological roles are still not fully ~nderstood."~ Besides the 
globins, the cytochromes. which are electron-transfer pro- 
teins, form an important class o f  heme proteins. Several 
cytochromes have a hexacoordinated heme. The most 
intriguing characteristics o f  the cytochrolne family o f  
electron-transfer proteins is the broad range o f  redox 
potentials featured by the ~ e " ' / ~ e "  couple at the electro- 
active heme core.'" Cytochrome P450 proteins form a 
separate class o f  heme proteins, where a cysteine residue 
coordinates to the proximal site o f  the heme group. This 
membrane protein is ubiquitous, occurring in life forms 
ranging from bacteria to man. All cytochrome P450 
proteins catalyze the oxidation o f  organic substrates by 
oxygen, performing essential roles in biosynthesis, metab- 
olism, and the detoxification o f  harmful substances.[" 

The versatile functions o f  the heme proteins challenge 
chemists in various ways. In the past decades, a lot o f  effort 
was put into the synthesis o f  heme models. The goal o f  
these syntheses is twofold. On the one hand, the rnodels can 
help to unravel stepwise the chemical process connected to 
biological f~lnction. On the other hand, the chemical 
knowledge attained in this way can be exploited to design 
new products aimed at frdfilling tasks like reversible Q2 
binding or catalyzing specific electron-transfer reactions or 
atom-transfer reactions. In this article, we will give a brief 
overview o f  models put forward to mimic the biological 
functions o f  heme proteins and illustrate how modern 

spectroscopy is used to unravel and understand the active 
site mechanisms. 

The B12 coenzyme (Fig. 1B) is highly intriguing. The 
B12-cofactors play a role in enzymatic methyl group trans- 
fer. in enzymatic ribonucleotide reduction, and in the en- 
zymatic 1,2-rearrangements o f  a hydrogen atom with heavy 
atom centers.'" The specific structure o f  the cofactor gives 
rise to several interesting questions. First, why did nature 
chose cobalt, a transition metal that is not very abundant on 
earth? Second, what is the origin o f  the corrin ligand? What 
can this ligand offer that a posphyrin ligand cannot? What is 
the nature o f  metal-ligand interactions, and how does the 
protein use these interactions in its enzymatic role? In order 
to unravel these points and to try to mimic the biological 
functions o f  the B 2-dependent proteins, several synthetic 
models were put forward. A brief overview will be given. 

In Fig. 1, it is shown that the porphyrin and con-in ligand 
are related. They share a similar biosynthesis path as the 
one that leads from 6-Ala to uroposphyrinogen III.'" The 
organic synthesis o f  vitamin B12 turned out to be a gigantic 
effort that took Eschenmoser and coworkers over 1 1  years 
and could only be obtained in a more than 90-step syn- 
thesi~.~" This also shows that nature must have had a clear 
reason to synthesize this extraordinary corrinoid. There- 
fore, Co(P1) porphyrin complexes are often studied in B I  2- 

related analyses, in order to pin down the specific advan- 
tage o f  the corrin ligand. Thus, some o f  the models 
mimicking heme proteins are also addressed in the Bl2 
research domain. 

HEME MODELS 

A wide variety o f  approaches was derived to synthesize 
model systems for heme proteins. In the following, we 
will summarize some o f  these designs. Although I 
distinguish here three subsections, depending on the 
specific heme function that is aimed at, it should be 
noted that most synthetic strategies presented are o f  a 
general nature and are applicable to other subsections. 

Heme Models for Oxygen Transport 

In order to mimic the biological fi~nctions o f  heme 
proteins, one o f  the challenging targets is to realize 
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reversible O2 binding. In globins, the heme is held in place 
by a coordination to the "proximal histidine" at the F8 
site and by several noncovalent interactions with the 
surrounding protein residues. Heme hexacoordination, 
where the distal HisE7 residue directly coordinates to the 
heme iron atom is uncommon in Hb of vertebrates. In 
mammalian Mb and Hb, the protein superstructure shields 
the iron@) heme cofactor against irreversible oxidation 
and p-0x0 dirner formation.161 The peptide shell is also 
thought to play a determinant role in the affinity of the 
heme iron(I1) for different diatomic molecules.'71 In the 
oxy forms of Hb and Mb, the distal histidine is thought 
to interact with the terminal O-atom of the dioxygen via 
H-bonding. Although the strength of the H-bond is still 
disputed; the interaction seeins to play an important role in 
the discrimination of the heme proteins between O2 and 
CO binding. The relative binding affinity of CO versus 02, 
referred to as the M value, is a useful measure of a com- 
plex's susceptibility to poisoning by CO [M=PIi2(O2)/Pli2- 
(CO), whereby Pli2 is the partial pressure of O2 or CO at 
half-saturation]. 

The basic requirements for synthetic heme models are, 
therefore, a five-coordinate iron(I1) porphyrin in a high- 
spin state, with a proximal nitrogen base and a vacant site 
for dioxygen. Futhermore, the formation of chemochromes 
by axial coordinaton of two N-bases to the iron(1I) pro- 
phyrin should be prevented.[81 Several approaches were 
put forward. It is found that a sterically hindered axial 
base, such as 1,2-dimethplirnidazole, favors formation of a 
five-coordinate high-spin complex. Furthermore, covalent 
attachment of the axial ligand or steric hindrance of one of 
the two faces of the heme can also be used to prevent axial 

ligation of two bases. Finally, rapid decomposition of the 
O2 adducts via p-0x0-dimes formation has to be pre- 
vented. This can be achieved by attaching bulky sub- 
stituents onto the iron(l1) posphyrin or by bridging the 
macrocycle.'81 

The above requirements form a sort of blueprint for the 
synthesis of heme models for reversible oxygenation. The 
earliest structurally and functionally sound iron porphyrin 
model of the Hb and Mb active sites was the "picket 
fence" porphyrin'" ((Fig. 2A). The CO affinity of the 
picket fence porphyrin turned out to be more than 30 times 
that of human Hb. If mammalian Hb or Mb would have 
the same M value as the picket fence porphyrins, 
mammals would suffocate in their own heme catabo- 
lism.'lO' On the basis of this. Collman et al. proposed that 
the distal histidine plays a dual role of providing an 
H-bond to facilitate O2 coordination and of decreasing CO 
affinity by steric hindrance of the CO binding in a linear 
manner."' In order to investigate this hypothesis further. 
Collman and coworkers synthesized "pocket" posphy- 
sins, "hybrid" porphyrins. and "capped" posphyrins (for 
a review, see Ref. [S]). All of these models try to mimic 
the presence of the protein heme pocket in the natural 
proteins [see Fig. 2B as an example of a "pocket" 
posphyrin].[l'l Collrnan and coworkers reported a versa- 
tile general method, the congruent multiple Michael 
addition, for attaching macrocycles over a posphyrin ring 
in a single high-yielding step, which opened interesting 
synthetic p o ~ s i b i l i t i e s . ~ ' ~ ~  Finally, Collman and coworkers 
developed picnic basket porphyrins (Fig. 2C), a family of 
porphyrins consisting of a distal binding cavity with 
variable dimensions and an external bulky axial ligand on 

Fig. 1 (A) Heme group [iron(II) protoporphyrin 1x1. (B) Vitamin B I 2  ( R = C N )  or coenzyme B I 2  (R=Si-deoxy-5'-adenosyl). 
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Fig. 2 Dioxygen-binding myoglobin analogues as synthesized by Collman and coworkers.[" (A) Picket-fence porphyrin. (B) Pocket 
porphyrin. (C) Picnic-basket porphyrin. 

the proximal side.'l3] The 'H-WMR and Q2 affinity 
measurements show that the iron(II) and cobalt(I1) picnic 
basket porphyrins both bind 0 2  reversibly at room 
temperature with high affinities. The O2 affinity 
decreases when the size of the basket increases. This 
was attributed to a dipole-dipole interaction between the 
terminally bound O2 and the amide protons. The Q2 
affinities of the cobalt picnic basket porphyrins are Inore 
sensitive to changes in basket sizes than those of the 
corresponding iron posphyrin, consistent with the pro- 
posal that Co-Q2 adducts have more electron density on 
the oxygen ligand than do the Fe-O2 adducts. Substi- 
tution of iron(I1) by cobalt(I1) in the porphyrin is, 
therefore, often used to get additional information on 
the influence of the surroundings of the dioxygen. 

Over the past 5 years, the combination of metallopor- 
phyrin with dendrirner chemistry led to a fascinating new 
class of Hb and Mb models,"".'" with the dendritic 
superstructure mimicking the encapsulation of the heme in 
the natural protein environment. Modification of the 
dendritic shell around the iron(T1) porphyrin core mod- 
ulates the shape, density, and polarity of these model 
systems. thereby profoundly affecting the thermodynam- 
ics and kinetics of the complexes formed with 0 2  and CO. 

Diederich and coworkers developed two classes of water- 
soluble dendritic iron(I1) porphyrins with amide dendrons 
capable of H-bond donation and with ester dendrons 
lacking H-bond donor centers in the dendritic shell"51 
(Fig. 3). Through UVIVis titrations. it was revealed that 
the dendritic iron(I1) porphyrins containing secondary 
amide groups in the dendritic branching undergo stable: 
reversible Oz and C 0  complexation in dry toluene, 
whereby the O2 affinity largely surpasses that of T-state 
Hb or Mb. The oxygenated complexes are stable for 
several hours due to the protection against 11-0x0 dimes 
formation provided by the dendritic shell. The oxygenated 
Fe(1I) co~nplexes were found to be less stable in the 
presence of water. This suggested that in dry toluene, the 
dendritic cage is closely packed, and an H-bond is formed 
between the amide NH group and dioxygen. In water: the 
cage opens. and the H-bond is weakened, hence the 
reduced stability of the oxygenated complex. This seemed 
to be corroborated by the studies of the posphyrin with 
ester dendrons lacking H-bond donor centers. The UVlVis 
analyses revealed that this receptor undergoes reversible 
stable 60 binding in dry toluene, but that the oxygenated 
complexes are unstable and undergo facile oxidative 
decomposition. However, our recent pulse EPR (electron 
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Fig. 3 Example of dendritic porphyrin complexes mimicking hemoglobin as proposed by Diederich and ~oworkers:~"' (a) alnide 
dendrons; (b) ester dendrons. 

paramagnetic resonance) studies of the corresponding 
Co(II) dendritic porphyrins shed a slightly different light 
on the Although the low hydrodynamic volume 
of the dendrimers in dry toluene could be experimentally 
confirmed, it was found that the difference in O2 affinities 
between the amide-dendritic and ester-dendritic metallo- 
porphyrins lies in the different packing and polarity of the 
dendritic branches. Our results clearly showed that 
observation of high O2 affinity and the presence of 
functional groups capable of H-bond donation are no 
guarantee of the stabilization of dioxygen by an H-bond. 

Heme Models Mimicking Cytochromes 

The electron-transfer capacity of the cytochrome family of 
electron-transfer proteins is interesting, because the ~e" ' /  
~ e "  couple of the heme core features a broad range of 
redox potentials.r21 In order to understand and mimic this 
behavior, several model systems were developed. The fact 
that the axial ligands of the heme groups in the different 
cytochrornes varies (the heme iron in Eukaryotic cyto- 
chrome c ligates to a histidine and a methionine, whereas 
cytochrome bs contains heme coordinated to two histi- 
dines): already shows that axial ligation to the iron center 
must be an important factor.12' A variety of model studies 
indicated that the redox potential also depends on the 
nature of substituents in the porphyrin ring, H-binding to 
the axial ligands, and ruffling of the porphyrin macrocycle 
(see references within Ref. [17]). In the following, three 
recent models will be discussed that were developed to 
mimic the properties of cytochrornes. 

One strategy to mimic the heme proteins is to embed 
the iron(H1) porphyrins in a polymer. Bell et al. incorpo- 
rated iron-5,10,15,20-tetraphenylporphyrin into films of a 

hydrogel polymer support medium, poly(y-ethyl-L-gluta- 
mate) functionalized with imidazole pendent arms (PEG- 
Im) and studied the model in situ on silver electrodes 
using resonance Raman spectroscopy.['" They found 
striking similarities between the properties of this model 
system, which contains multiple randomly oriented iron 
porphyrins bis-axially coordinated by imidazoles, and 
those of cytochrome c3, which is a tetracheme protein of 
low molecular weight. In cytochrome c3, the ~ e " '  hemes, 
which are Dis-coordinated by histidine residues. lie close 
to each other (heme-heme distances ca. 1-1.5 pm), and 
they show efficient interheme electron transfer. The 
structure of the heme environment in the synthetic 
porphyrin-doped PEG-Im film model appears to be 
surprisingly close in structure and behavior to the 

Another way of mimicking the electron-transfer prop- 
erties of cytochromes is to use nature's own building 
blocks, e.g., by designing de novo polypeptides, where the 
porphyrin can be noncovalently introduced or covalently 
incorporated into a side chain of an amino acid residue in 
the peptide.'191 

Because observed environmental effects on the redox 
potential, such as heme solvation, polarity of the heme 
microenvironment, and nature of the surrounding protein 
shell are not well understood, it is important to design 
model systems with a unique local microenvironment 
around the electroactive core. Recently, dendritic iron 
porphyrins with tethered axial ligands were designed in 
which the dendritic branches guarantee a controlled 
microenvironment around the heme core."71 The com- 
plexes are soluble in solvents of widely differing polar- 
ities, and the redox potential of the complexes was found 
to be solvent-independent. 
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Heme Models Mimicking 
Gytochrome P450 Activity 

Cytochrome P450 is one of nature's oxidative workhorses. 
and it is involved in a wide variety of biological reactions, 
one of the most important being the detoxification of 
foreign bodies within the liver. A wide variety of ap- 
proaches was developed to design and construct synthetic 
model systems of the cytochrome P450 family.[31 They 
vary from the earlier mentioned "capped" and "picnic 
basket" porphyrins, over supramolecular cytochrome 
P450 models, to dendritic porphyrins.[31 

BI2 MODELS 

Adenosylcobalamin or coenzyme ]BIZ attracted great atten- 
tion because of its interesting activity for selectively trans- 
forming organic substrates via homolytic (enzymatic ribo- 
nucleotide reduction and enzymatic 1,2-rearrangements) 
or heterolytic (methyl-group transfer) dissociation of 
carbon-metal bonds.[41 Structural aspects of the natural 
holoenzymes suggest a possible contribution of the protein 
matrix around the active site to the high selectivity of the 
transformation. In order to unravel the details of B12 
functions, several ~o ' " ,  Corl, and Co' complexes have 
been synthesized. They can be divided in three groups 
depending on the equatorial ligand used: corrin, porphyrin, 
and other ligands. 

Cobalt Csrrins as BIZ Models 

Intuitively, one would think that one of the prerequisites 
of a good BIZ  model is a cobalt corrin con~ylex. 
Cobalamin, however, is only soluble in polar solvents 
and oxidizes immediately to its Coin forill in the presence 
of 02. This forms a drawback when one thinks in terms of 
a wide synthetic applicability, but it can also hamper 
mechanistic analyses. A change of the ligand substituents 
can solve this problem. Heptamethyl cobyrinate perchlo- 
rate (Fig. 4A), also named cobester, is soluble in polar and 
apolar solvents.r201 Our recent EPR studies showed that 
the Co(1I) complex is stable at room temperature under air 
for The temperature dependence of the 
oxygenation reaction of cobester could be monitored, 
and the complex was found to be in the deoxy form at 
room temperature. The addition of a nitrogen base was 
found to shift the oxygenation equilibrium in the direction 
of the oxygenated complex. Based on the cobester com- 
plex, several systems were synthesized that can model the 
methylmalonyl-succinyl 

In order to monitor the role of the nucleotide moiety 
in controlling radical reactions, different analogues of 
adenosylcobalamin were synthesized with modified x-D- 
ribose moiety and modified base moiety.[2" In diol 
dehydrase, it was found that the bulky base of the 
nucleotide moiety plays a pivotal role in stabilizing the 
highly reactive radical intermediates, and that it is, 
therefore. obligatory for catalytic turnovers. The upward 
distortion of the corrin ring induced by a bulky base to the 

Fig. 4 BIZ  analogues. (A) Heptamethyl cobyrinate perchlorate.[201 (B) Cobaloxime as proposed by ~chrauze r .~"~  (C) The Costa 
complex as proposed by Costa et a1."" (B=nitrogen base; R=alkyl group). 
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cobalt seems to be essential to prevent reactive radical 
intermediates from undesirable side reactions or from 
escaping out of the active sites during catalysis.1241 

Cobalt Porphyrins as Bq2 Models 

One of the central questions in B I Z  research is why 
complex corrinoids are needed in B12 proteins. Cobalt 
porphyrins occur in nature, and an associated enzymatic 
reaction was discovered,'"] so why did nature not make 
use of these cobalt complexes? Can cobalt porphyrins 
nevertheless mimic some properties of BI2? Because 
porphyrin complexes are more easily synthetized than 
corrin complexes, this would broaden commercial appli- 
cability. In order to seek answers for these questions. 
cobalt porphyrins were studied in detail. Some of the 
heme models we discussed in the first section were also 
considered B models by replacing the central iron atom 
with cobalt.'s1 Besides this, a lot of effort was put into 
fine-tuning cobalt porphyrins to perform specific chemical 
tasks. Recently, Uyemura and Aida successfully designed 
a novel model of coenzyme Biz, having a cobalt(I1) 
porphyrin functionality encapsulated within a radical- 
tolerant, large poly(ary1 ester) dendrimer cage. It was 
found to have a high potential for the steric control of 2,2'- 
azobis(isobutyronitri1e)-initiated transformation of 
alkyne~.['~] 

Other B1, Models 

The synthetic importance of B12-catalyzed reactions on 
the one hand and the reduced solubility and large 
autooxidation rate of cobalamin on the other hand, 
prompted chemists to design synthetic model systems 
that can overcome the drawbacks of cobalamin. In the 
1970s. ~ c h r a u z e r ' ~ ~ '  recognized that cobaloxime (Fig. 4B) 
forms a good model for B12 systems. In cobaloxime, the 
two ligands are twofold H-bonded to form a quasi- 
macrocyclic chelate ring. Based on this early model, 
several bridged intramolecularly alkylated cobaloximes 
were synthesized to model the diol dehydratase reac- 
tion.1281 The Costa complex (Fig. 4C) is found to be an 
even better B12 mimic. because it exhibits a redox poten- 
tial closer to the one of c ~ b a l a m i n . [ ~ ~ I  An additional ad- 
vantage of the relative simplicity of the model complexes 
is that they are of a size that is manageable in modern-day 
theoretical con~putations.["~ However, all of these syn- 
thetic model systems (and also the cobalt porphyrin sys- 
tems) have a major disadvantage in that the supranucleo- 
philic Co(1)-form is under physiological circumstances far 
less stable as in cobalt-corrin systems. Therefore, cobalt- 
corrin compounds are favored when methyl-transfer re- 
actions are the goal. 

In this overview, it is shown that the development of heme 
and B I Z  models has two goals: to gain a deeper 
understanding of the proteins' inner workings and the 
mimicking of specific enzymatic or transport functions of 
the heme and B12 proteins. Heme models have an iron 
porphyrin complex as base. The protein environment 
around the iron center can be modeled by means of 
targeted substituents of the porphyrin ring, like in picket- 
fence porphyrin, by dendritic branches. by a polymer, or 
by designing de novo polypeptides. 

In order to model the extraordinary fi~nctions of BIZ  
proteins: cobalt complexes with varying equatorial ligands 
were proposed. Besides cobalt-corrin complexes, cobalt 
porphyrin models and other cobalt complexes were 
suggested. The comparison between cobalt-corrin and 
porphyrin complexes is essential to unraveling nature's 
choice of the complex corronoid in coenzyme B12. 
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Weak Hydrogen Bonds 

Motcorhiro Nishio 
The CHPl Institute, Tokyo, lapan 

Properties of organic colnpounds are described as the 
consequence of various kinds of chemical forces. Strong 
covalent bonds bind the atoms together into an organic 
molecule or group. Weak interactions are important in 
deciding the three-dimensional (3D) shape of the mole- 
cule and play vital roles in supramolecular chemistry and 
in regulating biochemical processes. Among weak mo- 
lecular forces, the hydrogen bond is one of the most 
abundant. The enthalpy of the ordinary hydrogen bond 
between OH or NH and electronegative atoms such as O 
or N is within the range of 3-7 kcal mol-'. Pauling 
termed the above attractive force the hydrogen bond. In 
the conventional hydrogen bond, contribution from the 
Coulomb energy is the most important, because this is an 
interaction between a hard acid and a hard base in the 
context of the Pearson hard and soft acids and bases 
(HSAB) principle. 

In the second half of the last century, evidence accu- 
mulated to show that weaker hydrogen bonds (2-4 kcal 
mol-') are ~biquitous,"~ including XH/n and CHIn 
interactions (n:  lone pair electrons, as contrasted to n). 
The former is hydrogen bonds between hard acids (HA) 
and soft bases (SB), while the latter is hydrogen bonds 
between soft acids (SA) and hard bases (FIB). More re- 
cently. a still weaker attractive force, the CH/n interaction 
(0.5 -2 kcal mol- I ) ,  was shown to play a substantial role 
in a variety of chemical and biological phenomena. This is 
the hydrogen bond occurring between SA and SB. Stabi- 
lization of this bond, accordingly. comes essentially froin 
the dispersion force and charge-transfer interaction. while 
contribution from the electrostatic energy is relatively 
unimportant. The HAISB and SA/HB interactions fall 
between these two extremes. That the above interactions 
are all true hydrogen bonds was demonstrated by a num- 
ber of spectral, crystallographic, and theoretical studies. 
Compared in Table 1 are characteristics of the four hy- 
drogen bonds. 

The characteristic of a hydrogen bond resides in its 
attractive nature and orientation dependence. This is 
shown in Fig. 1 for CHIn: interactions as a typical exam- 
ple.'21 Notice that the directionality and H/n-plane dis- 
tance correlate and depend on the strength of the proton 

donor. Analogous plots are also reported for other hy- 
drogen bonds. 

Shown ill Fig. 2 are interaction energies as a function 
of intermolecular separation. An interesting point is that 
the stabilization by the weak CHI0 hydrogen bond de- 
creases more slowly than the ordinary hydrogen bond.13' 

Readers are referred to the following two monographs 
aimed at these ~lonconventional weak hydrogen bonds: 
Tlze Weak Hydrogen Bond i17 Stnictilrul C h e i n i s t ~  and 
Biology by Desiraju and Steineri" and The CH/n Inter- 
action. Evidence, Nature, and Corzseyiiences by Nishio. 
Hirota. and ~ r n e z a w a . ~ ~ ~  The former is a thorough and 
in-depth treatise on the weak hydrogen bond, dealing 
largely with crystallographic evidence and consequences. 
The latter is aimed to a particular interaction, the CHln 
hydrogen bond. dealing with various methods and as- 
pects of this molecular force in chemistry and structural 
biology. Recently, Steiner wrote a review to give a sur- 
vey of the hydrogen bonds, with a focus on the structure 
in the solid, on the ground of the modern theory and 
techno~ogy. '~ '  

Another source of information is a list of literature at 
the author's Web site (http://www.hi-ho.ne.jp/dionisio). 
The list is focused on the CH/n hydrogen bond and is 
updated regularly. The topics are categorized into sev- 
eral parts. such as crystal packing: clathrates, database 
analyses, structural biology, theoretical calculations, etc. 
The list also includes literature regarding XH/n and CHI 
n hydrogen bonds, though they are not intended to be 
complete. In this article, for space reasons, historically 
important papers are mentioned but not cited in the 
references. Citations are limited to the most relevant and 
informative. The interested reader is referred to infor- 
mation appearing in these books, articles, or web sites. 

DETECTION OF WEAK HYDROGEN BONDS 

The weak hydrogen bonds are studied by various methods. 
Experimentally. spectroscopy and crystallography are 
most often used. Formation constants or thermal proper- 
ties of an interacting system also provide useful informa- 
tion. Conformational analyses of appropriate inolecules 
may provide information, though indirect. for the weak 
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Table 1 Four types of hydrogen bonds 

Hydrogen bond Example ES ER CT CORR 

HAIHB (ordinary hydrogen bond) H201H20 Important Important Unimportant Unimportant 
HAISB (Own,  NHln, OHIS, etc.) H20/C6H6 Important Moderate Moderate Unimportant 
SAIKB (CWO, CHIN, CHIX, etc.) CH4/H20 Important Moderate Moderate Unimportant 
SAISB (CHln. CHIS. CHISe. etc.) CHJ/C6H6 Unimportant Unimportant Moderated Important 

ES: electrostatic; ER: exchange-repulsion: CT: charge-transfer: and CORR: London dispersion (correlation) term. 
"A matter of cun-ent controversy. 

hydrogen bonds operating between the interacting considerably smaller for weak hydrogen bonds. The NMR 
group.'51 Theoretically, ab initio calculations at high levels spectroscopy also provides information, especially if the 
of approximation are used. electronic substituent effect is analyzed. 

Spectroscopy Crystallography 

The IR spectroscopy, among others, is the most useful. The x-ray diffraction method is most often employed.'"61 
The frequency shift of the X-H stretching band on Neutron diffraction provides information about the loca- 
complex formation (Av) is known as the hydrogen-bond tion of hydrogen atoms. Distance and angle parameters of 
shift. The lower-frequency shift Av of ordinary hydrogen the putative hydrogen-bonded atoms are used in evaluat- 
bonds varies from ca. 100-500 cm- '. but the shifts are ing the nature and strength of the interaction. 

BPLN / A DPLIV 1 A DPLN / A  

2 2.5 3 3.5 4 2 2.5 3 3.5 4 2 2.5 3 3.5 4 

DPLN I A BPLN I A DPLN / A  

Fig. 1 Scatter plots showing the dependence of the CWn access angle 2 on the Hln-plane distance DPLN. (a) CHCl3. (b) CH2C12, 
(c) sp-CK, (d) sp2-CK (x-ray daca). (e) sp2-CH (neutron data), and (f) sp3-CH (CCH3). (From Ref. [2], Fig. 7.) 
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Theoreticas Calculation 

Fig. 2 Interaction energies as a function of intermolecular 
separation C . .  .O in the C W O  hydrogen bond. (From Ref. [3] ,  
Fig. 3.) 

Database Analyses 

The Cambridge Structural Database (CSD), Protein Data 
Bank (PDB). and Nucleic Acid Database (NDB) are 
used.['." The CSD (http://www.ccdc.cam.ac.uk/) is 
equipped with programs QUEST3D for data retrieval 
and VISTA for statistical analyses. The January 2003 re- 
lease includes more than 270,000 crystal structures of 
organic. organometallic, and coordination compounds. 
The PUB (http://www.rcsb.org.pdb/) and NDB (http:/1 
ndbserver.rutgers.edu/) are free for use through the In- 
ternet and contain more than 7000 protein and 2000 
nucieic acid coordinates, respectively, from crystallo- 
graphic and NMR determinations. 

Table 2 Interaction energies of XH/n hydrogen bonds 

Ab initio MO calculations are u ~ e d . ~ ' . ~ '  Correction to 
BSSE (basis set superposition error) is necessary for 
supramolecules. An MP2 or higher level of approxima- 
tions should be employed. This is especially true for softer 
hydrogen bonds such as CH/n or CHIN. because contri- 
bution froin the correlation energy is important. The 
density functional theory (DFT) method is used in cal- 
culating relatively large complexes. To analyze the con- 
tribution of energetic components. Morokuma partitioning 
or alternatives such as intermolecular perturbation theory 
method is used. The Bader's AIM (atoms in molecules) 
method is used to investigate the nature of the interaction. 

HYDROGEN BONDS BETWEEN HARD 
ACIDS AND SOFT BASES 

These bonds between hard acids and soft bases include the 
OH/n, NH/n. and XH/K (X=halogen) hydrogen bonds."." 
These kinds of interactions were actively studied from the 
mid-1950s to the 1960s, by IR spectroscopy. For typical 
OWn and WH/n interactions, the hydrogen-bond shift Av 
falls between 20 and 100 cm- '. The importance of the 
OH/n and NWn hydrogen bonds in and or- 
ganometallic["' crystals was reported. 

Perutz suggested,['21 on the ground of vapor phase and 
crystallographic evidence, the role of aromatic rings as 
hydroge11-bond acceptors in ~nolecular recognition. Re- 
cent MO calculations support t h j ~ . [ ' ~ - ' ~ '  No\ ioa and Mota 
compared, by the AIM analysis. characteristics of the 
O w n .  CH/O, and CHln i~ltei-actions and concluded that 
they are all true hydrogen bonds.[161 Tsuzuki and co- 
workers examined the strength and directionality of the 
OHln and NH/n  interaction^"'^ and compared the results 
with the CWx bond (Table 2). Notice that the electrostatic 
contribution decreases abruptly from an ordinary hydro- 
gen bond to OW/n, NWn, and then to CH/n hydrogen 

Type of H-bond Example Total ES ER CORR Ratio Distance 

Energies in kcal r n o l  ': distance: X . .  .ring-centroid separation in A: ES: electrostatic: ER: exchange-repulsion: CORR: London dispersion term: and 
ratio: E(ES)lE(tol:~l). 
"(From Ref. [17].): MP21cc-pVQZ. 
h ( ~ r o m  Ref. 171.): MP416 - 31 +G(2d.2p). 
'Estiinated CCSD(T) level interaction energy at thc basis set limit. 
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Table 3 Mean H. . .O separation (A) for CHIX hydrogen bonds 
from solvent molecules to various acceptor types (CSD analysis) 

Donor @-Acceptors N-Acceptors C1F-Acceptors 

Source: Adapted from Ref. [33] 

bond. The correlation energy, on the other hand, does not 
change appreciably. 

Steiner and Koellner discussed the role of NWn and 
OHln hydrogen bonds in 592 high-resolution protein 
s t r u c t ~ ~ r e s . ~ ' ~ ~  A brief review emphasizing the importance 
of NHIn, CWO, and CHIn hydrogen bonds appeared.i191 
The WHIn interactions are more frequently found than 
OHIn presumably because NH is softer 
as an acid than OH. The OHIn bond is stronger than the 
WWn and CWn interactions, however, it is not common in 
proteins. It is likely that OH is harder as an acid and seeks 
a hard base as the partner in the physiological environ- 
ment. More information on XHIn interactions in biology 
is ava~lable in Ref. [18] and in Chapter 5 of Ref. [4]. 

HYDROGEN BONDS BETWEEN SOFT ACIDS 
ANDHARDBASES 

Hydrogen bonds between soft acids and hard bases in- 
clude the CWn interaction. Thermochemical studies and 

measurements of CH stretching bands of the CWO and 
CHIN complexed species suggested the capability of 
CH groups as hydrogen donors. The lower-frequency 
shifts Av are of the order 10- 100 cm-.' depending on 
the system examined. The C-H absorption bands often 
shift to higher frequencies in CWO and CWn hydrogen 
 bond^.'^.^' 

In 1962: Sutor proposed the hydrogen-bond nature of 
the CWO interaction on the ground of her crystallo- 
graphic data. In 1982, Taylor and Kennard presented a 
monumental work in this field by surveying crystal 
structures in the C S D . [ ~ ~ ]  Thus, retrieval of neutron dif- 
fraction data and statistical analyses of the distance and 
angle parameters established, unequivocally, the hydro- 
gen-bond nature of the CHIO, CHN. and CWhalogen 
interactions. Desiraju, Steiner. and coworkers extensively 
studied CHI0 interactions in crystals, and the results ap- 
pear in several review  article^.[^^-^^] In Table 3, the 
H . .  .C distance in CHIX hydrogen bonds, examined by a 
CSD study is compared. Notice that the distance depends 
on the strength of the CH donor and the acceptor in the 
interacting system. 

Stoddart and coworkers reported the role of CHI0 
interactions as a control element in supramolecular com- 
plexes.r281 Database studies demonstrated the importance 
of CHI0 hydrogen bonds in the protein stru~ture.~~""'] 
This topic is dealt with in great detail in Ref. [4]. 

Compared in Table 4 are the strengths of the CI-iIO 
hydrogen bonds calculated for methane and its fluorinated 
derivatives in complex with water or formaldehyde.[" It is 
noted that the proportion of the electrostatic term is 
comparable to the ordinary hydrogen bond. whereas 
contribution from the correlation energy is unimportant. 
Acetylene, ethylene, and ethane were shown to interact 
favorably with H 2 0  and NH~.["' The interaction of CHs 

Table 4 Interaction energiesa of CWO hydrogen bonds (Morokuma energy decomposition analysis) 

Total ES EW POL C'F CORR 

ES: electrostatic: ER: exchange-repulsion: POL: polarization energy: CT: charge transfer; and CORR: London dispersion tern1 
"Energies in kcal r n o l  '. BSSE corrections were made for total energies but are not for components. 
h~stimated. 
Sortrce: Adapted from Ref. 131: MP216-3 1 + G*'". 
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Table 5 Comparison of CH/n bonds 

Example ~ o t a l "  ES ER COIPR Ratio 

1':s: electrostatic; EK: exchange-repulsion; and CORR: London dispersion term. 
Encrgics are in kcal m o l l ;  ratio: E(ES)lE(total). 
"(I'rom Ref. [44]): M1'2lcc-pVQZ. 
"~suzuki  el a]., .I. Am. Chem. Soc. 2002, 124, 104-1 12: CCSD(T)/cc-pVQZ. 
'Tsufuki et al., J.  Phys.Clzem. 2002, 109, 44234428: MP21cc-pVQZ. 
"~stimated CCSL)(T) level interaction energy at the basis set limit. 

with N or halogen is importantL4731 but is less common 
than the CHI0 hydrogen bond. 

HYDROGEN BONDS BETWEEN SOFT 
ACIDS AND SOFT BASES 

Interactions such a\  S H I K , ~ ~ ~   CHIS,"^' or CHJS~~"' may 
belong to this category but are not dealt with here. The 
most important IS the CHIn hydrogen bond.l5] 

In 1952, Tamres showed that benzene and analogues 
dissolve in chloroform exothermically. Huggins and 
Pimentel found, by measurement of IR spectra, that the 
interaction of chloroform with benzene showed behavior 
consistent with the criteria for hydrogen-bond systems. 
Many workers since demonstrated that the interaction of 
CH with n-bases was attractive. Argon matrix IR experi- 
ments provide good evidence.'"' Nuclear Overhauser 
effects of a series of simple organic compounds provided 
evidence Sor the hydrogen-bond nature of the CWK in- 
tera~tion."~'  Crystallographic database analyses of or- 
ganic'38,391 and transition metal compounds1401 support the 

conclusion. A number of theoretical studies supporting the 
concept appeared.12.~4.~h.~,~884144j 

Compared in Table 5 are the energies of CHIn bonds 
estimated by high-level ab initio c a l ~ u l a t i o n s . ~ ~ ' ~  Notice 
that the electrostatic contribution is less than 20% when 
a nonpolar CH group is involved. A proportion of the 
electrostatic energy increases when going from sp3-CH 
to sp2-CH and then to sp-CH. A similar trend is obtained 

T-shape or edge-to-lace TCIK intcra~tion.'~""' A consid- 
erable part of the interactions between aromatic side 
chains in may tracc its origin in thc aromatic 
CH/n interaction. 

A unique feature of the CH/n bond is that a number 
of CH groups may simultaneously participate in the in- 
teraction with a K-base. This type oS interaction is favor- 
able, in view of entropy, because an assorted arrangement 
of CH groups is common in organic molecules. Every n- 
group has at least a plane of symmetry. The total Gibbs 
energy of the interaction thus increases; this point is 

by substituting the hydrogens with an halogen atom. Fig. 3 Crystal structure oP 9-(3,s-dihydroxyphcny1janthraCene 
Int~ractions involving aromatic CHS are Stronger than heptane.4.0nc clathrate (CSD refcode REKMAV). Dotted lines 
the aliphatic ones. Thc former is termed the aromatic and Dashed lines indicate CH/n and hydrogcns bonds, 
CH/n interaction, but this is often referred to as the respectively. (From Ref. 1671, Fig. 2.) 
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Fig. 4 CH/n interactions observed In hurndn growth hormone-b~nd~ng proteln (PDB code ?HHR) Lys215/Tyr222/Arg213Phe225/ 
Arg21 l/Trp186/Lys179 (I<~orn ReP [68], F I ~  10.) 

crucial in understanding the role of CMIz interaction. 
Another characteristic, which is of supreme importance 
when considering biochemical proccsses, is that the CHI 
7~ interaction plays its role in protic media, such as 
water, as well as in nonpolar solvents. This is because 
most of its energy originates from the dispersion inter- 
action. The specificity in supramolec~iles comes from 
weak Porces of enthalpic origin, including van del- Waals 
force and weak hydrogen bonds. The so-called "hy- 
drophobic effect" is not the of the specific 
interactions in molecular recognitions, including those 
of proteins. 

The number of papers reporting the role of CHIx in- 
tcraction is rapidly increasing. Only rccent key papers are 
cited here. Chloroform interacts favorably with an arene 
n-cloud of fullerene complexes of ca l i~a renes '~ '~  and 
cyclotriveratrylenc.LsO' Evidence for the role of CH/x in- 
teraction in self-assernbly was prcsented.i51~'21 'I'he sig- 
nificance in molecular capsulesi"3.541 and lattice-'55.'"' and 
cavity-inclusion type c ~ a t h r a t e s ' ~ ~ * ~ ' ~  is well documented. 
Possibilities in designing useful drugiso1 and liquid crys- 
tal I(JO I or agents fbr enantiomer separation'"' and enan- 

tioselcctive were suggested. Houk and 
coworkers attributed the origin of a remarkable endo-stereo- 

selectivity in Diels-Alder reactions to the CHIn and zln 
int~ractions.'~" Importance in thc efficiency and stereo-se- 
lectivity in the photocycloadditio~~i(dd65i and topochemical 
polymerization  reaction^'"^ was demonstrated. 

Illustrated in Fig. 3 is an exatnplc.lW1 Notice that the 
nonpolar CHIz interactions dominate over the ordinary 
hydrogen bonds. 

Significance in the structure of proteins, such as GTP- 
binding proteins, SH2 motif,'"81 MHC antigens, and 
TATA-box binding protein1DNA complexL6" was repor- 
ted. A stacked arrangement oP carbohydrates with aro- 
matic residues was interpreted as being a consequence of 
thc CHIn interaction.17"' An inhibitor with a polyethylene 
elycol moiety was shown to effectively bind the substrate- - 
binding cleft, lined with many aromatic residues, of ace- 
tylcholine esterase. The result was altributed to the CHIz 
int~raction.'~" 

An example is given in Fig. 4 for a sequence of CHIz 
bonds observed in human growth hormone-binding pro- 
tein. Notice that thc methylene hydrogens in Lys and Arg 
arc involved in a stacked manner with aromatic residues, 
Phe, Tyr, and Trp. 

