


Editorial Advisory Board 

WESTON T. BORDEN 
Department of Chemistry 
University of Washington 
Seattle, WA 98195 

JULIAN A. DAVIES 
Department of Chemistry 
University of Toledo 
Toledo, OH 43606 

GAUTAM R. DESIRAJU 
School of Chemistry 
University of Hyderabad 
Hyderabad, India 5Q0134 

FRANCOIS N. DIEDERICH 
Eidgenossische Technische 

Hochschule (ETH) 
Laboratorium fur Organische 

Chemie 
CH-8092 ZUrich, Switzerland 

DENNIS A. DOUGHERTY 
Department of Chemistry 
California Institute of Technology 
Pasadena, CA 91125 

RICHARD D. GANDOUR 
Department of Chemistry 
Virginia Polytechnic Institute and 

State University 
Blacksburg, VA 24601 

SHARON G. LIAS 
Chemical Thermodynamics 

and Kinetics Division 
National Institute of Standards 

and Technology 
Gaithersburg, MD 20899 

ALAN P. MARCHAND 
Department of Chemistry 
University of North Texas 
Denton, TX 76203 

, -
JOSE ARTUR MARTINHO SIMOES 
Departamento de Quimica e 

Bioquimica 
Faculdade de Ciencias 
Universidade de Lisboa 
1700 Lisboa, Portugal 

JOAN MASON 
Department of Chemistry 
Open University 
Milton Keynes MK7 6AA 
UK 

ROBERT A. MOSS 
Department of Chemistry 
Rutgers University 
Piscataway;. NJ 08855 

BRUCE E. SMART 
E.1. Du Pont de Nemours & Co., Inc. 
Central Research and Development 
Experimental Station 
Wilmington, DE 19880 

JOAN SELVERSTONE VALENTINE 
Department of Chemistry and 

Biochemistry 
University of California, 

Los Angeles 
Los Angeles, CA 90095 

DEBORAH VAN VECHTEN 
Space Sciences Division 
Naval Research Laboratory 
Washington, DC 20375 



MESOMOLECULES 
FROM MOLECULES TO MATERIALS 

SEARCH Series, Volume 1 

EDITORS: 
G. DAVID MENDENHALL 
Michigan Technological University 

ARTHUR GREENBERG 
University of North Carolina at Charlotte 

dOEL F. LIEBMAN 
University of Maryland Baltimore County 

CHAPMAN & HALL 

I GJ P An International Thomson Publishing Company 

New York • Albany. Bonn • Boston • Cincinnati. Detriot • London • Madrid • Melbourne • Mexico City 
Pacific Grove • Paris • San Francisco • Singapore. Tokyo • Toronto • Washington 



Cover design: Trudi Gershenov 

Copyright © 1995 
By Chapman & Hall 
A division of International Thomson Publishing Inc. 
ITP The ITP logo is a trademark under license 

For more information, contact: 

Chapman & Hall 
One Penn Plaza 
New York, NY 10119 

International Thomson Publishing 
Berkshire House 168-173 
High Holborn 
London WC1 V 7 AA 
England 

Thomas Nelson Australia 
102 Dodds Street 
South Melbourne, 3205 
Victoria, Australia 

Nelson Canada 
1120 Birchmount Road 
Scarborough, Ontario 
Canada MIK 5G4 

International Thomson Editores 
Campos Eliseos 385, Piso 7 
Col. Polanco 
11560 Mexico D.F. Mexico 

International Thomson Publishing 
Gmbh 

Konigwinterer Strasse 418 
53228 Bonn 
Germany 

International Thomson Publishing Asia 
221 Henderson Road #05-10 
Henderson Building 
Singapore 0315 

International Thomson Publishing-Japan 
Hirakawacho-cho Kyowa Building, 3F 
1-2-1 Hirakawacho-cho 
Chiyoda-ku, 102 Tokyo 
Japan 

All rights reserved. No part of this book covered by the copyright hereon may be repro
duced or used in any form or by any means-graphic, electronic, or mechanical, including 
photocopying, recording, taping, or information storage and retrieval systems-without 
the written permission of the publisher. 