By analyzing 19 adenine-coSactor specific enzymes, 
Chakrabarti and Samanta found CHIz interactions to play 
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an essential role in the binding of substrates.[721 Weiss 
and coworkers analyzed 1154 PDB entries and found that 
CWK interactions are ubiquitously present in the protein 

Further information is available in several 
reviews[18.19.70,741 and in Chapter 11 of Ref. [5] CWx 

interactions in DNA structure were also 

CONCLUSION 

The characteristics of the weak hydrogen bonds may be 
summarized as follows. The stronger the protoll-donating 
ability of XII, the stronger the attractive nature of the 
hydrogen bond. Thus, the following order obtains 
OH > NH> CH. Ainong carbon acids, sp-CH >> sp2- 
CH>sp3-CH. The Hlacceptor distance decreases in the 
above order. As for the proton acceptor, 0 is stronger than 
N, S. and K-bases. Among the K-bases, the electron den- 
sity of the acceptor (n-donor) is important. Directionality 
is a requisite for the hydrogen bonding, distinguishing it 
from the van der Waals force. This also follows the above 
order of strength: the stronger the hydrogen bond. the 
stronger the trend for linearity. 

The implication of weak hydrogen bonds in supramo- 
lecular chemistry is immense, as shown in this and other 
articles in the Erzcyclopeclia. A century has just begun 
where the interaction between molecules is becoming the 
most fascinating target in chemistry and biology; the weak 
hydrogen bonds undoubtedly play the central part. 
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X-Ray Crystallography 
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X-ray crystallography is the most powerful tool in the 
structural analysis of crystalline solids. The extremely fast 
development of computers had a direct impact on the 
speed of x-ray diffraction analysis. Modern area detector- 
based diffractometers allow fast and accurate data col- 
lection and processing, giving the possibility of collecting 
and processing several. even very large, data sets in a day. 
Fast computers also speed structure solution and refine- 
ment. so that even complicated problems can be tackled 
within reasonable time frames. Supramolecular systems 
impose a demanding task on x-ray crystallography. The 
size of the structures to be solved are comparable to small 
proteins (up to MW 10000), yet protein crystallographic 
techniques cannot be applied to supramolecular systems. 
The methods developed for small molecule crystallogra- 
phy have to be adapted to large supramolecular systems, 
thus inaking the analysis of such structures demanding 
and, when successful, rewarding. 

APPLICATION AREAS 

This article is written for nonspecialists to give practical 
hints and advice to those supramolecular chemists 
designing and synthesizing systems they would like to 
study by x-ray crystallography with the help of an x-ray 
diffraction service or a collaborator. To learn the theo- 
retical basis of x-ray crystallography, the reader is en- 
couraged to read some of the recent x-ray crystallography 
textbooks to become acquainted with the principles [at 
introductory,"' intermediateL2' or advanced"] levels]. Mod- 
em single-crystal x-ray crystallography has two major 
application areas. Small-molecule crystallography focuses 
on target structures with weights of the asymmetric unit, 
Mi,,." between 100-700, resulting in precise and accurate 
bond distances and angles with low crystallographic 

"W,, is defined as the ium of the molecular weight of all atoms in the 
a~ymmetric unit. I"/,, of the system studied can be much higher than the 
MW of the (supra)molecule. For example, three molecules of MW 250+ 
four solvent molecules of MUT 78 in the asymmetric unit will give W,, as 
high as 1062 (3 x 250 + 4 x 78 = 1062). 

R-value (normally <0.07) due to good-quality crystals 
with no disorder and a high (usually > lo )  ratio of the 
number of observed reflections to the number of refined 
parameters. The R-value is a measure of the level of 
disagreement between the properly scaled observed 
structure factors (Fobs) and calculated structure factors 
(F,,,,). It is usually given as 96, i.e., an R-value of 0.07 is 
reported as 7%. 

The other, technically quite different application area, 
is protein crystallography, which deals with very large 
structures, even virus structures, up to W,, of lo6. 
However, these structures cannot be considered to be 
crystallographically accurate. Often, the resolution is 
not high enough to determine individual atom positions, 
and instead. amino acid residues are located. Protein R- 
values are seldom less than 0.15. and the ratio of the 
number of observed reflections and number of refined 
parameters is low (<5) .  However, protein x-ray structures 
are coilsidered reliable structural information about the 
conformation and overall structure of the protein in the 
crystalline state. 

Determination of the accurate structures of molecular 
inclusion complexes and molecular assemblies gained a 
lot of importance in supramolecular chemistry. 

Since its birth, supramolecular chemistry was defined 
as "chemistry beyond-the molecule, bearing on the 
organized entities of higher complexity that result from 
the association of two or more chemical species held 
together by intermolecular forces."r41 Detailed informa- 
tion about the nature of these weak intermolecular 
interactions is crucial in order to understand and further 
develop supramolecular systems. Particularly accurate 
structural inforination can be gained in the solid state by 
single-crystal x-ray crystallography. 

THE CRYSTAL 

By far the most important piece of the puzzle in structure 
determination by x-ray crystallography is the crystal. 
Without a good enough single crystal, nothing can be 
done. The first step in x-ray diffraction structural analysis 
is to produce crystalline material that contains at least one 
single crystal with certain properties. The most important 
property is good periodicity of the crystal lattice, viz.. 
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packing of the molecules and solvent molecules (if 
present), to gain enough diffraction power. The periodic- 
ity is induced by crystal growth, a subtle and more or less 
spontaneous orderingldesolvation process of n~olecules, 
ions, and solvent moiecules. No matter what technique is 
used to obtain the crystal. the only goal is to induce the 
best possible periodicity of the entities to be studied. The 
reader is encouraged to read some key articles on crystal 
g r ~ w i n g ~ ~ . ~ ]  or search the World Wide Web for informa- 
tion, using the search term "crystal growth." With 
modern area detector diffractometers. the size of the 
crystal is not as important as it was earlier (well- 
diffracting crystals as small as 0.05 x 0.05 x 0.05 min 
can give good data sets). 

The periodicity of the crystal lattice is not the oilly item 
affecting the diffraction quality of the crystal. In addition, 
the types of the ordered atoms have a significant influence 
on the diffraction power of the crystal. Heavier and well- 
ordered atoms in the crystal lattice will produce the best 
diffraction power. In suprarnolecular systems, the crystal 
lattice consists mainly of light elements like carbon, 
hydrogen, oxygen, and nitrogen. and only when metallo- 
supramolecular systems are studied can heavier elements. 
such as transition metals, bromide. and iodine, be present. 
A rough but practical estimate for the intrinsic diffraction 
power of the compound can be si~nply calcuiated by 
dividing its molecular weight by the number of atoms in 
the moleculelassembly (N). viz. d p = ~ w 1 F J b .  e.g., ben- 
zene dp = 6.5, hexaiodobenzerle dl? = 49.5. Therefore: the 
quality of the crystal. viz. perfect periodicity of the crystal 
lattice, is crucial for light-atom structures with high I/V,, 
(>1000) values. as frequently encountered i n  supramo- 
lecular systems. 

The third important point about the crystal is its 
stability. The first two points related to diffraction 
quality of the crystal may be fine. but !he crystal might 
be unstable under normal laboratory conditions. Large 
supramolecular assemblies are held together with weak 
intermolecular interactions. and crystals consisting of 
such entities are often fragile and sensitive to the en- 
vironment. Solvent often plays a crucial role in the 
crystal growth of supramolec~tlar systems and is needed 
in the construction of the crystal lattice. Due to this fact, 
many supramoleculer crystals are only stable in the sol- 
vent from which they were crystallized. It is not usually 
practical to change laboratory conditions to eehance 
crystal stability, and crystals can be easily handled inside 
the mother solvent and protected against decomposition. 

bhfore precisely tlp should be calculated as dl]= f17,,,,/~V. a.llere rV=number 
of atoms in the asqmmetvic unit. This. liowever, can be doue only after 
the cosnpleted x-ray analysiq, when the total contents of the aymrnetric 
uslit are known. 

When no information about the stablity of the crystals 
exists, all crystals must be treated as extremely ~tnstable. 
This starts immediately at the crystal growing phase. 
When and if crystals form in solution. the crys~allization 
vessel must be closed to ensure that the  noth her solvent 
does not evaporate and that the crystals remain in 
solution. Also, mailing or transporting crystals must be 
done accordingly, in well-packed, sealed tubes, flasks, 
or ampoules. 

For mounting sensitive and unstable crystals, two 
practical methods exist. The selected crystal is "fished~' 
under a microscopy from the mother solvent by a "loop" 
crystal holder (see Fig. !), dipped into perfluorinated 

'1SCOUS, polyether (so-called "Magic Oil"). This "oil" is \ '  

oxygen free, and unreactive. and it for~us a film around the 
crystal. protecting i t  fro111 the hostile environment. During 
data collection. the crystal must not move inside the loop. 
This is best achieved when the crystal is cooled (with 
cooling devices available from x-ray diffractometer manu- 
facturers) below 193 M (-80°C). This procedure has an 
additional advantage in that the low temperature main- 
tained during data collection reduces the thermal move- 
ment of the atoms in the crystal. thus improving the 
quality of the data set. 

If the crystal does not survive cooling (craclts appear 
or intensity of the reflections is lost) or it cannot be 
iransferred intact into the loop (or seems to react or 
decompose inside the oil, as happens occasionally). the 
crystal can be sealed into a capillary crystal holder (see 
Fig. 1). The advantages of this procedure are that the 
crystal is in contact only with the mother solvent (actually 
surrounded by it all the time) and that the data collection 
can be performed at room temperature. Disadvantages are 
the extreme care needed to seal and manipulate the fragile 
capillary crystal holder, which is unique for each crystal, 
and the possible movement of the crystal inside the 
capillary tube during data collection. 

If the periodicity of the molecules. ions, and solvent 
molecules in the crystal lattice is good (no disorder, see 
below) and the structure contains some heavier atoms 
(sulfur or heavier) and data collection can be performed 
without decomposition of the crystal. all should be fine for 
the next phase of the x-ray analysis: data collection and 
structu

r

e solution. 

DATA COLLECTION AND 
STRUCTURE SOLUTION 

Modern diffactometers have automated data collec- 
t i on" - ~~  routines after the crystal is placed into the 

center of the x-ray beam. Wiih area-detector (e.g., CCD 
or image plate systems) diffractometers. it is advisable to 
take one image to check the diffraction quality of the 
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diam. 0.1 - 0.3 mm diam. 0.3 - 0 

mother solvent 

Fig. B "Loop" ( a )  and capillary crystal holder (b) 

crystal. Single-reflection-detector diffractometers pro- 
ceed directly to the unit-cell determination by randomly 
collecting reflections that are then used for unit-cell 
calculations. Before the actual data collection, the 
diffraction pattern image obtained should be caref~illy 
evaluated for two factors: Does the diffraction pattern 
indicate twinning of the crystal ("twin peaks" or two 
reflections systematically too close to each other)? Mow 
high a resolution does the crystal diffract to (visible 
reflections near the edge of the image. Fig. 2). 

If either of these two factors is not acceptable, viz. 
crystal is clearly twinned or does not diffract well enough 
or not at all. select a new crystal. Only with persistent 
selection of a best possible crystal can success be reached. 
Do not give up with the first five crystals, test at least 15- 
20 crystals until you find a well-diffracting single crystal. 
Remember that even bad-looking (under the microscope) 
crystals can diffract well and give excellent results and, 
vice versa, good-looking samples might not diffract at all. 
If the batch of crystals you have does not have any good 
crystals, then recrystallize the whole batch. Working with 
a bad or defected data set obtained from poor-quality 
crystals will result in frustration and loss of time. It is 
advisable to start from the beginning and focus on getting 
good crystals rather than forcing data collection on a bad 
crystal. If you collected or obtained a bad data set (with a 
structure that cannot be solved), then return to the crystals 
and redo the crystallization or select a new crystal. The 
authors' laboratory has many examples of where only a 
persistent crystal selection procedure produced acceptable 
results. With a bad data set, you might be able to solve the 
skeleton of the structure. but you will not be able to refine 
or publish it. 

Even though modern area detector diffractometers are 
able to collect a data set without first determining the 
tinit cell, it is advisable to determine the unit cell first. 
The unit cell will tell you something about the constitu- 
tion of the crystal. When starting the data collection, you 
do not know the W,, of your crystal. However, knowing 
W,, gives you an estimate of possible difficulties you 
may encounter when obtaining the structure solution. The 
unit-cell determination will give unit-cell volume (V), 
which is needed while evaluating W,,. A simple equation 
holds: 

where d=density of the crystal (Mg m'). V=unit cell 
volume (A'), and Z=number of equivalent positions in a 
given space group. Reorganizing, we get: 

Because Z must be an integer [symmetry fixed. see 
Refs. [I-311, we can only have values of l , 2 ,  3 ,4 ,  6, 8, 9, 
12, 16, 24, 32, 48, 96. The density of the crystal can be 
measured using a flotation technique. but a plain intelli- 
gent guess ("hght" organic d =  1 . 0  1.25, metal complex 
d =  1.3 - 1.6) is enough. In the following imaginary 
example, crystallizing G-ethylresorcarene from pyridine 
produces nicely diffracting crystals. and the unit-cell 
determination gives a monoclinic crystal system (see 
Refs. [l-31) with V=4952 A? The MW of C-ethylresor- 
carene is 600.72 and that of pyridine 79.10. Z must 



Fig. 2 CCD imagc from a well-diffracting single crystal with 
large W,,, (= 3293). 

have a value o f  1, 2, 4 ,  or 8 (in a monoclinic system). 
So, with d= 1.2 (intelligent guess), Z=1, we get W,,= 
(0.6023 x 1.2 x 4952)/1=3579.1 I .  In a monoclinic crystal 
system, Z= 1 is rare, so calculate the same with Z=2 and 
2=4. W e  get 2=2=> W,,= 1789.55 or Z=4=> Wall= 
894.78. The W, ,  o f  1789.55 fits with asymmetric unit 
contcnts o f  two rcsorcarenes and seven pyridines 
(Wt,,=1755.14) and W,, o f  894.78 fits with the sum o f  
one resorcarene and four pyridines (W;,,=9 17.12). So, 
hcre, Wa,, tells us that we have two resorcarenes and 
seven pyridines or one resorcarene and four pyridines in 
the asymmetric unit. This is not crucial at this moment, 
because after data collcction, the space group (see 
Rcfs. 11-31) will be determined, and Z will be fixed. In 
this example, the space group would be P21/c and Z=4; 
and the real calculated d= 1.23, and in the structure, the 
rcsorcarene would be solvated with four pyridines. 

The structure solution (see Refs. [I-3J) is done using 
sophisticated (semi)automatic computer programs that 
convert the measured intensities (the data set) into so- 
called-structure factors and then use different techniques 
to solve "the phase problem" (again, see Refs. [I-31). 
Modern structure solution programs [the most used being 
S f - IELXS/SHELXD'~ '  and ~ 1 ~ 9 7 / § 1 ~ 2 0 0 0 , ' ~ '  others exist 
tool need as input only the W;,,,, in a form o f  reasonable 
chemical composition, and the collected data set. The 
success o f  the structurc solution depends mainly on two 
factors: the quality o f  the data collected (which, in turn, 
depends on the quality o f  the crystal) and how much o f  the 
data is observed over a certain threshold value (normally 
used criteria for an observed reflection is intensity, I 

>201). Generally speaking, it can be said (for nontwinned 
structures) that the higher the percentage o f  the observed 
reflections, the better the data (severe systelnatic errors in 
the data can ovcrrule this), and it is more likely that the 
structurc solution programs can produce a feasible model 
for the experimental electron density, viz. the program 
prints out three-dimentional coordinates for the best 
structure solution. Frequently, with smaller and well- 
diffracting structures (W,, <700 and dp > lo) ,  all atoms o f  
the structure are output as the initial model by the 
program, and they just have to be named correctly and 
refined (see Refs. [I-31). The refinement process uses 
incremental movement o f  the atom coordinates and 
atomic displacement parameters (commonly called "ther- 
mal parametcrs") o f  the structure solution model, fits this 
model (the calculated structurc factors) against the data 
collected (the observcd structure factors), and calculates 
the R-value. However, with large supramolecular struc- 
tures, all the atoms are rarely obtained directly from the 
structurc solution program, this is particularly true for the 
included guests and solvent molecules. The missing atoms 
(some o f  which will occur as atoms only at this stage o f  
structural analysis) are located when the partial model and 
observcd data arc subjected to difference Fourier analysis 
(see Refs. [l-3]),  which subtracts the electron density o f  
the partial model from the observed electron density, 
revealing the missing atoms contributing to the observed 
electron density. The cycle, rcfinement+diffrcnce Fourier 
analysisirefinement, is repeated until the residual elcc- 
tron density does not show any more peaks (non-H atom 
cut-off level is ca. 1.0 e A - 7  and the atomic parameters no 
longer shift during the refinement. 

The above applies to structures with good quality and 
well-behaved data. Unfortunately, this is not true in most 
cases for supramolecular structures due to the poor-quality 
crystals often used. Large supramolccules do not form 
well-ordered crystal lattices (periodicity), the dp.7 are low 
(<lo) ,  the W;,,, are large (> 1000), and the crystal lattice 
can contain substantial amounts o f  (different) solvent 
molecules, which quite often are severely disordcrcd, 
further decreasing the periodicity. 

When you have ensured that you have the best 
possible data set from your supramolecular crystal, 
proceed to the structure solution phase. Remember that 
the higher W,, you havc, the greater difficulties the 
structure solution programs will havc in producing a good 
model for your structure. Here, the same principle applies 
as with crystals, do not give up i f f  the first try with rhe 
default parameters o f  the structure solution program does 
not produce results. The programs have many other sets 
o f  parametcrs that will affect the structure solution 
procedure. A rule o f  thumb as to what set o f  values will 
actually produce success with your crystal cannot be 
given. Each crystal structure determination is unique, 
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Fig. 3 Schematic (a) and x-ray (b) structure of a cavitand 
cage.'" The M-atoms and the included disordered triflate anion 
are excluded for clarity 

and it might be that you have to try various settings 
and even different structure solution programs in order 
to get a proper solution. If you tried your best with 
varying the set of parameters and still do not get a 
solution, you have to consider that your space group or 

crystal system may be incorrect (carefully check the data 
for systematic extinctions, and redetermine the crystal 
system). Sometimes a change to lower symmetry might 
help to solve the structure (e.g., going from monoclinic to 
triclinic). This, however, will double. triple: or quadruple. 
your TN,,, thus making structure solution more difficult 
(if W;,, grows large, this simplification will make struc- 
ture solutioil impossible). 

If the space group and the crystal system are correct, 
and you cannot find an alternative, then you must accept 
the fact that the quality of your data is not good enough for 
the structure solution and return to recrystallization of 
your compound. 

DISORDER 

Even if structure solution was successful. the task of 
completing the structure is not yet over. Supra~nolecular 
structures. almost by definition, contain included guest or 
solvent molecules inside the host coinpound or in the 
crystal lattice. This is, as such. not a problem. but quite 
often, these molecules are crystallographically disordered. 
This means that the electron density resulting from the 
guest or the solvent molecule cannot be clearly deter- 
mined, and in severe cases, the guest or solvent cannot be 
located. This unwanted disorder is most prominent when 
the guest or solvent molecule has weak or nonexistent 
interactioils with the host, e.g., inside molecular capsules 
and carcerands. Also. if the host compound contains long 
aliphatic chains, these are often seriously disordered, and 
it can be pal-ticularly difficult to solve and refine the 
structure to an acceptable level. However, careful control 
of the crystal growing process or change of the recrys- 
tallization solvent can reduce the disorder and thus 
improve the quality of the crystal. One example of such 
is a work from the authors9 laboratory, where a large 
cavitand cage compound, [(C268H320N8016P8Pt4) @ 

C F ~ S ~ , ] ~ +  x 7 CF3S0 ,  x 12.5 C6H6 was studied.19' The 
first data collections produced a result where the core of 
the cage was clearly determined. but all together, 88 
carbon atoms from the eight CllH23 alkyl chains could not 
be located. After 6 months of repeated recrystallizations 
and after 20 data coilections from 20 different crystals. an 
acceptable data set was obtained from which the structure 
with all atoms was obtained (Fig. 3). 

The x-ray crystallography of supramolecular systems is a 
difficult but rewarding task. The success of an x-ray study 
of a supramolecular system requires a well-diffracting 
single crystal. Obtaining it is often the most difficult and 
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time-consuming part of the work. Being persistent with 
the diffraction quality of the crystals, viz, best possible 
periodicity of the crystal lattice with no twinning, is the 
key to success. Do not collect data on a bad crystal, test 
several different crystals and do data collection only for 
the best possible crystal. Repeat the crystal growing 
process and change the solvent system if needed. Do not 
worry which solvent you use, aim for a well-ordered and 
nicely diffracting single crystal. Only good data can bring 
you a structure solution. Even though the modern struc- 
ture solution programs are powerful, do not underestimate 
the role of the crystal. Even good data does not necessarily 
produce instant structure solution. Be as persistent with 
the structure solution programs as you should be with the 
crystal quality. The larger the Wa, of your system under 
study, the more difficulties you will face, but successful 
x-ray analysis of an interesting supramolecular system is 
always worth the time you put into it. 
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X-Ray and Neutron Powder Diffraction 

john 9. 0- Evans 
University of Durham, Durham, United Kingdom 

Powder x-ray and neutron diffraction are extremely 
powerf~~l  tools for probing the structural chemistry of 
materials in the solid state. Both techniques can be used to 
gain information about the composition of a bulk material, 
the degree of crystallinity of its components, information 
about its unit cell size and symmetry, and, in favorable 
cases, full three-dimensional (3-D) structural information 
comparable to that obtained from single-crystal methods. 
Powder diffraction experiments can be readily performed 
under the influence of external factors such as tempera- 
ture, pressure, or applied magnetic field; under laser il- 
lumination of a sample; and even as a function of time or 
chemical environment during the synthesis of materials, 
giving valuable kinetic and mechanistic insight into their 
formation. In this article, an overview of the technique 
will be given along with guidelines on the collection of 
high-quality diffraction data and an indication of some of 
the information that can be derived from powder dif- 
fraction studies. 

BACKGROUND 

The techniques and information yielded by single crystal 
x-ray diffraction and single crystal neutron diffraction 
methods (see entries by Rissanen and Wilson) are well 
known and widely utilized by supramolecular chemists. 
The interaction of x-rays or neutron beams with wave- 
lengths comparable to interatomic distances with an 
oriented crystal leads to interference effects that give rise 
to diffracted beams in certain specific directions and with 
characteristic intensities."' From their directions, infor- 
mation about the size and shape of the unit cell can be 
determined: from their intensities, information on the 
atomic positions within the unit cell can be determined. 
Thanks to improvements in single-crystal diffractometer 
design and the huge software advances of recent years, 
at the time of writing, there are some 281,000 crystal 
structure entries in the Cambridge Structural Data- 
base,'21 with approximately 30,000 being added annually. 
The majority of these were determined by single-crys- 
tal methods. 

While single-crystal techniques will probably remain 
the primary tool for structural analyses of supramolecular 
materials in the solid state: the opportunities offered by 
powder diffraction methods should not be overlooked. In 
many cases, single crystals of interesting materials of 
sufficient size and quality for single-crystal methods 
simply cannot be prepared (though increasingly small 
microcrystals can now be studied at a synchrotron source). 
For such materials, structural information comparable to 
that from single-crystal studies may still be obtained using 
powder techniques. In other cases, powder diffraction 
may provide complementary information (such as bulk 
sample composition) to single-crystal techniques. Non- 
ambient studies (under extremes of temperature, pressure, 
magnetic field, or optical irradiation) are often simpler to 
perform on powdered samples than on single crystals, 
allowing for the potential to study functional materials 
under "real" operating conditions; powder studies be- 
come essential when phenomena such as phase transi- 
tions cause single crystals to shatter under working 
conditions. Recent advances in the speeds of powder 
diffraction studies (whole patterns being collected in a 
matter of minutes, seconds: or less) using advanced 
sources and detectors mean that phenomena such as host- 
guest inclusion reactions, chemical transformations in 
the solid state, and crystallization can now be followed 
in real time, allowing valuable kinetic and mechanistic 
insight into the process of chemical transformations. 
Despite powder diffraction being seen as a "poor cousin" 
to single-crystal techniques by many, it is a key member 
of the family of analytical methods that can be brought 
to bear on understanding structural problems. This ar- 
ticle highlights areas of potential interest to supramol- 
ecular chemists. For more in-depth and mathematical 
descriptions of powder diffraction, the reader is referred 

POWDER DIFFRACTION 

In a conventional single-crystal experiment, a beam of 
monochromatic x-rayslneutrons is incident on a suitably 
mounted and oriented single crystal. The phenomenon of 
diffraction leads to diffracted beams being produced in 
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certain directions in space.'" In a single-crystal diffraction 
experiment. the positions and intensities of these beams 
are recorded by film. point detector, or (most commonly 
nowadays) area detector methods. 

In a powder experiment (Fig. I ) ,  instead of a single 
crystal. one has a collection of randomly oriented 
polycrystallites exposed to the beam. Each of these 
polycrystallites can be thought of as giving rise to its 
own diffraction pattern, and individual "spots" on a film 
become spread into rings of diffracted intensity (these 
rings are the intersections of cones of diffracted intensity 
with the film). The intensities of these rings can be 
recorded using film and area detector methods, but they 
are most cornmonly measured by scanning a point or one- 
dimensional (1-D) area detector across a narrow strip of 
the rings. In either case. one call represent the diffraction 
data as a plot of total diffracted intensity against the 
diffracted angle 28. 

To understand at which values of 28 one may see peaks 
in a diffraction pattern, it is often convenient to treat the 
phenomenon of diffraction from a polycrystalline sample 
in terms of the interference of x-rays reflected from 
different planes within the unit cell of a crystal. In this 
way, Bragg's law, which reiates the 28 angle at which 
diffraction peaks occur to distances between planes in the 
unit cell (dhkl), can be readily understood (see Fig. 2). 
Planes are described by LMiller indices, hkl. which are 
related reciprocally to the point at which the plane 
intercepts the cell edges, a. h, and c. 

The information contained in Figs. 1 and 2 immediately 
shows one of the inherent probleins of powder diffi-action. 
The 3-D intensity distribution of a single-crystal experi- 
ment is compressed onto the I-D of 28 space leading to 
a vast loss of information due to peak overlap. In a 
metrically cubic crystal, for example, the 221 and 300 

Fig. I (a) Diffraction from an oriented single crystal. (b) from 
a collectio~l of four crystals at different orientations with respect 
to the incident beam. and (c) from a polycrystalline material. 20 
increases from the film center to the edge. 

Fig. 2 Bragg's law. Constructive interference occurs when the 
path length difference, 2dlIklsin@ between two beams is an in- 
tegral nlultiple of ?.. For cubic systems (a=b=c. R= P=;,=9O0). 
interplanar spacings are given by dhkl=~il(h2+k2+12)112. and the 
more complex relationships for lloncubic systems are given else- 
where (see Ref. [I].). 

reflections (which will generally be of different inten- 
sities) will occur at identical values of 28, and only in- 
formation on their summed intensities is available from 
a powder diffraction experiment. For a triclinic cell of 
the complexity that would be routine for modern single- 
crystal methods (3400 using a typical laboratory 
powder diffractoixeter, there would be -5500 reflec- 
tions predicted between 0 and 90" 28 (d,,,,=1.09 A). 
Even for a highly crystallille material, this will lead to a 
considerable degree of peak overlap.''." There are a 
number of methods that attempt to alleviate overlap 
problems. In one approach (see below), some separate 
information regarding overlapping peaks can be re- 
trieved from intensity variations around the Debye- 
Scherrer rings of deliberately textured  sample^:^" in an- 
other. one can make use of anisotropic thermal expan- 
sion to try and resolve different families of reflections at 
different temperatures. In the absence of such methods, 
overlap can only be reduced by recording the highest 
resolution data attainable for a given sample. 

EXPERIMENTAL METHODS 

There are a host of experimental methods available for 
recording powder diffraction data. each with inherent 
advantages and disadvantages. Those most commonly 
encountered in chemistry laboratories, and therefore most 
likely to be available to supramolecular chemists, are 
outlined here. 

The two nlost commonly used geometries for obtaining 
x-ray diffraction data in home laboratories are shown 
in Fig. 3. In the simplest "reflection" or Bragg-Brentano 
setup (Fig. 3a), one has an x-ray line source at 3. A flat 
plate sample is mounted at 4 and a point detector at 6. The 
sample is scanned through 8 degrees as the detector is 
moved through 20. The most common laboratory x-ray 
source is a sealed Cu tube. To produce monochroinatic 
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Fig. 3 Typical laboratory powder diffraction setups (see text 
for details). Diagrams are not to scale, typical distances 1-3. 
3 4 .  and 4-6 would be -200 mm; a salllple area of - 100 mm2 

would be illuminated. 

radiation (Cu Kcx, (I,= 1.540596 A), one can place the line 
source of the tube at Position 1 and a curved Johannsen 
monochromator (e.g., Ce 11 1) at Position 2 to produce an 
effective line source at Position 3. Either a scintillation 
counter or linear position-sensitive detector is commonly 
placed at Position 6. This arrangement gives high re- 
solution but can suffer from high backgrounds for samples 
that fluoresce under Cu irradiation. Fluorescence effects 
can be reduced by placing a monochromator between the 
sample and detector. Perhaps the most common laboratory 
setup is a post-sample pyrolytic graphite monochromator 
placed at 5 giving an approximate 2:l nlixture of Cu KxI 
(h= 1.540596) and k2 (h= 1.544493) radiation. 

Flat-plate samples can be prepared in a number of 
ways: as bulk powders pressed into a recessed holder or 
sprinkled onto an amorphous surface, such as glass. or 
(preferably) a "zero background" sample holder. such as 
a 51 1 cut Si wafer. Flat-plate methods are. however. prone 
to problems due to preferred orientation, whereby a non- 
random arrangement of crystallites is presented to the 
beam. This can severely skew diffraction intensities-in 
extreme cases. making experimental patterns appear com- 
pletely different to calculated data or database standards. 
Several methods for reducing preferred orientation are 
described in the l i t e ra tu~e '~ . '~ '  The positions and intensi- 
ties of reflections are also influenced by factors such as 
the sample surface roughness and sample absorption pro- 
perties. For organic samples, low absorption can lead to a 
significant portion of diffracted intensity occurring from 
below the ideal sample surface, leading to peak shifts and 
broadening. This method of data collection is, therefore. 
perhaps best suited to relatively absorbing samples or 
"quick' ' qualitative measurements. 

The transmission setup of Fig. 3b is particularly well 
suited for studies on low-absorbing organic/molecular 
materials. Here, the sample is placed at Position 2. usually 
~nounted in a thin-walled glass capillary of 0.2-1.0 mm 
internal diameter and spun in the plane of the page, though 

samples can also be mounted on thin mylar sheets. The 
use of capillaries significantly reduces preferred orien- 
tation effects, though sample mounting is slightly more 
time consuming. 

As with any piece of scientific equipment. the per- 
formance of a powder diffractometer should be regularly 
checked. Various standard materials are a\~ailablei"l to 
check the alignment and intensities of the system. There 
are several commercial suppliers of powder diffractom- 
eters. with inany of the modern designs allowing for a 
number of different experimental configurations on the 
same basic instrument. The introduction of new optical 
devices such as x-ray inirrors to replace monochromators 
gives further flexibility in experimental design. A typical 
"quick" scan from 5-90' 28 on a conventional laboratory 
instrument might take 30 min, a higher-quality scan for 
Rietveld refinement may take 12 h or more. depending on 
instrument configuration. 

Significantly higher fluxes and higher resolution are 
available at a synchrotron source. These also offer the 
possibility to select a precise wavelength for a specific 
experiment (allowing absorption edge studies. etc.) or to 
perform white beam diffraction. Synchrotron-based dif- 
fractometers such as ID31 at the ESRF receive a useful 
flux several orders of magnitude greater than a typical 
laboratory source and can give very high resolution data. 

Powder neutron diffraction offers significant potential 
advantages over x-ray methods in some situations. In 
particular. because scattering occurs from the nucleus 
rather than electrons, one can detect light atoms in the 
presence of heavy atoms (e.g., O/H in the presence of 
metals). The penetrating nature of neutrons also gives 
more confidence that one is studying the bulk of a sample 
rather than a thin surface layer and allows the use of 
relatively complex sample environment equipment. Neu- 
trons are also scattered by magnetic moments in a mate- 
rial. giving the possibility of magnetic structure determi- 
nation. Neutron diffraction can be performed at a reactor 
(usually using constant I ,  neutrons) or at a spallation 
source (usually by the time-of-flight method). Perhaps the 
inajor drawback of this technique for the supramolecular 
chemist is the fact that H scatters neutrons incoherently. 
To avoid unreasonably high backgrounds. it is. therefore. 
nearly always necessary to deuterate samples. 

INFORMATION IN A POWDER 
DIFFRACTION PATTERN 

Any experimental powder diffraction pattern contains a 
wealth of information of potential use to the supraniolec- 
ular chemist. The most important of these (arranged 
approximately in order of increasing complexity of 
analysis) are described below. 
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Phase identification 

Each (crystalline) phase present in a bulk sample will give 
rise to a characteristic set of peaks in a powder diffraction 
pattern. These can be compared to a database of known 
diffraction patterns or compared against patterns calcu- 
lated from single-crystal diffraction data. Many powder 
diffractoineter ~nanufacturers supply automatic search and 
match software to compare experimental data sets against 
the powder diffraction file (PDF), a collection of around 
157.000 data sets maintained by the International Centre 
for Diffraction ~ a t a . " ~ '  Many single-crystal refinement 
packages provide a facility for simulating a diffraction 
pattern from a refined structural   nod el or directly from 
experimental single-crystal data. Recently, a large per- 
centage of the Cambridge Structural Database (approxi- 
mately 200.000 entries by November 2003) were made 
commercially available as calculated powder patterns in a 
format suitable for automated search and match algo- 
rithms. Many other resources for calculating powder 
patterns are available via the Web. 

Perhaps the most important application of phase 
identification to the supramolecular chemist is in con- 
firnling whether the powder pattern of a bulk sample 
cossesponds to a structure determined from a single crystal 
obtained during the same synthesis-there are innumer- 
able examples where the few single crystals produced in a 
synthesis are due to minor products from side reactions or 
impurities. The presence of crystalline coproducts (e.g.. 
KC1 from a salt elimination reaction) can also be readily 
identified. A relatively quick powder diffraction experi- 
ment can often shed considerable light on otherwise 
conflicting pieces of analytical data. 

Quantitative Analysis 

i t  is also possible to obtain quantitative information about 
the composition of a multiphase sample from powder 
diffraction data. Various techniques have been developed 
based on the analyses of intensities of individual peaks 
due to diff~rent phases contributing to the pattern. on 
whole pattern intensity analysis. or multiphase Rietveld 
refinement (see below). Specific details are beyond the 
scope of this article. and the reader is referred else- 
where.[13' It is worth noting that extreme care should be 
taken when determining anci interpreting quantitative 
composition. Results can be severely influenced by 
methods of sample preparation (see above), data collec- 
tion. and analysis. Careful calibration experiments on the 
system of interest are recommended. It is also worth 
noting that it is possible to estimate the quantity of 
ainorphous material in a sample by powder diffraction 
measurements (ainoi-phous materials generally give rise to 
a gradualiy oscillating contribution to the background of 

the diffraction pattern), by careful quantitative dilution of 
a powdered sample with an additional crystalline phase. 

Peak Shape Information 

While the position and intensity of peaks in a powder 
pattern are determined by the unit cell size and contents. 
their shapes and widths are determined by instr~~mental 
effects (which can be col-sected for or modeled) and 
sample properties. such as the sizes and strains of 
crystallites and stacking faults.[31 The simplest expression 
for peak broadening due to sample size (the Scherrer 
formula) predicts that peak width and particle size are 
related by jvhm = K"?Llsire*cosO, where K is a shape fac- 
tor (often 0.9): jivhrn the peak fill1 width at half maxi- 
mum. and 1- the wavelength: absolute numbers from this 
expression should be treated with caution. A sample strain 
leads to a peak width dependence on tan0. In more so- 
phisticated treatments. hkl-dependent peak widths can be 
used to obtain information on the anisotropies of size and 
strain in a sample. More details on the interpretation of 
peak shapes are given e l s e ~ h e r e . " ~ . " ~  

Rletveld Refinement 

One of the main factors that has driven the explosion of 
powder diffraction methods in recent years is the popu- 
larization of the Rietveld method.i'"-'81 In this method, a 
powder pattern is expressed in terms of yobs, the intensity 
observed at a given value of 20. One can use a structural 
model (equivalent to that used in a single-crystal re- 
finement) and a mathematical model to describe how 
experimental peak widths vary as a filnction of 20 to 
deterinine the calculated intensity. ).,,l,. at each experi- 
mental value of 20. The most commonly used function for 
describing powder peaks is a psuedo-Voigt (a mixture of 
Gaussian and Lorentzian contributions). though more 
sophisticated approaches can model peak shape contribu- 
tions from the experimental setup and sample size and 
strain directly. One then typically uses a least-squares 
method to adjust structural parameters. such as unit cell 
size, fractional atomic coordinates, and temperature 
factors. to minimize the difference between yohi and y,,~, 
over the whole experimental pattern. The quality of a 
refinement can be monitored in terms of agreement fac- 
tors R,, or R B ~ ~ ~ ~  (R\\., = [(Cwi[yi(obs)-y,(calc)12)/ 

2 112:- 
(Cw,[yi(obs)l ) I  . R ~ r a ~ :  = [(C/Ihkl(calc) -I~~ki(obs)/)/ 
(Zjlhkl(obs))]). though the best indication of the quality 
of a structural refinement is often a visual inspection of 
the agreement of observed and calculated patterns. An 
example of a Rietveld refinement of an inclusion 
compound is given in Fig. 4.'19' A number of commercial 
and academic software pacliages are available for Rietveld 
refinement. The most widely used are GSAS. Fullprof. 
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Fig. 4 A Rietveld refinement of an NLO-active-layered inclusion cornpound DAZQP[R/I~C~~~X)~]O.~CH~CN [DAZOP = 4-(4- 
dimethylarnino-pl1e11ylazo)-1 -methyl-pyridinium]. Observed data are shown as red crosses, the calculated pattern as a solid line, and the 
difference as the lower solid line. Small vertical tick marks show 20 values where retlections are predicted. (View this art irz color at 
~t~~t~u..dekker-.coni.) 

descendants of the DBWS code and ~ o p a s . ~ ~ ~ ) ~ ~ ]  Many of 
these packages offer the opportunity to simultaneously 
refine a model against x-ray and neutron data. allowing 
one to utilize the often complementary information from 
the two techniques. 

Structure Solution from 
Powder Diffraction Data 

It should be emphasized that the Rietveld technique is a 
refinement method-one needs an approximate set of 
coordinates from which to refine a model. Until the late 
1990s. this meant that Rietveld refinement was largely 
confined to extended metal oxides and chalcogenides. 
where starting models could be inferred from other known 
materials. In recent years, there have. however, been 
dramatic breakthroughs in solving structures ab initio 
from powder data; these will have considerable impact on 
the supramolecular 

The process of structure solution of an unknown 
material from powder data can be divided into several 
steps. First; one must record the highest-quality data 
possible on a (ideally) pure sample. One must then 
determine the unit cell parameters from observed peak 
positions (several software packages exist to tackle this 
nontrivial step). The space group symmetry must then be 
determined from systematic absences. At this stage. one of 
a number of different routes can be followed. One 

possibility is to extract integrated peak intensities from 
the pattern and use techniques similar to those employed 
in single-crystal studies, such as direct methods or 
Patterson synthesis, to solve the structure. Various soft- 
ware packages exist for this. some dedicated to overcom- 
ing the inherent uncertainties in intensities due to peak 
overlap and the inherent data shortage from a powder 
pattern. Structure completion can then be performed via a 
series of Fourier difference maps and Rietveld refinement. 