1 2 3 4 5 6 7 8 9 10 XXX 01 00 99 98 97 96 95 

Library of Congress Cataloging-in. Publication Data 

Mesomolecules : from molecules to materials I editors G. David 
Mendenhall, Arthur Greenberg, and Joel F. Liebman. 

p. em. - (Structure energetics and reactivity in chemistry ; 
v.1) 

Includes bibliographical references and index. 
ISBN 0-412-03811-D 
1. Macromolecules. I. Mendenhall, G. David. 

II. Greenberg, Arthur. ill. Liebman, Joel F. IV. Series. 
QD381.M47 1995 
547.7-dc20 94-13543 

CIP 

British Library Cataloguing in Publication Data available 

Please send your order for this or any other Chapman & Hall book to Chapman & Hall, 
29 West 35th Street, New York, NY 10001, Attn: Customer Service Department. You may 
also call our Order Department at 1-212-244-3336 or fax your purchase order to 1-800-248-
4724. 

For a complete listing of Chapman & Hall's titles, send your request to Chapman & Hall, 
Dept. BC, One Penn Plaza, New York, NY 10119. 



Contents 

Preface 

Series Preface 

Contributors 

1 From Molecules to Materials 
G. David Mendenhall 

vii 

viii 

x 

1 

2 Cascade Molecules 27 
George E. Newkome and Charles N. Moorefield 

3 Dendritic Polynuclear Metal Complexes with Made-to- 69 
Order Luminescent and Redox Properties 
Gianfranco Denti, Sebastiano Campagna, and Vincenzo 
Balzani 

4 Molecular Tectonics 107 
James D. Wuest 

5 Supramolecular Assemblies from "Tinkertoy" Rigid-Rod 132 
Molecules 
Josef Michl 

v 



vi Contents 

6 Graphite: Flat, Fibrous, and Spherical 
John A. Jaszczak 

Fractal Index and Fractal Notation 
G. David Mendenhall 

Index 

161 

181 

195 



Preface 

The title of this volume implies a progression of sorts from species of 
molecular size to a product described on the basis of continuum prop
erties. The difference in approach from the standpoint of molecular be
havior, on the one hand-more the forte of chemists-and from the 
standpoint of large-scale properties, on the other-more the province of 
chemical engineers and materials scientists-represents a severe cultural 
divide, but one with much potential for creative input from both sides. 

Chapter 1 of this volume attempts a broad survey of trends toward 
the synthesis of large, well-defined molecular systems with interesting 
physical, chemical, or material properties. Review articles with more de
tailed treatments are emphasized. In Chapter 2, Newkome and Moore
field summarize work on synthesis of /I cascade" molecules. Next, Denti, 
Campagna, and Balzani describe the synthesis of assemblies with con
nected metal-containing chromophore units which transmit electrons or 
electronic energy in defined ways. In Chapter 4 Wuest describes the con
struction of hydrogen-bonded organic networks, and in Chapter 5 Michl 
defines a molecular-level construction set. Finally, Jaszczak points out 
how nature's attempts over geological time spans are emulated by recent 
human synthetic activity in the fullerene arena, through the appearance 
of various morphologies of natural graphite. 

The book concludes with a method for describing fractal-like mole
cules, and an index based on the method for appropriate compounds 
described in the text. 

DAVID MENDENHALL 

January 1994 
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Series Preface 

The purpose of this series is the presentation of the most significant re
search areas in organic chemistry from the perspective of the interplay 
and inseparability of structure, energetics, and reactivity. Each volume 
will be modeled as a text for a one-semester graduate course and will 
thus provide groundwork, coherence, and reasonable completeness. In 
this context, we have made the editorial decision to defer to the authors 
the choice of the desired blend of theory and experiment, rigor and in
tuition, practice and perception. However, we asked them to engage in 
the spirit of this venture and to explain to the reader the basis of their 
understanding and not just the highlights of their findings. For each vol
ume, and each chapter therein, we have aimed for both a review and a 
tutorial of a major research area. Each volume will have a single theme, 
unified by the common threads of structure, energy, and reactivity for 
the understanding of chemical phenomena. 