Alternatively (and perhaps more powerf~~lly for supra- 
molecular chemistry). one can utilize information about 
the cell contents in the form of known molecular 
fragments and their geometric degrees of freedom and 
attempt direct space structure solution. From the molec- 
ular cell contents. one generates a trial stritctural model 
and compares its calculated diffraction pattern to the 
experimental data. Using a Monte Carlo or simulated 
annealing approach, the structural model can then be 
adjusted in a randoin fashion, and the agreement between 
the observed and calculated patterns can be examined 
again. The move is then accepted or rejected based on 
user-definable criteria, and the process is repeated until 
the best agreeinent between model and experiment is 
obtained. With efficient algorithms. many hundreds of 
thousands of trial structures can be generated and tested 
relatively rapidly, even on desktop computers, to produce 
a structural model that can be improved by Rietveld 
methods. Many variations on this general methodology 
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and alternative genetic and differential evolution algo- 
rithms have been developed. Materials of remarkable 
complexity have been solved by this method. The 
structure of the NEB-actille-inclusion compound of Fig. 
4. for which single crystals could not be grown. was 
solved by a related te~hnique."~ '  

It should, however. be noted that each stage of the 
structure solution pathway from indexing to refinement is 
complex and potentially i~~soluble.  The range of techni- 
ques for overcoming each barrier is. however, expanding 
rapidly in what is a fast-moving area of research. 

Experiments beyond a simple room-temperature diffrac- 
tion pattern can yield considerable insight into the 
properties of materials. One of the most readily accessible 
thermodynamic variables experimentally is temperature. 
Co~nmercial attachments are available for most diffract- 
ometers to cool and heat samples from liquid He tem- 
peratures to - 1600°C. Of particular relevance to supra- 
nlolecular chemistry are cryofurnaces. which operate over 
the “chemically interesting" temperature range of 100- 
600 K, and gas-flow systems that typically operate froin 
77-373 K. Shown in Fig. 5. for example, is how a low- 
spin to high-spin phase transition in [FeL2](BF4)2 
[L =2.6-di(pyrazo1-1-yl)pllridine] is revealed by a 
marked discontinuity in unit cell parameter as a func- 
tion of temperature at 260 M: structural information 
above and below Tc can be obtained directly from the 
experimental data.'"l  any single crystals of frame- 
work inaterials produced by crystal engineering studies 
are prepared in a solvated form. Structural changes on 
desolvation can be readily followed by powder meth- 

Fig. 5 The unit cell parameter of a powdered sa~uple of 
[Fei2](BFd)2 [L= 2.6-di(pyrazo1- 1 -yl)pyridine] determined from 
laboratory powder diffraction data. Structural changes at the 
low- to high-spin phase transition are readily visible. (Vie~r. this 
art i i ~  coloi. nt ~vrt'>t,.dekker..corn.) 

ods. alleviating problems due to crystal degradation in 
single-crystal studies. Polymorphic phase transitions and 
the evolution of solvate and hydrate pse~~dopolymosphs, 
of particular relevance to the pharmaceuticai industry, 
car! also be followed readily in simple sample stages. 

The behaviors of materials under applied pressure are 
also readily studied by powder methods. Using small- 
volume diamond anvil cells most suitable for x-ray work, 
pressures of several hundred GPa at temperatures up to 
several thousand M can be a~hieved. '~"  Larger volumes of 
samples can be studied by neutron techniques using gas- 
pressure cells (up to - 1 GPa 011 several c m b f  sample) or 
more sophisticated designs such as the Paris-Edinburgh 
design cell (up to -30 GPal370 K on 30 mm3). Such 
studies have revealed a wealth of important structural 
chemistry in a variety of molecular systems. 

Finally, the possibility of perforining a powder dif- 
fraction experiment during a chemical reaction should not 
be overlooked. Various workers have shown that by using 
high-energy (and therefore highly penetrating) x-ray 
beams at synchrotrons, one can literally monitor reactions 
occurring in test tubes (or inore sophisticated reactors) in 
real time by powder diffraction metl~ods.'~""" By way of 
an example. 09Hare and coworkers showed that diffrac- 
tion patterns of - 100 mg of a suspension of solid SnS2 in 
toluene can be recorded in as little as 5 sec. One can then 
introduce a molecule such as cobaltocene and monitor in 
real time the structural changes and kinetics of the host- 
guest intercalation reaction. The opportunities afforded by 
such a methodology to other areas of supramolecular 
chemistry must be considerable. 

Powder diffraction studies can provide a wealth of 
structural and ~lonst'uctural information. Powder diffrac- 
tion studies can provide quantitative information on 
multiphasic samples, atoinic coordinates similar to those 
from single-crystal studies. and give microstructural 
inforlnation on the properties of iildividual crystallites. 
The ease with which nonambient experiments can be 
performed makes powder diffraction one of the more 
powerful characterization tools available to the supramo- 
lecular chemist. 
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INTRODUCTION 

Since the first synthesis of a zeolite. the A zeolite, de- 
veloped by ~ i l t o n " . ' ~  in 1949. there has been constant 
development in the work on these special microporous 
solids and their applications. During the second half of 
the twentieth century, zeolite properties were chiefly ex- 
ploited by the oil refining industry. but from the 1970s 
onwards. they gradually came to be used by the major 
intermediate petrocheinical industry and also by the end of 
the 1980s['] by the promising field of fine chemicals. This 
article on the principal applications of zeolites will deal 
only with the refining and petrochemical industries. Now- 
adays, these applications concern two major categories of 
petroleum cut processing: the physical types of processing 
that belong to the field of adsorption and chemical types of 
processing by catalysis. These forms of processing 
produce petroleum cuts with characteristics that comply 
with the specifications laid down by government author- 
ities. Shown in Table 1 are the chief characteristics that 
allour us to judge the qualities of' four major petroleutn 
fractions: liquefied petroleum gases (LPG). gasoline, gas 
oil, and lube oils. It also shows how the different types of 
hydrocarboil coiltribute to these characteristics and indi- 
cates the quality of the fractions produced by three typical 
refining processes. 

The considerable success of zeolites is partly due to 
their shape selectivity, which has led to decisive progress 
in numerous applications in which they are involved: 
intensive drying and purii'ication. fine separation. and 
improved catalytic activity. selectivity. and stability. Their 
shape selectivity is due to fhe very fine and regular pores 
present iil their structure. Access to the pores is controlled 
by apertures with size that varies according to the zeolite 
considered. Zeolite success is also due to the confinement 
of molecules in the restricted pore space, which results in 
high molecule conceiltrations in the pores. This property 
is involved in adsorption and catalysis. promoting bimo- 
lecular reactions as opposed to monomolecular reactions 
in the latter. Shown in Table 2 are the structural types and 
pore aperture sizes of the zeolites used in the different 
processes of the refining and petrochemical industries. It 
also indicates the nature of the principal molecules capable 
of penetrating the pores and of some molecules that are too 
large to diffuse thl-ougliout the lnicroporo~~s structure. 

Almost all the zeolites used in the field of adsorption are 
s i l i~oa lumina tes . '~~~ '  Their adsorption properties depend 
on the concentratio11 of intrazeolitic cations, which is 
governed by the conce~ltration of aluminium in the zeolite 
framework, by the nature of the cations (valence and size), 
and by their crystallographic positions. The high degree of 
confinement of the molecules in the fine pores of the 
zeolites results in iiltensive adso~ption of the molecules at 
low partial pressure, and it is significa~ltly inore intensive 
than with the traditional silica. alumina, or activated char- 
coal adsorbants. The intensive electrostatic field in the 
immediate vicinity of the zeolitic cations promotes the 
adsorption of the polar molecules (e.g., water, alcohols, 
H'S) or the polarizable molecules (e.g.. olefins). The 
adsorption properties differ greatly from zeolites rich in 
aluminium (hydrophilic zeolites). which have a strong 
affinity for polar molecules: and zeolites that contain little 
aluminium (and, consequently, zeolitic cations) (hydro- 
phobic zeolites), which tend to adsorb preferably noripolar 
molecules, such as saturated hydrocarbons. The transition 
from hydrophilic zeolites to hydrophobic zeolites corre- 
sponds to a silicon-to-aluminiin (Si/Al) atomic ratio of 
around 8-10. 

Industrial adsorption applications in the refining and 
petrochemical industries fall into two main categories: the 
purification of varioils fluids, including intensive drying. 
and the fine separation of molecules within a mixture. 
These applications mainly involve two zeolite structures: 
LTA (zeolite A) and FAU (faujasite) (Table 2). Other 
zeolites are also of interest but to a lesser degree: for 
example. mordenite (MOW structure) is more resistant 
and was used in some catalytic reforming installations 
for drying recycle gas rich in HCI. and silicalite (silica- 
rich zeolite with the MFI structure) is potentially use- 
ful for removing some organic colnpounds present in 
refinery wastewater. 

The choice of the zeolite structure to be used as 
adsorbent is based on three criteria: its adsorption 
capacity, its shape selectivity, and its varying affinity 
for removing or recovering the molecules. After adsorp- 
tion. tile zeolite has to be regenerated before it is used 
again. Three main regeneration techniques are used: 
thermal swing processes (TS). pressure swing adsorption 
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Table 2 Zeol~tes used In the ret~ning and petrochemlcdl ~ndustries Principal stluct~~ral characteristl~s and a p p l ~ ~ a t ~ o n s  

Pore Principal Principal unaccepted 
Zeolite apertures accepted or barely accepted 
structures Zeolites (Angstrdn~) moleenles molecules Applications 

P. N. Monoaro Polyalkylnaphthenoaro 
Polyalkylpolyaro 

Drying, purification, 
separation of C8 aroinatics 
Cracking (FCC) and 
hydrocracking of VGO, 
alkylation of aromatics 
Cumene synthesis B E A  

LTL 

MOR 

Beta 

K-L 

Mordenite 

P. N. Monoaro Polyalkylnaphthe~ioaro 
Polyalkylpoly aro 
Poly alkylnaphthenoaro 
Polyalkylpolyaro 
Trialkylrnonoaro 

P. N. Monoaro Aromatization 

P, N. xylenes. 
TMB 

Hydroisornerization of n-P 
Xylene isomerization, 
transalkylation of aromatics, 
cumene synthesis 
FCC, dewaxing, aromatiration. 
xylene isomerization. 
toluene disproportionation. 
ethylene-benzene alkylation 
Methanol-fuels or light olefins 
Isodewaxing 

MFI ZSM-5 
Silicalite 

11-P. MBP. 
Xylenes 

2,2,4-TMC5. TMB 

AEL SAPO- I I il-P, Slightly BP 
(MBP) 
n-P, Slightly BP 
(MBP) 
Cumene 
MBP 

TON Isodewaxing 

MWW 
FER 

EB and cumene synthesis 
Butene isonierization 

LTA Drying of alcohols and olefiiis 
Drying, purification 
n-Pli-P separation 
Methanol-light olefins 
Xylene isoinerization 

H20. NH3 
H20, CO,, C2H6 
12-P 
n-P and 11-0 

Xyleiies 

n-P. 12-0 
n-P and lz-O>C2 
1-P 
i-P, i-0. inonoaro 
T M B  

CH A 
Undisclosed 
(IFP. UOP) 

Ke): P: paraffins: 0: olefins: N: naphthenes; aro: aromatic?: n: normal or linear: i: iso; BP: branched paraffins: MBP: monobranched paraffins: DMP: 
dinletlqlparaffini: TMCs: trimethylpentanes: EB: ethylbenzene: TMB: trimethylbenzenes: DIPB: diisoprop)~lbcnzenes. 

(PSA). or displacement by a fluid chat may be inert or, on 
the contrary. may compete with the adsorbate. 

Raising the temperature is the desorption method most 
colnmonly used in cyclic processes. It can be used in the 
liquid or gas phase and is Inrich more effective when the 
adsorbate has a strong affinity for the zeoiite (as in the case 
of polar n~olecules like \?later). Reducing the pressure is a 
faster desorption method but is used preferably in the gas 
phase with gases that are only weakly adsorbed. Desorp- 
tion by displaceillent may be used in liquid or gas phase 
and is the only method that can be used continuously (with 
countercurrent processes). 

cases, is a gas. For drying natmal gas that contains only 
saturated hydrocarbons, the 4A zeolite (Si/A1= 1 ,  cation= 
Na. pore apertureN0.4 nm) is generally used (Table 2). 
For drying olefin-rich gases (e.g., cracked gases from the 
fluid catalytic cracking (FCC) stream]. the 3A zeolite (Si/ 
A1 = 1 cation = M ,  pore aperture - 0.3 nm) is preferably 
used; because its pore size excludes hydrocarbons. The 
various impurities contained in the fluids are generally 
removed simultaneously with drying. as in the case of 
the purification of saturated acid hydrocarbon cuts (sour 
gases) containing sulfur compounds such as H2S and mer- 
captans. CO,, and water. The zeolite used is generally 
f 3X (1.2<Si/A15 1.5, cation=Na; pore aperture-0.74 
nm); which has an adsorption capacity greater than that of 
the A zeolite. The affinities of the various impurities for 
the adsorption sites are in the following decreasing order: 
H20 >H2S >C02 .  Apart from drying. which is generally 

Drying and Purification sf Fluids 

The choice of the adsorbent to be used for drying a fluid 
depends chrefly on the nature of :he fluid. which in most 
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carried out sirnultaneously. the sweetening of sour gases 
only requires the removal of the sulfur compounds (H2S 
and mercaptans). so that regeneration of the molecular 
sieve is only necessary once these molecules, particularly 
HIS, have broken through. However, a factor that often 
has to be taken into account is the forination of COS due 
to the reaction between C 0 2  and H2S. The formation of 
COS should be minimized. because only a small amount 
of the gas is adsorbed on the sieve, and H2S may then be 
reformed by hydrolysis in the presence of traces of water. 
The use of a 10X zeolite (cation=Ca) instead of a 13X 
zeolite reduces this risk. 

Drying and purification operations are almost all 
carried out in processes using at least two reactors and 
operating in a cyclic manner. Desolption by temperature 
switch (TS) is the technique most frequently used. 

Separation Applications 

The main applications in the field of hydrocarbon 
separation concern the recovery of a-paraffins contained 
in the light cuts from C4 to C6, or in heavier cuts such as 
kerosene from C l o  to C15 approximately, and that of some 
isomers contained in the aromatic cuts (e.g., the recovery 
of paraxylene from Cs aromatic cuts) (Table 2). 

The separation of branched paraffins from a mixture of 
n- and isoparaffins with 4. 5:  or 6 carbon atoms is almost 
always associated with an isomerization operation to 
maximize the production of isoparaffins for the gasoline 
pool (Table 1). It is performed on a 5A zeolite with pore 
apertures in the region of 0.45 nm that allow the passage 
of n-paraffins but not of other isomers (Table 2). A wide 
range of techniques for the use of this zeolite were 
adopted in the various existing industrial processes. Most 
operate in the gas phase according to a cyclical technique 
involving vacuum desorption or displacement by a gas. 
Two of them operate in liquid phase using a desorption 
technique invoiving chromatographic-type displacement. 

Long straight paraffins from Clo to CIS  contained in 
kerosene find applications in the detergent industry. 
Although these paraffins are strongly adsorbed on the 
51% zeolite, a temperat~~re-switch cyclic desorption process 
cannot be used, because it would require temperatures of 
over 350°C. at which coking inevitably occurs. The only 
possibilities. therefore, are vacuum desorption or dis- 
placement with a desorbent. The possible desorbents 
include hydrogen. 11-pentane, or ammonia. 

It is impossible to remove paraxylene from a mixture of 
xylenes and ethylbenzene by distillation, because the 
boiling points of para- and metaxylene are too close to 
each other. It is difficult and costly to do so by crystal- 
lization, mainly because of the existence of an eutectic 

between these two isomers that restricts the rate of 
paraxylene recovery to around 65%. The modern separa- 
tion technique simulates a countercurrent flow between 
the isomer mixture and the adsorbent bed composed of the 
cationic forin of an FAU structure zeolite (Table 2) and 
allows a rate of recovery of at least 92% of paraxylene of 
over 39.7% purity. This technique uses liquid-phase chro- 
matography. and the recovery of paraxylene is realized by 
means of a desorbent. In order to make the operation 
continuous, the columll in which the fixed adsorbent bed 
is located is equipped with multiple inletloutlet connec- 
tions, allowing liquid to be injected or drawn off. Counter- 
current flow is simulated by the passage from one con- 
nection to the next in order to displace the level of 
injection of the mixture of liquid isomers and desorbent 
and that of the withdrawal of the extract (the paraxylene) 
and the raffinate, at the same speed as the displacement of 
the liquid in the fixed zeolite bed. The adsorbent used is an 
X or Y zeolite containing alkaline-earth ions. mainly 
~ a ' + ,  and possibly potassium ions, the role of which is to 
optimize the affinity of the zeolite for paraxylene. 

The technique of desorption by simulated countercur- 
rent flow displacement is also applied to other separation 
operations: the separation of ethylbenzene from a mixture 
of aromatics and that of olefins from a mixture of olefins 
and paraffins. The conlposition of the zeolite adsorbent is 
adjusted in each case to optimize the effectiveness of the 
separation: Na-Y or KSr-X zeolites for ethylbenzene and 
Ca-X or Sr-X for olefins. The nature of the liquid 
desorbent also depends on the nlolecule to be separated. 

APPLICATIONS IN THE FIELD OF CATALYSIS 

Refining 

Cracking of heavy feedstocks 

Cracking of vacuum gas oil (VCO) is the first catalytic 
application of  zeolite^.^^-'^^ From 1962-1963 onwards, 
the replacement of the former amorphous silica-alumina- 
based low-acid catalysts by catalysts containing the Y 
zeolite (FAU structure) with higher acidity resulted in 
considerably improved catalytic activity and gasoline 
yield. Today, cracking catalysts. except in rare cases. 
contain from 10-4056 of Y zeolite dispersed in a more or 
less active solid matrix and are used in fluidized bed units 
(FCC or fluid catalytic cracking units). The role of the 
matrix is to ensure the precracking of the larger molecules 
in the feed. principally the alkylnaphthenoaromatics and 
the alkylpolyaromatics that cannot penetrate the micro- 
pores of the zeolite. which are limited by a circular 
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been removed, is treated by the zeolite catalyst in 
the second-stage reactor. The hydrodehydrogenation 
function is usually based on a noble metal. 

Bewaxing of gas oils and lube oil base stocks 

Some gas oils and lube oil base stocks. particularly those 
produced by hydrocracking, have cold flow properties 
that do l ~ o t  comply with specifications. The molecules 
responsible for these problems are mainly the long 
straight-chain alkpls, including those linked to a naph- 
thene or arornatic ring (Table I). There are two ways to 
remove these chains-by selective hydrocracking or by 
selective hydroisomerization. 

Dewaxing of Jet Fuels, Gas O i b  and Lube Oil Base 
Stocks by Selective Hydrocracking. In 1977, Mobil 
announced that it developed a selective acid ZSM-5-based 
catalyst for dewaxing jet fuels and gas oils (Table 2).[20."1 
The pores of this zeolite (diameter around 0.55 nm) 
readily allow the penetration of straight-chain paraffins 
and long straight-chain alkyls juxtaposed to a ring, and to 
a lesser degree. alkyl chains that include a branched 
methyl group. These chains are cracked by the ZSM-5 
zeolite at a temperature of between 300-400°C into 
smaller fragmellts that are distributed between the LPG 
and gasoline fractions. At the beginning of the 1980s, this 
application was extended to lube oil base stocks using the 
same zeolite. 

Craclcing all or part of the straight-chain paraffins 
irnproves cold-flow characteristics of the hydrocarbon cut 
processed. but on the other hand, it has the disadvantage 
of reducing its yield and of slightly deteriorating some 
important properties of the cut-the jet fuel smoke point, 
gas oil cetane number. and lube oil viscosity index. The 
dewaxing operation should therefore offer the best pos- 
sible compronlise between the desired cold-flow char- 
acteristics. the yield requirements, and the combustion or 
viscosity characteristics. 

The feed does not require previous hydrotreating 
before dewaxing, because the organic base nitrogen 
molecules that it contains are too large to penetrate the 
pores of the ZSM-5 zeolite and inhibit its acidity. 
Hydrotreafng would lead to the conversion of these 
bulky nitrogeneous organic molecules into ammonia that 
would penetrate the pores of the zeolite and inhibit its 
acidity. In such a case, this would impose the separation of 
ainrnonia upstream of the dewaxing reactor. 

A large amount of the cracked products is present in the 
gasoline cut. In the absence of any strong hydrogenation 
funcf on. the acid ZSM-5 zeolite produces olefinic gaso- 
line with a high octane nun~ber as a by-product. 

Isodewaxitzg. The second way of catalytically improv- 
ing the cold-flow characteristics of a petroleum cut is to 
isomerize the paraffins while minimizing cracking so as 
to obtain a very high distillate or lube oil base stock 
yield.[2032"2" This is an attractive solution in the case of 
lube oil base stocks. Their added value is much higher 
than that of distillates and so provides an incentive to 
minimize cracking into light by-products of lower value. 

With the acid ZSM-5 zeolite used in dewaxing by 
selective hydrocracking, the cracking of n-paraffins is 
preceded by their isomerization into branched paraffins. 
The most branched of them are retained in the pores and 
are cracked into smaller fragments that may break free. 
There are two ways of avoiding or restricting the cracking: 
by using a more open zeolite such as the Beta zeolite (BEA 
structure), for example, which allows ~nultibranched 
isorners to escape from the pores before they are cracked, 
or by finding a zeolite with a pore size and shape that do 
not allow the for~nation of multibranched isomers that are 
easily cracked. The first solution cannot prevent signifi- 
cant cracking, whereas the second solution appears more 
promising, provided the appropriate zeolite(s) can be 
found. The first results of removing linear paraffins by 
selective hydroisoinerization were published around 1987 
and concern the treatment of lube oil base stocks by the 
SAPO-11 zeolite (Table 2). This zeolite has intermediate 
pore apertures (with a diameter of around 0.5 nm) and the 
required shape selectivity to inhibit the formation of easily 
cracked multibranched isomers and to allow the formation. 
even at a very high rate of conversion, of only slightly 
branched isomers that are difficult to crack. The catalyst 
used is bifunctional and possesses a strong hydrogenation 
function based on a noble metal (Pt or Pd) that requires 
operating with feeds that have low concentrations of 
organic sulfur and nitrogen compounds. Other zeolites 
possess properties comparable to those of the SAPO-I1 
zeolite: ZSM-22 and 23, and ferrierite, for example. 

The first process for dewaxing by hydroisomeriza- 
tion was commercialized in 1993 for lube oil base 
stock treatment. 

lsomerization of 69,-69, light paraffins 

The most effective zeolite for this industrial application is 
an acid-modified ~nordenite (Table 2) associated with a 
small amount of Pt and has been used since 1970.125-281 It 
does not involve the pollution and corrosion problems of 
conventional superacid catalysts with Pt on highly 
chlorinated alumina. It has much lower acidity. and 
therefore requires a high reaction temperature (220- 
250°C) that is thermodynamically not favorable to 
isomerization. It could rapidly be superseded by new 
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solid catalysts that are much Inore acidic. nonpolluting. 
and noncorrosive. such as sulfated zirconia. 

Aliphatic alkyiation 

During the 1990s, considerable work was carried out on 
aliphatic alkylation for the purpose of replacing liquid acid 
I-IF and FIISOl catalysts that were considered to be too 
dangerous for human beings and the 
The potential catalysts identified, including the USU and 
BEA, have selectivities similar to those of liquid acids, in 
spite of lower activity. but they are rapidly deactivated, 
and so a simple and economical procedure for regenerating 
their activity has to be designed. Several interesting pro- 
cesses were imagined. including suitable hydrogen treat- 
ments at low or medium temperature, but none has yet 
reached the industrial stage, because they do not provide 
sufficient gains in perforinance or investment and oper- 
ating costs. At present, these new catalysts inay not make 
any headway unless substantial incentives are imposed by 
the authorities. 

Aromatization of aliphatic hydrocarbons 

Zeolites were used in various processes that convert 
paraffins or olefins into alkyl  non no aromatics containing 
chiefly from six to nine carbon a t ~ m s . ~ " - ' ~ ~  There are va- 
rious catalysts, and they involve a base or an acid zeolite. 
according to the type of process. The first catalyst, iden- 
tified at the end of the 1970s. is composed of Pt deposited 
on the L zeolite (Table 2) exchanged wit11 large alkaline 
ions such as poiassiu~n or alkaline earths. such as Ba. 
which gives it an alkaline nature. This cataiyst is mono- 
functional and is conceptually different froin the conven- 
tional bifunctional acid catalysts based on Pt on chlorinat- 
ed alumina. It selecti:.ely dehydrocyclizes the paraffins 
into aromatics, particularly hexane. which is the least 
reactive of them. The reaction takes place on the metal, 
which develops a special selectivity in contact with the 
alkaline zeolite. This aromatization process has not been 
successful so far. partly because of the extreme sensitivity 
of the catalyst to the slightest trace of sulfur compounds. 

The other processes developed in the 1980s involve an 
acid catalyst. The purely acid H-ZSM-5 zeolite, for 
example. is used at around 50O0C for cracking the olefins 
and paraffins in light FCC gasoline into smaller olefins. 
some of which are subsequently oligomerized and cy- 
clized into r n o ~ l o a r o m a t i c s . " ~ . ~ ~ . ~  

The bifunctional catalyst colnposed of gallium or zinc 
or. to a lesser degree, of Pt which are introduced into the 
ZSM-5 zeolite. is capable of aromaiizing saturated or 
unsaturated C? to C4 hydrocarbons. particularly LPG, and 

hydrocarbons with tlve and slx carbon atoms, at around 
5 0 0 " ~ [ ' ~  371 (Table 2) 

The environmental conctralnts prevniling at the begin- 
ning of the twenty-fust centuly are not likely to promote 
the commercial success of these processes. The scheduled 
reduction in the aromatics content of gasoline is likely to 
result in a surplus of these hydrocarbons on the market in 
the coming years. 

Skeletal isomerization of linear olefins 
with four and five carbon atoms 

This reaction produces the isobutene and isopentenes 
necessary for the synthesis of the principal ethers MTBE, 
ETBE, and TAME used as high-octane-number gasoline 
blending  component^.["^'^ On most of the nonzeolite 
acid solids, the isomei-ization of w-butenes takes place via 
two different mechanisms: the monomolecular one selec- 
tively produces isobutene, and the birnolecuiar one is not 
selective. Sonle zeolites of intermediate pore size, espe- 
cially ferrierite (Table 21, with acidity and shape selectiv- 
ity that strongly favor the monornolecular mechanism, 
have a selectivity for isobutene far greater than that of 
other solids. The situation is somewhat different in the 
case of pentenes. In this case. the selective monomolecular 
mechanism is dominant on all the solids and is not 
particularly favored by any acid zeolite. The superiority of 
feri-ierite for the synthesis of isobutene was proven in a 
demonstration unit, but very few processes have yet been 
commercialized, due mainly to the threat that bangs over 
MTBE. The addition of this ether to gasoline might be 
permanellily prohibited in a number of countries following 
the contamination of groundwater in California at the end 
of the 1990s due to leakage from MTBE storage tanks. 

The dimers and trirners of the light olefins (C3= to Ci=) 
produced with acid catalysts are generally branched and 

77,121 H ~ ~ -  make good gasoline-blending components.[-- 
ever. the open zeolites like the Y zeolite are less effective 
catalysts for this application. because they have a lower 
stability than amorphous silica-alumina catalysts. On the 
other hand, the shape selectivity of zeolites with s ~ ~ l a l l  
pore apertures. like the ZSM-5 zeolite (Table 2), only 
allows the formation of slightly branched oligomers. 
Around 200°C and a pressure of 2 MPa, the major parts of 
the hydrocarbons formed are aliphatic, of which the Clz- 
C2_i fraction can be used, after hydrogenation, as jet fuel 
and diesel oil.''" At higher temperatures, the oligomer- 
ization is followed by cracking. MT, and aromatization. 
all reactions that lead to a good-quality aromatic-rich 
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gasoline as the major product.["1  his type of process, 
commercialized in the early 1980s, is still far from being 
widespread, as the product qualities are just at the limit of 
the specifications imposed. For instance, the motor octane 
number of gasoline is below 85, and the cetane number of 
diesel oil is at the best only just above 50. 

In another type of process. mordenite ion-exchanged 
with nickel is used to convert olefins from C2 to Cs into 
gasoline, jet fuel, and gas oil, under pressure and at a 
temperature between 200-280"~.'"' 

Conversion of the aromatics of 
some petroleum cuts 

The acid ZSM-5 zeolite is used to lower the benzene 
content of reformates to below l%.["'] For this, the 
benzene of the light fraction of the reformate is alkylated 
by the light olefins, ethylene and propylene, present in the 
FCC fuel gas, into higher monoaromatics. This operation, 
which is performed in a fluidized fixed-bed reactor with a 
continuous catalyst regeneration, decreases the total 
gasoline yield of the reformate due to the cracking of part 
of the paraffins but slightly increases the octane number. 

Conversion of methanol into gasoline 

The first industrial unit for gasoline production by 
conversion of methanol on an acid ZSM-5 zeolite fixed 
bed (Table 2) came onstream in New Zealand in 
1985, ['2.".44] The gasoline produced is rich in isoparaffins 
and aromatics and has a high octane number (NOR-93). 
A moving-bed process producing a slightly better gasoline 
was also developed but never went further than the 
demonstration stage. The main advantage of the ZSM-5 
zeolite is its shape seiectivity that does not allow the 
formation of heavy aromatic products with over 10 carbon 
atoms and, hence, prevents the formation of coke. At 
present, this application is only viable in specific local 
political and econoinic situations and only limited success 
can be expected in the near future. 

Petrochemicals 

'4pplications of zeolites in the petrocheinical industry first 
concern the transformation of aromatics and second. light 
olefins-on one hand, their production from methanol 
and, on the other hand, their interconversion. 

lsomerization of C8 aromatics with 
transformation of ethylbenzene 

The catalysts used differ considerably according to the 
nature of the desired transformation of the ethylbenzene 
presellt in the aromatics.[22 4s-s01 

Mordenite has been used since the second half of the 
1970s in industrial xylene and ethylbenzene isomerization 
processes, chiefly for the production of paraxylene. the 
isomer for which there is the highest demand (Table 2). 
First, the isomerization of ethylbenzene into xylenes 
implies a bifunctional acid catalyst. Second. it requires a 
temperature of around 400°C and hydrogen pressure in the 
region of 1-1.5 MPa. The catalyst is. therefore. composed 
of acid mordenite associated with a strong hydrogenation 
function, supplied by Pt. 

Although mordenite is much more active than the 
former amorphous silica-alumina-based catalysts. it is not 
fully selective for this application and should progres- 
siveljr be replaced by other high-performance acid zeolites 
such as that with a 10-membered ring aperture, which was 
recently developed1501 (Table 2). 

The isomerization of xylenes and the dealkylation of 
ethylbenzene into benzene are other possibilities that have 
been industrially exploited on a large scale since the mid 
1980s. This requires a catalyst that is more effective than 
mordenite; which is not very active in dealkylation. The 
best-suited catalyst is undeniably ZSM-5 (Table 2). If this 
zeolite is used in its purely acid form. the ethylene 
produced by dealkylation of ethylbenzene at around 
350°C is alkylated on another ethylbenzene molecule 
mainly to fornl paradiethylbenzene. some of which is 
produced industrially by this method. In order to avoid the 
alkylation reaction in the dealkylation of ethylbenzene, it 
is necessary to operate under hydrogen pressure (-1.5 
MPa) and to associate a small amount of Pi to the ZSM-5 
zeolite, which hydrogenates the ethylene into ethane as 
it is produced. 

Disproportionation and 
transalkylation of aromatics 

The industrial disproportionation of toluene into benzene 
and xylenes on an acid zeolite has been performed since 
the I 970s,[22.4547.51 1 A t present. it is generally performed 

on the ZSM-5 zeolite (TaSle 2 ) ,  but the practice is not 
widespread for economic reasons: the price of xylenes is 
not high enough above that of toluene. Moreover, the 
conversion of toluene is restricted to less than 50% by 
thermodynamics. which entails considerable recycling of 
the nonconverted reactant. 

The acid ZSM-5 zeolite can be modified to selectively 
con\-ert toluene into benzene and paraxylene. which is the 
least bulky of the xylenes. This modification requires the 
following: 1 )  reducing access to the channels by the two 
other xylenes through a suitable chemical or coking 
treatment; 2) passivating the external surface of the 
zeolite: and 3) limiting conversion to around 30%. When 
xylenes are produced by transalkylation of toluene and 
C9+ polymethylbenzenes, the ZSM-5 zeolite is unsuitable, 
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because its pores are too narrow for the latter. The acid 
zeolite most widely used for this application is mordenite 
(Table 2). associated with a mild hydrogenating function. 
sulfided Ni for example, which does not hydrogenate the 
monoaro~natics but considerably improves the stability of 
the catalyst. especially when the feed to be processed 
contains a large amount of C9+. 

Alkylation of aromatics by oiefins 

The two most important applications in this field are the 
synthesis of ethylbenzene and cumene, in which zeolites 
replaced the former liquid HF and AlCl, 
These two applications reached the industrial stage in 
1976 and the mid 1990s; respectively. 

Shape selectivity is not a decisive parameter in 
achieving good performance, and consequently, acid 
zeolites with different apertures are used in the various 

industrial processes. For example, the synthesis of 
ethylbenzene is performed with ZSM-5 zeolites (pore di- 
ameter -0.55 nm) (Table 2), MCM-42, Beta (pore diame- 
ter - 0.76 x 0.64 nm), and USY (pore diameter - 0.74 nm) 
zeolites (Table 2). Moreover. the small size of the pores is a 
handicap for the ZSM-5 zeolite with an operating tempe- 
rature that is much higher than that of the other two zeolites, 
because the molecules diffuse less easily inside the pores. 
The most important parameter is zeolite acidity, which 
should be high enough to allow operation in the liquid 
phase (T<300°C approximately), which avoids the rapid 
deactivatioil associated with operation in the vapor phase. 

For cume~le synthesis through alkylation of benzene by 
propylene, four different zeolites are used industrially 
(Table 2): MCM-22, mordenite, Beta. and Y zeolites. The 
ZSM-5 zeolite cannot be used because of its restrictive 
pore size. 

Other alkylarornaiics synthesis processes are also of 
interest. The H-ZSM-5 zeolite is used industrially to 
selectively alkylate ethylene on toluene into paraethyl- 
toluene, which is an intermediate for productioil of the 
monomer paramethylstyrene. The selective synthesis of 
paracymene was considered by selective alkylatio~l of 
propylene on tolue~le with the H-ZSiW-5 zeolite. Open 
zeolites (e.g.. Y) are catalysts of potential interest for the 
alkylation of benzene by Clo-C15 linear olefins, which 
produce linear alkylbenzenes (LABS) used in manufac- 
turing detergents. Good selectivities for 2.6-dialkylnaph- 
thalene (alkyl=methyl or isopropyl) can be obtained by 
alkylatiorl of naphthalene by methanol. propylene. or 
isopropa~lol on H-mordenite. 

Conversion of methanol into C2-C4 olefins 

This application mas discovered in the n~id-1980s but was 
little exploited u~lril the beginning of the twenty-first 

century .[22.43.44.S4 It could prove highly successful in the 
future due to the increasing demand for light C2-C4 
olefins. particularly for ethylene and propylene, by the 
chemical industry. These two olefins, which are kineti- 
cally the first two fornled from methanol. are rapidly 
converted into heavier products. particularly aromatics 
then coke precursors. if their desorption from the zeolite is 
too slow. Two properties can help to avoid this problem: 
1) small pore size to inhibit the forination of heavy 
products; and 2) low acidity to enable operation at a 
sufficiently high temperature and hence rapid desorption 
of the olefins formed. The two most effective zeolites, 
silica-rich ZSM-5 and especially SAPO-34. at least partly 
fr~lfil these conditions (Table 2). 

bight olefins interconversion 

Soine olefinic petroleum cuts produced in steam-crack- 
ing or FCC processes can be upgraded by converting 
their olefins into lighter ones, especially ethylene and 
propylene, that are sought by the chemical industry. 
through a complex set of oligomerization-cracking 
reactions.'"' Olefin selectivity in the process is slightly 
deteriorated by a secondary reaction of aromatization. 
But. this latter reaction is limited, through the use of 
the acid ZSM-5 zeolite as a catalyst, to the production of 
a Cj+ cut that principally contains monoaromatics and 
few polyaromatics. 

Since zeolites were first used, in the 1950s for adsorption 
and in 1960 in catalytic applications in refining, they have 
made a considerable contribution to economic, technical, 
and scientific progress.".5S1 Their remarkable properties, 
due to their acidity confined within a restricted space and 
the small. regular size of their pores, have been largely 
instrumental in achieving this progress and will continue 
to be so in the future. The synthetic zeolite market has 
developed considerably and stood at 1.3 M tons in 1998, 
with over I M tons for the A zeolite alone: which has an 
enormous field of application in the detergent industry. In 
the field of refining, the largest market is for the Y zeolite; 
with over 150,000 tons produced in 1998. mainly in FCC. 
Although the tonnages of the other zeolites used are 
smaller. they are nevertheless important from the eco- 
nomic point of view. In the space of 50 years, the number 
of known zeolite structures increased significantly, from 
less than 30 structures identified at the end of the 1950s to 
over 125 in 2 0 0 i . [ ' . ~ ~ '  Many new materials will probably 
be discovered in the years to come. with the hope of new 
industrial applications. However. at present, only a dozen 
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zeolite structures are used in industrial applications or 
applications with high industrial potential. This low 
success rate indicates the great difficulties that have to 
be overcoine for an exciting laboratory discovery to 
become a genuine industrial success. Any application 
must satisfy a fundamental econoinic condition-it must 
be cost-effective and competitive in order to be viable. 

ARTICLES OF FURTHER INTEREST 

Irzclusiorz React ior~s  and Polyrnerizatiorz, p. 705 
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INTRODUCTION 

Zeolites and related microporous materials offer abun- 
dant chemical diversity. Over the past three decades. 
inany new synthetic zeolites have been discovered. The 
Struct~rre Cominission of The Interilational Zeolite 
Association habe approved 145 framework types (No- 
vember 2003). In addition. there are numerous other 
zeolites with structures that are not yet known or are 
only hypothetical. The goals of this article are to briefly 
mention the main categories and principal industrial uses 
of zeolites, before providing more detailed discussions of 
molecular s i e~~ ing  and redox reactions. 

Zeolites are crystalline aluminosilicates with the struc- 
tural formula M,,,,(A102),(SiQ2),. where n is the valence 
of cation M. x+j. is the total number of tetrahedra per unit 
cell. and ~1.x is the SiIA1 atomic ratio varying from a 
minimum value of i to infinite. Catalytic processes 
involve diffusion of molecules into the zeolite pores, only 
pores wiih a minimum of eight-membered oxygen ring (8- 
MR) apertures (eight tetrahedral and eight 0 atoms) are 
generally considered. Zeolites are usually classified into 
three categories: smail-pore zeolites with 8-MR apertures 
having free diameters of 0.30-0.45 nm; medium-pore 
zeolites with 10-MR apertures, 0.45-0.60 nm in free 
diameter: and large pore with 12-MR with free diameter 
0.60-0.75 nm. The catalytic properties of zeolites can 
vary considerably by modifying them during or after 
the actual synthesis. The types of catalysis of zeolites can 
be roughIy classified into four groups: 

Acid catalysis. 
Hydrogenaiion/acid bifuilctional catalysis. 

Q Base catalysis. 
a Redox catalysis. 

INDUSTRIAL APPLICATIONS 

Albho~lgh there are I45 confirmed zeolite frameworl< 
types, only a dozen zeolite5 and their modifications are 

used for industrial catalytic processes. Listed in Table 1 
are the important industrial processes using zeolites 
as catalysts. 

CATALYSIS 

Among the primary tasks of catalysis of zeolites, the most 
important is shape-selective catalysis, which is the 
molecular-sieving function in action during a catalytic 
reaction that distinguishes between the reactants, the 
products, or the transition state species in terms of the 
relative sizes of the molecules and the pore space in 
which the reaction occurs. Over 40 years ago, Weisz and 
Frilette (1960) of Mobil Research Laboratories coined 
the term "shape-selective catalysis" to describe the then 
unexpected catalytic behavior of synthetic crystalline 
molecular-sieve zeolites. They found that the calcium ion 
exchanged zeolite A, having pore sizes of 4-5 A 
selectively cracked straight-chain 12-paraffins exclusively 
to straight-chain products. This is accounted for by the 
molecular sieving effect; branched-chain paraffins are too 
large to enter the pores of zeolite A. whereas straight- 
chain paraffins fit. 

Shape Selective Catalysis 

Since then, great strides have been made in the under- 
standing and the use of shape-selective catalysis in 
commercial catalytic processes. Their applications have 
expanded well beyond the boundaries of traditional 
petroleum refining to petrochemical and fine chemicals 
manufacturing. Meanwhile. many new synthetic zeolites 
have been discovered; of particular importance was the 
discovery of the synthetic medium-pore zeolites (Table l), 
having pore sizes of 5-6 A (0.5-0.6 nm). which meet the 
industrial need for selective catalysts. Mobil produced 
ZSM-5, commercialized new petroleun~ refining and 
petrochemical processes. based on this zeolite, and the 
ZSM-5 catalyzed methanol-to-gasoline (MTG) processes 
attracted worldwide attention. Since the 1980s shape- 
selective catalysis has extended from the medium-pore 
zeolites to several large-pore zeolites, including zeolite E 
and zeolite p. A titanium-containing zeolite, TS-I. a novel 
derivative of ZSM-5, was first synthesized by the 

Eizcw'iol~~edin of S~c~~minoieru~fli '  Qzeiiii~tq 
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Table B Industrial processes using zeolite catalysts 

Zeolite catalyst ( f ramework code name)  

Lai-ge-pore ceolltes (12-membered oxygen ring) 
Ultrastable H-Y and Rare-earth-Y (FAU) 
Pt-Pd-H-Y (FAU) 
H-mordenite (MOR) 
Pt-H-mordenite (;\[OR) 
H-p (BEA) 
Pt-K-L (LTL) 
~Wedz~tm-pore ,-eolltes (10-membered oxygen ring) 
H-ZSM-5 (MFI) 

Sillcahte- 1 (MFI) 
GaMFI (MFI) 
Pb-ZSM-5 (MFI) 
TS-I (MFI) 
Fe-ZSM-5 (MFI) 
H-MCM-22 IMWW) 
H-ferrieiite (FER) 

Snznll-pore zeolites (eight-membered oxygen ring) 
Ni-erionite (ERI) 
SAPO-34 (CHA) 
H-rho (RHO) 

Process 

Cracking of vacuum distillates and residues 
Hydrocracking of vacuum gas oils 
Transalkylation of aromatics: dimethylamine synthesis 
Hydroisomerization of light gasoline: xylene isomerization 
Benzene alkylation (C2. C3); aromatics acylation 
Hexane aromatization 

Methanol to gasoline: toluene disproportionation: dewaxing: 
xylene isomerization: cyclohexene hydration 
Beckmann rearrangement 
LPG to BTX 
Synthesis of pyridines from aldehydes and NH3 
Phenol oxidation; oxime synthesis; epoxidation 
Synthesis of phenol from benzene and N 2 0  
Benzene alkylation (ethylene. propylene) 
Light olefins 
(C4, Cs) isomerization 

Enhancement of light gasoline Octane No 
Methanol to olefin 
Dimethylarnine synthesis 

researchers at EN1 of Italy through the isomorphous 
substitution of titanium for silicon in ZSM-5 (Taramasso 
et al., 1983). A remarkable class of reactions having 
industrial importance was developed utilizing H202 as 
the oxidant. 

The phenomenon of shape-selective catalysis is allnost 
limited to the heterogeneously catalyzed reactions over 
zeolites and zeolite-related microporous solids. In a 
simplified manner, shape-selective catalysis can be de- 
scribed as the combination of catalysis with the molecular 
sieve effect. Shape selectivity effects can be produced if 
the sizes and shape of reactants, of products, of transition 
states. or of reaction intermediates are similar to the 
dimensions of pores and cavities of the zeolite. The 
zeolites contain intracrystalline pores and apertures 
having dimensions approximately equal to those of many 
of the molecules converted in catalytic processes, and they 
are classified according to the sizes of their apertures 
(Table 1). The number of oxygen atoms in the aperture of 
each molecular ~ i e v e ~ ~ . ' ~ . " ~  is ' shown in the table. There 
are also ultralarge-pore zeolites with apertures consisting 
of more than 12 oxygens. The aperture dimension ranges 
from about 0.4 nm to nearly 1 nm. The size of the aperture 
is also dependent on the size and number of the nearby 
cations. which may partially block it. The shape selectiv- 
ity is also affected by the structure inside apertures: many 
zeolites have cavities (supercages) with internal dimen- 
sions that are larger than those of the apertures. Transi- 

tion-state shape-selectivity is often governed by the sizes 
of these cavities. Recently, a variety of mesoporous mo- 
lecular sieves such as MCM-41 and SBA-15 with 
apertures in the range of 2-20 nm have been synthesized 
and thus expected to be useful in converting large mo- 
lecules such as those contained in heavy fractions of 
petroleum and fine chemicals intermediates. 

Shape-selective catalysis is not limited to the use of 
the molecular sieve. There are inany applications that 
involve transition metal species that are supported inside 
or synthesized inside the cages or pores channels of 
molecular sieves ("ship-in-a-bottle") that can be used for 
catalyzing many selective reactions, such as hydrogena- 
tion and oxidation. 

Acid Catalysis 

Zeolite catalysts are mainly used for a number of 
important acid-catalyzed reactions. Synthetic zeolites 
were developed for fluid catalytic cracking (FCC) in the 
early 1960s. This reaction occurs via carbonium ion 
intermediates and is. therefore. catalyzed by Brpnsted 
acids. These sites normally consist of protons attached 
to bridging fralnework oxygen atoms and are introduced 
into the zeolite via ion exchange. 

In general: zeolite synthesis yields the form neutralized 
by sodium ions. Usually, this is also the case if template 
molecules istructure-directing agents) are used; the 
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template removal step is followed by removal of Na' by 
ion-exchange techniques. However, many of the crystal- 
line zeolites decompose when treated with strong acids. 
Therefore. the most effective and gentle methods for 
converting the sodium fol-ms into the hydrogen forms 
involve exchange of the cation by ammonium from an 
aqueous solution of ammonium salt. Subsequent thermal 
treatment of the ammonium-exchanged zeolites results in 
the liberntion of NH3 and the formation of the proton 
(acidic) form of the zeolites (Eq. 1): 

NH; {zeolite) - NH? (g) + H+{zeolite) (1) 

Thus. ideally. the total number of acid sites is equal to 
the total number of A1 atoms on fi-amework tetrahedral 
(T) sites. Because the acidity of zeolites is adversely 
affected by a small amount of residual Na+, Nat must be 
exhaustively removed in order to obtain a highly active 
solid acid catalyst. Removal of Na+ from zeolites usually 
requires repeated ion-exchange steps_ combined with 
calciilation. in the temperature range of 823-1050 K. 
Only about 7 0 4  of the Na' ions are replaced by NH4 ions 
during the first exchange. It is assumed that as a result of 
calcination Na' atoms. which were not accessible for ion 
exchange, are redistributed over the zeolite surface and 
made accessible. Simultaneously, solid-state reactions 
occur in the zeolite, and framework aluminum is removed. 
This phenomenon results in stabilization of the zeolite 
structure: the acid forms of low-silica zeolites are 
inherently unstable. 

Although the enormous potential of zeolite V as a 
cracking catalyst was recognized early. its low stability 
mias a serious drawback to practical use. Therefore, efforts 

were made to develop techniques to enhance the thermal 
and hydrothermal stabilities of zeolite V by increasing 
the Si/Al of the framework. During the dealumination 
treatment, pores with a diameter of ca. 20 nm are formed 
in the zeolite grains. The mesopores emerge when parts of 
the structure collapse, which is associated with removal of 
framework Al, leaving extra-framework Si as well as 
extra-framework Al. The mesoporous structure of the Y 
zeolites should be advantageous for use as an FCC 
catalyst; because the diffusivity of the feedstocks in the 
catalyst will be increased. 

Hydrogen forms can be prepared in different ways. 
In general, zeolites with a Si/Al ratio of 5 or higher 
are resistant to acids. Direct treatment of high-silica ze- 
olites with strong acids results in the progressive re- 
placement of the cation by the hydronium ion. For 
mordenite, for example, this reaction is illustrated by the 
following reaction: 

Replacement of all the original cations by the hydro- 
nium ions is possible. Howel er. dealumination, removal 
of aluminum from the lattice, occurs to a certain extent. 
which is an unavoidable side effect. 

Heating at high temperatures removes water from 
the Br6nsted acid site, exposing a threefold coordinated 
A1 ion, which hac Lewis acid character. A reaction scheme 
for the formation of these sites is shown in Fig. 1, 

0 Zeolite as synthesized O, ,/ \ - / \ , , 
SI i,' i I / q s i / O  

/ ., g .., g .--= / .-: p. . - 

H> drogen ion exchange 
(or NH4- exchange 
followed by heating) 

Bransted acid I 
0 -  0 

form of zeolite 
/ ; /'...= / --= 1 .: 1 -..= 

. - . - . - 

Fig. 1 Generation of Lewis and Brgnsted acid sites in zeolites. 
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Table 2 Acid-form zeolites classified by their Si/Al ratios 

S U M  atomic ratio Zeolites Properties 

Low (1-1.5) A. X Relatively low stability of framework: low stability in acid: 
high stability in base; and high concentration of acid groups 
with moderate acid strength 

Intermediate (2-5) Erionite. chabazite, 
clinoptilolite. mordenite. U 

High (- 1 0- x )  ZSM-5. erionite." P, Relatively high stability of framework: 
MCM-22, mordenite,' Ya high stability in acid; low stability in base: 

low concentration of acid groups with high acid strength 

"Formed by clicinical fiarnework modification (dealurnination): the A1 is partially removed by treatment mith \team or SiCli at high temperatures. 

although the structure of the Lewis acid is still a con- 
troversial issue. 

The surfaces of zeolites can thus display BrGnsted or 
Lewis acid sites or a combination of the two, depending 
on how the zeolite is prepared. Br~nsted  acid sites are 
collvertecl into Lewis acid sites as the temperature is 
increased above approximately 500°C and water is driv- 
en off. The overail catalytic activity of zeolites as 
solid acids depends on the number and the properties of 
f le acid site. The strength of the acid sites is directly 
related to the framework composition of the zeolite. 
Zeolites with low SiIA1 ratios can have higher concentra- 
tions of catalytic sites. and zeolites with high SiIA1 ratios 
show strong acidity. Their classifications are shown in 
Table 2. An H-Y or H-ZSM-5 zeolite with a low density 
of acid groups is like an ideal solution of dispersed 
noninteracting protons in ;L solid matrix. 

Elements other than hydrogen are introduced into 
the zeolites by means of ion exchange in order to en- 
hance catalytic activity. By polyvalent ion exchange fol- 
lowed by calcination. the zeolite is changed into the 
protic form: 

M(M~O~"- '?Z 
[M - Ca Rare cdrth ?Icinents, etc ) 

I\/P(OH)'"-'!-Z + K'-z 

( 3 )  

The first generation of zeolite FCC catalyst involved the 
use of zeolite Y exchanged with trivalent rare earth ions 
and was activated by caicinatjon according to Eq. 3. 

There are other transitions in properties exemplified by 
the acid-form zeolites (those incorporating Ht as the 
exchangeable ion). The zeolites with high concentrations 
of H+ are hpdrophilic. having strong affinities for polar 
molecules small enough to enter the pores. The zeolites 
with low H+ concentrations (in the limit, silicalite-I 
(MFI). for example) are hydrophobic. taking up organic 
compounds from water-organic mixtures; the transition 
occurs at a Si/Al ratio near 10. The stability of the crystal 
framework also increases with increasing SiIAl ratios: 
decomposition temperatures of :he different zeolites range 

from roughly 700-1300°C. Zeolites with high Si/Al ratios 
are stable in the presence of concentrated acids, but those 
with low SiIA1 ratios are not; the trend is reversed for 
basic solutions. 

Because of the need to develop new environ~nentally 
benign catalytic reaction processes. zeolites will continue 
to be applied. and their use will further diversify into 
various branches of chemicals synthesis and hydrocarbon 
processing. As catalysts, they offer less or no corrosion, 
little waste, are ready adaptation to continuous processes, 
exhibit high thermal stability, etc. These properties make 
zeolites the environmentally friendly catalysts, which 
could contribute to sustainability of the world. For exam- 
ple, acid zeolite catalysts could be substituted for highly 
corrosive and polluting acids such as AlC13. H2S04: 
H3P0& and HF. There are many reactions that utilize 
zeoites as a catalyst in clean synthesis processes. such as 
alkylation, catalytic cracking, aromatization, alcohol de- 
hydration, rearrangements, base-catalyzed reactions, and 
oxidation, including ammoximation and epoxidatio~~. 
There are only a few examples of industrial applications 
of zeolites to the syntheses of fine chemicals. such as 
pharmaceuticals, fragrances, liquid crystals, etc.: fine 
chemicals synthesis is mostly carried out in noncatalytic 
conventional ways through processes with poor atom 
economy or low E-factor, so often inefficient in reducing 
wastes. The application of zeolites catalysts to the fine 
chemicals synthesis is being developed. 

Bifunctional Catalysis 

Bifunctional (metallic and acidic functions) catalysts are 
applied to a val-iety of oil-refinilag and petrochernical 
processes. For example, paraffin hydroisomerization 
involves w-paraffins dehydrogenation to a-olefins over 
metal, skeletal isolnerization of n-olefins to isoolefins 
over acidic sites. followed by hydrogenation of isoolefins 
to isoparaffins over metal. Zeolite-supposted noble metal 
catalysts are often used for these types of reactions, which 
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are con~enientiy prepared by ion exchange using an 
aqueous solution o f  a cationic metal complex. For plat- 
inum and palladium. [ P ~ ( M W ~ ) ~ ] ~ +  and [ P ~ ( N H ~ ) ~ ] "  are 
used. respectively. The ion-exchanged product is then re- 
duced in a stream o f  hydrogen to produce small metal 
particles inside the zeolite pores, ideally. This reduction 
is accolnpanied by formation o f  the Br@nsted acid sites: 

If acidic activity is undesirable, the acid sites thus formed 
must be neutralized before catalytic use. 

Because o f  the cost o f  noble metal. the inetal loading 
should be low. and the inetal must be well dispersed to 
make the exposed metal surface as high as possible. Each 
typc o f  metal complex, the conditions for ion exchange, 
the calcination procedure. and the reduction conditions 
have profound effects on the dispersion o f  the metal. 

Goordination Chemistry in Zeoiites 

Research on coordination chemistry in zeolites started in 
the 1970s. A metal complex o f  the appropriate dimensions 
can be encapsulated in a zeolite. being viewed as a bridge 
between ho~nogeneous and heterogeneous systems. Com- 
plexes that are smaller than the free diameters o f  the 
channels and windows have access to the cavities. On the 
other band, complexes that are larger than the diameters 
o f  the windows must be synthesized in situ, namely, by 
adsorption o f  the Iigands into the zeolites containing 
transition metal ions or by synthesis o f  the ligands in 
those zeolites. Ptel-son et al. first referred to such zeolite 
guest molecules as "ship-in-a-bottle" complexes. Since 
the first report on the synthesis o f  a metal phthalocyanine 
inside zeolite Naf-Y in 1977. numerous examples o f  
encapsulation o f  metal phthalocyanine complexes have 
been discovered. Related porphyrin and N,N'-bi.c-(salicy- 
1idene)ethylenediimine ( S A L E N )  complexes have been 
trapped in a zeolite cavity with restricted apertures. These 
are typical examples o f  ship-in-a-bottle complexes and 
are given names such as zeozyrnes and inorganic proteins 
in regard to their biornimetic chemistry, e.g., as a model 
for dioxygen binding and oxygenase. 

Bass CetaAysls 

In zeolite catalysis. emphasis has been placed on the 
reactions catalyzed by acids. However. complete ion ex- 
change with alkali metal cations such as K+, Rb+. and Cs+ 
would allow for the preparation o f  weakly basic zeolites. 
Oxide ligands as counteranions o f  these alkali metal 
cations act as basic sites. Their basicity depends on the 

fractional negative charge they bear and, therefore, the 
composition o f  the zeolite, which can be quantified by the 
intermediate Sanderson electronegativity, S,,,. It is also 
dependent on structural parameters such as bond length, 
bond angles, and A1 distribution. 

Redox Catalysis 

For catalyzing redox reactions: one can introduce transi- 
tion-metal active sites into the framework o f  zeolites. In 
cul-sent epoxidation processes: chlorine. hydroperoxides, 
and peracids are most commonly used as oxidants. 
Organic and inorganic compounds are coproduced in the 
reaction, which need to be recycled or disposed o f .  In the 
chlorohydrin route, generally preferred in the epoxidation 
o f  C3 and higher olefins, stoichiornetric amounts o f  
sodium or calcium chlorides are produced by the de- 
hydrohalogenation o f  intermediate chlorohydrins. Chlo- 
rinated organic by-products. such as halogen ethers and 
dichlorides. are formed as well in the process, further 
increasing the quantity o f  waste. A major breakthrough 
was the discovery that titanium silicate could be used as 
an efficient epoxidation catalyst with hydrogen peroxide 
as an oxidant. The reaction with TS-1 may be performed 
under nlild conditions; for example, at room temperature 
in dilute aqueous or methanolic solution. Direct use o f  
hydrogen peroxide is a more attractive epoxidation route 
based on ease and cleanliness o f  the process. The active 
oxygen content H202, 47 wt C/o  (16/34), is much higher 
than that o f  organic peracids and hydroperoxides: water 
is the only co-product. Ti-silicalite catalyzes, besides 
epoxidation reactions, a broad range o f  oxidation re- 
actions. with hydrogen peroxide as the oxidant, as shown 
in Table 3. 

The most widely accepted mechanism for TS-1 cata- 
lyzed epoxidation is the peracid-like mechanism, which 

Table 3 Catalytic chemistry with Ti-silicates 

Substrate Product 

Olefins Epoxides 
Olefins and methanol Glycol monomethyl ethers 
Diolefini Monoepoxides 
Phenol Hydroquinone and catechol 
Benzene Phenol 
Paraft~ns Alcohols and ketones 
Primary alcohols Aldehydes 
Secondarq alcohols Ketones 
Ainmoximation of Oximes 
cyclohexanone 
N,N-Dlalkylamines N.N-Dialkylhydroxylamines 
Thioethers Sulfoxides 
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Scheme 1. Mechanisms of epoxidation on titanosilicates. (View this art in color at ~.t~w~v.dekkei~.co~i~.) 

involves a hydroperoxo rather than a peroxo species, and 
coordination of an alcohol or water molecule to the site 
(Scheme 1). Ti seems to be isomorphously substituted for 
Si in the zeolite framework in tetrahedral coordination. 
This site is much more resistant to hydrolysis compared to 
titanium species on amorphous silica. A key characteristic 
of these materials is their relatively high hydrophobicity, 
resulting in the favorable adsorption of alkanes and other 
hydrocarbons. Thus. the low concentration of hydrogen 
peroxide present at all times in the catalyst results in its 
efficient use. The strong hydrophobicity also enables fast 
desorption of the product. Therefore. oxidations can occur 
up to high conversions with high H202  selectivities and 
high efficiencies. 

The structure of TS-1 prevents all compounds with 
cross sections larger than ca. 0.55 nm from diffusing 
inside TS-1 channels and, therefore. from reacting or in- 
terfering with reactions occurring at Ti-sites. Although the 
discovery of TS-1 is a milestone in zeolite catalysis. the 
smaller pore size of the zeolite-type framework restricts 
its use, even for small molecules such as simple cyclic 
alkenes. Thus, new materials with various pore sizes are 
always sought. Ti-P and Ti-MWW ((MCM-22) proved to 
be promising catalysts for similar oxidation reactions of 
larger substrates. 

It was recently discovered that Sn-f5 catalyzes the 
Baeyer-Villiger oxidation of cyclic ketones to lactones 
without using peracids but using M202. 

Pollution Abatement 

The application of zeolite catalysts to pollution abatement 
is also promising. The main pollutants in gaseous 
emissions that can be potentially treated by zeolites are 
volatile organic connpounds (VOCs) and NOx. 

The treatments of VOCs by zeolite materials consist of 
adsorptionlseparation and catalytic oxidation. Although 

the VOCs adsorbed by zeolite are often recovered, at low 
VOCs concentrations, adsorption is followed by catalytic 
oxidation or incineration. Catalytic combustion is an 
efficient way to remove of VOCs. Zeolite-supported cata- 
lysts are favorable for VOC abatement, because they offer 
high selectivity to deep oxidation to C 0 2  resulting from 
the highly developed microporosity. Both noble metals 
and base metals supported on zeolite catalysts can be used. 
Noble metals are preferable to base metals when VOCs do 
not contain chlorine or bromine atoms. Pd-zeolite such as 
Y(FAU) is most active for the combustion of hydrocar- 
bons. One of the least combustible hydrocarbons is 
methane, which is widely used as a fuel, and emission of 
methane as a greenhouse gas must be controlled. 

Zeolite catalysts constitute the best available technol- 
ogies for reducing NOx and N20  emissions from industrial 
activities. Emission levels of N 2 0  must be regulated. 
There are two types of N 2 0  ernissions. Zeolites are not 
suitable for the simple abatement of highly concentrated 
N 2 0  (20-40%) gas discharged from adipic acid plants. 
However. direct oxidation of benzene to phenol was 
industrialized by using N 2 0  as an oxidant and Fe-MFT 
zeolites (AlphOx process). The treatments with N 2 0  of a 
low concentration remain challenging. Fe-exchanged 
zeolites show high activities in the catalytic decomposition 
of N 2 0  to IT2 and 02. and the catalytic reduction of N 2 0  
with reductants such as NH3, CO. and H2. Despite 
intensive work in the catalytic decomposition of NO. even 
the most promising system. Cu-MFI, is subject to 
poisoning by 07, water, and SO?. is efficient only at 
low space velocities. and has unsatisfactory catalyst 
activity. The selective catalytic reduction of NOx with 
hydrocarbons over zeolite-based catalysts has been widely 
investigated. This corild be the best technology with which 
to achieve efficient NOx removal from off-gas ernitted 
from power plants, stationary diesel engines, marine 
vessels; etc. 
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CONCLUSION 

Zeolites are crystalliile aluminosilicates and metallosili- 
cates with distinct structures. The relationships between 
active site properties and chemical conlposition are more 
established than for analogous amorphous materials. 
Moreover. the structural diversity of zeolites is wide and 
still expanding. Zeolites can be industrially used not only 
for acid-catalyzed and bifunctional (metal-acid) processes 
but also for oxidatioil processes. Zeolite catalysts were 
mainly developed in the petroleum-refining and petro- 
chemical industries; however. application of zeolite 
catalysts to fine chemicals syilthesis is being developed, 
leading to the replacement of conventional noncatalytic 
processes or highly polluting processes with more en- 
\ironmentally friendly systems. To achieve these ob- 
jectives. rational design of zeolite-based catalysts and 
methods for tailoring and fine-tuning zeolite catalysts, 
including control of active site arrangement, crystallite 
size. provision of mesoporosity. etc., as well as elaborate 
reaction engineering will be vitally important. 
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Zeolites are used as detergent builders, adsorbents, and 
catalysts. In the past decade, we saw the development of a 
variety of zeoiite membranes, and a number of investiga- 
tors reported on the preparation of such membranes and 
their applications to a variety of separation systems. These 
research activities are motivated by features common to 
inorganic membranes. such as thermal resistance and re- 
sistance to organic solvents, and features unique to zeolite 
materials. such as ~nolecular sieving, selective adsorption, 
and catalytic ac t i~ i ty .~"  In this article, the discussion will 
be restricted to zeolite membranes for use in separation 
and catalysis. First, an overview is presented on recent 
progress in zeolite membranes. followed by a discussion 
of our research activities. 

ZEOLITE MEMBRANES-PREPARATION 
AND APPLICATION FOR SEPARATION 
AND WEAGTiOM 

Zeolite membranes, which have been successfully pre- 
pared and applied to separations and reactions, are largely 
MFI, LTA (NaA). and FAU (Nay) ~nembranes, as 
summarized in Table I .  In terms of ~nembrane prepara- 
tion. a wide variety of preparation methods can be 
categorized into hydrothermal synthesis with or without 
seedsi'.'l and the dry-gei conversion m e t h ~ d . ~ "  Sano 
el al."] reported on the successfiil preparation of MFI 
zeolite n~elnbranes (silicalice) on porous stainless steel 
supports by in situ hydrothermal synthesis without seeds; 
zeolite crystals nucleate and grow oil the surface of 
supports. e t a  et developed NaA zeolite membranes 
by hydrothermal synthesis using micometer-size seed 
crystals. On the other hand. Eovallo and ~ s a ~ a t s i s [ ~ '  re- 
ported on the secondary growth of colloidal silicalite 
seeds, the size of which was approximately 100 nm, under 
hydrothermal conditions. and provided an evaluation of 
their gas permeation properties. The secondary growth of 
crystalline colloidal zeolites. in which the growth of seed 
crystals on the order of the seed crystal size would be 
expected to be sufficient to close the interzeolite pores, 
represents a potential method for the preparation of thin 

zeolite membranes rather than the use of microineter-size 
seed crystals. The secondary growth of seed crystals has 
an advantage in that nucleation and crystal growth can be 
independently controlled for the preparation of zeolite 
membranes. Another advantage in utilizing seed crystals 
is, the potential for preparing MFII membranes without 
organic structure-directing agents, that is. templates. such 
as tetrapropylammonium. Templates: which are required 
for the formation of MFI structures in hydrothermal 
synthesis but need to be burned out in order to open the 
pore structures, often cause microcracks as the result of 
thermal stress. It was reported that high-quality MFH 
zeolite membranes can be successfully prepared without a 
template by utilizing MFI crystal seeds.i61 Finally. in the 
dry-gel conversion method, a dry aiuminosilicate gel is 
deposited on the support and then transformed to the 
zeolite layer in the presence of steam and template vapor. 

Excellent separation was reported for various types of 
zeolite membranes. The focus of most articles has been on 
inorganic and organic gaseous permeation, including C02/  
Nz separations,[71 C4 (17-li-butane).[" and ~ 6 ' ~ '  and C8 
isomers (o-lm-ll~-xylene).'9-'21 Moreover, zeolite mem- 
branes were used to separate liquid mixtures by perva- 
poratio11. '2.3.131 Silicalite membranes, the surface property 
of which is hydrophobic. perrnit the preferential perme- 
ation of organic components rather than water, which has 
a smaller molecular size. Separation factors larger than 
100 were achieved for ethanol over water by silicalite 
membranes. On the other hand. NaA zeolite membranes 
permit the selective permeation of water with the 
separation factor larger than 1000.~" The Nay membranes 
showed high selectivities for the separation of organic 
liquid mixtures such as benzene/cyclohexa~~e.['"' This 
excellent separation is based on molecular sieving effects 
(molecular size and pore size) and selective adsorption.[" 
The mechanism by which gas permeates through porous 
membranes is classified into Knudsen diffusion, surface 
diffusion. and n~olecular sieving. Several permeation 
models were proposed in terms of amorphous silica 
membranesii31 and zeolite  membrane^.['".'^' Bakker et 
a ~ . [ ' ~ ]  proposed a permeation model for MFI membranes 
that combined surface diffusion (transport by adsorbed 
gaseous molecules) and configurational diffusion (acti- 
vated diffusion based on molecular sieving). At present. 
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Copyright % 300-1 by 5larcel Del~ker. Inc. All rights reserved 



I618 Zeolites: Separation Science 

Table I Zeol~te memb~dnes and appllcauoni for separation and leactlon 

Zeolite 
Separatiod 

Pore size [A] A Preparation'" permeation Reaction*" 

LT A A 3 2 HTSIWS 
MFY Silicahte 5.5 x 

HTSIWS. 
HTSIWOS 
DGC 

ZSM-5 5.5 >20 

FER Ferierite 5.5 x 3.8 10-20 DGC 
F AU V 7.3 3-6 HTSIWS 

ERI + OFF T 3.8,  5.8 4, 8 HTSiWS 

Benzene. ~ 8 ' "  
C O ~ / N ~ . [ ~ I  
benzenelcyclohexane, 
M~OH/MTBE["~ 
H,OIE~OH(PV)~'~' 

ODHP; butane 
dehydrogenationLz0' 
MeOH to Olefin (cMR'~"): 
toluene methylation (cMR'~'-'~~): 
ODHP (cMR"~') 
None 
CO oxidation (CMR"~') 

"TSA&'S: hydrothermal synthesis nith seed: HTSN\'OS: hydrothermal synthesis without seed: DGC: dry gel ~on\~el.sion. 
*:::CMR: catalytic membrane reactor: no syrnbolic marks indicate membrane reactors \vithout using inherent catalytic actixit). ODHP: oxidative 
dehydration of propane. 

the mechanism of permeation through microporous 
membranes (pore size: <I  nm) appears to remain a 
controversial subject, and for a complete understanding of 
this process. more experimental data will be required. 

On the other hand. little attention was given to the use 
of zeolite membranes as membrane reactors, in compar- 
ison ~vi ih  separation applications. Several types of 
membrane reactor configurations were proposed. includ- 
ing the packed-bed meinbrane reactor (PBMR), the 
tluidized-bed membrane reactor (FBLMR). and the cata- 
lytic membrane reactor (CMR).["' Catalytic membranes 
can be categorized into two types. Catalytic membranes. 
the materials of which are inherently catalytic, represent 
the first class, while for the other class: catalysts are 
iightiy bound to the separation membranes, that is, 
catalysts are attached to the membrane surface or on the 
pore s~~rface.~""" As mentioned above, the features of 
zeolites not only irlvolve separation but also catalytic 
activity for various types of reactions. and therefore, zeo- 
lite membranes have great potential for use as catalytic 
membranes. Zeolite A membranes were evaluated for use 
in the esterification of oleic acid with ethanol, resulting in 
an 100% conversion by the selective removal of water 
vapor.'"' Silicate membranes were examined for use in 
dehydration reactions of hydrocarb~ns.~"~ In these cases, 
zeolite membranes were used as separation membranes 
and not as catalytic membranes. Catalytic activity would 
be expected for m-ost zeolite membranes. such as Zeolite 
Y and ZSM-5. Masr~da et al.["] applied ZSM-5 mem- 
branes to the conversion of methanol to olefins (the MTO 
reaction), which is a consecutive reaction starting from 
methanol and then progressing through diinethylether and 
olefin finally to paraffin. They reported that the product 
composition of olefins could be controlled by appropriate 

adjustment of the pressure difference across the MFI 
membrane. Hasegawa et a1.r221 applied Pt-impregnated Y- 
type zeolite membranes for the selective oxidation of CO, 
which was present at concentrations of several hundred 
ppm in a stream of hydrogen. The MFI membranes in- 
corporated with vanadium (V-MFI) were found to be ef- 
fective for the selective oxidation of propane to propene 
via dehydrogenation reactions.[2z1 Selectivity of p-xylene 
by the methylation of toluene with methanol was also 
reported to be enhanced using ZSM-5 catalytic membrane 
 reactor^.^^"^^] 

EXPERBMENTAL 

Silicalite colloidal solutions with approximate diameters 
of 100 nln were prepared using distilled water, tetrapro- 
pylammonium hydroxide (TPAOM), and sodium hydrox- 
ide. Cylindrical E-alumina microfiltration membranes 
(average pore diameter 1 pm. outer diameter 10 mm, 
inner diameter 8 mmj were used as substrates for the 
zeolite membranes. A hydrothermal synthesis was car- 
ried out in a solution of distilled water, tetrapropylammo- 
nium bromide (TPABr), and sodium hydroxide in a molar 
composition of TPABr/Si02/H20/NaOH = 0.1/1/80/ 
0 . 1 . [ ~ , ~ ~ '  For the case of ZSM-5 membranes, sodium 
aluminate was added at SiIAl molar ratios of 20 and 50. 
Seeded substrates were immersed in the solution con- 
tained in Teflon test tubes and hydrothermally treated in 
a stainless-steel vessel for 12 hr at 180°C. After con- 
trolled secondary growth, the membranes were rinsed 
with hot water several times. followed by drying at 
75°C. They were then calcined in a muffle furnace at 
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500°C for 5 hr 
atmosphere. 

Gas permeation 
temperature range 

(heating rate l0C/min) in an air 

experiments were performed in the 
of 35-300°C. The feed stream was 

pressurized, while downstream pressure was maintained at 
atmospheric pressure; no sweep gas was used. The per- 
meate flow rate was determined by a soap-film meter. 

After the ion-exchange of MFI zeolite membranes from 
Na-type to H-type, the alkylation of toluene with metha- 
nol was carried out at temperatures of 450 and 500°C. The 
reactants, in a molar composition of 2 toluene: 1 methanol, 
were fcd with a syringe pump. The carrier gas used from 
the outer to the inner side of the cylindrical membranes 
was He. The composition was analyzed by gas chroma- 
tography using a xylene-isomer separation column (Ben- 
tone 34, Supelco). The pressure difference across the 
membrane was controlled at approximately 10 kPa. 

RESULTS AND DISCUSSION 

Membrane Preparation 

Shown In Figs. l a  and b are SEM photos of the ayn- 
thesized MFI membranes with Si/Al ratios of w and 20, 
which were prepared under the same cond~tions (180°C, 
12 hr), respectively. The MFT membrane o f  SdAl = cx: 

showed a continuous and well-intergrown layer, and the 
7eolite layer, the thickness of which was approximately 
15 pm, appeared to have grown from the inside of the 
%-alumina support to the outer surface. Moreover, the 
surface was oriented in the (101) plane, which was also 
confirmed by x-ray diffraction analysis.L261 On the other 
hand, an MFI zeolite membrane of Si/Al = 20 has a 
relatively thin thickness of approximately 5 pm and an 
agglomerate structure of smaller crystals (primary 
crystal size of 1 pm). The addition of aluminurn ion 
to the synthesis solution appears to retard the secondary 
growth rate. 

Gas Permeation Properly 

Shown in Fig. 2a is the temperalure dependency for the 
permeances of inorganic and organic gases through M-1 
(Si/AI = cc). The permeances for Hz show a temperature 
dependency similar to Knudsen diffusion; the permeance 
decreases slightly with an increase in temperature, as 
shown by the dotted line in the iigure. This is probably 
because the pore sizes for H2 permeation are sufficiently 
large, in comparison with the molecular size. On the other 
hand, C 0 2  shows a decreasing tendency in pcrmeance in 
a steeper slope than was the case for Hz. The permeation 
mechanism can be simply described as surEace diffusion, 
because these gases arc thought to be adsorbed to the MFI 

Fig. I MFI rcolitc membranes: (a) cross-section (SiIAl = m); (b) surface (SiIAl = oc); (c) cross-section (SilAI = 20); and (d) 
surface (Si/AI = 20). 
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Fig. 2 Permea~lce and permeability ratio as a function of reciprocal temperature of M-l (SilA1 = x) and M-2 (Si/A1 = 20). (Vielv this 
art in color at ~ ~ ~ n ~ u . d e k k e i _ c ~ ~ i i z . )  

zeolite [ I 5 '  N2 and 02, which are assumed to be non- 
'~dsorpti\e gases, also show a decreasing tendency, the 
slope tor mhich is illteimediate betmeen H2 (Knudsen 
diffus~oi~) and C 0 2  (smface diffus~on) Pelineances of n- 
CJHlo and SF6 leached a maximum at 150°C and 100°C. 
respecti-, The maximal permeance can be explalned as 
follom s the 11umbe1 of adsolbed molecules decreases at 
temperatkies hlgher than the maximum, while adsorption. 
which 1s enhdnced at lower temperatures, causes a 

decrease in mobility (liquid-like diffusion of pore-filling 
molecules). On the other hand, the permeance of i-C4Hlo 
increased with temperature. and no peak was evident, 
which is similar to an activated diffusion mechanism.1141 
The permeability ratio of I I - C ~ H ~ ~  over i-C4Hlo, based on 
pure gas permeances, shows a maximum of 15 at a 
temperature of 150°C, while the permeance of n-CJHlo 
was 1.5 x 1 0 ~ h ~ ( ~ T ~ ) m ~ % ~ ~ k ~ a ~ ' .  The M-1 mem- 
brane showed a large permeance and moderate selectivity, 

Table 2 Summary of the meth~lation of tolue~le with methanol using MFI powders and ~neinbranes 

Xylene composition 

WHSV Temperature Conversion [%I  
Configanratioan Si/AI [gfeec~/(gcatal.h)l ["Cl [%I 0- m- P- Ref. 

Pow det 3 3 
Disc 50 34 
DISC 50 17 
Memblane x 9.7 
Mem biane 50 44 
Memb~ane 20 37 

400 23.5 21 47 3 2 [281 
450 26.7 3 18 79 [241 
450 37.8 3 20 76 [241 
500 4.3 22 22 56 [261 
500 7 3 6 17 77 T h ~ s  work 
500 1 1.9 ( ~ n ~ t i a l  10 22 68 This hork 

conversion) 
Therriiodynan~ic 427 - 26 5 1 23 [241 
equilibrium 
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which might be caused by the formation o f  a thin zeolite 
layer by the secondary growth method, the existence o f  
intercrystalline pores, or the orientation o f  the crystal- 
line.1261 On the other Band, as shown in Fig. 2b, M-2 (SiIA1 
= 20) shows an increasing ten-iperature dependency for He. 
SF6, a-C4Hlo; and i-C4Hlo. The effect o f  the SiIAl ratio on 
gaseous permeances is not yet clear. but the existence o f  
intercrystalline pores for M-2 (SiIAl = 20) is strongly 
suggested. because since the permeability ratio o f  n-C4Hlo 
over i-C4Hlo was approximately 1 .  