Structure, energetics, and reactivity are three of the most fundamental, 
ubiquitous, and therefore seminal concepts in organic chemistry. The 
concept of structure arises as soon as even two atoms are said to be 
bonded, since it is there that the concept of bond length and interatomic 
separation begins. Three-atom molecules already introduce bond angle 
into our functioning vocabulary, while four atoms are needed for the 
introduction of the terms planarity, nonplanarity, and dihedral angles. Of 
course, most ,organic chemists are interested in molecules of more than 
four atoms, so new shapes (tetrahedra, cubes, dodecahedra, prisms, and 
numerous exotic polyhedra) and new degrees of complexity arise. These 

viii 



Series Preface ix 

new molecular shapes, in turn, function as templates for the next molec
ular generation. Still, the basic assumption remains: molecular structure 
determines energy and reactivity, and even though Van't Hoff, LeBel, 
and Sachse explained chemical reality with palpable molecular models 
over a century ago, we still do much the same thing on the screens of 
personal computers. 

The concept of energetics arises in chemistry as soon as there is a 
proton and an electron and remains with us throughout our discipline. 
There are the fundamental, experimentally measurable quantities of 
bond energies, proton affinities, ionization potentials, pKa values, and 
heats of formation. There are the derived quantities such as strain and 
resonance energies, acidity, and baSicity. There are also the widely used, 
generally understood, and rather amorphous concepts such as delocali
zation, conjugation, and aromaticity. Indeed, the shape, conformation, and 
therefore function of a protein are determined by a balance of energetics 
contributions-resonance in the peptide linkage, hydrogen bonding, hin
dered rotation of a disulfide, Van der Waals forces, steric repulsion, Cou
lombic interactions and salt bridges, and solvent interactions. 

The concept of reactivity inseparably combines structure and energet
ics and introduces more concepts and words: stereospecificity, intramole
cularity, nucleophilicity, catalysis, entropy of activation, steric hindrance, po
larizability, hard and soft acids and bases, Hammett/Taft parameters. Reactivity 
is a more difficult concept than structure and energetics. One must spec
ify reaction conditions and usually accompanying reagents, since reac
tivity generally refers to two species or at least two seemingly disjoint 
parts of the same molecule. 

Structure, energetics, and reactivity in chemistry have been probed by 
a plethora of experimental and theoretical methods. These tools have 
different degrees of accuracy and applicability, and consensus is rare as 
to when our understanding is deemed adequate. Indeed, diverse ap
proaches-heats of hydrogenation and Hartree-Fock calculations, line in
tensities and LDso values, ease of substitution and of sublimation, cou
pling constants and color-all contribute to the special blend of rigor 
and intuition that characterizes modem organic chemistry. 

As people, and not just as scientists and editors, we wish to acknowl
edge the unity of the intellect and the emotions. We are grateful for 
the love and support of our families and for the inspiration, agitation, 
and stimulation from our mentors, colleagues, and students, and so we 
dedicate these volumes liTo Research and to Reason, To Family and to 
Friendship." 

JOEL F. LIEBMAN 

Baltimore, Maryland 
ARTHUR GREENBERG 

Charlotte, North Carolina 
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1 
From Molecules to Materials 
G. DAVID MENDENHALL 

THE RISE OF NANOSCALE ASSEMBLIES 

When Is a Molecule a Material? 

"One day the chemists will meet the physicists," a quote whose source 
I cannot remember, refers to the tendency of chemists to deal with ever
larger molecules, while physicists are engaged in the study of progres
sively smaller molecular aggregates. One may ask if the dimension of 
size has a direct relation to our theme, and whether there is a certain 
molecular size that signals the transition between molecule and material. 

In fact, this is a common question that has been answered in many 
different ways. The answer depends on the material property in ques
tion. For solutions of polymers, for instance, the transition between small 
molecule and polymer is identified precisely as the point where chain 
entanglement results in a change in the relation between viscosity and 
molecular weight (Figure 1-1). Above a critical molecular weight, the vis
cosity increases as MW3.4, compared with MW1.O below this critical value. 
The critical value depends somewhat on the nature of the polymer and 
the solvent, but in general, a critical molecular weight of around 104 is 
observed. For a given polymer and solvent, there is a corresponding 
critical degree of polymerization where the transition occurs that can be 
identified as an exact integer value.1 

Similar distinet changes in slope are observed in plots of the glass 
transition temperature, of various polymers vs. molecular weight,2 each 
showing three linear regions of decreasing slope (Figure 1-2). Thus a 