The reaction performances are summarized in Table 2,  in 
terms o f  toluene conversion and composition o f  o-lm-lp- 
xylene. Because toluene reacted with n~ethanol in the case 
o f  an MFI membrane o f  Si/Al = x, it is clear that 
aluminum ions must have been incorporated into the MFI 
zeolite membranes. (The origin o f  the aluminum ions was 
probably the 2-alumina support that was dissolved in 
strong alkali solutions during the hydrothermal synthesis.) 
The selectivity forp-xylene was as high as 80%, while the 
thermodynamic equilibri~lrn was reported to have a 
composition o f  o-lm-lp-xylene o f  26/51/23 at 4 2 7 " ~ . ' ~ "  
The alkylation reaction cakes place inside the ZSM-5 
zeolite pores (intracrystalline pores) in the para-position, 
and the diffusion inside ZSM-5 also favors pam-selectiv- 
ity based on size selectivity. On the other hand. no yam- 
selectivity would he expected on the external surface o f  
the ZSM-5 crystals. including the intercrystalline pores. 
Furthermore. the isomerization o f  p-xylene. which is a 
primary product in the intracrystalline pores, to o- and 172- 

xylene, occurs on the outer surface o f  the H-MFI zeolite. 
Therefore. ZSM-5 membranes, which have limited exter- 
nal surface area in comparison with powders, increased 
i,ar.n-selectivity.'2'~~261 The present investigation confirms 
the possible applicaiion o f  MKP zeolite membranes to the 
alkylation of toluene with methanol. 

The MFI zeolite membranes containing different SiIAl 
ratios were prepared by the secondary growth o f  colloidal 
silicalite on r-alumina microfiltration membranes. An 
MFI membrane (SilAI = x), the zeolite layer o f  which 
was oriented ill the (101) plane. showed a n-C4Mlo per- 
meance o f  L .5 x 1 0  ' ~ " ( s T P ) ~  2 s  ' k ~ a - .  ' and a n-li- 
C4PHI0 selectiviiy o f  15 at 150°C. After ion exchange o f  
the IGaFl zeolite membranes from the Na-type to the H- 
type, the alkylation o f  toluene with methanol was carried 
out. A p-xylene selectivity o f  80% was attained ~tsing 13- 

MFI zeolite membranes at 450 - 500°C. confirming the 
possible application o f  an MFI zeolite inembrane for use 
in a catalytic membrane reactor. 
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Zeolite-based molecular sieves represent one of the most 
important groups of crystalline inorganic materials, with a 
great potential for application as adsorbents. ion-exchang- 
ers, and heterogeneous catalysts. The first natural zeolite, 
stilbite. was discovered about 250 years ago by Swedish 
mineralogist Cronsted. who showed that this mineral 
released water upon heating. Thus, this mineral was 
named zeolite after Greek zeo (to boil) and lithos (stone). 
Since that time, about 50 natural zeolites have been found 
in different parts of the world.'ll 

Several hundreds of synthetic zeolites (crystalline 
microporous aluminosilicates) and zeotypes (crystalline 
microporous ferrisilicates, gallosilicates, titanosilicates, 
isolnorphously substituted aluminophosphates, etc.) have 
been successfully synthesized in recent decades.[21 All 
these microporous materials have tetrahedral coordination 
of their central atoms (Si; Al, P, Fe, etc.), which are 
interconnected with four oxygen bridges to form a three- 
dimensional crystal structure. These structures exhibit 
regular micropores with dimensions up to 1.0 nin and 
cavities. high surface areas, and adsorption capacities, and 
shape selectivity toward reactants, products, and transi- 
tion states.'"" 

In the last decade of the twentieth century, new types 
of zeolitic materials were synthesized, namely. mesopo- 
rous molecular sieves with pore sizes larger than 10 nm,l5] 
and delaminated or pillared zeolites, which preserve the 
zeolite structure but allow access of significantly larger 
r n ~ l e c u l e s . ' ~ ' ~ '  These materials attracted remarkable 
attention, as they enabled scientists to escape from the 
so-called "1-nm prison" imposed by the structures of 
classical zeolites. 

At present, zeolites have found a wide array of 
applications ranging from ion exchangers, detergents, 
drying and separation agents. to catalysts. The estimated 
production of zeolites is to exceed 1,100.000 tons per 
year. i n  particular; the application of zeolites. as highly 
active. selective, and stable catalysts in large-scale 
technologies steadily increases and includes oil refineries, 
petrochemistry, and synthesis of fine chemicals and 
environmental ~ a t a l y s i s . ~ ~ ~ ~ ~  

STRUCTURES OF ZEOLITES 
AND ZEOTYPES 

Zeolites are crystalline microporous alurninosilicates with 
a three-dimensional framework consisting of tetrahedral 
SiQl and AlQ4, (Si, Al=T atoms) connected by oxygen 
bridges. Two neighboring tetrahedra are connected by one 
oxygen bridge. and no edge connection has yet been 
described. Tetrahedra Si04 and A1Q4 (or PO,, FeQ4. 
Ciao4. etc., for various zeotypes) are the primary building 
units, which in turn. form the so-called secondary 
building units like 4-, 5-, and 6- membered rings, double 
4-, 5-, and 6-membered rings. etc. By combining these 
secondary building units, a three-dimensional channel 
structure is formed. Depending on the connections among 
individual tetrahedra, channels of different shapes and 
dimensions in the microporous range and cavities can 
arise. The number of tetrahedra forming these windows 
controls their diameter. For microporous aluminosilicate 
and related aluminophosphate molecular sieves, the 
windows usually consist of 6. 8, 10. 12. 14, 18, and 20 
tetrahedra.'21 Only one zeolite with an odd number of 
tetrahedra forming the windows has been described so 
far.'" The inne

r 

volume of zeolites contains cations 
(protons) that compensate the negative charge of the 
zeolite framework due to the presence of AIOl tetrahedra 
and water molecules. Clearly, a straiglztforward relation- 
ship exists between the sizes and shapes of zeolite 
entrance windows to the channel system imposing the 
molecular sieve effect and their application in catalysis 
and adsorption. Zeolites and zeotypes with even-mem- 
bered rings are usually divided into the following four 
categories (some examples with channel dimensions and 
dimensionalities are given in Table 1): 

1 Small-pore zeol~tes (eight-membered nngs w ~ t h  pore 
dimensions up to 0 40 nn1)-e g . chabaz~te. Linde 
type A. A1PO4-34. A1PO4-22 

2 Medium-pore zeolites (10-membered rmg\ with pore 
slzes up to 0 55 nm)-e g . ZSM-5. ZSM-11, ZSM- 
22, ZSM-23, AlPQ4-1 1. AIPQl-3 1 ,  and MC,M-22 (in 
addition. they ha\e laige cabities defined by 12- 
membered I lngs) 

Ei~cyclopedin cf S~lpi.amoleci.lai. Cllenzisti~ 
D01: 10.1081lE-ESMC 12001 2363 
Copyright C 2004 by Marcel Dekker. Inc. All rights reserved 
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Table B Zeolites. zeotypes. and rnesoporous molecular sieves, selected examples, and their characteristic features 

Mo%ecnlar sieve 
Main Channel 

HZA code window dimensionality Size (nm) 

Zeolzte 
CTT-5 CFI 14 1  D  0 7 2 x 0 7 5  
UTD 1  DOK 14 ID 0 8 1 x 0 8 2  
Zeolite Y FAU 12 3D 0  74 
Mol dell~te MOR 12 3D 0 6 5 x 0 7 0  
Zeol~te L LTL 12 1D 0  71 
ZSM- 12 MTW 12 ID 0 5 6 x 0 6 0  
Beta BEA 12 3D 0 7 6 x 0 6 4  
SSZ-42 ITQ-4 IFR 12 1  D 0 6 2 x 0 7 2  
ZShI-5 MFI 10 3D 0 5 4 x 0 5 6  
Fen lei lte FER 10 2D 0 4 2 x 0 5 4  
ZSM-22 TON 10 1  D  0 4 6 x 0 5 7  
Z5M-23 MTT 10 1 D  0 4 5 x 0 5 2  
MCV-22 MWW 10 3D 0 4 0 x 0 5 5  
Zeolite X LT A 8  3D 041  x 0 4 1  
Erionlte ERI 8  3D 0 3 6 x 0 5 1  
Cliabaz~te CH A 8  3D 0  38 
Zeohpe 
Clo\ er ite CLO 20 2D 0 4 0 x 1  32 
AIPOl 8  AET 14 1D 0 7 9 x 0 8 7  
A1P04-5 AFI 12 1 D  0  73 
A1P04-3 1  A T 0  12 1  D  0 5 4 x 0 5 4  
AIPQ- 1 1 AEL 10 1  D  0 4 0 x 0 6 5  
AIPOl 41 AFO 10 1 D 0 4 3 x 0 7 0  
A I P Q ~  18 AEI 8  3D 0 3 8 x 0 3 8  
A1P04-52 AFT 8  3D 0 3 2 x 0 3 8  
CoAlPO4 34 CHA 8  3D 0  38 
Me~opor our rnolrculn~ 57el eJ 
MCV 41 ID 3-10 
MCWI-48 3D 3-5 
SBA 15 ID 5-20 
Mcsoporous dlurn~n'i ID 1-10 

3. Large-pore zeolites (!?-membered rings up to 0.75 
nm)-e.g.. zeolites Y and L, EMT, mordenite. Beta, 
and AiP04-5. 

4. Extra-large-pore zeolites (at least 14-membered rings 
with pore sizes aro~lnd 1.0 nm)-e.g., aluminosili- 
cates C1T-5, UTD-I. aluminophosphates (VPI-5. 
JDF-20, gallophosphate. cloverite). 

Typical exainples of the individual structures. 
ihowing the type of secondary building units and 
entiance windows to the channel systems of zeol~tes 
ZSM-5 ( I  0-membered rings), /j (12-membered rings), 
CIT-5 (14-membered rings), and zeotype aluminophos- 
phate AIPOI-11 (10-membered rings) are shown in Fig 
1 Summailzed In Table 1 are the structural char- 
acter~stics of the most Important zeolites. zeotypes, 
and nlesoporous molecuiar sieLes, including a three- 
letter code for different structure topologiei, based on 

the assignment of approved zeolite structures by the 
Structure Commission of the International Zeolite 
~ssoc ia t ion . [ '~ '  

The type of the individual zeolite structure is related 
to the chemical composition of the zeolite. The molar 
ratio of Si04 and A104 tetrahedra can reach unity 1:1, 
which represents the regular periodicity of the (Si-0- 
A1-0-Si-0- AI-O), structural motif. According to 
Lowenstein's rule, two neighboring A1 atoms cannot 
be connected via one oxygen bridge. This finding im- 
plies that zeolites crystallizing with low SiIA1 molar 
ratios are exclusively formed by secondary building 
units having an even number of T atoms. This is, e.g., 
the case of zeolites A and X (Si/Al= I )  or zeolite Y (Sil 
A1=2.8). With decreasing concentration of A1 in the 
zeolite framework, secondary building units with an odd 
number of T atoms are also utilized (fenierite, Si/A1>8, 
ZSM-5, Si/A1>10, etc.). A similar rule is also valid in 
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0.66 x 0.67 nm 0.72 x 0.75 nm 
Zeolite Beta CIT-5 

Fig. 1 Structure and entrance windows of zeol~tes P. CIT-5. ZSM-5. and zeotype AIPOJ-11. (Vzew thzs at-t 111 color nl 

>t.ti.w.dekker. corn.) 

the case of aluminophosphate-based zeotypes, in which 
all the aluminum atoms are connected via oxygen 
bridges exclusively to four different phosphor~~s atoms. 
Thus, the secondary building units in aluminophos- 
phates are limited to those with an even number of T 
atoms. lsomorphous substitution of aluminum by diva- 
lent metal cations like Co, Ni. Mn, Zn, Mg. or re- 
place~llent of phosphorus by silicon can take place, 
resulting in the formation of negatively charged frame- 
work ~ e o t y p e s . ~ ~ '  

With the increasing concentration of aluminum in the 
framework (with the SiIA1 ratio decreasing to I ) ,  the 
hydrophilic character of zeolites rises. The same relation 
exists between the number of exchangeable cations and 
the affinity for polar molecules. On the other hand. 
thermal stability, stability in acidic solutions, hydrophobic 
character of zeolites, and their affinity for nonpolar mole- 
cules increases with the decreasing alunlinurn concentra- 
tion (increasing SiIAl ratio). 

The above-mentioned structural features of zeolite 
molecular sieves results in the following characteristic 
properties, which represent important advanta, aes com- 
pared to other solid materials: 

1. Well-defined inorganic crystalline structures yielding 
a large variety of structural types differing in the 
channel diameters, geometry, and dimensionality. 

2. Precisely defined inner void volume providing high- 
surface areas up to 600 m2/g. 

3. Fine tuning of chemical properties through isoinor- 
phous substitution or various postsynthesis treatments. 

4. Shape-selective properties related to the ratio between 
kinetic diameters of organic molecules and dimen- 
sions of the zeolite channels or cavities. 

5. Environmental tolerance. 

Based on the IUPAC ilomenclature. microporous molec- 
ular sieves have pores with dimensions up to 2.0 nm in 
dimension. The mesopore dimension is between 2.0 and 
50 nm, while macropores exhibit pores larger than 50 nm. 
Shown in Fig. 2 are the pore size and schematic structure 
of several zeolites. zeotypes, and mesoporous molecular 
sieves. Evidently, a large nurnber of different zeolite or 
zeotype structures and mesoporous materials are available 
from which the optimum one for the given application can 
be selected. 

EXTENSIONS OF ZEOLITE STRUCTURES 

Although zeolites and zeotypes attracted attention in 
many areas of chemistry and its applications, much effort 
has been devoted in the last decade in particular to the 
enlargement of the size of their channels in order to 
allow larger molecules to reach the zeolite active sites. 
This work could have particular importance in fine 
chemical and pharmaceutical manufacturing and in 
petroleum refining. Access of larger organic molecules 
to the active sites of zeolites will significantly increase 
the number of reactions catalyzed by zeolites. The 
maximum size of zeolite channels is about 1.0 nm for 
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Fig. 2 Several zeolites. zeotypes, and nlesoporous molecular sieves with dimensions of their channels 

14-membered ring zeolites CIT-5 and UTD-1: while in 
zeotypes, channel sizes up to 1.4 nm in JDF-20 and 
cloverite have been achieved. However. further attempts 
to increase this pore size and at the same time to pre- 
serve the zeolite crystal structure unfortunately failed. 
Therefore, new synthetic approaches have been devel- 
oped, namely, as follows: 

1. Preparation of delaminated zeolites from zeolite 
precursors. 

2. Preparation of pillared layered materials based on 
zeolite layers. 

3. Synthesis of mesoporous molecular sieves with 
amorphous channel walls of various chemical com- 
positions. different pore sizes, and dimensionalities. 

4. Synthesis of mesoporous molecular sieves with 
crystalline zeolite phases embedded into the chan- 
nel walls. 

Several zeolites (e.g., MCM-22 and ferrierite) can be 
synthesized in the form of a layered precursor, which can 
be transformed into the three-dimensional crystalline 
structure by thermal treatment. These layered solids 
arouse interest due to their potential to intercalate guest 
molecules between the individual layers. Using a proper 
treatment. layered zeolite precursors can be delarnlnated, 
but their layered structure with surface areas exceed- 
ing 700 m2/g is preserved. Such delaminated zeolites 

exhibit strong acidity and stability, which is characteristic 
for zeolite materials. In addition, they are better accessible 
for larger organic Moreover, the layered 
nature of these materials enables zeolite-based pillared 
molecular sieves to be synthesized by inserting different 
inorganic materials (e.g., silica, alumina, heteropoly 
acids) into the interlayered space, yielding large-pore 
pillared materials with zeolitic properties.["] 

The invention of mesoporous molecular sieves at 
Mobil Research and Development Corporation, started a 
new era in the investigation of molecular sieves.i51 
Mesoporous molecular sieves exhibit uniform pores with 
dimensions ranging froin 2.0 to about 30 nm, surface 
areas often larger than 1000 m2/g, and long-range 
ordering. These materials are obtained using supramolec- 
ular assemblies of surfactants, which template the 
inorganic components during the synthesis. Anionic: 
cationic. and neutral synthetic routes have been reported, 
defining the type of interaction among the head groups of 
inorganic and surfactant species in the initial steps of the 
synthesis of different mesoporous inaterials (MCM-41, 
MCM-48, SBA-15, mesoporous a l~~mina) . '~ ' . ' ~ '  

In order to overcome the limitations of individual 
micro- or inesoporous materials and to combine the 
advantages of these two types of molecular sieves, the 
synthesis of new molecular sieves incorporating porosity 
of both types presents a challenge. Several approaches 
and methods of synthesis of micro/mesoporous materials 



Zeolites: Structures and Inclusion Properties 1627 

have been described. One possible method of obtaining 
micro/mesoporous composite materials is by secondary 
teinplated crystallization of zeolites, starling from amor- 
phous mesoporous materials containing structure-direct- 
ing agents for the synthesis of the required zeolite phase. 
This approach consists of two steps: preparation of the 
amorphous mesoporous precursor and transformation of 
the amosphous mesopore walls into crystalline walls by 
additional hydrothermal treatment in the presence of a 
suitable organic template."" Another approach is to 
impregnate mesoporous materials such as MCM-41 with 
tetrapropylarnmonium hydroxide followed by recrystalii- 
zation at elevated temperatures to obtain a ZSM-5-like 
phase."51 The dual-templating method through two-step 
crystallization represents another way of synthesizing 
rnicro/rnesoporous molecular sieves.[161 Last but not least, 
direct assembly of nanoclustered alumosilicate precursors 
(zeolite seeds) with crystalline zeolite structure can be 
used under defined drying conditi~ns.~"' Using this 
method, steam-stable alu~ninosilicate mesostructures as- 
sembled from zeolite Y, zeolite ZSM-5, and zeolite p 
seeds have been prepared. 

A great deal of research effort aimed at enlargement 
of the zeolite and zeotype structures resulted in 
numerous papers on the synthesis, properties, and 
characterization of delaminated and pillared zeolitic 
materials and mesoporous molecular sieves with amor- 

phous or partially crystalline channel walls. Also, 
evidence of their potentials for catalytic applications 
was reported. The individual synthetic approaches are 
summarized in Fig. 3. Depending on the reaction 
conditions and on the structure of organic template 
(structure-directing agent), various molecular sieve 
materials can be synthesized (zeolites-route A, dela- 
minated zeolites-B. pillared layered zeolites-C, meso- 
porous molecular sieves-D, and mesoporous molecular 
sieves with zeolitic walls-E). 

INCLUSION PROPERTIES OF ZEOLITES 
AND MESOPOROUS MATERIALS 

The inclusion properties of zeolites and related molec- 
ular sieves are strongly controlled by the unique 
structures of their channel systems and the presence or 
absence of cavities. Introduction of various inorganic, 
organic. or organometallic species into the zeolite 
channels profoundly changes their properties. In addi- 
tion, properties of guest molecules located in zeolite 
matrices can significantly differ from their bulk 
properties due to their nanoscale dimensions and 
locations in a constrained system. Crystalline structure 
of zeolites imposes important shape-selective properties, 
characterized by a negative framework charge and low 

Fig. 3 Routes to zeolites (A), delaminated zeolites (B), pillared layered zeolites (C). mesoporous molecular sieves (D). and 
mesoporous ~llolecular sieves with zeolitic walls (E). 
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flexibility of the zeolite structure. Excellent reviews 
covering this topic were recently published by ~ e i n [ ' ~ l  
and de Vos and ~ a c o b s . " ~ ~  

Different synthetic approaches have been described for 
the formation of zeolite inclusion compounds, including 
direct adsorption. impregnation. ion-exchange from 
solutions or solid-state ion-exchange. ship-in-the-bottle 
synthesis. formation of large molecules (e.g., by poly- 
merization reactions). and zeolite synthesis around the 
metal complex. Some examples of these approaches are 
given in the next sections. 

METAL AND METAL-OXIDE CLUSTERS 

Incorporation of metals or metal oxides into zeolite 
cavities leads to the formation of nanosized clusters 
exhibiting different catalytic properties from the bulk 
materials. These metal particles are usually introduced 
into zeolite channels through ion-exchange followed by 
reduction or oxidationlreduction to get their final 
dispersions.i201 Metal clusters can also be formed via 
zeolite impregnation by corresponding azides from 
methanolic solutions followed by thermal decomposi- 
t i ~ n . ' ~ "  Catalytic acti~ities of the bifunctional or basic 
catalysts prepared using these methods can be success- 
fully combined with shape-selective properties of parent 
zeolites. 

SHIP-IN-THE-BOTTLE SYNTHESIS 

The ship-ill-the-bottle synthetic approach represents an 
elegant method of forming entrapped molecules within 
the zeolite channel system that are larger than dimensions 
of the challnels of the zeolite. These entrapped molecules 
cannot be easily removed from the zeolite due to steric 
reasons. A typical example is the synthesis of Fe- 
phthalocyanine in the cavities of zeolite U. Iron is 
introduced into the zeolite by ion exchange from its water 
solution followed by complexation with 1 -2-dicyanoben- 
zene. A schematic picture of the location of Fe- 
phthalocyanine in zeolite U is provided in Fig. 4. This 
mechanism was examined in order to synthesize active 
catalysts for, e.g.. oxidation and hydrogenation reactions 
and to mimic natural enzymes. It is expected that the 
mechanism of oxygen transfer of Fe-phthalocyanine in 
zeolite Y is analogous to the natural cytochrome P- 
450.["' Complexes of other transition metals have been 
synthesized in zeolites using, e.g., bipyridine and salen 
ligands with application for epoxidation reactions. The 
ship-in-the-bottle synthesis was used by Meinershagen 
and ~ e i n [ ~ "  for incolporation of the solvatochromic dye 
nile red in zeolite I' to test its sensing properties. This 

Fig. 4 Location of Fe-phthalocyanine in the cavity of zeolite Y. 
('l'iel.1; this art irz coloi- cif w~~.~v.dekkercor~z . )  

dye, located inside the zeolite. was shown to act as an 
optical sensor with extremely high sensitivity toward 
different organic compounds. 

FORMATION OF LARGE MOLECULES 

The constrained geometry of the inner void volume of 
zeolites, and particularly of mesoporous materials, 
provides an important space of nanodirnensions for 
accommodation of large molecules. It is expected that 
flexible polymers synthesized in the conditions of 
constrained geometry could exhibit different properties 
compared to nonconstrained systems. Considerable effort 
has been exerted to synthesize conducting polyrners by 
poly~nerization of the respective monomers in the 
presence of zeolites ion-exchanged with some transition 
metals. 

It has been shown that N-vinylcarbazole and vinyl 
ethers can be used for the cationic host-guest 
polymerization in MCM-41 and MCM-48 mesoporous 
molecular sieves. leading to new polymerMCM-41 and 
polymer1MCM-48 host -guest hybrid materials.[2" It 
seems that the molecular weight and the dezree of the 
loading of the enclosed polymers can be adjusted to a 
certain degree by modification of the polymerization 
conditions. 

On the other hand. Balcar et a ~ . ~ ' ~ ]  showed that the 
immobilization of [Rh(cod)OCH3]' on mesoporous 
MCM-41 provides an inorganic hybrid catalyst, which is 
effective for polymerization of various substituted 
phenylacetylenes into substituted polyvinylenes (investi- 
gated for their interesting photoelectrical and optical 
properties) with molecular weight between 50.000 and 
180;000 and high cis-trcrrzsoid structure. 
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ZEOLITE SYNTHESIS AROUND ORGANIC 
AND BNQRGANle MOLECULES 

A completely different approach involves organometallic 
complexes with a relatively rigid structure that can be 
used as templates for the synthesis of zeolites. Balkus 
et al.[2h1 showed that perrnethylated cobalticinium ion 
(CoCp2+) can be employed to synthesize a new zeolite 
UTD-1, which was the first zeolite with 14-membered 
ring channels. The (CoCp2+) complex was also used to 
synthesize ZSM-51 and AlPO-16. This zeolite and 
zeotype, respectively, exhibit cages into which this 
template nicely fits. Another example is the employment 
of 1-aminoadamantane for the synthesis of chabazite. 

CONCLUSION 

The continuous effort of numerous laboratories around the 
world resulted in the last decades in the synthesis of a 
number of new zeolites, zeotypes, and mesoporous 
molecular sieves of different chemical compositions. 
Hand in hand with the success of basic research in this 
area, zeolites found new industrial applications. 

In the case of zeolites and related materials, un- 
fortunately no breakthrough has been achieved in the 
synthesis of extra-large pore zeolites. UTD-1 and CIT-5 
remain the only examples of 14-membered ring zeolites, 
while cloverite and JDF-20 represent the largest zeotypes 
with 20-membered rings. Therefore. much effort is exerted 
to enhance the accessibility of catalytically active sites by 
delamination and pillaring of zeolite precursors. while 
preserving the structure and properties of zeolitic layers. 
Several s~tccessful examples of these new types of 
materials are described in this article. Evidently, synthesis 
of other types of molecular sieves possessing chemical 
composition and properties can be expected. These 
synthetic activities are connected with the effort to increase 
the number of zeolitic materials applicable in industrial 
catalysis. Recently. synthesis of polymorph C of zeolite fi 
and ITQ-21 has been reported, confirming the extremely 
high amount of research activity in this area.i27.281 

As for mesoporous molecular sieves. their synthesis 
opened a new subfield of molecular sieve chemistry. 
which has grown rapidly over the last 10 years. New 
synthetic approaches. different from those known for 
zeolites, have been applied. The variety of the synthetic 
procedures described and the differences in the textural 
properties due to different synthetic procedures, as well as 
to the high-temperature treatment, give evidence that 
mesoporous molecular sieves of different chemical 
coillpositions are interesting materials, not only for 
materials science but also for application as heteroge- 
neous catalysts. support for immobilization of homoge- 

neous catalysts, adsorbents, materials for synthesis of new 
types of inclusion compounds, etc. There is no doubt that 
research in this field will rapidly grow. and new types of 
mesoporous molecular sieves will be synthesized. Tailor- 
ing of the textural properties and industrial application of 
these materials in the near future are likely. 

The first successful preparation of micro/mesoporous 
molecular sieves started an intensive search to optimize 
procedures of their synthesis, to increase their thermal 
stability, and to tailor their acid, base; and redox 
properties for possible application in heterogeneous 
catalysis. Although only a few syntheses of composite 
molecular sieves have been reported, it is clear that 
mastering this synthesis represents an important challenge 
in the area of porous materials. There is no doubt that 
molecular sieves represent a flourishing and expanding 
field of chemistry, and further interesting achievements 
and applications can be expected. 
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INTRODUCTION 

Zinc is one of the essential and widely used transition 
metals (Croup 12) in biology, because it is the second 
most abundant transition metal in our body. Recently. the 
structures of over 300 zinc-containing proteins were de- 
termined, where the zinc atom acts as a strong catalyst 
as well as regulates the physiological process or fixation 
of the unique structural conformation of bioactive spe- 
c i e ~ ." ~"  Zinc usually exists only in the dication state, 
Zn2+ with a closed dlo electronic configuration, indicating 
that no reduction-oxidation process occurs in physiolog- 
ical systems, whereas it is well known that zinc is the 
most common Lewis acidic metal cation in bioinorganic 
chemistry. A zinc-bound water molecule rapidly ex- 
changes, because the ligand-zinc bond is kinetically 
labile. These features provide an effective hydrolysis 
function of the zinc complex through the activation of 
coordinated water. Therefore, it is of particular interest 
to study the metabolic conversion or degradation of 
biomolecules catalyzed by zinc enzymes. However, the 
mechanistic details of the enzyme function in the protein 
matrix are sometimes complicated, even though the 
structures of many zinc enzymes can be characterized 
by several different spectroscopies. On the other hand, a 
synthetic zinc complex related to the active site sphere 
will be a good tool with which to understand the role of 
the zinc ion and the complicated mechanism of catalytic 
 reaction^.'^,^' A great deal of interest focused on the 
design of excellent functional or stiuctural models on zinc 
enzymes. 111 this article. several representative zinc 
enzymes and related functional models with supramolec- 
ular components will be discussed. 

coordinated water molecule occurs even at neutral pH 
(Eq. 3). In fact, a series of model studies demonstrated 
that the pK, value of the coordinated water molecule 
decreases to as low as 7-8. The obtained metal-bound 
hydroxide species, [Zn-OH]+ can then act as a 
nucleophile toward a hydrolyzable substrate. It is found 
that in some zinc-containing enzymes, the coordinated 
water molecule is not completely deprotonated. In such 
cases, a proton acceptor such as glutamate assists in the 
generation of the hydroxide complex (Eq. 4). In the 
enzymatic systems, the pK, value of the coordinated 
water is controlled by the coordination number, ligand 
property, and amino acid residues near the zinc complex. 
Another catalytic pathway of the zinc enzyme is the 
displacement of a coordinated water molecule with a 
substrate (Eq. 5). For example, an alcohol is a substrate 
for a zinc complex in alcohol dehydrogenase, where a 
coordinated water molecule is replaced with an alcohol, 
and then deprotonation occurs to yield a zinc-alkoxide 
complex, [Zn-OR]+; in the same manner as depicted by 
Eq. 3. 

R-WH-CO-R + H 2 0  - R-NH2 + HO-CO-R 

(1)  

~ n "  (in protein) + H 2 0  + [ z ~ - o H ~ ] ~ -  (2) 

[ z~ - -oH~]~+  + Substrate -+ jzn-~ubstrate]~' + H 2 0  

( 5 )  

GENERAL MECHANISM OF HYDROLYSIS 
CATALYZED BY ZINC ENZYMES 

INTRODUCTBON TO REPRESENTATIVE 
It is known that the hydrolysis of peptides, proteins, or ZINC ENZYMES 
esters is accelerated by zinc-containing enzymes such as 
peptidases. lactamases, or dehydratases, even at neutral Shown in Fig. 1 is the three-dimensional active-site 
pH (Eq. I).  because a solvent water molecule readily structures of four representative zinc-containing enzymes: 
binds to the strong Lewis acidic zinc ion to form ~ a r b o x y p e ~ t i d a s e ~ ~ ~  and p-lactamaseisl belong to the 
[ZII-OFI~]~+ (Eq. 21, and then the deprotonation of the hydrolase family, while carbonic anhyd~ase'~ '  is one of 

Elzcyclopedia of S~rprur~~olecirln~. Clrenzistr?. 
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Fig. B Active site structures of four zinc-containing enzymes: (a) carboxypeptidase A from bovine pancreas. (b) P-lactamase from 
Bacteroides ,fj-agilis. (c) human carbonic anhydrase. and (d) horse liver alcohol dehydrogenase. 

the famous lyases, and alcohol dehydrogena~e"~~  is 
classified as an oxidoreductase. All of these enzymes 
except for P-lactamase have four-coordinate zinc com- 
plexes with a normal or distorted tetrahedral geometry 
including a water molecule as the fourth ligand. In 
the case of some P-lactamases, there are two zinc 
sites, although the role of the second zinc atom is still 
not clear. 

as shown in Fig. 1. The coordinated water is converted 
to the metal-bound hydroxide that is assisted by Clu270 
as a general acid catalyst. The hydroxide then acts as 
the nucleophile to attack the peptide carbonyl carbon 
that is polarized with the assistance of Arg127. The 
tetrahedral obtained intermediate is stabilized by several 
interaction networks. It decomposes by proton donation 
from 6 1 ~ 2 7 0  and affords the final products via C-N 
bond cleavage. 

The carboxypeptidase A, mainly isolated from bovine 
pancreas, is a metalloprotease that hydrolyzes peptide 
linkages. Particularly, the catalytic cleavage of the 
peptide in the presence of the enzyme preferably occurs 
at the C-terminal amide bond with a large hydrophobic 
amino acid side chain. such as phenylalanine, because 
the enzyme has a steady binding pocket for an aromatic 
ring. A proposed mechanism of initial step is shown in 
Fig. 2.['11 The zinc ion is coordinated by two histidines, 
one chelating (i12-)glutarnate and one water molecule, 

The metallo-0-lactamases hydrolyze a series of p-lactam 
antibiotics, such as penicillin and cephalosporin deriva- 
tives. making them harmless to pathogenetic bacteria."21 
Thus. it is important to study the hydrolysis mechanism 
and prepare a clinically useful inhibitor. According to 
the three-dimensional structure of a zinc P-lactamase 
from Bacteroides , fmglis,  there are two zinc binding 
sites. where the two zinc ions, Znl  and Zn2, are 3.5 A 
apart and bridged by one hydroxide group; and Znl and 
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Fig. 2 A proposed mechanism of the nucleophilic attack of 
zinc-hydroxide to a carobonyl carbon of a pepticle linkage. 

Zn2 have a tetrahedral and trigonal-bipyramidal coordi- 
nation geometry. respectively, as shown in Fig. 1. Al- 
though the mechanism of the N-C(=O) bond cleavage 
in the 0-lactam is not completely clear, functional model 
studies suggested that the p-lactam antibiotics could 
be fixed at the active site by the interaction between a 
carboxylate of the p-lactam and one of the zinc ions 
(Zn2), and then the zinc-bound hydroxide acts as a nu- 
cleophile to attack the 0-lactam. The intermediate spe- 
cies after the cleavage of the four-membered ring of 
the p-lactam is stabilized by two zinc ions. One zinc 
ion (Znl) interacts with the carboxylate anion gen- 
erated, and the other (Zn2) acts as a receptor of anionic 
nitrogen. Subsequent protonation of the intermediate spe- 
cies gives the hydrolytic opening product, which is anti- 
biotic inactive. 

Carbonic Anhydrase 

The role of carbonic anhydrase is to reversibly convert 
carbon d~oxide into bicarbonate. The structure of the 
active site containing one zinc ion is relatively simple 
compared to the carboxypeplidase A; however, it is one 
of the typical examples that demonstrates the nucleo- 
philic attack at carbon by activated zinc-coordinated 
water."" The catalytic zinc ion of carbonic anhydrase TI 
is bound to three histidines and one water molecule 

to form a distorted tetrahedral geometry, as shown in 
Fig. 1. It is known that the pK, value of the co- 
ordinated water n~olecule is approximately 7, indicating 
that the metal-bound hydroxide group is easily pro- 
duced under physiological conditions, because deprotona- 
tion of the coordinated water is assisted by the Thr199 and 
Glu 106 hydrogen-bonding network and a proton relay 
system including several histidines. The generated metal- 
bound hydroxide acts as a strong nucleophile to attack the 
carbon dioxide, and then the metal-bound carbonate is 
produced as an intermediate. The proposed reaction 
mechanism is summarized in Fig. 3. It is well-known that 
the hydrolysis equilibrium for C 0 2  is fast. by diffusional 
control with a turnover number of lo6 sC', indicating that 
the reaction is accelerated by a factor of 10' compared 
to that observed for the uncatalyzed reaction under phys- 
iological conditions, and hence, carbonic anhydrase rep- 
resents a highly sophisticated catalyst. 

Alcohol Behydrogenase 

Primary alcohols are metabolized to the corresponding 
aldehyde by mammalian liver alcohol dehydrogenase 
containing a catalytic site and a structural zinc site.[3." 
This enzyme requires a binding site for the dehydrogenase 
coenzy~ne WAD+/NADH that directly catalyzes the 
oxidation of an alcohol or reduction of an aldehyde, 
because the zinc does not have any oxidation or reduction 
activity. The zinc ion located at the active site is 
tetrahedral coordinated by two cysteines, one histidine, 
and one water molecule. The coordinated water molecule 
must be replaced with the alcohol during the first step of 
the reaction. After the deprotonation of the alcohol to an 
alkoxide on the zinc ion, the subsequent proton transfer 
from the alkoxide to NAD+ is accelerated to yield the 
corresponding aldehyde and NADH. For the reverse 
reaction from the aldehyde, the zinc ion interacts with the 
carbonyl oxygen of the substrate to polarize the C=O 
bond and accelerate the hydrogen transfer from NADH. 
According to the three-dimensional structure of the 
alcohol dehydrogenase, there is another zinc ion coordi- 
nated by four cysteines, and the role of tlze zinc might be 
fixation of the enzyme structure. 

SEVERAL FUNCTIONAL MODELS WITH 
SUPRAMOLECULAR STRUCTURES FOR 
ZlNC ENZYMES 

The developnlent of synthetic models for metalloenzymes 
is one of the most advanced fields in bioinorganic 
chemistry, because a well-defined model often gives us 
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Fig. 3 A proposed catalytic mechanism of carbonic anhydrase. 

a good suggestion about structure and function relation- 
ship\ and the complicated reaction mechanism o f  
metalloproteins. Much effort on zinc enzyme modeling 
was devoted to demonstrating the catalytic importance o f  
the Lewis acidity o f  the zinc atom by mimicking the 
active site. Reported herein are several representative 
models focusing on the reactivity o f  zinc enzymes. 

Model studies o f  carboxypeptidase A are limited. It is 
found that some zinc complexes can hydrolyze the 
carboxylic ester, however, there is no suitable functional 
model that dernonrtraces the hydrolysis o f  normal carbox- 
amide by [Zn-OH]+species. 

It is important to understand the mechanism o f  the 
cleavage o f  the (3-lactam ring catalyzed by 0-lactamase 
involving a zinc atom as an active site, because the zinc- 
containing enzyme is a factor in bacterial resistance to 
the 0-lactam antibiotics such as penicillin, cephalosporin, 
and so on. The first functional model for 0-lactamase 
was reported by Kimura and  coworker^.^'" They demon- 
strated that the zinc complex involving 1.4,7.1 O-tetra- 
azacyclododecane ([12]aneN4) forms the [Zn-OH]+ 
species under neutral conditions, and it accelerated the 
hydrolysis o f  benzylpenicillin in aqueous solution. In 
contrast, the native p-lactamase has two zinc atoms in the 
active site. From the three-dimensional structure infor- 

mation, Lippard and his coworkers recently prepared the 
unique functional models formed by dinuclear Zn2+corn- 
plexes as shown in Fig. 4.L'5.161 For example, the observed 
rate constant for the hydrolysis o f  nitrocefin catalyzed by 
[Zn, (BPAN)(p-OH)(p-OZPPhZ)](C104)23 where BPAN is 
2,7-bis[2-(2-pyridylethy1)aminomethyll- 1.8-naphthyri- 
dine, is 2800-fold greater than that observed in the 
absence o f  a zinc complex at pH 7 ,  whereas this value is 
comparable with that obtained by mononuclear zinc 
complexes. This finding indicates that the second Zn2+ 
does not activate the hydroxide as a nucleophile to 
nitrocefin. Moreover. the intermediate 2 in the (3-lactam 
hydrolysis based on the dinuclear zinc models I. the 
adduct between dinuclear zinc complex and the opened 
nitrocefin, was characterized by U V N i s ,  IR. and NMR 
spectroscopy, as shown in Fig. 4.'17] The structural data o f  
the intermediate species suggest that two zinc atoms in the 
enzyme might play a role in the substrate binding sites, 
and the bridging hydroxide intralnolecularly attacks the 13- 
lactam antibiotics. 

Carbonic Anhydrase Models 

Over the last two decades, a thousand structural and 
functional models for carbonic anhydrase were reported 
to address the features o f  the active site and the mecha- 
nism o f  the catalytic reaction. One o f  the earliest func- 
tional models is the supramolecular composite o f  the 
bis(histamino)cyclodextrin-Zn-imidazole complex 3 that 
accelerates C 0 2  hydration at pH 7.0. although the 
catalytic activity is not good compared with the native 
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Fig. 4 Nitrocefin hydrolysis catalyzed by a dinuclear zinc(I1) complex and its intermediate. 

enzyme.L" 19' Kimura and coworkers demonstrated that 
the zinc@) complex 4 wlth 1,5,9-triazacyclododecane, 
[12]aneN3, as a ligand catalyzes the pH-dependent 
hydration of COz. Based on a titrimetric experiment, the 
pK, value of Zn([12]aneN3).Hz0 was determined to be 
7.4. which is almost the same as that observed in the 
native carbon~c anhydrase. The acceleration of C 0 2  
hydration was clearly observed in the region higher than 
pH 7.4. indicating that the zinc hydroxo species smoothly 
reacts with C 0 2  under mild conditions.1201 The rate of the 
catalytic hydration of C 0 2  also increased by 1,4.7,10- 
tetraazacyclododecane ([12]aneN4) as a ligand. Eldik and 
coworker detcribed that an inflection point at pH 8.1 
obtained in this reaction from the hydration rate by 
Zn([l 2]aneN4).H20 5 is almost comparable with the pK, 

value of the deprotonation of the coordinated water.'211 
Furthermore, Zni[12]aneN4).Hz0 shows one of the high- 
est catalytic activities of all reported zinc model com- 
plexes for the dehydration of H C 0 3  and hydration of 
C02,  respectively. In contrast, Brown and coworkers 
prepared the tris(4,5-dialkyl-2-imidazoly1)phosphine-zinc 
complex 6, which mimics an active-site model for the 
carbonic anhydra~e.~'~ '  Although their models did not 
dramatically enhance the rate of interconversion between 
C 0 2  and H C 0 3 ,  it is of interest to evaluate the catalytic 
mechanism using this system, because the coordination 
environment of the model zinc complex is an analog to 
that of the native enzyme, having a tetrahedra1 zinc center 
composed of three imidazoles and one water. Further- 
more, Parkin, Vahrenkamp, and co\vorkers discussed the 



Zinc-Containing Enzymes and Their hlodels 

intermediate of the catalytic reaction using tris(3,5- 
dialkylpyrazoly1)hydrobor~ozinc complex 7.L231 Particu- 
larly. the hydroxide complex can smoothly react with C 0 ?  
to yield a bicarbonate complex characterized by spec- 
troscopy and then form the dilneric zinc complexes via a 
carbonate ligand bridge. The zinc complex obtained 
shows a unidentate or chelated bidentate coordination 
mode (8 or 9. respectively), which depends on the 
bulkiness of the substituted alkyi groups at the 3-position 
of the pyrazolyl ring, as shown in Fig. 5. From the 170- 
NMR study on the exchange of oxygen between C 0 2  and 
15 0-labeled water, which is a critical process for the 
catalytic reaction of the carbonic anhydrase, it is 
concluded that the formation of a bidentate carbonate 
intermediate inhibits the displacement of the bicarbonate 
by water.'"' These results also rationalize the fact that the 
catalytic activity of Zn[12]aneN3 is lower than that of 
Zn([12]aneN4), because the former complex may form the 
bidentate bicarbonate intermediate that decreases the 
displacement of the bound bicarbonate ligand by H20 .  
In addition. Parkin and coworker recently reported the 
fact that protonation of the zinc hydroxide complex also 
inhibits the reactivity toward C02.  indicating that the C 0 2  
hydration requires deprotonation of the coordinated 
water.13' A series of model studies suggests that the 
catalytic activity of C 0 2  hydration requires the deproto- 
nation of the coordinated water and the prevention of the 
bidentate interaction of the carbonate with the zinc atom 
at the intermediate state. 

Alcohol Behydsogenase Models 

transfer reaction from 2-propanol to hydrogen acceptors 
such as a NADf model or p-nitrobenzaldehyde by 
Zn([12]aneN3) 4.'291 It is the first functional model for 
the alcohol dehydrogenase to demonstrate hydride trans- 
fer around the zinc coordination sphere. 

X = H20  or OH- 

To mimic the zinc-containing alcohol dehydrogenase 
enzyme, several groups focused on the complexation 
between an alcohol and the zinc complex and the 
subsequent hydrogen transfer from the obtained alkoxide 
complex to NADf to yield the corresponding aldehyde 
derivatives (Fig. 6). Vahrenkamp and coworkers isolated 
the zinc alkoxide complex 10 with a tris(thioimidazo- 
iy1)hydroborate ligand from the reaction between the 
zinc hydroxide complex and phenols or trifluoroetha- 
n o l ~ . ~ ' ~ '  Furthermore, the hydroxide and ethoxide 
interconversion in the zinc complex 7 with a tris(pyraz- 
o1yl)hydroborate as a ligand was also observed by Parkin 
and coworker.[271 In addition, Berreau and coworkers 
recently demonstrated that the zinc methoxide 11 with 
the N-2-(ethylthio)ethyi-~V,N-bis(b-neopentylamino-2- 
pyridylmethy1)amine shows a significant hydrolytic 
stability due to the hydrogen bonding interaction 
between the methoxide and the N-H proton of the 
ligand, so the equilibrium is shifted to the zinc alkoxide 
from the zinc hydroxide, which mimics the native en- 
zyme, where the alkoxide is stabilized by ~ e r 4 8 . ' ~ "  In 
contrast, Kimura and coworker demonstrated a hydride 

N-N 

N-N 

(8) N-N 
R' R- R 8  

R ' w  
N-N 

R 

R' 

Fig. 5 Molecular structures of several functional models for 
carbonic anhydrase. 
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Fig. 6 Structure and function models for alcohol de- 
hydrogenase. 

Described in this article are four zinc enzymes and their 
representative functional models. Although the three- 
dimensional structures of many zinc enzymes were deter- 
mined in the last decade, the dynamics and mechanisms 
of the catalytic process of the zinc enzyme are com- 
plicated and still not fu!lp understood. Therefore, to 
resolve the nature of the active site in enzymes; it is 
necessary to prepare an appropriate model complex. From 
a series of studies by functional models, it is found 
that the pK, of the coordinated water controlled by the 
ligand properties and the coordination mode of the 
substrate are essential to obtain catalytic activity for zinc 
enzymes. However, no functional models exhibit the 
activity observed by the native enzyme under physiolog- 
ical conditions. Thus, the goal that remains is to elucidate 
the significant difference in catalytic activity between 
the zinc enzymes and these models and then create a 
supra~nolecular composite of an artificial zinc enzyme 
that demonstrates the excellent catalytic function. 

Artificial Enyymes, p. 76 
Cc~rbonic Anlzqdrase Models, p. 178 
Carbox~peptida~e A, p. 183 
Enzqme Mimics, p. 546 
Enzymes: Characteristics arzd Mecilanisms. p. 554 

REFERENCES 

Auld, D.S. Zinc Sites in Metalloenzymes and Related 
Proteins. In Handbook on Metalloproteins; Bertini. I.. 
Sigel. A., Sigel, H.. Eds.: Marcel Dekker, Inc.: New York, 
2001: 881-959. 
Folkers, G.E.: Hanzawa, H.; Boelens, R. Zinc Finger 
Proteins. In Handbook on Metallop?-oteins: Bertini. I.. 
Sigel, A.. Sigel, H.. Eds.; Marcel Dekker, Inc.: New York, 
200 1 ; 961 - 1000. 
Lipscomb. W.N.: Strater, N. Recent advances in zinc 
enzymology. Chem. Rev. 1996. 96 (7). 2375-2433. 
Holm, R.H.; Kennepohl, P.; Solomon, E.I. Structural and 
functional aspects of metal sites in biology. Chem. Rev. 
1996, 96 (7). 2239-2314. 
Kimura, E. Model studies for molecular recognition of 
carbonic anhydrase and carboxypeptidase. Acc. Chem. 
Res. 2008, 34 (2), 171- 179. 
Parkin. 6. Synthetic Analogs of Zinc Enzymes. In Metal 
Ions in Biological Systems; Sigel, A,. Sigel, H., Eds.: 
Marcel Dekker, Inc.: New York, 2001; Vol. 38, 411-460. 
Teplyakov. A.; Wilson, K.S.; Orioli, P.: Mangani, S. The 
High Resolz~tiorz Ctystal Structure of'the Conzplex Behveen 
Carbo.xypeptirlase A and L-Phenyl Lactate: Acta. Crystal- 
logr. D.. 1993. 49 (6). 534-540. Generated from PDB 
file 2CTB. 
Concha, N.O.: Rasmussen, B.A.: Bush, K.: Herzberg. 0. 
Ci-ystal Str~~ctur-e of the Wide Spectrum Birzuclear Zinc fl- 
Lncfamase from Bacter-oides Frrigilis; Structure 1996. 4 
(7), 823-836. Generated from PDB file 1ZNB. 
Alexander. R.S.; Nair. S .K.: Christianson. D.W. Engineer- 
ing the hydrophobic pocket of carbonic anhydrase 11. 
Biochemistry 199%. 30 (46), 11064-1 1080. Generated 
from PDB file 4CA2. 
Al-Karadaghi, S.; Cedergren-Zeppezauer, E.S.; Petratos, 
K.: Hovmoeller, S.: Terry. H.; Dauter. Z.: Wilson, K.S. 
Refined Ciystcil Str~rcture of Li~3er- Alcohol Dehydro- 
gerznse-NADH Complex a t  1.8 A Resolution; to be 
published. Generated from PDB file 20HX. 
Christianson. D.W.; Lipscomb, W.N. Carboxypeptidase A. 
Acc. Chem. Res. 8989. 22 (2),  62-69. 
Massova. I.; Mobashery. S. Molecular bases for interac- 
tions between p-lactam antibiotics and p-lactamases. Acc. 
Chem. Res. 1997'; 30 (4), 162- 168. 
Christianson, D.W.: Fierke, C.A. Carbonic anhydrase: 
Evolution of the zinc binding site by nature and by design. 
Acc. Chem. Res. 1996, 29 (7), 331 -339. 
Koike, T.: Takamura, M.: a m u r a ,  E. Role of zinc(l1) in 0- 
lactamase 11: A model study with a zinc(I1)-macrocyclic 



Zinc-Containing Enzymes and Their Models 

tetraamine (1,4,7,10-tetraazacyclododecane, cyclen) com- 
plex. J. Am. Chem. Soc. 1994. 116 (19). 8443-8449. 
Kaminskaia, N.V.: Spingler. B.: Lippard. S.J. Hydrolysis 
of p-lactam antibiotics catalyzed by dinuclear zinc(I1) 
complexes: Functional mimics of metallo-P-lactamases. J. 
Am. Chem. Soc. 2000, 122 (27). 6411-6422. 
Karninskaia, N.V.; He, C.; Lippard. S.J. Reactivity of 11- 
hydroxodizinc(I1) centers in enzymatic catalysis through 
model studies. Inorg. Chem. 2000. 39 (1 5). 3365-3373. 
Karninskaia. N.V.; Spingler; B.: Lippard. S.J. Intermediate 
in p-lactam hydrolysis catalyzed by a dinuclear zinc(I1) 
complex: Relevance to the mechanism of metallo-P-lacta- 
mase. J. Am. Chem. Soc. 2001, 123 (27). 6555-6563. 
Tabushi, I.: Kuroda. Y. Bis(histaminojcyc1odextrin-Zn- 
imidazole complex as an artificial carbonic anhydrase. J. 
Am. Chem. Soc. 1984, 106 (16). 4580-4584. 
Bertini. I.; Hayashi. T.; K~~roda ,  U.; Luchinat, C.: Tabushi, 
I. 'H NMR Characterization of the system cobalt(I1)- 
bis(histamin0)-P-cyclodextrin-iinidazole. 6azz. Chjm. Ital. 
1988, I18 (1 1). 777-781. 
Kimura, E.; Shiota. T.; Koike. T.: Shiro, M.: Kodama, M. A 
zinc(I1) complex of 1,5.9-triazacyclododecane ( [ I  2]aneN3) 
as a model for carbonic anhydrase. J. Am. Chem. Soc. 
1990, 112 (15). 5805-581 1. 
Zhang, X.; van Eldik, R.A. Functional model for carbonic 
anhydrase: Thermodynamic and kinetic study of a tetra- 
azacyclododecane complex of zinc (11). Inorg. Chem. 
1995. 34 (22); 5606-5614. 
Brown. R.S.: Curtis, N.J.; Huguet, J. Tris(4,S-diisopropyl- 
irnidazol-2-yl)phosphine:zinc(2+). A catalytically active 
model for carbonic anhydrase. J .  Am. Chem. Soc. 1981. 
103 (23), 6953--6959. 
Looney, A.: Parkin, 6 . ;  Alsfasse. R.: Ruf. M.; Vahren- 
kamp. H. Zinc pyrazolylborate complexes relevant to the 

biological function of carbonic anhydrase. Angew. Chem.. 
Int. Ed. Engl. 1992. 32 (1). 92-93. 

24. Looney. A,: Han, R.; McNeill. K.; Parhn, 6. Tris(pyraz- 
oly1)hydroboratozinc hydroxide complexes as functional 
models for carbonic anhydrase: On the nature of the 
bicarbonate intermediate. J. Am. Chem. Soc. 1993, 115 
(1 1). 4690-4697. 

25. Bergquist. C.; Parkin. 6. Protonation of the hydroxide 
ligand in a synthetic analogue of carbonic anhydrase. 
[ T ~ " " ~ . ~ " ] Z ~ O H :  Inhibition of reativity towards CO?. J. 
Am. Chein. Soc. 1999, 121 (26), 6322-6323. 

26. Tesmer. M.; Shu. M.: Vahrenkamp. H. Sulfur-rich zinc 
chemistry: Nea tris(thioimidaroly1)hydroborate ligands 
and their zinc complex chemistry related to the structure 
and function of alcohol dehydrogenase. Inorg. Chem. 
2001. 40. 4022-4029. 

27. Bergquist. C.; Perkin. 6. Modeling the catalytic cycle of 
liver alcohol dehdrogenase: Synthesis and structural 
characterixation of a four-coordinate zinc ethoxide com- 
plex and determination of relative Zn-OR versus 
Zn-OH bond enegiees. Inorg. Chem. Acta 1999, 38 (3). 
423-442. 

28. Garner. D.K.; Fitch, S.B.: McAlexander. L.H.; Bezold. 
L.M.: Arif. A.M.; Berreau, L.M. Mononulear nitrogen1 
sulfur-ligated zinc methoxide and hydroxide complexes: 
1n~'estigating ligand effects on the hydrolytic stability of 
zinc alltoxice species. J. Am. Chem. Soc. 2002. 124 (34). 
9970-9971. 

29. Kimura. E.: Shionoya, M.: Hoshino. A,;  Ikeda, T.: 
Uamada. Y. A model for catalytically active rinc(I1) ion 
in liver alcohol dehydrogenase: A novel "hydride 
transfei" reaction catalyzed by zlnc(I1)-macrocycl~c poly- 
amine complexes. J. Am. Cheln Soc 1992. 114 (26). 
10134-10137 



Zwitterion Receptors 

Stefano Di Stefano 
Luigi Mandolini 
Universit2 degli Studi cli Ro~na La Sapienza, Roma, Italy 

Perla Breccia 
lavier de Mendoma 
Universidad Autoiloma de Madrid, Madrid, Spain 

In a zwitterion, either of the charged functions is a likely 
site of recognition. Thus. a receptor specifically designed 
for the efficient recognition of a zwitterion should consist 
of at least two subunits, strategically assanged in a precise 
geometrical relationship. each of which is capable per se 
of binding one functional substructure of the substrate. 
The simultaneous recognition of additional part-structures 
of the guest should be performed in order to achieve selec- 
tivity and increased stability of the host-guest complex. 

Since Pedersen's seminal articler" published 35 years 
ago, the amount of research done in the field of molecular 
recognition of cations is o ~ e r w h e l m i n g . ~ ~ ~  However. for a 
number of reasons, much less interest was focused for a 
long time on the molecular recognition of anions, and sig- 
nificant progress in the field has been achieved only re- 
cently.["."' Consequently, the entire field of molecular 
recognition of zwitterions was still in its infancy in the 
mid-1980s. 

For the purpose of classification, this short article is 
divided into three sections, in accordance with the strat- 
egy used to achieve recognition of the ionic subunits of 
the zwitterion's guest. The strategy used in the design of 
receptors belonging to the first category is simply based 
on charge complementarity, which means that a major 
driving force for recognition is provided by a pair of anti- 
parallel salt bridges. A second group is formed by recep- 
tors in which a neutral multidentate ligand is deputed to 
provide a recognition site for the cationic end of the 
zwitterion. Finally, in the third section, the only available 
exarnple of a betaine receptor is discussed. 

Becauce of their biological relevance, most of the work 
published in this field refers to the recognition, and the 
closely related problem of transport across liquid mem- 
branes. of the zwitterionic form of amino acids, which is 
the most abundant form in solution at pH values around 
neutrality (see Eq. I below). 

ZWlBTERlONlC RECEPTORS 

a-Amino acids are mostly in zwitterionic form around 
neutral conditions. These are highly solvated species that 
represent a significant challenge for molecular recogni- 
tion, because the electron densities of the carboxylate and 
the ammonium functions are greatly affected by their 
mutual vicinity, causing the binding forces of comple- 
mentary groups of the receptor to be less effective for 
complexation. Although receptors based also on positive- 
ly and negatively charged binding sites (zwitterionic 
receptors) would in principle be the molecules of choice 
for recognition, these designs are often of limited interest, 
because they tend to collapse internally or to aggregate 
into dimers or oligomers. 

The first successful example of ainino acid transport 
under neutral conditions, using a receptor designed in 
such a way as to provide charge co~nplementarity to the 
zwitterionic form of the ainino acid (Eq. 2). was reported 
by Sunamoto and coworkers in 1982.'~' Upon UV ir- 
radiation, the photospiran 1 is converted to the purple 
form 2 bearing a merocyanine dye skeleton. When an 
aqueous suspension of single-walled liposomes contain- 
ing the amino acid in the interior and I in the bilayer was 
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UV irradiated for 20 min. followed by being visible light 
irradiated for 5 min. a significant transfer of phenylalanine 
from the liposome to the outer solvent took place. No 
transport of amino acid was observed in the dark or in the 
absence of 1. The system suffers from several drawbacks, 
including the question of the integrity of the membrane 
under the conditions of the experiment and the photochem- 
ical instability of the photospiran 1. However, in spite of 
such limitations. Sunamoto's work established for the first 
tinle the simple concept of charge complementarity for 
recognition and transport of the zwitterionic form of amino 
acids, as schematically depicted in Eq. 2 (see below). 

This concept was adopted shortly afterwards by Rebek 
and  coworker^.'^.^' Their acridine-based derivative 3 
features a molecular cleft endowed with receptor prop- 
erties toward guests of complementary size, shape, and 
hydrogen-bonding capacity. The zwiiterionic form 4 indi- 
cated by 'H-NMR spectra to be the dominant species was 
held responsible for the successful extraction of phenyl- 
alanine, tryptophan, and tyrosine nlethyl ether from their 
aqueous solutions into chloroform with efficiencies of ca. 
50%, accounted for by a 2:l ternary complex. The same 
system was employed as an artificial cal-rier for amino 
acids across bulk liquid membrane. The aryllaryl stacking 
interaction clearly revealed by NMR spectra, from which 
the structure of the intermolecular ternary complex 5 was 
established, provides a rationale for the finding that amino 
acids bearing a lipophilic side chain. such as leucine and 
isoleucine, were not extracted into chloroform. 

The schematic representation of the proposed struc- 
ture of the complex between tryptophan and P-cy- 
clodextrin modified with pyrrolidinyl and carboxyl 
subsiituents at neighboring AB (or BA) rings (6. only 
one regioisomer is shown) effectively illustrates Ta- 
bushi's designis1 of receptors for amino acids based on 
triple recognition, namely, a combination of hydrophobic 
interaction between indolylmethyl and a cyclodextrin 
cavity, and a pair of complementary electrostatic inter- 
actions between ionic groups. Stability constants for 
complexation of D- and L-tryptophan in aqueous solution 
were in the range of 36-54 M p '  with little preference, 
if any, for the D-enantiomer. Comparison with a binding 
constant of 13 M - '  obtained with unsubstituited P-cy- 
clodextrin shows that the hydrophobic effect is a major 
driving force for complexation. 

amino acid 2 
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The high stability of the amidinium-carboxylate salt 
bridge (K = 350 M ' in Me2S0 at 35"C, based on sim- 
ple model compounds) provides the basis for the simple 
self-replicating system described by von ~ ied rowsky . [~ '  
Anils of type '7 are not only capable of self-recognition via 
a pair of identical antiparallel salt bridges with four 
hydrogen bonds (as shown in duplex lo),  but also of 
acting as a template for Shiff-base bond formation 
between formylphenoxyacetate 8 and aminobenzamidi- 
nium 9 precursors. In this sense, anils 7 act as receptors of 
the zwitterionic transition states in the autocatalytic 
processes leading to self-replication. 

The water-soluble macrobicyclic host 11 synthesized 
by  skew"^' features three quaternized nitrogens in the 
molecular backbone and an equal number of convergent 

carboxylates. NMR evidence indicates that zwitterionic 
y-aminobutyric acid (GABA), with size that matches 
that of the host cavity, is strongly complexed with a K 
value of about 3 x 1 0 % ~ ' .  Much lower binding 
affinities are observed with glycine and 6-aminohexanoic 
acid, which are too short and too large, respectively, to 
match the host cavity size. The complexation properties of 
the zwitterionic form of the macrocyclic alkaloid (+)- 
tubocurarine 12 were investigated by Uatsimirsky et al.['l1 
The (+)-tubocurarine shows a moderate affinity toward 
phenylalanine at pH = 9.0, with a preference for the 
D-form (K = 30 + 9 M I )  over the L-form (K = 12 + 
2 M- ' ) .  

RECEPTORS BASED ON CROWN ETHERS 
AND RELATED IONOPHORES 

The discovery that crown ethers. besides metal ions. 
complex ammonium ions via hydrogen bonding to the 
oxygen donors dates to 1967."~ Thus, the use of crown 
ethers and related ionophores as docking sites for the 
-NH3' function of amino acids is an obvious choice. 
It must be borne in mind. however, that the nearby 
carboxylate considerably diminishes the likelihood that an 
ammonium will form hydrogen bonds with lone pair 
donors. This explains why a large nu~nber of receptors for 
amino acids were designed for single-charge substrates 
and not for zwitterions. Nevertheless, a sizable number of 
examples are available, where binding of zwitterionic 
amino acids was obtained by combining a crown ether or 
related ionophore moiety with a subunit suitable for 
carboxylate recognition. In addition, the rich variety of 
side chains of amino acids offers the potential for se- 
lective recognition. 

The first attempts at receptors for carboxylate con- 
centrated on protonated polyazamacrocycles.~"""~ These 
compounds bind their guests via a combination of 
electrostatic interactions and hydrogen bonds. An early 
example of a ditopic receptor composed of a macrocyclic 
polyamine and crown ether subunit was reported by 
~ i m u r a . ~ ' ~ ~  The triprotonated form of 113 forms 1:l  
complexes with zwitterionic compounds, such as glycine, 
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0-alanine, H2N(CH2)3C02H. H2N(CH2)5C02H, and di- 
glycine in aqueous solution at pH values close to neutrality, 
with conditional binding constants of the order of 1 o2 M I .  

/ Because the monotopic model compounds do not interact 
with the given amino acids under the same conditions, it 
was argued that the strong binding to 13 is a concerted 
action resulting from interaction of the carboxylate with the 

1 3  protonated azacrown moiety and from the primary am- 
monium function with the benzo-crown counterpart. 

n /CH3 In place of a protonated lnacrocycle polyamine. 
Schmidtchen's ditopic receptor 1 4 [ ' ~ . ' ~ '  features a macro- 
tricyclic quaternary ammonium unit for complexing 
carboxylate, and an azacrown macrocycle serving as an 
anchor group for the -NH3+ end, as schematically 
shown in the 14.GABA complex. However, 14 showed no 
discrimination between GABA and its higher homologue 
H2N(CH)6C02H in MeOH/H20 9:1, and the model 
compound 15 turned out to be a stronger binder than 
14. Barboiu and coworkers"71 isolated in the solid state a 
series of complexes between a large number of L-amino 
acids and a lnacrocyclic receptor composed of a dibenzo- 
18-crown-6 unit endowed with two protonated 10- 
aminodecylcarbonyl side arms. Elemental analysis and 
spectroscopic data pointed to the formation of 1 : 1 comp- 
lexes 16 in which the ammonium end group of the amino 
acid is bound to the crown ether, while the carboxylate 
forms a salt bridge with one of the ammonium end groups 
of the host. 

An efficient combination of lnonotopic receptor sub- 
units characterizes de Mendoza's tritopic receptor 1'9 
[(S,S)-isomer shown] for the enantioselective recognition 
of r-amino acids."81 Binding sites for carboxylate and 
ammonium are provided by nonself-complementary 
counterparts, such as a guanidinium and crown ether. re- 
spectively. Additional structural features are the aromatic 
surface of naphthalene for a stacking interaction of the 
side chain of aromatic amino acids and a chiral structure 
for enantioselective recognition. Thus, in a single 
extraction experiment, 1'3 removed about 40% of L- 

triptophan and L-phenylalanine from saturated aqueous 
solutions into dichlorometha~le, whereas the D-forms were 
extracted to a negligible extent. The high degree of chiral 
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and dynamic ca~cula t ions"~~ showed that the salt bridge 
contributes about one half of the total binding, whereas 
the remaining attractive interactions are provided by the 
aza-crown ether and, to a minor extent. by the naphtha- 
lene moiety. The closely related receptor 19 was synthe- 
sized by Schmitdchen et al.[201 Thanks to the strongly 
hydrophobic silyl ether moiety, receptor 19 turned out 
to be much more effective than 17 in the extraction 
of a number of ainino acid zwitterions from water to 
dichloromethane, but only a modest enantioselectivity 
was observed (40% ee for D,L-phenylalanine). 

Although the underlying strategy is analogous to that 
of Kimura's receptor 13, there are two elements of 
novelty in Sessier's design

r2'] of ditopic receptor 28 that 
features a sapphyrin unit for binding in its protonated 
form to carboxylate, and the naturally occurring iono- 
phore lasalocid as the ammonium binding group. 
Receptor 20 acts as an efficient and selective carrier for 
aromatic n-amino acids, with a preference for phenyla- 
lanine > triptophan > tyrosine, and for L-amino acids 
over the corresponding D-enantiomers. 

Instead of positively charged groups, neutral rnoieties 
can serve the purpose of providing docking units for 
carboxylate via hydrogen bonding. Receptor 21, synthe- 
sized by Joeng and combines benzo- 18-crown-6 
and urea functionalities for binding the ammonium and 
carboxylate groups, respectively, of zwitterionic amino 
acids. Receptor 21 extracted with high efficiency amino 
acids with nonpolar side chains. such as phenylalanine, 
isoleucine, leucine, and triptophan, from their aqueous 
solution into CHC1,. Unlike 21, none of the model 
compounds 22 through 24 dissolved phenylalanine and 
isoleucine in CHCl?. Clearly, the two binding subunits in 
21 are cooperatively involved in the hydrogen-bonding 

recognition is understood on the basis of three simulta- 
neous interactions of the guest with the binding units of 
the host, as depicted in the proposed structure 18 of the 
co~nplex with L-triptophan. Detailed molecular mechanics 
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interactions with the ammonium and carboxylate end 
groups of the amino acids. Reetz's strategyi231 to bind and 
lipophilize zwitterionic amino acids involves the novel 
hydrogen-bonding interaction between arylboronic acids 
and the carboxylate group. in combination with the usual 
interaction between crown ethers and the ammonium 
function, as schematically depicted in 25. The transport 
rate of L-phenylalanine through CHC13 in the presence of 
crown-ether-modified arylboronic acids 26. 27a; 27b 
was very low for 26 and increased in the order 26 < 27a 
< 27b. However, the transport rate in the presence of 27b 
was lower than that observed in the presence of a mixture 
of phenylboronic acid and 18-crown-6, strongly suggest- 
ing that the geometry in 2'98s is far from ideal for optimal 
cooperative binding of the two subunits. 

Interaction with a metal ion may provide a suitable 
docking site for the carboxylate of a zwitterionic amino 
acid, on condition that the receptor molecule is endowed 
with a multidentate ligand substructure, in which the metal 
ion is implanted by a complexation process that leaves the 
cation coordinatively unsaturated. The above strategy is 
well illustrated by the ternary complex 28, isolated in the 
solid state (picrate or B F 4  counterion) by Barboiu and 
coworkers.'241 Their bis-macrocyclic ligand is capable of 
multiple recognition of zwitterionic phenylalanine by 
combining various noncovalent interactions. The Na+ 
cation, preferentially complexed by the benzo-15-crown- 
5, is anion paired to carboxylate, whereas the benzo-18- 
crown-6 moiety is hydrogen bonded to the -NH3+ func- 
tion, and additional stabilization comes from a n-n stack- 
ing interaction. Besides a benzo-18-crown ether 
moiety, ligand 29 contains the elements of the te- 
tradentate nitrogen ligand tvis(2-pyridyl-methyllamine 

that forms stable complexes with metal ions such as 
Zn(II) and Cu(11). Canary et a1.1'51 measured the 
equilibrium constants for complexation of 29,Cu2+ with a 
series of amino acids +H3N(CH2),C02 in 50% aqueous 
acetonitrile at pH = 5.8. The measured K values ( M  ') 
were <40 for n = 2; 100 for n = 3. 91 for n = 4, 131 for 
n = 5, 57 for n = 6. and 22 for n = 7, to be compared 
with a K value of 40 for AcONa. Optimal complexation 
with 6-aminohexanoic acid was taken as an indication of a 
cleft-like arrangement of binding sites approximately 6.5 
A apart, with coordination of - C 0 2  to the metal ion and 
concomitant hydrogen bonding of N H 3 +  to the crown- 
ether oxygens. In addition to alkali and transition metal 
ions, lanthanides are used as carboxylate recognition sites 
in ditopic receptors for zwitterionic amino acids. Liquid- 
liquid extraction experiments of several amino acids from 
their aqueous solutions at pH = 5.9-6.2 into dichloro- 
methane using ditopic receptor 30,'~" showed that only 
with M = Er was the extraction ability of 30 higher than 
that obtained with a mixture of monotopic model 
receptors. This was taken as evidence that zwitterionic 
amino acids are cooperatively bound to the erbium center 
and to the crown-ether ring. 

BETABNE RECEPTORS 

Designing ditopic receptors for a betaine such as 
dioctanoyl-L-x-phosphatidylcholine 31 poses a difficult 
problem, because recognition of the trimethylammoniu~n 
end group cannot take advantage of hydrogen-bonding 
interactions with negatively charged or electrically neutral 
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donors that have proved to be effective in the recognition 
of the primary ammonium function. Inspiration for the 
design of a suitable receptor for 311 came from the key 
interactions found in the crystal structure of the Fab 
domain of the McPC 603 antibody complexed with 
phosphorylcholine,r27.281 in which the phosphate group is 
engaged in a salt bridge with Arg 52H. and the quaternary 
ammonium head establishes a cation-K interaction with 
the aromatic residues of a number of amino acids. Thus, 
receptor 32, designed by de Mendoza et a ~ . . ' ~ "  contains a 
bicyclic guanidinium for the recognition of phosphate 
monoanion, and a calix[6]arene subunit for the complex- 
ation of the trimethylammonium head through cation-n 
interactions. NMR evidence was reported that upon 
mixing equimolar amounts of 31 and 32 in CD2C12 and 
CDCI3, a stable complex is formed, in which the amide 

28 proton and one of the guanidinium protons are strongly 
hydrogen bonded to the phosphate, and the choline 
trimethylammonium head is included in the cavity of the 
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calix[6]arenc in its cone conformation, as shown in the 
energy minimized structure 33, resulting from a detailed 
molecular dynamics study in a box of chloroform. Although 
binding of 31 by receptor 32 in chloroform (AGO = - 6.7 
kcallmol) was as strong as binding of phosphorylcholine by 
McPC 603 in water (AGO = 6 . 6  kcallmol), the former is 
enthalpically driven by the electrostatic contribution in the 
apolar solvent, while the latter has an entropic origin 
(desolvation of thc charged ligand in water). 

In view of thc strong structural similarities of phosphate 
diesters with the tetrahedral intermediates involved in thc 
BA,2 hydrolysis of esters, the former arc good transition 
state analogues for thc given reaction. This notion 
suggcstcd that 32 would catalyze the cleavage of choline 
esters under basic conditions. In fact, it was foundi3'] that 
the methanolysis of choline p-nitrophenylcarbonate in 
CH30H/CHC13 1:99 (vlv) in the presence of Hiinig base 
buffcr (Eq. 3) was cataly~ed with high turnover efficiency 
by receptor 32 (k,,,/k,,,,+ = 600). Much lower rate 
enhancements were brought about by equimolar mixtures 
of monotopic model receptors, showing that the two 
subunits in 32 bind to the zwitterionic transition state with 
a high degree of synergism. 

33 
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CONCLUSION 

Despite the above examples, the design of molecular 
receptors or membrane carriers for zwitterions such as 
natural amino acids is still a challenging task for the 
supramolecular community. Strong solvation and nearby 
opposite charges conspire against complexation or 
transport by complementary binding sites in synthetic 
candidates. Zwitterionic receptors are prone to collapse by 
self-assembly, so the designs have LO be carefully drawn 
so as to usc binding sites that are noncomplementary to 
each other. To achicvc selectivity among the various 
members of the amino acids family is by no means free of 
difficulties, unless structural differences in the side chains 
(i.e., aromatic versus aliphatic side chains, presence of 
functional groups) smooth the way for efficient discrim- 
ination. This is closely related to the problem of chiral 
recognition, as the highest differences in binding 
constants among the enantiorners are to be expected for 
similarly weighted three-point contributions of the 
binding subunits. 
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1341 
space group frequencies, 1340-1 34 1 
space groups, symmetry elements and space 

groups. 1338 
theoret~cal approaches. 1341 

Crystal structure psedictlon, '371-379 
aasumptlon of. 372 
defined, 37 1-372 
intermolecular potential, 374-375 
molecular flex~bility, 373-374 
polymorph~sm, 1136-1 137 
search method, 372-373 

Crystal structures. visualizing. Cambridge 
Structural Database, 165 

Crystalline microporous silicas, 380-389 
clathrasils. 382-384 

structural propelties of, 382 
framework silicas, microporosity in, 380-385 
porosil synthesis, 385-388 

clathrasils, 387 
help guest species. 388 
mechanism, 385-386 
zeosils. 387-388 

porosils, 381-382 

~u 

zeosils, 384-385 
structural properties of, 383 

Crystallization, light scattering in. 802 
Crystallography 

neutron. molecular materials, 963-964 
weak hydrogen bond detection. 1577 

Crystals 
chirality in, 245-246 
nets in. 232-233 
polar, 1121-1122 
in superspace, description of. 873-874 

CSD. See Cambridge Structural Database 
Cube 

molecular. 9 13-9 15 
snub. 1 103-1 104 

Cubic crystal system. 1337. 1338 
Cuboctahedron, 1103 
Cucurbituril, 390-397 

cucurbit[S]uril, 393 
cucurbit[6]uril. 390-393 
cucurbit[7]uril, 393-394 
cucurbit[8]uril, 394 
derivatives of, 394-395 
cyclohexanocucurbit[n]uril, 394-395 
decamethylcucurbit[5]uril. 394 

homologues, 393-394 
host-guest chemistry, 390-391 
mechanically interlocked molecules, 392 
metal ion binding. 391 
molecular switches. machines. 392-393 
organic dyes, solption of, 391 
syntheses, 393 

Ciilex quinquefasciatus, 1270. 1273 
Cumene synthesis. use of zeolites in, 1601 
Current-induced density. anisotropy of, 59 
Curtis, N.F.. 1403 
Cyanide, cadmium. 969 
Cyclani, in supramolecular complex formation, 

264 
Cyclic assemblies. two-dimensional, three- 

deminsional. terminologies 
describing, 1266-1268 

Cyclic synthetic peptides, self-assembly of, 
4 5 4 8  

Cyclobutadiene rings, coordinated to 
cyclopentadienyl metal complexes, 
polymers containing, 101 7-1018 

Cyclodextrin. 398404,  405413 ,  547-549, 
1322 

aggregation of. in nanocasting. 956 
in biotechnology, 41 1 4 1 2  
in cavitate inclusion formation, 264 
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Cyclodextrin icoizt.) 

in chemical products, technologies. 4 1 0 4  1 1  
complexes. 4 0 2 1 0 3  
in cosmetics. toileuies. 408 
derivatives. 3 9 9 4 0 2  
in drugs. 405408.  409 
in foods. 4 0 8 4 1 0  
literature. 4 0 3 1 0 4  
oral cephalosporin. 409 
in pesticides, 41 2 
production. 399 
scanning tunneling microscopy. 1204 
structural features. 398-399 

Cyclodextrin clathraie. 757 
Cyclodextri~i complexes 

hydvophobic effects. 675-676 
van der LVaalr forces, 1554 

C~cloliexanc/thiourea. 1502-1503 
Cyclohexanocucurbit[n]uril. 394-395 
Cyclohexene hydration. zeolite catalyst use in. 

I611 
Cyclointel-caland. in cavitate inclusion 

formation. 264 
Cjclophane complexes. hydrophobic effects. 

676 
Cyclophanei, 414123.  1 2 4 4 3 1  

allosteric systems based on. 22-25 
for apolar binding. 4 1 7 4 1  8 
calixarcncs. 41 8 
carcerands. 41 8 1 1 9  
cation-rc interactions. 420 
cax itands, 418 
in ca\ itate inclusion formation. 264 
complcxation with. allosteric s) stems based 

on, 23 
cyclophane receptors. 4 1 6 4 2 2  
cyclophane receptors for chiral recognition, 

421422  
cyclophane-type ionophores. 4 1 9 4 2 0  
definition. 414 
dilution principle. 415 
endoacidic. 4 2 4 4 2 6  
endobatic. 4 2 6 1 2 8  
endolipophilic, 4 2 8 4 3 0  
hemicarcerands. 4 1 8 4  19 
hydrogen bonding. binding selectivity. 

4 2 0 4 2 1  
molecular building block principle. 