1 
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FIGURE 1-1 Plot of viscosity vs. molecular weight for a series of polymers. [From 
G.c. Berry and T.G. Fox, Adv. Polymer Sci. 5,261 (1968)]. 
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FIGURE 1-2 Plot of Tg vs. molecular weight for a series of polymers. [Reprinted from 
J.M.G. Cowie, Eur. Polym. J., 11,297 (1975) with kind permission from Elsevier Science Ltd, 
The Boulevard, Langton Lane, Kidlington OX5 1GB, UK] 

molecule may be said to become a material when increases in its size 
cause changes in properties corresponding to the large-molecule limit
which in this case is no change at all. 

For metal atoms, the beginning of the transition from extremely re
active atomic behavior to the milder chemical behavior of a bulk metal 
sample has been associated with clusters large enough so that the atoms 
in the center have only other metal atoms as neighbors.3 

The question of when a molecule becomes a material can be answered 
in a radically different but equally important way by reference to the 
temperature. Most students have been entertained at some point by lecture 
demonstrations of the dramatic transition of rubber tubing or bananas 
into ceramic materials after immersion in liquid nitrogen. The transition 
of mobile liquids to a disordered, glassy state upon cooling is a feature 
of organic polymers, Pyrex, and metallic palladium. The changes in non
metallic material properties that accompany the change in temperature 
are described by the (WLF) equation: 

-8.86 (T - Ts) 
log aT = 101.6 + T - Ts 

Here aT is the ratio of all mechanical and electrical relaxation times 
for temperatures T within about 50°C of a reference temperature Ts 
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unique for each substance. This master equation was published by Wil
liams4 in 1955 as a single smooth curve containing points from 18 poly
mers and polymer-solvent combinations, and was elaborated that year 
by Williams, Landel, and Ferry.5 The equation predicts that the temper
ature dependence of the ratio of material properties (dynamic mechani
cal, electrical relaxation, etc.) follows a universal pattern defiried by a 
reference temperature unique for each material. The equation in its origi
nal presentation could accommodate n-propanol (m.p. -127°C), rubbery 
polymers, and silicate glasses, even though at room temperature these 
substances would be subdivided into one or the other group according 
to our notions of chemicals vs. bulk materials. In fact, the master-curve 
relationship illustrated in part in Figure 1-3 for polymers and inorganic 
glasses represents something profound when one notes that the principal 
intermolecular forces are ionic attractions in an inorganic glass, hydrogen
bonding in n-propanol, and London and van der Waals forces in the 
hydrocarbon polymer. Clearly, important aspects of the underlying be
havior are independent of the molecular detail, which affects only the 
reference temperature, and are sensitive to the magnitude of the inter
molecular forces with respect to RT. In summary, a molecule also be
comes a material simply by lowering its temperature. 

The result illustrated in Figure 1-3 demonstrates why traditional prac
titioners of material science and rheologists are frequently able to remain 
immersed in mathematical representations, aloof from the molecular con
cerns that intrigue chemists, even exasperating chemists by their lack of 
interest in and inability to describe the chemical formulas of compounds 
with which they are working. At the same time, material scientists feel 
perfectly at home with asp half and bread dough, whose molecular com
plexity most chemists, possibly analytical ones excepted, might find 
unappetizing. 

The splendid example of living systems, and their ability to muster 
the molecular detail to organize and distinguish among myriad biolog
ical molecules and polymers, cannot be explained away with a master 
equation. The rich detail of natural systems is an inspiration for what 
soon will be achieved in vitro. . 

Trends Toward Supermolecular Synthesis 

Perusal of the recent literature in connection with the theme of this book 
revealed, in addition to much traditional synthesis of organic and polymeric 
compounds, a.pattern of simple paths to ever larger structures. The classical 
synthesis of chlorophyll by Woodward and 18 coworkers, for instance, rep
resented a combined effort of many years of labor6 (Figure 1-4). 
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FIGURE 1-3 Master plot of reduced viscoelastic properties against reduced tempera
ture according to the WLF equation.5•6 Data points are for silicate and boron trioxide glasses, 
and the superposed line is derived from data on 17 organic polymers.5•6 

However, examination of the structure of chlorophyll at once reveals 
symmetrical features, the modified pyrroles about the metal atom, while 
the peripheral groups facilitate the biological synthesis or the role of the 
compound in an energy-generating chloroplast. A representative of the 
porphyrin system underlying the symmetrical structure of chlorophyll 
can be synthesized quite simply as a short undergraduate experiment 
from pyrrole and benzaldehyde under acidic catalysis in a one-pot re
action? A lucky investigator can achieve the facile construction of com
plicated molecular systems, as shown in two examples in Figure 1-5. 