4 1 4 4 1 5  
nomenclature. 41 4 
resorcinarenes, 4 18 
scanning tunneling niicroscopg . 1204 
self-assembly. 422 
"small" cyclophanes. 4 1 5 4 1 6  
synthesis, 4 1 4 4 1 5  
template effect. 415 
templatcd synthesis. 422 

Cyclophilili A colnplewed with cqclosporin A. 
95 

Cyclorelease. 838 
Cyclosexipyridine. 1508 
Cycloiri\ eratr) lene. 1405 

4. -307 
Cylindrical structure sclf-assembly. 1260-1261 

Database mining. in ligand di~covery, 92 
Davy 

Sir Humphrey. 253. 696, 1403 
Dbuse database. 166-1 67 
DCL. See Dynamic combinatorial libraries 
de Se~iarmont, Henri. 497498  
Debye law of specific heat. 129 
Decafluorodiplienylbutadiyne, 1095 
Decameth~Icucurbit[5]uril. 394 
Decainethyl-ferrocene, 1095 
Deconstruction, crystal, 349-356 
Deep-cavity cavitands. 221 
Dendrimers, 4 3 2 4 4 0  

internal inclusion. 4 3 2 4 3 6  
rniccllar aspects. 4 3 2 4 3 7  
ordered positioning, 436437  

Dense-nonaqueous-phase liquids, 1475 
Density functional theory, 902, 15 16. 355 1 ,  

1578 
Deoxycholic acid. 4 4 1 4 5  1 
Deoxqribo~lucleic acid. See DNA 
Dephenylbutadiyne. 1095 
Desalination. clathrate hydrates. 284 
Desfei~ioxamine-B, 1280 
DesTerrioxaninc-E, 1280 
Desferrithiocin. 1280 
Deslipping process. 1197 
Detergency. 1473-1 474 
Denaxing. use of zeolites in. 1601, 1604 
Dexacort. cyclodextrin-containing. marketing 

of, 409 
Dexamethanose. cyclodextrin-containing. 

marketing of. 409 
DFT. See Density functional theorq 
Diacetylene polymeriration. 1320 
Dianin compound clathrate. 757 
Diarg lethenes. n~olecular s~vitch based on. 

918-919 
Diastereomers. 229-230 
Diazabicyclo-octane. 1147 
Dibeiizene-chromiun~. 1095 
Dibenzoyl peroxide. 1232 
Dibroinodecaneiurea inclusion conipound. 

4 6 3 4 6 4  
Diclofenac. cyclodextrin-containing. marketing 

of. 409 
Dicycloliexylcarhodiimide. 1232 
Dicyc1ohexylu1-ea, 1238 
Differential scanning calorimetry. 699-701. 

1131 
Diffraction. neutron. 959-966 

neutron crystallography of molecular 
materials. 963-964 

neutron scattering. 959-960 
rutuse neutron sources. 960 
neutron sources, 960 

ponder neutron diffraction. 962-963 
single-crystal neutron diffraction. 960-963 

Diffuse scattering, 4 5 7 4 6 6  
Diffusion-controlled release. oral drug delivery. 

485 
Dihornooxacalix[4]arenes. 652 
Dimannose. concanz~valin-A complexed with. 

97-98 

Dimeric porphyrins. 25 
Dimethyl sulfoxide. 1295. 1508 
Dimethylamine synthesis. zeolite catalyst use in, 

1611 
Dinuclear supern~olecules. 1216. 121 7 
Dinuclear zinc(I1) complex, nitrocefin 

hydrolysis catalyzed by. 1635 
Dioxygen binding, 1028-1030 
Dipeptides. peptide nanotubes from, 1037-1038 
Diphenylacetylene, 1095 
Diphenylhydramine. cyclodextrin-containing. 

marketing of, 409 
Diphenylmethane moiety. 4 5 2 1 5 6  
Dipolar process. 754-756 

dipolar relaxation, 755-756 
orientation polarization, 754-755 
Poley absorption, 755 
vibration polarization, 755 

Directed self-assembly. 1249 
Disease. protcin suprainolecular chemistry 1167 
Dirorder 

involving occupancies, displacements, 
457459  

models of. 4 5 9 4 6 1  
x-ray crystallography and. 1590 

Dissolution-controlled release. oral drug 
delivery, 485 

Ditropic ring current. 59 
Divalent cations, 17 1 

direct intcractio~ls with sugar. 17 1 
DNA. 1101 

binding, 4 6 8 4 7 0  
molecular architecture. 4 7 4 4 7 3  
nanotechnology, 4 7 5 4 8 3  
structure. 467168  
as supramolecular scaffold, 467474  
as template. 470 
topologg . 470472  

DNA base stacking. n-rr interactions. i090 
DNA-based molecules, topologically intricate. 

234 
DNA-encapsulating agents. bolaamphiphiles 

as, 693 
Dodecahydrohexaazakekulenes. 1509-153 1 
Doped polymer films. poling of. 976-977 
Double input logic gates. 895 
Double subroutiile self-asse~nbly, 1266 
Drilling, construction hazards. clathrate 

hydrates. 287 
Dvug delivery. 484489  

formulation requirements, 485 
future developments. 488 
implantable del i~ery systems, 484 
micropauticle. nanoparticle delivery systems. 

487 
modes of. 484185  
nasal delivery. 486 
oral delivery, 4 8 5 4 5 6  

diffusion-controlled release. 485 
dissolution-controlled releare. 485 
osmotically-controlled release, 4 8 5 4 8 6  

pulmonary delivery. 486 
supramolecular structures, 487488  
systemic. local delibery. 487 
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Drug delivery (corzt.) 
transdermal delivery, 4 8 6 4 8 7  

matrix systems, 4 8 6 4 8 7  
membrane-controlled systems, 486 

Drug design, 4 9 0 4 9 6  
approximate models. 4 9 4 4 9 5  
molec~ilar modeling. 4 9 0 4 9 4  

pharinacophore model, 4 9 0 4 9 1  
structure, ligand-based models, 4 9 1 4 9 4  

Dye iilclusion crystals. 497-504 
chemical zoning. 499-500 
history of, 4 9 7 1 9 8  
stereosclectivity. 502-503 
supramolecular interactions. 500-502 

cation-TI interactions, 501 
charge-transfer interactions. 501-502 
hydrogen bonding. 502 
hydrophobic effects. 502 
ionic forces. 501 

Dyes, cationic. 1478-1479 
Dynamic combinatovial library, 125 1, 1427 

self-assembly and. 1251 
Dynamic light scattering. 1162 
Dynamic self-assembly processes, 

Earth, age of. 528 
Ehrlich. Paul. 1403 
Eight-membered oxygen ring, 1610 
Electrides, 12-19 

channel structures of. 16 
electroii-electron interactions. 16 
as functions of temperature. conductivities of. 

inorganic electrides. 17-1 8 
optical. electrical properties. 16-17 
stable electrides. 17 
structural features. 15-16 

Elcctrochernical scanning tunlieling microscopy. 
1203 

Electrochemical sensors. 505-519 
receptors immobilized at surface, 5 1 1-5 14 

polymer-baied electrochemical sensors. 
511-512 

SAM-based electrochemical sensors, 
512-514 

self-assembled monolayers, 5 12 
receptors in solution, 506-5 1 1 

inorganic reporter groups. 506-510 
inetallocenes, 506-509 
organic rcporter groups, 5 10-5 11 

Electrochemistry, supramolecular. 141 2-1 4 19 
electrode-solution interface. supramolecular 

chemistry at, 1418 
encapsulated redox centers, electrocheinistry 

of. 1416-1418 
host-guest complexes, redox control on. 

1412-1415 
rotaxanes and cantenanes. redox coiitrol of. 

1115-1416 
Electrode polarization effect. 758 
Electrode-solution interface supramolecular 

chemistry at. 1418 

Electron cryomicroscopy, 1 161 
Electron paramagnetic resonance, 1161 
Electroil paramagnetic resonance spectroscopy. 

520-527 
anisotropy. fluctuation of interactions. 

525-526 
native paramagnetic species, 520-521 
sensitivity. 522 
spin interactions, 522-526 

electronic structure, 524-525 
geometric structure. 523-524 

spin labels 
probes, 526 
site-directed, 526 

stable free radicals, 521-522 
weak supramolecular interactions. probing. 

526 
Electron transfer in suprainolecular systems, 

535-545 
Electroneutrz~l anion receptors. based on cholic 

acid, 1365-1 367 
Electronic conductors based on phthalocyanine 

coinplexes, 1071-1 071 
Electropositive metal ions in fullerenes, 

581-582 
Electrospray ionization mass spectrometry, 

1298, 1354 
Emergence of life. 528-534 

"bottom-up" biogeochemical strategy, 528 
chirality, 530-53 1 
hierarchy. 532-533 
hypothetical timescale for. 529 
lipids. 531-532 
membranes. 53 1-532 
meteorite bombardment, 528 
Miller-Urey experiment, 528 
mutation. 530-53 1 
NASA definition of life, 528 
polycyclic aromatic hydrocarbons, 528 
prebiotic chernistq~, 528-529 
prebiotic matter, 528 
primitive lifeforms. 528 
programmed ternplated synthesis. 531 
self-replication. 530-53 1 
self-reproduction. 531-532 
solar system, earth, age of. 528 
synthetic life, 5332533 
teinplated synthesis, 529-530 
thermodynamics. 529 
timeline for. 528 
translation. 53 1 

Emission spectra, luminescent probes, 821 
Emission yield. luininescent probes, 822 
Enantioenterobactin. 1283 
Enantiomers. amide rotaxane. 1197 
Enantioselective recognition 

amines. 236-237 
ammonium ions, 236-237 
carboxylate?. 237-238 
carboxylic acids, 237-238 

Encapsulated redox centers. electrochemistry of, 
1416-1418 

Enclathrated f~illerenes. hydroquinone host 
lattices with. 682-684 

Enclathration. 702 
Erzc:vclopedia of Slrprninolecular Chemistry. 

1150 
Erzcjclopeclia on Terrninologj in Selj-Assembly. 

1409-1410 
Endoacidic cyclophanes, 4 2 4 4 2 6  
Endobasic cyclophanes. 426428  
Energy transfer in supramolecular systems. 

535-545 
Enforced cavity hosts, supramolecular 

compounds, 266-267 
Enniatin. 761 
Enniatin A. structure. 761 
Enterobactin. 1280. 1283 
Enthalpy, self-assembly and. 1250-125 1 
Entropy, self-assembly and, 1250-1251 
Enzyme inhibition. 90 
Enzyme mimics. 546-553 

cyclodextrins, 547-549 
molecularly imprinted polymers, 550-551 
solid-state enzyme mimics. 551-552 
surfactant aggregates. 546-547 
synthetic macrocycles, 549-550 

crown ethers, 549 
cyclophanes, 549-550 
macrocyclic polyainines, 549 

synthetic polymers. 546-547 
Enzymes, 554-565 

artificial, 76-8 1 
macrocyclic compounds as. 76-79 
macroinolecules as, 79-80 
molecular assen~blies as, 79 

catalytic power. 559-560 
enzyme catalysis. three-dimensional context. 

556-557 
enzyme-catalyzed reactions, classes of, 554 
lactate dehydrogenase, 560-562 
rates of enzyme-catalyzed reactions, 560 
specificity, enzyme-catalyzed reactions. 

558-559 
structures of. 556-557 
type I1 3-dehydroquinase, 562-564 

Epoxidation. titanosilicates. mechanisms of, 
1615 

EPR. See Electron paramagnetic resonance 
EPR spectroscopy. See Electron paramagnetic 

resonance spectroscopy 
Envinin chrystrrzthemi. 1280 
Escherichitr coli. 1166, 1229. 1278. 1280, 1285, 

1286. 1566 
Esophageal candodiosis, cyclodextrin for. 

409 
Ester derivatives. calixarenes. 137-1 38 
Estrogen receptor complexed with 

17beta-estradiol, raloxifene. 98 
Ether. lariat. 782-790 

applications of. 785-787 
chemical switching. 786-787 
chron~oionophores. 786 
complexation. 785-786 
membrane formation. 787 

sidc-arm participation. 784-785 
synthetic access to. 782-784 

Ether derivati~ es, calixarenes, 138-1 39 



(Volume I :  Pu,yc,.r 1-872; Volurize 2: 873-1647) 

Ethers. crown. 326-333 
applications. 331 
complexation, 329-33 1 

of anions. 329-33 1 
detection, 330-331 
mass spectrometry, 33 1 
solid-state cotnplexes. 330-331 

crowns. defining features of. 326-328 
discovery of, 326 
nomenclature, 327 
structural features. 326-327 
structural types. 328-329 

synthetic methods. 328 
template effect. 328-329 

toxicity. 327-328 
Ethylbenzene 

~noleculx volume, 450 
transformation of. zeolites in, 1606 

Ethylene-benzene alkylation, use of zeolites in, 
1601 

Excitation spectra. luminescent probes. 821 
Exochelin. 1280 
E.xomulu orientalis. 1273 
Expanded torand 2. 15 1 1 
Extvaterrestrial gas hydrates, clathrate hydrates, 

283 

Faraday, Michael, 253. 696. 1403 
FaujaSite. 1599 
FBMR. See Fluidized-bed membrane reactor 
Feedstocks. h e a ~ y ,  cracking of, zeolites in, 

1602-1603 
Ferrichrome. 1280. 1283 
Ferrloxamine B. 1283 
Ferrioxamine E. 1283 
Ferritin self-assembly, 1259 
Ferrocene-based anion receptors. 1007-1010 
Ferroccneithiourea. 1503 
Ferromagnetlcally ordered metalloporphyrin, 

1073 
Field-effect transistor, 1527 
First primitile lifefovms. 528 
Fischer. Emil. 696. 1403 
Flogenc. cyclodextrin-containing, marketing of, 

409 
Fluid catalytic cracking. 1601, 1602, 161 1 
Fluidized-bed membrane reactor, 161 8 
Fluorescarnine. properties of, 824 
Fluorescence sensing of anions, 566-571 

biosensors, 570 
excited state complexes. 568 
lanthanide complexes, 566 
N-alkyl-60metlioxyquinolinium. 570 
photoinduced electron transfer. 567-568 
ruthenium(I1) polypyridine complexes, 

566-567 
sensing ensemble. 569 
tri(9-anthry1)fluorosilane. 570 

Fluorescence spectrophotometry, 90 
Fluorescent compounds. chemical structures, 

825 
Fluorescent inolecular sensor. 1053 
Fluorescent sensors, 572-578 

for ca2+,  575-576 
for cu2+.  575-575 
for ~ e ' + ,  574 
for Moo,-. 574 
for Na", 573-574 

Fluorinated aromatics. packing involving, 
1094-1096 

Fluorobenzene, molecular volume. 450 
Fluxional self-assembly library. 1251 
Foams, surfactant. 1463-1465 
Formaldehyde. single-step condensation of. 

154-155 
Frost's circle. 59 
Froth flotation. for ore separation. 1475 
Fullereiles 

complexation 
calix[l]arenes. 306-307 
calix[5]arenes, 304-306 
calixi 61arenes. 304 
calix[8]arenes. 303-304 
calixarenes. related molecules. 303-307 
cyclotriveratrylene, 307 
host-guest complexes, 303-308 
metal macrocyclcs, 307-308 
nonaromatic macrocycles. 307 
oxacalix[3]arenes. 307 
porpliyrins. 307-308 

as encapsulating hosts. 579-585 
atomic nitrogen within Coo 581 
electropositive metal ions in, 581-582 
heteronuclear assemblies within. 582-584 
molecular N2 within Coo. 581 
noble gas atoms, as guests. 579-580 

Functional materials, 1303-1305 
Functiolial molecular squares. 9 12-9 13 
Fungi, iron-siderophore complex transport. 

1286-1 287 
Fungicides, cyclodextrins in. 412 
Fusariurrl roseurn. 1280 
Fuzzy assembling. 1479 

nanofilms, 1479-1480 

Garlessence. cyclodextrin-containing, marketing 
of. 409 

Garlic oil. cyclodextrin-containing, marketing 
of. 409 

Gas chromatography coupled electro- 
antennograpliy, 1272 

Gas chromatography-mass spectrometry. 1271 
Gas hydrates 

locations around world, 282 
media interest in. 285 

Gas separation, clathrate hydrates. 284 
Gas storage, transport, clathrate hydrates, 284 
Gastrointestinal mobility stimulant. cpclodextri~~ 

as. 409 
GC-E4G. See Gas chromatography coupled 

electro-antennography 
Gels. 586-596 

characterization. 590-592 
properties of. 590-592 
small-molccule gelling agents, 586-590 

design of, 588-590 

structural features. 587-588 
Gene targeting, 693-694 
Geodon. cyclodextrin-containing, marketing of, 

409 
Gingivitis, cyclodextrin mouth kvash. 409 
Glass biomaterial. 11 1-1 12 
Globill reactions, dynalnical control. 641-642 

conformational dynamics. 641-642 
conforrnational heterogeneity, 641 
ligands, 642 

Glucose sensov. chemical reactions of. 116 
Glycoluril-based host molecules. 598 
Glycoluril-bahed hosts, 597-605 

binding features. 597-599 
biological systems. mimics of, 599-600 
solid-state mateuials. 603-604 
water, self-assembly in, 600-603 

Glyme. in supramolecular complex formation. 
264 

Glymesason. cyclodextrin-containing. 
marketing of. 409 

Glyteer. cyclodextrin-containing. marketing of, 
409 

Gold(1) complexes. attractive interactions in. 83 
Gold(1)-gold(]) interactions. 82-84 
Gold(1)-gold(II1) interactions. 84-85 
Gossypol. 606-614 

with acetone. coordinatoclathrate, 61 1 
biological action. structure, 606-607 
deri~atives. host properties of. 613 
host compound, 607-610 
inclusion complexes, 610-61 2 
molecule. 607 
organic ~eolite. inclusion complexes based 

on, 612 
solvent molecular. 6 12 
with tetrachloromethane, clathrate. 61 1 

Gramlcidin A, 1038 
Graminaceous plants. iron-siderophorc complex 

transport. 1287 
Grids. 1187-1 192 

rectangular grids. 1191-1 192 
square grids. 1 187-1 190 

Grunwald theory. enthalpy-entropy 
compensation, guest solvation, 
1328-1329 

Guarlidinium cations, ateroidal. as anion 
receptors, 1367-1368 

Guanidiniurn sulfonates. 791-792 
Guanidinium-based anion receptors. 615-627 

bicyclic guanidinium motif, 617-620 
derived from melamine core, 615 
hexasubstituted benzene scaffold, 621-622 
metallorcccptors. 61 7 
phenyl-based receptors. 620-621 
polyaza clefts. 622-623 
steroid scaffold. 616 

Guas~osine dipliosphate. 89 
Guest sol\ ation, 1322-1329 

effect of solvent molecule sire. 1323-1325 
enthalpy-entropy con~pensation. 1327-1328 

Grunwald theory. 1328-1329 
guest-cyclodextrin association. desolvation 

upon. 1322-1323 
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Guest sol\ation fcorlt.) 
neutral aromatic guest versus ion. binding, 

1325-1326 
nonpolar association. effect of solvent 

polarity on. 1325 
solvophobic theory. surface tension. 1326 
thermod~namic view. ~i~olecular recognition. 

1326-1 327 
Gulf of Mcxico, hydrocarbon hydrates. naturally 

occurring in. 281 

Halide\. 1172-1 173 
Hdogen bonding 628-635 
Halogen-bond~ng-based sup~atnolecular 

s~nthons 629 
Hard acids. soft bases, hydrogen bonds between. 

1578-1579 
Harvesting energy. biological models, 101-1 06 
Hiickel aromaticity. 59 
Hiickel molecular orbital theory. 59 
Heavy feedstocks, cracking of. zeolites in. 

1602-1603 
Hedrogen-bonded templates. 1496 
Helical structure self-assembly. 1260-1261 
Helical virus self-assembly. 1260 
Helicand, in supramolecular co~nplex formation. 

264 
Hemerythrin, 1025. 1032 
Hemicarceplexes. 191-192 
Hemicarccrand,, 189-1 92. 1 1  8 4 1 9  

in ca\ itate inclusion formation, 264 
Hcinisplicrand. in supramolecular co~nplex 

fornizition. 264 
Hemoc) anin. 1024-1025, 1030-1032 
Hemoglobin. 636-644. 1023-1 024. 1025-1032 

bound oxygen, electrostatic stabilization of. 
638 

cooperative oxygen binding in, 639-640 
distal control of. reaction specificity. 637-638 
globin reactions. d~narnical control. 641-642 

conformational dynamics. 641-642 
conformational heterogeneity. 641 
ligands. 642 

heme reactivity. proximal influence on. 
638-639 

models. structures of. 1026-1027 
0: binding to. Moiiod-TiTiy~nan-Cliange~ix 

model. 639 
stei-ic discl.irnination. against CO binding, 638 

Herbicides. cyclodextrins in. 41 2 
Herpes siniplex virus-1. 1166 
Hei~irigbonc motif in crystal engineering, 968 
Heterochiral supramolecular architecture. 1350 
Heteronuclcar assemblies within fullerenes. 

582-584 
Fiexacl lcn. in supvarnolecular co~nplex 

formation. 264 
Hexadcntate iiderophores. 1280-1 283 
Hexagonal crystal system. 1337. 1338 
Hexahornotrioxacalix[3larenes. 651-652 

complexes. 65 1-652 
d e r i ~  atives. 65 1 
synthesis, 651 

Hexahost. in clathrate folmation. 264 
Hexane aromatiration. zeolite catalyst use in. 

1611 
Hexasubititutcd benzenc scaffold, 621-622 
Hierarchical self-assembled structures, 

terminologies describing, 1263-1 264 
High dilution macrocycle synthesis, 831-835 
High pressure macrocycle synthesis, 839 
Highly oriented pyrolitic graphit. 1203 
High-performance liquid chromatography. 

1520 
High-performance size exclusion 

chromatography. 1152 
HIV. See Hu~i~a i i  immuiiodcficiency virus 
HIV-I protease inhibitors. 98-99 
Hodgkin, Dorothy Crowfoot. 1403 
Hofiiiann. K. A. 645 
Hofmann-type clathrate. 645-648 
Homoaromaticity. 59 
Homocalixarcncs. 649-657 

dihomooxacalix[4]arenes. 652 
Iiexahori1otrioxacalix[3]arenes. 65 1-652 

complexes. 65 1-652 
derivatives, 65 1 
synthesis. 651 

honiocalix[N]arc~ic~ 649-650 
complexes. 65 1 
deri\ alives. 649-65 1 
synthesis. 649 

homooxacalix[N]arenes, 651-652 
ho~nozazcalix[N]arenes. 652-655 

complexes. 655 
derivatives, 655 
synthesis. 654-655 

structures of. 655 
syntliesis. 650 
tetrahornodioxacalix[4]areencs, 652 

Homocalix[N]arenes. 649-650 
complcxcs. 65 1 
derivatives. 649-65 1 
synthesis. 649 

Homochiral supraniolecular architecture. 1350 
spontaneous formation. 1349-1 359 

heterogeneous systems, homochiral 
aggregates in. 1319-1 35 1 

horilochiral dimer, 1351-1354 
homochiral discrete cluster, 1354-1 355 
homochiral supramolecular polymer, 

1355-1 357 
lio~i~ogeneous systems. ho~nochiral 

assenibliec in. 335 1-1357 
liquid crystal. mesoscopic supcrhclix in. 

1350-1 35 1 
t\vo-dimensional crystal. ho~nochiral 

domain in. 1349 
Homooxacalixarene syntheses. 652 
Homooxacalix[N]arenes, 65 1-652 
Hon~ozazcalix[N]arenes. 652-655 

complexes. 655 
deri~ativei. 655 
synthesis. 654-655 

"Hook-and-ladder" catenane. 1494 
H0idi14nz I ' L I ~ ~ u ~ I , .  1280 
Horseradish peroxidase, 1561 

Host assemblies. viruses as, 1563-1568 
icosahedral virus particles. 1563-1 564 

structural transitions. 1564 
phage displaq. 1566-1 567 
protein cages 

surface modification. 1565-1566 
viruses as. 1563 

L iral capsid minerali~ation, 1564-1 565 
structural transitions. 1565 

Host-guest association. lock and key principle 
in. 812-814 

Host-guest ,upramolecuIar inclusion 
conipounds. classification1 
nomenclature. descriptive 
terminology of. 263 

Hot-stage microscopy. 1 13 1 
HP-SEC. See High-performance size exclusio~i 

chroniatoeraphy 
Huang scattering, 4 5 8 3 5 9  
Human immunodeficiency virus. 1166 
Hybrid layer perovskites, 1388-1 390 
Hybrid methods. molecular modeling. 902 
Hydrocarbon energy source. 283-284 
Hydrocarbon hydrates. naturally occurring. 

location of. 281-282 
Hydrocarbo~is. aromatic, 1093 
Hydrocarbyl aromatics. packing involving. 

1094-1 096 
Hydrocortisone. cyclodextrin-containing. 

marketing of, 409 
Hydrocracking. h e a ~  y feedstocks, zeolites in. 

1603-1 604 
Hydrogen bonding. 169-171. 658-665. See also 

Hydr ogen bond\ 
defined. 658-659 
detect~on of. 661-662 
to metal hpdrides, 666-672 
to metals, 666-672 
in supra~ilolecular chemistry. 662-664 
types of. 659-660 
water-mediated hydrogen bonds. 171 

Hydrogen bonds 
crystal cngincering. 3 19-321. 357-363 
strong. 1379-1 386 

crystallography, 138 1 
defined. 1379 
detection, 1380-1382 
examples, 1382-1 383 
infrared spectroscopy. 1380 
interionic hydrogen-bond interactions. 

1382 
NIvlR spectroscopy. 1380-1 38 1 
physical interpretations. 1381-1 382 
strength. 1382 
supraniolecular assembly. 1383-1 384 

weak, 1576-1585 
crystallographq, 1577 
database analyses. 1578 
detection of. 1576-1578 
hard acids, soft bases. hydrogen b o n d  

between, 1578-1579 
spectroscopy. 1577 
theoretical calculation. 1578 

Hydrogen storage. 285 



Hydrogen-bonded amide template. catenane 
product. 1497 

Hqdrogen-bonding functionalities. molecular 
receptors \+itli. 175 

Hydroisomerization, light gasoline. zeolite 
catalyst use in. 161 1 

Hydrophilic-lipophilic balance, 1466 
H>drophobic effects. 673-678 

c~clodextrin complexes. 675-676 
cyclophanc complexes. 676 

Hydroquinone. 679-686 
alpha-hydroquinone. crystal structures of, 

680-682 
beta-hydroquinone. crystal structure. 679 
beta-hydroquinone clathrates. 679-670 

crystal data for. 681 
type I clathrates. structure of. 680 
type I1 clathrates. structure of, 680 
type I11 clathrate. structure of. 680 

crystal structure 
3C6H4(OH)2C60, 682-683 
9C6H4(OH)22C-io2Ch2C6H6. 683-684 
enclathratcd fullcrenei. hydroquinone host 

lattices xvith. 682-684 
Hydroquinone-clathrate compourlds, 291-292 
Hydroxysteroid anion receptors, derived from 

cholic acid. 1365-1 366 
Hypotension. cyclodevtrin for. 409 

Ice clathrate type 1 structure. 757 
Ice clathrate tlpe I1 structure. 757 
"Ice \\ormi." 285 
Icosahedral hosts. 1101-1 103 
Icosahedral \irus particles. 1563-1564 

structural transitions, 1564 
Icosahedral viruses. self-assembly, 1258-1259 
Imaging. 687-691. See alco ccizder specific 

modality 
luminesccilce-based imaging techniques. 

690-691 
magnetic resonance imaging, 687-688 
positron emission tomography. 688-690 
single-photon emission tomography. 688-690 

Implalltable drug delivery systems. 484 
Inclusion compounds. 696-704 

classical descriptions. 253-260 
cage-type inclusion compounds. 254-256 
channel-type inclusion conipounds. 257 
clathrates of metal complexes. 256-257 
layered-type inclusion compounds. 

257-259 
stoichiometry. 259 

classification. 696-698 
history of. 696 
isortructurality of. 767-775 

clasies of inclusion compounds exhibiting. 
769-772 

definition. quantification of. 767-769 
deicription of. 767 
homeostructurality, 767-768 
idices of. 768-769 
isostructurality-reacti~ity correlations. 

772-774 

occuisence of. 769-774 
kinetics. 701-703 

of dcsorption. 701-702 
of enclathration. 702 
guest exchange. 702-703 

seiecti~ ity, 698-699 
selecti! ity coefficient, 698-699 

thermal stability. 699-701 
differential scanning calorimetry, 699-701 
lattice energies. 699-701 
thermal gravimetry . 699-701 

Inclusion polymerization. cyclic process for 
study of, 706 

Illclusion reactions. polymerization and, 
705-7 1 1 

cyclic process. 705 
iilclusion spaces, effects of. 705-706 
molecular information. inclusion 

polylnerization based on. 710 
one-dimensional inclusion polymerization. 

706-7 10 
hosts, 706-708 
monomers. 706-708 
reaction mechanisrn. 708 
space-size effects, 709 
steric control, 708-709 

t\\o-dimensional inclusion polymerization. 
710 

Incoherent neutron scattering. 731-733 
inelastic rcattcring. 731-732 

Incoherent quasielastic neutron scattering. 1532 
I~lcommensurate structures. 7 12-71 6 

diffraction properties. 7 12-7 14 
energetic aspects. 71 4 
structural aspects. 7 12-714 
vibrational properties. 715 

Incominensuratcly modulated organic structure. 
example of. 875 

Indium phthalocyaninei. as optical limiters. 
1070-1071 

Illduced fit, 717-726 
ionic guests. binding behavior induced by, 

717-719 
molecular guests. binding behavior induced 

by, 7 19-720 
supramolccular assembly by. 720-723 
thermodynamic origin of. 723-724 

Iiid~iction of labor. cyclodextrin for. 409 
Inelastic neutron scattering, 727-734 

coherent neutvon scattering, 731 
magnetic scattering. 731 
phonons, 73 1 

incohcrent neutron scattering, 731-733 
illelastic scatteril~g, 731-732 
localized motions, 732-733 
quantum tunneling, 733 
quasi-elastic neutron scattering. 732-733 
translational long-range diffusion. 732 

instruments in. 728-731 
backscattering spectrometer. 729-730 
neutron spin-echo spectrometers. 730-731 
time-of-flight spectrometer. 729-730 

triple-axis spectrometers. 729 
Infrared spectroscopy, 1558 

Inorganic cation complexation. calixarenes, 
137-140 

amide derivatives. 137-1 38 
amino d e r i ~  ati\-es. 139 
crown ether deri~at i \  e. 138-139 
direct complexation. 137 
ester derit atives. 137-1 38 
ether derivatives, 138-139 
ketone deri~atihes, 137-1 38 
phosphorlate derivatives. 139 
sulfonate dcrih a t i ~  cs, 139 

Inorganic electrides. 17-1 8 
Insect olfaction. 1272-1273 
Insecticides. cyclodextrins in, 412 
Interfacial process, 756-758 
Iiltcrlocked molecules. 206-213 

applications. 212 
circumrotatioil. 21 1-212 
complex catcllanes. 209-210 
lnolecular topology. 206 
properties. 212 
regioselectivity. in catenane synthesis. 

210-211 
self-asseinblq. as synthetic strategy. 208-209 
stereoselecti~ity, in catenane synthesis, 

210-21 1 
ternplated catenane \yntliesis. 208 
topological chirality, 206-208 

Intermittent processing, self-assembly with, 
1249 

Intermolecular charge-transfer emission. 817 
lumiilescent materials. 817 

Interpenetration. 735-741 
ID nets, 735-736 
2D nets. 736-737 
3D nets, 737-738 
composition. 738 
dimensions. 738 
self-penetration. 738-739 
topology. 738 

Intramolecular charge tran5fer. 133 1 
Intramolecular charge-transfer emission, 817 

lurnillescent materials. 817 
Intramolecular macrocyclization. 837 
Iodine, cyclodextri~i-containing. marketing of. 

409 
Iodobenzene. molecular volume. 450 
Ion channels. 1-3 

gating mechanisms. 4-7 
models, 742-746 

bi lqer  clamp tschnique, 742 
channel transport measurement. 742 
natuval Ion channels. 742-743 
synthetic mimic\. 743-745 

stvucturc. 3-7 
Ionic process. 753-754 
lonophore-based ion-selective electrodes. 

717-749 
lonophores. 760-766 

anticron~ns as. 72-73 
artificial cyclic ioilophoves. 764 
artificial nonclclic ionophores. 762-764 

ion-sclecti~c. open-chained ionophores. 
763 
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Ionophores (conf.) 
oligotetrahydropyrans, 763-764 
polyethylene glycols. 762-763 

classes of. 760-764 
natural cyclic ionophores. 760-767 

enniatins. 761 
nactins. 761 
valinomycin, 760-761 

natural noncyclic ionophores. 761-762 
nigericin, 761-762 

structures, 763 
Ion-selective. open-chained ionophores, 763 
Ion-selective electrodes. 747-752, 1363 

ionophore-based ion-selective electrodes, 
747-749 

liquid-membrane ion-selective electrode, 
750-751 

measurement with. 750 
molecular mechanisms for response. 749-750 
potentiometric measurement with, 750 

IQNS. See Incoherent quasielastic neutron 
scattering 

Iron chelation, siderophores, 1288-1289 
Iron phthalocyanines. 1073-1 074 
Iron-siderophore complex transport. 1285-1287 

bacteria. 1285-1 286 
fungi. 1286-1287 
graminaceous plants. 1287 

Iron-transport-mediated drug delivery, 
siderophores, 1289 

Irreversible self-assembly, 1248 
Isodewaxing, use of zeolites in, 1601 
Isophthalainide 1 1-chloride complex 

of Crabtree, 32 
IsoStar knowledge base, 166 
Isostructurality. inclusion compounds, 

767-775 
classes of inclusion compounds exhibiting, 

769-772 
definition, quantification of, 767-769 
description of. 767 
homeostmcturality. 767-768 
idices of. 768-769 
isostructurality-reacti~ity correlations. 

772-774 
occurrence of, 769-774 

Isothermal calorimetry. 90 
Itraconazolc. cyclodextrin-containing, 

marketing of. 409 

Kekulene, 1508 
Kinetic selectivity, 1228-1229 
Kinetic template effect. 1493-1494 
Kinetics of complexation, 776-781 

calixarenes, 778-779 
crown ethers, 777-778 
cryptands. 777-778 
cucurbiturils. 778-779 
cyclodextrins. 778-779 
large-cavity encapsulating hosts, 779 
mechanisms. 776-777 
techniques. 777 

Klebiiella pneumonia. 1280 

Kohnkene. in cavitate inclurion formation, 
264 

Koshland, Daniel E. 717 

Labor, induction of. cyclodextrin for. 409 
Lactate dehydrogenase, 560-562 
Lactone synthesis. by solid-liquid phase- 

transfer catalysis, 839 
Ladders, 1186-1 187 
Lake Baikal, hydrocarbon hydrates, naturally 

occurring in. 28 1 
Langmuir-Blodgett films 

nanofilms. 1480-1482 
noncentrosymmetric structures. 977-978 

Langmuir-Blodgett technique. 1480-1482 
Lariat ethers. 782-790 

applications of, 785-787 
chemical switching, 786-787 
chromoionophores, 786 
complexation, 785-786 
membrane formation. 787 

forming aggregates in water, 787 
side-arm participation, 784-785 
in supramolecular con~plex formation. 264 
synthetic access to. 782-784 

Layer-by-layer molecular assembly, 
noncentrosymmetric structures, 
978 

Layered supramolecular solids, 791-798 
hosts, organic layered solids as, 791-793 

catalytic bisresorcinol host, 793 
guanidinium sulfonates, 791-792 
secondary ammonium/tricarboxylate 

assemblies. 792-793 
layered coordination, 793-796 

chloroanilic acid networks. 795 
silver organonitrile interactions. 794-795 
silver sulfonate frameworks, 795-796 
trimesic acid network. 793-794 

Layered-type inclusion compounds. 257-259 
LBL assembly. See Layer-by-layer molecular 

assembly 
LDL. See Low-density lipoprotein 
Lectin-sugar biosensor systems. 117 
Lehn. Jean-Marie. 253, 696, 1403 
Life 

emergence of. 528-534 
' 'bottom-up. ' biogeochemical strategy, 

528 
chirality, 530-53 1 
hierarchy. 532-533 
hypothetical timescale for, 529 
lipids, 531-532 
membranes, 531-532 
meteorite bombardment. 528 
Miller-Urey experiment, 528 
mutation. 530-53 1 
NASA definition of life, 528 
polycyclic aromatic hydrocarbons, 528 
prebiotic chemistry. 528-529 
prebiotic matter, 528 
primitive lifeforms. 528 
programmed templated syntheris. 531 

self-replication, 530-53 1 
self-reproduction, 531-532 
solar system, earth. age of. 528 
synthetic life, 532-533 
templated synthesis. 529-530 
thermodynamics. 529 
timeline. 528 
timeline for. 528 
translation, 531 

NASA definition of. 528 
Ligand discovery, de novo design, 92 
Ligand recognition using cation-n interactions; 

215-217 
Ligand-assisted templating mechanism, 855 
Ligand-based emission luminescent materials, 

816 
Light nonaqueous-phase liquids, 1475 
Light olefins interconversion, zeolites in, 1607 
Light scattering. 799-803, 1161-1 162 
Light-driven molecular rotary motor. 935 
Linear alkylbenzene sulfonate, 1459, 1476 
Lipid membranes, self-assembly. 1259-1260 
Lipids 

in emergence of life, 531-532 
fatty acids. FABP-palmitate complex, 97 

Liquid clathrates, 804-808 
air-sensitive. 805 
air-stable, 805-806 
analysis, 804-805 
applications of, 806-807 

catalysis, 806-807 
coal liquefaction. 806 
crystallizations, 807 
separations. 806 

aromatic stoichiometries, 804 
examples of. 804-805 
ionic liquids, 805-806 
preparation of, 804 
synthesis, 804-805 

Liquid crystals/surfactant precipitation, 
1462-1 463 

Liquid-membrane ion-selective electrode, 
750-751 

Lithocholic acid, 444 
Lock and key principle, 809-814 

host-guest association, 8 12-8 14 
protein-ligand associations. 809-81 2 
protein-protein association, 809-812 

Logic gates 
molecular, 893-900 

AND, 895-897 
design of, 893 
double input logic gates, 895 
INHIBIT, 898 
NAND, 898 
NOR. 897 
NOT, 895 
OR. 897 
PASS 1, 894 
PASS 0. 893-894 
single-input logic gates, 893 
XOR. 898 
YES, 894 

single-input. 893 
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Long-decay lu~ninescelit probes. 827-828 
Lonmiel. cyclodcxtrin-containing, marketing of. 

409 
Lo\\-density lipoprotein. 1167 
Lowest unoccupied ~nolecular orbital. 1527 
Lube oil base stocks. zeoliies in. 1604 
Luminescence methods in suprarnolecular 

chernistrj, 1061-1 063 
Luminescence-based imaging techniques. 

690-691 
Luininescent labels. 823-825 
Luminescent materials. 81 6-820 

applications of. 81 7-8 19 
displays. 817-818 
probes, 8 18 
sensors. 818 
SM itches, 81 8-8 19 

classification of. 816 
iiltermolecular charge-transfer emission. 