The syntheses of "picnic basket" porphyrinsB-that is, porphyrins 
with functionalized belts spanning an iron atom in the center as mimics 
for cytochrome P-4509•1O-and membrane-spanning metalloporphyrinsll 
were facilitated by the comparatively easy construction of the underlying 

FIGURE 1-4 Structure of chlorophyll a. 
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Graphite .. 
5-10% 

H2SOJHOAc 
87% .. 

FIGURE 1-5 Two complicated molecules with easy syntheses. 

heterocyclic ring system. Similarly, the combination of phenanthroline
like ligands into molecular assemblies (Chapter 3, this volume) is a com
promise between these extremes, combining elegance and facility in a 
synthetic approach to molecules that eventually may function the way 
chlorophyll does to harvest light energy.12 

The syntheses of arborols (Chapter 2, this volume), dendrimers/3 ful
lerenes/4 calixarenes/5 branched oligosiloxanes/6 and H-bonded net
works (Chapter 4, this volume; Seto and Whitesides17) have each bene
fitted from the development of synthetic routes that were not too taxing. 
The design and synthesis of large molecular structures, or supramolecular 
synthesis, has engendered the concepts of self-assembly and nanoscale. 
Clearly, what is meant is the creation of molecules with planned features 
on the scale common in the electronics and other industries, although 
molecular self-assembly occurs upon crystallization of any molecule or 
upon addition of surfactants to water above the critical micelle concen
tration. Molecular recognition refers to the design of complexing agents of 
high specificity, generally with biological antibody-antigen interactions 
as a model. This area has been reviewed recently by Lehn.18 

Design of Molecules That Stick Together 

Pedersen, in a wonderfully readable review,19 described how he ex
tended the concept of chelation to two-dimensional rings, the crown 
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ethers, which dramatically increased the solubility of ionic solids in or
ganic solvents.2o,21 Lehn and coworkers have been largely responsible for 
the extension of complexation of ions to single-molecule structures that 
chelate in three dimensions.22 Cram and coworkers have modified the 
conveniently generated calixarene structure to permit its function as an 
enzyme/3 as the host for both willing guests---even the shy xenon 
atom24-and captured guests,25 and for guests that give birth to 
cyclobutadiene.26 

A related and even simpler calixarene derived from resorcinol selectively 
binds oxygenated molecules as large as simple sugars27 (Figure 1-6). 

The synthesis of large molecules designed for complementary hydro
gen bonding has led to a molecular "tape,,28 and to molecules that "rec
ognize" diverse specie,S including 2-aminopyrimidine,29 p-nitrophenol/o 
cyclic adenosine monophosphate/1 and aliphatic diamines.32 Recently, 
Wyler and coworkers reported the synthesis of two molecules that fit 
together like two parts of the cover of a tennis ball. The stable assembly 
was able to trap molecules in the interior of the structure.33 Host mole
cules have also been designed so that binding of the guest is accompa
nied by a large increase in fluorescence34 or alteration in color/5 as well 
as differing color responses to one enantiomer of a pair mediated by the 
pitch of a liquid crystaP6 

Large molecules have been discovered that combine to form increas
ingly complex liquid-crystalline supramolecular-polymolecular assem
blies/7 fluid and solid fibers composed of lipid bilayers/8 lipid tubules/9 
and ion channels/oA1 and that show nonlinear optical properties,42 selec
tive electron transfer/3 and the ability to carry out 1/ signal processing.,,44 

The chemical language h es been enriched by the terms used to de
scribe the host in host-guest relationships45: 

carcerand-host that can encapsulate a guest 

podand-an acyclic host, such as terpyridyl 

corand-a modified crown ether 

perching complex (better, nesting complex) 

capsular complex-guest surrounded by ligand 

spherand-a completely preorganized ligand 
spheraplex-a spherand with a guest 

cavitand-a concave surface large enough to embrace simple molecules 

Noncovalent interactions, among them predominantly hydrogen 
bonding, are associated with the bulk of biological molecules and their 
dynamic behavior. The importance of H-bonding in the attachment of 
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FIGURE 1-6 Calixarene suitable for guest (G) occupancy. [From M.E. Tanner, C.B. 
Knobler, and D.J. Cram,]. Am. Chern. Soc. 112, 1659 (1990)] 

viruses to antibodies and to specific sites on the cell wall has inspired 
the synthesis of large structures for the inhibition of viral action. Re
cently, an Australian group, with the aid of computers and a knowledge 
of the structure of the binding site, has successfully designed molecules 
to bind with the influenza A virus.46 Spaltenstein and Whitesides/7 Wein
hold and Knowles,48 Spevak et al./9 and Sabesan50 and coworkers have 
constructed clever imitators of the sialicide-containing active site for viral 
binding. The efficacy of the imitators was enhanced by achieving poly
valency by incorporating them into liposomes or polymerized lipo
somes47 (Figure 1-7). 

A related concept is the use of large molecules to sterically direct the 
synthesis of particular stereoisomers, one of which is shown in Figure 1-8. 
One wonders whether the displacement is ~2, as portrayed/lor SN2', with 
attack on the remote double bond position. 

The design of three-dimensional H-bonded network polymers is il
lustrated in detail in Chapter 4 of this text. 

Self-replication is one of the more obvious properties of the origins of 
life. Rebek and coworkers52-54 synthesized adenine-based nucleotide pre
cursors that, due to selective H-bonding, catalyze their own formation 
in an interesting echo of the natural process. A similar self-catalysis, in 
which the favorable thermodynamics of binding of substrate to template 
enhanced the rate of formation of a Schiff base containing two nucleo
sides, was described recently by Goodwin and Lynn55 (Figure 1-9). 
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FIGURE 1-7 Fluorescent sialicide that binds to influenza virus. [From E.G. Weinhold 
and J.R. Knowles, J. Am. Chern. Soc. 114,9270 (1992)] 

Analogous, self-catalyzed condensations of simple molecules are 
known.56 

Molecules also may be forced to stick to each other by the trick of 
knotting them together so that they become topologically linked without 
covalent bonds. The concept is an old one, but early work in this area, 
described in very readable detail by Schill/7 suffered generally from low 
yields and lengthy syntheses. Dietrich-Buchecker and Sauvage58 have de
veloped a specialized way to synthesize trefoil and other knots by using 
metals complexed with chains in the form of a double helix, which yield 
the topologically intertwined molecules upon removal of the metal. This 
field has been stimulated by the observation that self-assembled struc
tures are, in some cases, easier to prepare than the independent 
components.59 

FIGURE 1-8 Stereospecific alkylation of the derivative bf Kemp's acid. [From J.G. 
Stack, D.P. Curran, S.Y. Geib, J. Rebek, Jr;, and P. Ballester, J. Am. Chern. Soc. 114, 7007 
(1992)] 



10 From Molecules to Materials 

1"" 
'" OHC '".' 

+H3N") •• " 

L'~' ", 

1"'. rL,::~ 
+j,.,."" 
L':' I", 

FIGURE 1-9 Catalytic self-replication. [From J.T. Goodwin and D.G. Lynn, J. Am. 
Chern. Soc. 114, 9197 (1992)] 

Splendid examples corresponding to this general scheme in Figure 1-10 
are now known.58 

Self-assembly of linear molecules into cyclodextrins to give threaded 
loops proceeds in high yields.6P This approach has been extended to the 
synthesis of a molecular "tram" that moves along a circular aliphatic 
track from one aromatic ring 'f station" to another.61 

Chen and Seeman noted that one of the natural biological forms of 
DNA was a structure with a right-angle turn. From this, they developed 
the synthesis of large geometrical structures, including a cube, with ap
proaches perfected in conventional DNA syntheses.62 Interesting features 
of this work are the ability to remove by-products enzymatically and the 
use of Merrifield-type solid supports in the procedure (Figure 1_11).63 