817 
intramolecular charge-transfer emission, 

817 
ligand-based em~ssion. 816 
nletal center-based emission. 8 16-81 7 
photocheniical reactions, 819 

Luminescent probcs. 821-829 
classes of. 823-828 
crni~sion yield. 822 
excitation. emission spectra. 821 
long-dccay luminescent probes, 827-828 
1~11ninescence intensity. 822 
lumine\cence lifeiime, 822 
luminescence quenching. 822-823 
luminescent indicators. 826-827 
luminescent labcls. 823-825 
macroen\ ironments. probes for. 825-826 
microenvironme~Its. probcs for. 825-826 
molecular suitches. 827 
natural fluors. 823 
polarization of luminescence, 823 
polyfunctional. 827-828 
resonance energy transfer, 823 

Luminescent senco~.s/probes. 8 18 
Luminescent switches. 819 
Luminophore-spacer-receptor paradigm. 

1053-1057 
Liltzoii~yia 1o11yipalpi.v. 127 1 
Ljgus lirlroIcii.is, 1273 
Lyotropic phases. swelling of. i11 uanocasting. 

956 

Macrocycle synthesis. 830-844 
high dilution. 83 1-835 
high pi-essurc. 839 
history of. 830 
phase-transfer catalysis, 838 
solid-phase sqnthesis. 835-838 
ternplated macrocycle synthesis. 839-842 

Macroc)clic compounds as artificial enzymes. 
76-79 

Macrocyclic lactone synthesis. 839 
M;~crocyclic molecules. supramolecular 

coinpounds containing, 1561 

Macroc)clic polyamines. 549 
Macrocyclic pyrrolic, polypqrrolic receptors. 

1178-1 184 
Macrocyclic triamines, carbonic anhydrase 

models with, 178-179 
Macrolactonizations. 833 
Macrolides, FKBP co~npleved with FK506. 

rapamycin, 95-97 
Macromolecules as artificial enzymes, 79-80 
Magic angle spinning. 1308 
Magnetic properties. phthalocyanines. 

1072-1074 
fel~omagneticall) ordered metalloporphyrin. 

1073 
iron phthalocq anines. 1073-1 074 
inangancse phthalocyanines, 1072-1073 
polymorphism. 1072 

Magnetic resonance imaging. 687-688. 1314 
Ma11dzlc.u se-cta. 1273, 1276 
Manganese phthalocyanines, 1072-1073 
Manganese squarate. 757 
Marine gcohazard, clathrate hydrates. 287 
Markov growth model. polarity formation, 

1122-1123 
phase-sensitive second harmonic niicroscop), 

1124 
scalllling pyroelectric microscopy. 1124 

Mass spectrometry. 1162 
Matrix systems. transde1,mal drug delivery. 

4 8 6 4 8 7  
Matrix-assisted laser desorptioniionization mass 

spectrometry. 1162 
Miibius aromaticity. 59 
Mediared colournbic interaction. nonsiliceous 

mesoporous inaterials via. 848 
Meiact. cyclodextrin-containing, marketing of. 

409 
Melamine core. guanidinium-based anion 

receptors derived from. 615 
Membrane-controlled systeins. transdermal drug 

delivery. 486 
Mena-Gargle. cyclodextrin-containing, 

marketing of. 409 
Mercaptopyrimidine. 1205 
Mercuracarborands. 70-72 
Mcrcur~ visualizer. facilities of. 164 
Mesoporous materials, 845-851. See also l~nrler 

specific material 
characteri~ing. 850 
othcr than metal oxides, 849-850 
periodic. qnthesis mechanisms of. 

852-855 
il.lcsoporous nonsiliceous metal oxides, 

synthesis methodologies, 847-849 
Mcsoporous silica, 852-860 
Mesopovous silica-based materials, periodic. 

characterizatioil of, 855-856 
Mesulid Fast. cyclodextrin-containing. 

marketing of. 409 
Mcsylateicaptisol, cyclodexirin-containing. 

marketing of. 409 
Metal array host. in cavitate inclusion formation. 

264 
Metal biomaterial. I1 I 

Metal carbonyls. pendent to polymer backbones. 
side chains. 1018-1019 

Metal cations 
alkali, 1-1 1 
cryptates of. 334-335 

 metal center-based emission. lumineqcent 
materials. 8 16-8 17 

Metal con~plexes, clathrates of, 256-257 
Metal hydrides. hydrogen bonding. 666-672 
Metal ion templates. 1496 
Metal ion-amino acid complexation. 

supralnolecular chemistry. 43 
Metal macrocycles. 307-308 

nonaromatic macrocycles. 307 
porphyrins. 307-308 

Metal-catalyzed macrocyclizations, examples 
of. 835 

Metalla-assemblies, anion-directed synthesis, 
5 i-54 

circular helicates, 5 1-53 
metalla-cages, 53-54 
n~etalla-macrocycles. 5 1-53 

Metallacoronand. in supramolecular complex 
Cormation, 264 

Metallacryptand. in supramolecular complex 
formation. 264 

Metallacyclope~ltadienc rings. coordinated to 
cyclopentadiengl metal complexes. 
polymers containing. 101 7-1018 

Metalla-macrocycles, 5 1-53 
Metallocenc-based polymcrs, 101 4-1 016 
Metallocenes. optical sensory containing. 101 0 
Metallophthalocyaniiles. 1069 
Metalloporphyrin. 11 39 
Metalloreceptors. guanidinium-based anion 

receptors, 61 7 
Metal-metal bonds. polymers bvith. 1020 
Metal-molecule-metal junctions, 927-928 
Metals, hydrogen bonding. 666-672 
Metal-templated cyclization, 840 
Metal-to-ligaild charge transfer. 1332 
Meteorite bombardment. during first few 

hundred years after earth's 
formation, 528 

Meteorite bombardment of earth. 528 
Methane hydrate. 286 

burning snoa ball. 286 
global en\ironment. 286 

Methanol 
conversion into CZ-C, olefins, zeolites in. 

1607 
con\eriion into gasoline. zeolites in, 1606 

Micellar-enhanced untrafiltration. 1475 
Micelles, 861-867. 1459-1462 

dyuarnics of. 865 
forniation of. 861-862 
internal organization of. 864-865 
self-reproduction of. 532 
size. shape of. 863-864 

Micelle-to-hesicle transition. 865-866 
Michaelis-.Menten enzyme kinetics. 1228 
Microciorlci prolijerci, 11 65 
blicroparticle drug delivery. nanoparticle 

dcli\erq systems. 487 
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Microporous silicas, crystalline, 380-389 
clathrasils. 382-384 

structural properties of. 382 
framework silicas. microporosity in. 380-385 
porosil synthesis. 385-388 

clatlirasila. 387 
help guest species. 388 
mechanism. 385-386 
zeosils. 387-388 

porosils. 381-382 
zeosils. 384-385 

structural properties of. 383 
Microtubule syatesns. self-assembly. 1260-1261 
Mimics. enzyme, 546-553 

cyclodextrins. 547-549 
molecularly imprinted polymers. 550-55 1 
solid-state enzyme mimics. 551-552 
surfactant aggregates, 546-547 
synthetic macrocycles, 549-550 

croan ethers. 549 
c! clophanes. 549-550 
macrocyclic polyamines, 549 

synthetic pol) rners. 546-547 
Mineralomimetic structures, 868-872 
MitoExtra. cpclodextrin-containing, marketing 

of, 409 
Mitomycin. cyclodextrin-containing. marketing 

of, 409 
Modulated structures. 873-878 

crystals in superspace, description of. 
873-874 

incommensurately modulated organic 
structure. example of, 875 

silllulation of. 875-877 
Molecular asemblies as artificial enzymes. 79 
Molecular bion~i~ne~ics .  879-886 

biosynergy. 884-885 
catalysis. 879 
energy con\ ersion, 881-882 
materials. 883-884 
nanoscale mechanisms, 879 
self-assembly. 879-880 
sensins. transduction. 882-883 

Molecular box. 91 3-915 
in cavitate inclusion formation, 264 

Molecular cleft host. in supramolecular complex 
foumation. 261- 

Molecular clefts 
achiral. 890 
chiral. 890 
natural. 890 

Molecular coils. 1509 
EvIolecular crystals. structural trends in. 

1093-1097 
h'iolecular cubes. 9 13-915 
Molecular dynamics. molecular modeling, 

902-903 
Mo1ccula1- host-guest chemiutry. 1402-1403 
Molecular ion channels. 7-8 
Molecular logic gates, 893-900 

AND. 895-897 
design of. 893 
double input logic gates. 895 
INHIBIT, 898 

NAND. 898 
NOR. 897 
NOT. 895 
OR. 897 
PASS 1, 894 
PASS 0. 893-894 
single-input logic pates, 893 
XOR. 898 
YES. 894 

Molecular modeling, 901-908 
case studies. 906-907 
commercial packages. 904 
conformational analysis, 903-904 
density functional theory. 902 
future prospects for. 907 
hybrid methods, 902 
methods compared, 904 
molecular dynamics, 902-903 
molecular mechanics, 901-902 
Monte Carlo methods. 903 
quantum mechanics. 902 

Molecular necklaces. 1240. 1245 
Molecular squares. 909-9 13 

assembly principles, 910-91 1 
in cavitate iliclusioll folmation. 264 
early examples. 909-910 
functional squares, 912-91 3 
porous lnolecular solids. 912 
structural motifs. 91 1-912 

Molecular switches. 917-924 
alkenes, overcrowded. 919-920 
based on diarylethenes, 918-919 
based on photochemical cis-r~nns 

isomerization. 91 7-91 8 
based on rotaxanes. catenanes. 920-922 
luininescent probes. 827 
macromolecular s\\,itches. 922-923 
siinple photoredox molecular switch. 917 
unidirectional rotors, 91 9-920 

Molecular topology. effects 011 supramolecular 
chemistry, 233-234 

Molecular tweezers 
achiral. 887-888 
chiral, 888-889 
natural. 889-890 

Molecular mires. 925-930 
metal-molecule-metal junctions, 927-928 
photoinduced electron transfer. 925-926 
self-assernbled monolayers. electrochemistrq 

in. 927 
Molecular-level machines, 931-938 

artificial molecular-level machines. 931-933 
energy problem. 932 

chemical fuels powered by, 933-934 
pH-controllable molecular shuttle. 933-934 
unidirectional rotation. 933 

natural molecular-level machines. 931 
powered by chemical fuels, 933-934 

pH-controllable molecular shuttle. 933-934 
unidirectional rotation, 933 

powered by electrochemical energy. 934 
ring motions in catenanes. 934 

powered by light energy. 934-936 
light-driven molecular rotary motor, 935 

photocontrollable inolecular shuttle. 
935-936 

Molecularly imprinted polymers. 550-551 
Molybdenu~n VI, 1 2 8 7 1  288 
Monensin, structure, 762 
Monoclinic crystal system. 1337. 1338 
Monocyclic polyazan~acrocycles, 11 70-1 172 

anionic metal complexes. 1172 
organic anions. 1170-1 172 
simple inorganic anions. 1170 

Monod-Wyman-Changeux model, O2 binding 
to human hemoglobin, 639 

Monomers. 706-708 
polymerizabilities of. in channels, 709 

Monte Carlo methods, nlolecular modeling, 
903 

Mordenite, 1599 
Motion machines. self-assembly, 1260-1261 

actin, 1260 
microtubule systems. 1260-1261 
myosin, 1260 

MRI. See Magnetic resonance imaging 
Mugineic acid. 1280 
Multiple aromatic embraces, 1093 

n-r[ interactions. 1085-1087 
Multiple-walled carbon nanotube. 1527 
Multiporphyrin arays. self-assembled. 

1145-1 147 
Multiringed catenanes. 1245-1246 
Multistage open association. 1445 
i21~cohacreriun1 smegri7citis. 1280 
Mycobactin, 1280 
Mycobactin P, 1283 
Myoglobin, 1023-1024, 1025-1032 
Myosin. self-assembl) . 1260 

Nactins. 761 
Naked anion effect. 939-949 
N-alkyl-60methoxyqinolinium, 570 
NAND molecular logic gate. 898 
Nanocasting, porous materials, 950-958 

amphiphiles. conformation of. 955-956 
as analytical technique. 955-956 
boundaries of. 950-953 
cyclodextrins, aggregation of. 956 
designer materials. 953-955 
lyotropic phases. swelling of. 956 
nanochemical applications, 956-957 
polyoxometalates, 956 
pore shape. gaining control over. 954 
pore size. gaining colltrol over. 953-954 
pore-wall urface. gaiuing control over. 954 
template. materials relationship. 950 

Nanochemistrylnanotcchnology. 1409 
Nanofilrns. 1478-1483 

fuzzy assembling. 1479-1480 
Langmuir-Blodgett technique, 1480-1482 
layer-by-layer assembling. 1479-1480 
organoclays. highly dispersed. 1482 
self-assembling, 1479-1480 

Nanomuscles. 1198-1200 
Nanoparticle delivery systems. microparticle 

drug deliver). 487 



Nanotechnology. 1409 
DNA. 4 7 5 4 8 3  

Nanotubes. peptide, 1035-1041 
amphiphilic surfactant-type nanotubes. 

1038-1039 
bolaainphiphilic peptide nanotubes. 1039 
classification. 1035 
rrom dipeptides, 1037-1038 
naturally occurring peptide membrane 

channels, 1038 
gramicidin A. 1038 
peptaibol peptides. 1038 

from stacking of cyclic peptides. 1035-1037 
Naphthalene, nucleus-independent chelilical 

shifts valuc, 61 
Naphthols. single-step condensation with 

formaldehyde. 155 
NASA definition of life. 528 
Nasal dr~lg deli\ ery, 486 
Natural cyclic ionophores, 760-767 

cnniatins. 761 
nactins. 761 
ualinomycin. 760-761 

Natural fluors. luminescent probe. 823 
Natural gas hydrates on earth. 281-283 
Natural ion channels. ion channels, models. 

742-743 
Natural molecular clefts. 890 
Natural molecular tweezers. 889-890 
Natural molecular-le~el machines. 931 
Natural noncyclic ionophores. 761-762 

nigericin. 761-762 
Naturally occurring peptide membrane channels, 

1038 
gramicidin A. 1038 
peptaibol peptides. 1038 

NDB. See Nucleic Acid Database 
Negative differential resistance, 1527 
Netuork plandl polymers of phthalocyanines. 

1072 

Neutral surfactants. nonsiliceous mesoporous 
materials via. 849 

Neutron crystallography of molecular materials, 
963-964 

Neutron diffraction. 959-966 
neutron crystallograpliy of molecular 

materials. 963-964 
ncutron scattering, 959-960 

future neutron sources. 960 
neutron sources. 960 

powder neutron diffraction. 962-963 
iinglc-crystal ncutron diffraction, 960-963 

Neutron inelastic scattering, 727-734 
coherent neutron \tattering. 731 

magnetic scattering, 731 
phonons, 73 1 

incoherent neutron scattering. 731-733 
inelastic scattering. 73 1-732 
localized motions. 732-733 
quantum tunneling. 733 
quasi-elastic neutron scattering, 732-733 
translational long-range diffusion. 732 

instruments in, 728-73 1 

backscattering spectrometer. 729-730 
neutron spin-echo spectrometers. 730-731 
tirne-of-flight spectrometer. 729-730 
triple-axis spectrometers. 729 

Neutron powder diffraction. 1592-1 598 
experimental methods, 1593-1594 
pattern information. 1594-1 597 

peak shape information, 1595 
phase identification. 1595 
quantitative analysis. 1595 
Rietveld refinement. 1595 
structure solution from data. 1596-1597 

powder diffraction. 1592-1 593 
Neutron spin-echo spectrometers. 730-731 
Nicogum, cyclodextrin-containing, marketing 

of. 409 
Nicorette. cyclodextrin-containing, marketing 

of. 409 
Nicotine, cyclodextrin-containing. marketing of, 

409 
Nigericin, 761-762 

structure. 762 
Nikitin, B.A. 253 
Ninlesulide. cyclodextrin-containing. marketing 

of. 409 
Niroglycerin. cyclodextrin-containing, 

marketing of, 409 
Nitrobenzene. nlolecular volume, 450 
Nitrocefin hydrolysis, catalyzed by dinuclear 

zinc(l1) complex. 1635 
Nitropen. cyclodextrin-containing, marketing of, 

409 
NMR. See Nuclear magnetic resonance 
NOESY. See Nuclear Overhauser effect 

spectroscopy 
Nonaromatic macrocycles 5, 307 
Noncentrosymmetric structures. strategies to 

obtain for nonlinear optical 
materials. 975-978 

Nonlinear optical materials. 973-980 
noncentrosymmetric structures, strategies to 

obtain. 975-978 
crystal engineering, 975-976 
doped polymer films. pohng of, 976-977 
inclurion of chirality, 975-976 
intermolecular H-bonding, 976 

Langmu~r-Blodgett films, 977-978 
layer-by-layer molecular assembly, 978 
second-harmonic generation. 973-974 
second-order. 974 

Nonsiliceous meroporous materials 
via anionic surfactants, 847-848 
via cationic surfactants. 847 
via complexing surfactants. 848-849 
via mediated coloumbic interaction. 848 
via neutral surfactants. 849 
via phase transformation from lamellar phase. 

849 
n'onsteroid antiinflammatory. cyclodextrin as, 

409 
Norbile acids. 447 
Norwalk virus. 1563. 1564 
Nuclear magnetic resonance. 1161. 1298. 1307. 

1380 

Nuclear magnetic resonance spectroscopy, 
981-988 

host-guest associations. 985-986 
inclusion compounds. 985-986 
large network assemblies. 983 
nucleotide aggregation. 983-984 
polymer associations. 984-985 
solid-state. 1307-1315 

disorder. 1308-1 3 14 
quadrupolar nuclei. 1308 
spin, 1307-1 308 

suprarnolecular assembly structures. 
982-986 

supranlolccular structure probes, 982 
technique overciew, 981-982 

Nuclear Overhauser effect spectroscopy, 1232 
Nuclear quadrupole resonance spectroscopy, 

989-995 
Nucleic Acid Database, 1578 
Nucleotide aggregation, nuclear magnetic 

resonance spectroscopy. 983-984 
Nucleus-independent chemical shifts. 59-67 

Occlusive disease. cyclodextrin for, 409 
Octadecyloxyiiophthalic acid. 1545 
Octafluoronaphtl~aleiie. 1095 
Octahedral hosts. 1101 
Octopus host. in supramolecular complex 

formation. 264 
Odorant-binding proteins. 1272 
Olefins 

alkylation of aromatics by. zeolitci in, 1607 
drying of, use of zeolites in. I601 
oligornerization of. zeolites in. 1605-1606 

Olfaction, insect. 1272-1 273 

Omebeta. cyclodextrin-containing. marketing 
of. 409 

Omepra~ole. cyclodextrin-containing, marketing 
of, 409 

One-demensiional occupancy disorder. 4 5 9 4 6 0  
One-dimensional inclusion polymerizzition. 

706-7 10 
hosts, 706-708 
monomers. 706-708 
reaction mechanism, 708 
space-size effects. 709 
steric control. 708-709 

Onium salts. quaternary. as anion activators. 
94 1-944 

Online ligand-protein databases. 98 
Opalmon. cyclodextrin-containing, ~narlceting 

of. 409 
Open-chained ionophores. 763 
Open-chained "podand" cation complexing 

agents. structures of. 762 
Optical materials, nonlinear. 973-980 

noncentrosymmetric structures. strategies to 
obtain. 975-978 

crystal engineering. 975-976 
doped polymcr films, poling of. 976-977 
inclusion of chirality, 975-976 
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Optical nlaterials. non1inea~1- (ront.) 
intcrmolecular H-bonding. 976 
Langmuir-Blodgett films. 977-978 
layer-by-layer lnolecular assembly. 978 

second-harmonic generation. 973-974 
second-order. 974 

Oral cephalosporin. 409 
cyclodextrin-containing. 409 

Oral drug deli\-ery, 4 8 5 4 8 6  
diffusion-controlled release. 485 
dissolution-controlled release. 485 
osmotically-controlled release. 4 8 5 1 8 6  

Ordo~.anchinding proteins. 1273-1 276 
general odorant-binding proteins. 1273 

Ore separation. froth flotation. 1475 
Organic cation complexation. calixarenes. 

140-141 
direct complexation. 140 
esters. 111 
ether derivatives. 140-141 
phosphonate derivatibes. 141 
sulfoi~ate derivatives. 111 

Organic layered solids a, hosts. 791-793 
catalytic bisresorcinol host. 793 
guanidinium sulfonates. 791-792 
secondary ammoniurn/tricarboxylate 

assemblies. 792-793 
Organic light-emitting devices. 1482 
Organic synthesis. anion-directed asseniblq in. 

54-56 
helicate~, 56 
macrocyclcs. 54-55 
pseudorotaxanes. 55-56 
rotaxanen. 55-56 

Organic zeolites. 996-1005 
close packing. 997 
crystal design, 996-997 
kinetic aspects. 1001-1003 

crystal net\vol-hs. stable \aids in. 
1002-1003 

flexible net\x*orh structures. 1003 
porous networks. prediction of. 996-997 
potential zeolites. 997-1003 
stability. 998-1001 

coordinatioii polymers. 998-999 
hydrogen bonds. 1001 
metal-organic frameworks. 998-999 
porphyrins 1000-1 00 1 

Organic-inorganic light-emitting diodes, 139 1 
Organic-inorganic peuovskites. 1387-1 393 

electrical properties. 139 1-1392 
hybrid layer pcuovsliites. 1388-1390 
layer perovskite niaterials. 1387-1388 
magnetic properties. 1388-1390 
phase transitions. 1390-1 392 

Organocla) s. highly dispersed. 1482 
Orgaiioinetallic anion receptors. 1006-1013 

arcne. 1010-101 1 
cobaltocenium-based. 1006-1007 
ferrocene-based. 1007-1 01 0 
n~etallocenes. optical sensors containing. 

1010 
Organotnetallic ditopic receptors. 1292 
Organometallic oligomers. 1014-1022 

Organolnetallic polymers. 1014-1022 
Orientation polarization. 754-755 
Orthorhonibic crystal system, 1337. 1338 
Osmotically-controlled release, oral drug 

delivery. 4 8 5 4 8 6  
Overcrowded alkenes. molecular switch. 

9 19-920 
Oxacalix[3]arenes 2. 307 
Oxiine synthesis, zeolite catalyst use in, 161 1 
Oxoanions. 1173 
Oxyger~ carriers, binding of. 1023-1025 

hemerytlrin. 1025 
hernocyanin. 1024-1025 
hemoglobin. 1023-1024 
myoglobin. 1023-1024 

Oxygcn transport proteins, synthetic analogues, 
1025-1032 

Oxygen uptake. transport. models of. 1023-1034 

Packed-bed membrane reactor. 161 8 
Palin. D.E. 696 
Pansporin T. cqclodextrin-containing, rnarketing 

of. 409 
Pcir.~icocc[rs dei7irr.fica17s. 1288 
Pal-atrophic ring current. 59 
PASS 1 inolec~~lar logic gate. 894 
PASS 0 inolecular logic gate. 893-894 
Pauling, Linus. 1403 
Pedersen. Charles J.. 253, 696. 1403 
Pendant polymer catenane. 1494 
Peptaibol peptides. 1038 
Peptide iianotubes. 1035-1 041 

amphiphilic surfactant-type nanotubes. 
1038-1039 

bolaarnphiphilic peptide nanotuhes. 1039 
classification. 1035 
from dipeptides. 1037-1038 
naturally occurring peptide mernbrane 

channels. 1038 
grarilicidin A. 1038 
peptaibol peptides. 1038 

from stacking of cyclic peptides. 1035-1037 
Peptides 

chiral guest recognition, 240-241 
c)clophilin A complexed with cyclosporin A. 

95 
OppA complexed with 8-peptides. 95 

Perfluorinated pol~~mercuramacrocycles, 69-70 
Perfluorophenanthrcne. 1095 
Periodic mesoporous materials, syntliesis 

mechanisms of. 852-855 
Periodic mesoporous organosilicates. 857-858 
Periodic niesoporous silica 

organic hybrids, 856-858 
with organically modified surfaces, 857 

Periodic mesoporous silica-based materials. 
characterization of, 855-856 

Perovikites. organic-inorganic. 1387-1393 
electrical properties. 1391-1392 
hybrid layer perovskites. 1388-1 390 
layer peuovskite materials. 1387-1388 
magnetic properties. 1388-1 390 
phase transitions. 1390-1392 

Perutz. Max F.. 1403 
Pesticides. cyclodextrins in. 412 
Petrochemicals. ~eo l i t e  usage, 1606 
Pharniacophore model. drug design. 1 9 0 4 9  I 
Phase inversion temperature. 1467 
Phase transformation from lamellar phase. 

nonsiliceous mesoporous inaterials 
via. 849 

Phase-sensitihe second harmonic microscopy. 
1124 

Phase-transfer catalysis 
in environmentally benign reaction media. 

1042-1052 
inverse. 1043 
ionic liquids. nucleophilic substitution in. 

1050 
liquid-liquid. 1042 
macrocycle synthesis. 838 
solid-liquid. gas-liquid phase-transfer 

catalysis. 1042-1043 
in supercritical fluids. 1048-1049 
in water as bulk solvent, 1044-1048 
without volatile organic solvents. 1043-1050 

Plienetol. molecular volume, 450 
Phenol oxidation. zeolite catall st use in. 

161 1 
Phenols. single-step condensation of. 154-155 
Phenyl acetate. molecular volurne. 450 
Phenyl-based receptors. guanidinium-based 

anion receptors. 620-621 
Pheromone-binding proteins. 1273-1275 
Phosphonate derivatives. calixaucnes. 139 
Phosphorescent compounds. chemical 

structures. 825 
Photochemical ci.r-tmrzs isoinerization. 

n~olecular switch based on, 917-918 
Photoclieniical n~ethods in snpra~ilolecular 

chemistry. 1060-1068 
Photochemical reactions. luminescent materials 

for. 819 
Photocheinical sensors. 1053-1059 

chemosensing ensemble. 1057-1059 
fluorescent molecular sensor. 1 C53 
luminophore-spacer-receptor paradigm. 

1053-1057 
Photochemistry. supramolecular, 1434-1442 
Photocontrollable molecular shuttle, 935-936 
Photoinduced electron transfer. 1439 

inolecular wire, 925-926 
Photophysical methods in supramolecular 

chern~stry. 1060-1068 
Photoredox tnolecular snitch. 917 
Phthalocyanines, 1069-1075 

examples. with derivatives. 1070-1 072 
indiuni phthalocyanines as optical limiters. 

1070-1 07 1 
magnetic properties. 1072-1074 

fenomagnetically ordered 
metallopolphyrin. 1073 

iron phthalocyanines. 1073-1074 
magnetic interactions. 1072 
manganese plithalocyanines, 1072-1073 
polymorphisin. 1072 

metallophthalocya~~ines. 1069 
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Phthalocyanines icoi7f.) 
network planar polyiners of. 1072 
phthalocyanine complexes. electronic 

conductors based on. 1071-1 07 1 
phthalocyainne-based dendrimeu. 1071 
scanning tunneling microscopy. 1204-1 205 

Ph~llo~~ert l7a iliversci. 1276 
n-il interactions. 1076-1 092 
n-n stacking as crystal engineering tool. 

1093-1099 
aromatic hydrocarbons, 1093 
decafluorodiphenylbutadiyne. 1095 
decameth) I-ferrocene, 1095 
dephenylbutadiyne. 1095 
designing cryctal structure, aromatic 

interactions as tools for, 1097-1098 
dibenzene-cllro~nium. 1095 
diphenylacetylenc, 1095 
fluorinated aromatics. packing involving. 

1094-1096 
hydrocarbyl aromatics, packiiig inholving. 

1094-1096 
multiple aromatic "embraces," 1093 
octafluoroilaphthalene. 1095 
perfluorophenanthrene. 1095 
porphyrins. 1093-1091 
tripllenylethynylbenrene. 1095 
tris(pentafluoropheny1-ethyny1)benzene. 

1095 
Piedfort host. in clathrate formation, 264 
Pincer host. in supvainolecular complex 

fornlation. 264 
Pipeline blockages, clathrate hydrates. 286 
Piroxicam. c) clodextrin-contailling. marketing 

of. 409 
Platoilic solids. 1100-1 105 

icosahedral ilosts. I 101-1 103 
octahedral hosts. 1101 
spherical hosts based on. 1102 
tetrahedral hosts. 1101 

Platteeun. J.C. 253 
Plzttelln sylostelln. 1270 
Podand. in suprainolec~~lar coinplex formation, 

264 
Podand cation cotnplex~ng agents. opeii- 

chained. structures of. 762 
Podands. 1 106-1 1 19 

allosteric systems based on. 22 
application of. 1 1 13-1 11 8 

chemical analytics. 11 14-1 116 
chemical synthesis. 11 13-1 114 

complexation properties. 11 11-1 11 3 
anions. 11 13 
catioils. 11 1 1-1 113 
uncharged molec~iles. 11 13 

complexation with. alloateric systems based 
on. 23 

defined. 1106-1 107 
representative compouilds, 1107-1 109 
synthesis of. 1109-1 110 

Point-of-zero charge. 1472 
Polarity formation. 1 120-1 128 

geileralization, 1124-1 127 
macroscopic effects. 1 120-1 121 

Markov growth model, 1122-1 123 
phase-seitsitive second harmo~lic 

microscopy. 1124 
scaniling pyroelectric microscopy. 1124 

polar crystal. 1121-1 122 
Polarizable ri-donors. n-acceptors. 1080-1082 
Polarization of luminescence, 823 
Poley absorption. 755 
Poly acryl amide gel electrophoresis, 1 162 
Polyara clefts. guaiiidinium-based anion 

receptor. 622-623 
Polycyclic arornatic hqdrocarbons. 528 
Polycyclic polyaramacrocycles, 1173 
Poly(dial1yldimetli~~lainmoninnichlol.ide). 

1479 
Polyetheu ligands. as anion activators. 941-944 
Polyethylene glycols, 762-763. 1106. 11 14 
Polyf~~nctional luminescent probes. 827-828 
Polqhedra. 230 
Polymer associations, nuclear magnetic 

resonance spectroscopy, 984-985 
Polymer bioinateiial, 1 12-1 13 
Polymer-based electrochen~ical sensors. 

511-512 
Polymerization. inclusion reactions. 705-7 11 

cyclic process. 705 
iilclusioti spaces. effects of, 705-706 
molecular information, inclusion 

poly merization based on. 7 10 
one-dimensional inclusion polymerization. 

706-7 10 
hosts, 706-708 
monoiners. 706-708 
reaction mechanism, 708 
space-size efrects. 709 
steric control. 708-709 

t\vo-dimensional inclusion polyinerization. 
710 

Pol) mers 
\vith metal-metal bonds, 1020 
molecular ~veights of. I355 
nets in, 232-233 
organometallic. 1014-1022 
supramolecular. 1443-1452 

assembling mechanisms. 1445 
class A. 1445-1448 
class B. 1448-1449 
class C, 1419 
class D. 1450-1451 
excluded volume. 1444-1445 
general assembly principles. 1443-3 445 
incompatibility. 1444 
localized interactions. 1443 
site distuibution. 1443-1444 
smoothed-out interactions. 1444-1445 

Poly(iiieta1 acetylides). 1019-1020 
Polymorphic supramolecular isomers, 

1421-1422 
Polymorphism, 1 129-1 138 

cr) stal structure prediction. 1 136-1 137 
crystallization dynamics, 1129-1 130 
generation of. 1 130-1 132 

physicochen~ical characterization. 
1131-1132 

preparative methods, 1130-1 131 
occurrence of, 11 29 
po1)morphic control. 1 134-1 136 
structural aspects. poljlnovphic systems. 

1131-1134 
conforinational polymorphs. 1 133-1 134 
rigid. semirigid n~olecules, 1132-1 133 

x-ra) pokvder data. polyinorpbic structures 
from. 1 136 

Po1)oxornetalates. nanocasting. 956 
Polypyrole-hased anion receptors. 

1176-1185 
Pol) silicon-containing macrocycles. host-guest 

chernistr) , 68-69 
Polytin-containing macrocqcles. 68-69 
Porous materials. nanocastiilg. 950-958 

amphipliiles. conformation of, 955-956 
as analytical technique. 955-956 
boundaries of. 950-953 
cyclodextriils. aggregation of. 956 
designer materials. 953-955 
lyotropic phases, snelling of. 956 
iianocheinical applications, 956-957 
polyoxonietalates, 956 
pore sliape. paining control over. 954 
pore size. gaining control o\er. 953-954 
pore-aall surface. gaining control o\ er. 

951 
template. materiala relationship. 950 

Porous inolecular solids. 912 
Po11~hqriii complexes. van der Vv'aals forces. 

1552-1554 
Porphyrin derivati~es. functional. 1139-1 149 

catal) sts. enrlme n~odels. 1144-1 145 
inolecular receptors. 1142-1 144 
photoinduced electuon. energq transfer. 

1139-1141 
self-assembled mu1tiporph)rin arrays. 

1145-1 147 
Porphyrin face-to-face dimers. allosteric 

sysierns based on. 27 
Pouphyrin rings. in supermicroscopy. 

1398-1399 
Poi~hyrin-based clathrates. 1 150-1 157 
Porphyrins. 1093-1094 

6. 307-308 
scanning tuilncling microscopy. 1204-1205 

Positive heterotropic allosteric regulation. 
calixarene hosts. comple.tat~on \vith. 
26 

Positroii emission tornograph!. 688-690 
and single-photon einiss~on tomography. 

688-690 
Postinodificaiton. self-assemblq with. 1249 
Poteiltiometric data. stability constants, 1363 
Poader diffsaction. 1592-1593 

neuti-on. 962-963. 1592-1598 
experiniental methods. 3593-1594 
pattern inforination. 1594-1597 
peak shape infonnation, 1595 
phase ideiltification. 1595 
quantitative anal) sis, I595 
Riet\ eld refinemeilt. 1595 
structure solution from data. 1596-1597 
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Powell. H.M.. 253, 696, 1403 
Prebiotic chemist3 . 528-529 
Prebiotic matter. 528 
Precursor modificatioil followed by self- 

assembly, 1249 
Prediction of crystal structure, 371-379 
Preorganization. 1158-1 160 
Pressure swing adsorption, 1599-1601 
"Pretzel" catenane, 1494 
Priestley. J. 253 
Primitibe lifeforms, 528 
Probes 

luminescent, 821-829 
classes of. 823-828 
emission yield. 822 
excitation, emission spectra. 821 
long-decay luminescent probes, 827-828 
luminescence intensity. 822 
luininesceilce lifetime, 822 
lumillescence quenching, 822-823 
luminescent indicators. 826-827 
luminescent labels, 823-825 
for macroenbironments, 825-826 
for microenvironments. 825-826 
molecular switches, 827 
natural fluors. 823 
polarization of luminescence. 823 
polyfunctional, 827-828 
resonance energy transfer, 823 

lumi~lescent materials for, 818 
Programmed templated synthesis. in emergence 

of life, 531 
Prostadin 500, cyclodextrin-containing. 

marketing of, 409 
Prostarmon E, cyclodextrin-containing, 

marketing of. 409 
Prostavaiin. cyclodextrin-containing. marketing 

of, 409 
Protease inhibitors. 98-99 
Protein cages 

surface modification. 1565-1566 
viruses as. 1563 

Protein Data Bank, 1578 
Protein folding, self-assembly and, 1257-1258 
Protein supralnolecular chemistry, 1161-1 169 

analytic methods. 1161-1 162 
classical assays, 1162 
electron cryomicroscopy, 1161 
electron paramagnetic resonance, 1161 
light scattering. 1161-1 162 
mass spectrometry. 1162 
nuclear magnetic resonance, 1161 

design. protein assemblies. 1164-1 165 
disease association, 1167 
enzyme complexes, 1166-1 167 
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Rhopalosiphum padi. 1270 
Rietveld refinement, 1595 
Ring motions. in catenanes, molecular-level 

machines powered by 
electrochemical energy, 934 

Rod-shaped structure self-assembly, 1260-1261 
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anion-directed assembly in, 55-56 
molecular machines. 11 98-1200 
molecular switch based on, 920-922 
nanomuscles, 1 198-1200 
redox control of. 1415-1416 
stability of, 1 195-1 198 
template reactions and, 1494 
template systheses of. 1196 
templated rotaxane synthesis. 1194-1 195 
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porphyrins. 1204-1 205 

technique. 1202-1 203 
tips. 1202-1203 

Scattering of light. 799-803 
Schafhautl. C.. 1403 
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thernlodynamically self-assembled catenanes. 

1241-1243 
Self-assembling cyclic peptides. 4 7 4 8  
Self-assembling inclusion hosts. 267-269 
Self-assembly. 1257-1 262 

assisted self-assembl!, . 1249 

asymmetrical. 1257-1258 
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mesoporous. 852-860 
micuoporous. 380-389 
clathrasils, 382-384. 387 
framekvork silicas, microporosity in. 380-385 
help guest species. 388 
mechanism. 385-386 
porosil synthesis, 385-388 
porosils, 381-382 
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Sol~atichromism. 1330-1336 
Solvation effects. guest binding. 1322-1329 

effect of solvent molecule size. 1323-1325 
enthalpy-entropy compensation. 1327-1328 

Grunuald theory. 1328-1329 
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tu.0-dirnensional crystal. homochiral 
domain in. 1349 

liornogeneons systems. liomochiral 
assemblies in, 135 1-1 357 

homochiral dimer. 135 1-1354 
homochiral discrete cluster, 1354-1355 
homochiral supramolecular polymer. 

1355-1357 
Sporanox, cyclodextrin-containing. marketing 

of. 409 
Square grids. 1 187-1 190 
Squares. molecular. 909-913 

assembly principles, 910-91 1 
early examples. 909-910 
functional squares, 91 2-913 
porous molecular solids, 9 12 
structural motifs. 91 1-912 
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receptors. 1367-1368 
steroidal podands. with multiple NH groups, 

1366-1 367 



(Voluri7e I: Page, 1-872; Volltme 2: 873-1647) Index 

Steroid-based anion complexation agents Iconr.] 
steroid-baied anion receptors, with net 

positive charge. 1367-1 369 
Steroids, estrogen receptor complexed ~vith 

17beta-estradiol. raloxifene. 98 
Stoichiometries. aromatic. 804 
Stoichio~netry. 259 
Sfi.rpto111~cec. anrihioricus. 1280 
Sti.eplomyces 1iiidan.r. crqstal structure of K- 

channel from. 2 
Strict self-asseinbly, 1248 

assembly process, 1375-1377 
aisembly product, 1375 
molecular subunits. 1373-1375 

Strict self-assembly and self-assembly nith 
covalent modifications, 1372-1 378 

Strong. weak hydrogen bonds. difference 
bet~veen. 660 

Strong hq drogen bonds. 1379-1386 
defined. 1379 
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scanning near-field optical microscopy. 

1398-1399 
scanning tunneling microscopy. 1394-1396 

Suprainolecular acyclic peptide beta-sheets. 
1 5 4 7  
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