Molecules that stick together as micelles, bilayer assemblies,64.65 and 
liquid crystals66 represent rather mature but very active disciplines. Re
cent advances are represented by the syntheses of unusual amphiphiles 
with mixed fluorocarbon-hydrocarbon chains/7 extremely long aliphatic 
chains with multiply ionic head groupS/8 and crown-ether-containing 
'fbola-amphiphiles."69 

Optical studies of dyes in liquid crystal media as a form of information 
storage have recentlY'been reviewed?O 
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FIGURE 1-10 Derivation of knots from complexes. [From e.O. Dietrich-Buchecker and 
J.-P. Sauvage, Ang. Chern. Int. Ed. 28, 189 (1989)] 

The formation and properties of organized assemblies in the form of 
gels and foams has come under the scrutiny of fluid dynamicists adept 
at applying supercomputers to model their behavior?l A frequent start
ing point are space-filling tetraka,decahedra (truncated octahedra),72 pre
dicted by Lord Kelvin to be the geometrical shape with the closest re
semblance to foam cells.73 

Aside from traditional, practical applications in processed foods, it is fas
cinating to discover that hydrocarbon-water gels with large amounts of sur
factant are acoustically active and ring in the audible range when Struck?4 

The interplay between natural phenomena and modern technology is 
represented in studies of that most unusual polymer, spider silk/5 and 
efforts to imitate and improve upon its properties with the tools of ge
netic engineering?6 Perhaps similar advances will follow from the un
derstanding of muscle action at the molecular level.77 

Superconductivity 

The phenomenon of conductivity traditionally distinguished organic 
chemistry, with its preponderance of covalently linked structures, from 
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FIGURE 1-11 Geometrical structures from DNA analogues. [From Y. Zhang and N.C. 

Seeman, J. Am. Chern. Soc. 114,2656 (1992)] 
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the high conductivities associated with metals and with solutions of in
organic salts. Indeed, organic polymers made splendid electrical insula
tion. The development of conductive and, more recently, superconduc
tive organic compounds and polymers has been overshadowed by the 
spectacular emergence of the superconductive cuprate ceramics/8 with 
the current high-temperature record around 130 K for compositions of 
Hg, Ba, Cu, and O?9 The organic semi- and superconductor classes of 
recent interest have been based on small-molecule donor-acceptor com
plexes with the acceptor a strongly electronegative partner such as tetra
cyanoethylene (TCNE). Polymeric donors such as poly(phenylene sul
fide), poly(aniline), and doped poly(acetylene)80,81 have been prepared. 
Poly(acetylene) and numerous derivatives are still under intense scrutiny, 
reflecting the simplicity of the parent compound, the simplicity of cata
lytic syntheses, and the potential for increasing its intrinsic stability.82,83 
Similarities in the mechanisms leading to electrical conductivity of doped 
polymers and those leading to optical nonlinear effects have been 
pointed out.84 

The sensitivity of organic conductors to degradation, and probably 
other factors, have hindered large-scale practical applications in batter
ies/s sensors, and other devices. Organic superconductivities have been 
achieved only at very low temperatures and face competition from su
perconducting metals, alloys, and ceramics. 

The development of specialized electronic devices and mimicry of 
miniaturized electronic circuitry with organic-based conductors may be 
a more promising area.86 , 

The study of organic moleCUlar assemblies on metals, particularly 
gold-thiol systems/7 may lead t;0 important applications in photoresist 
and related technology. 

The interplay of electronics and chemistry is already richly repre
sented by studies of derivatized electrodes for various purposes,88,89 an
alytical methods based on the vibrating quartz microbalance,90,91 and new 
combinatorial syntheses of receptors by methods analogous to those of 
photoresist technology.92 

Organic Magnets 

The chemists' potential contributions to magnetism may be more 
promising. Traditionally, magnetic fluids93-9S have been prepared by the 
brute-force grinding of magnetite or other ferromagnetics for hours with 
liquid and a Sll~factant. The process has been improved cleverly by re
acting hematite (Fe20s) and CO to give nonmagnetic Wustite (FeO). This 
softer oxide is ground more easily, and upon heating to 250°C it dispro-
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portionates to give finely divided, ferromagnetic Fe and Fe30 4• The mag
netic fluids derived from these processes have found many curious spe
cialized applications, such as components of automobile clutches and 
loudspeakers.96 A number of magnetite-bound enzymes are available 
commercially. More recently, the molecular synthesis of ferro fluids from 
inorganic ions in the presence of natural or synthetic surfactants has been 
developed.97 

Hwang98 has described the combination of a micellar bilayer ""lith a 
ferromagnetic particle in the center as a potential way· to magnetically 
snare molecules of interest (Figure 1-12). Iron pyrite has been rendered 
into a magnetically separable form by binding of a specialized ferro fluid 
to iC9 

More recently, organic chemists have synthesized single-molecule can
didates for ferromagnets, with growing indications of success.100 A pair 
of articles by Breslow and colleagues in 1982101,102 amplified earlier sug
gestions by McConnell103 and have stimulated much work in this field. 104 

The most common methods used to prepare organic magnets have 
centered on polycarbenes/05 polymerization of acetylene-bearing pen
dant nitroxides,106,107 and incorporation of paramagnetic metal ions in 
crystalline stacks with organic counterions or with coordinating bifunc
tional ligands of various types.lOB An interesting interpenetrating net
work assembled from ligands of Mn(II) and Cu(II) became ferromagnetic 
below 22.5 K.l09 (See also pp. 43-44.) 

A bifunctional nitroxide in an adamantanoid framework has been re
ported to show paramagnetism at 1.4 K.110 

Sol-gel and Other Syntheses 

The molecular approach to ceramic synthesis (Figure 1-13) is well rep
resented in inorganic chemistry. It has interestlhg commercial applica
tions in the preparation of high-quality, optically transparent components 
by a colloidal sol-gel process and in lightweight aerogels with superb 
insulating, optical, and even insecticidal properties.m ,112 The synthesis of 
organic aerogels derived from melamine- and resorcinol-formaldehyde 
copolymers has been reviewed.ll3 The fractal dimensions of aerogels have 
been of particular interest to physicists.ll4 

More ordered forms of silicon are exemplified by the low-temperature 
generation of protective silica coatings by oxidation of films of hydrogen 
silsesquioxane deposited by solvent evaporation. lIS 

A recent approach to synthesis at the atomic level is the putative for
mation of ultrahard carbon nitride from the direct union of C and N 
atoms in a molecular beam.116 
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FIGURE 1-12 Idealized structure of surfactant-stabilized magnetic fluid. [From J. 
Hwang, U.S. Pat. 4,834,898 (1989)J 

The Importance of Flaws 

The transition from molecules to materials will, with regard to the 
bulk properties of the solid state, reveal the importance of flaws or de
fectsll7 in determining many important "phenomena such as ionic con
duction in crystals, doping effects and p-n junctions in semiconductors, 
color centers in alkali metal halides, image development in photography, 
passivation and corrosion of metals, the kinetics of synthesis and sinter
ing of solid materials, problems of rock formation during the earth's 
evolution, the mechanisms of gas sensors and high-temperature fuel 
cells, the perf Jrmance of photosensitive electrodes ... and many 
more.flnS 

Although these concerns have traditionally preoccupied chemists and 
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FIGURE 1-13 Synthesis of materials by the sol-gel technique. [From H.D. Gesser and 
P.e. Goswami, Chern. Rev. 89, 765 (1989)] 

physicists in the inorganic and solid-state areas, many of them are per
tinent to organic-based materials as well. In addition to the obvious limi
tations of a material due to the presence of bulk flaws such as cracks (see 
Chapter 5, this volume) or pinholes in a membrane, there are specific 
limitations on common organic polymeric materials caused by such de
fects, for example inaccessible sites in a polymer-bound catalyst. The 
synthesis of dendrimers using a divergent approach is accompanied by 
defects from incom.plete reaction.13 
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The elimination of defects itself can be the challenge of materials syn
thesis. For example, crystalline poly(ethylene) approached the theoretical 
modulus in the aligned direction only after special techniques were de
veloped to perfect the uniformity of chain orientation.l19,120 Once this was 
accomplished, a new problem arose: it was difficult to find clamps strong 
enough to hold such aligned samples for testing. 

In general, polymeric materials display a range of properties, de
pending greatly on their mode and temperature of extrusion, cooling 
history, and degree of crystallinity. The usual representation of 
semicrystalline structural polymers is one in which long polymeric 
molecules join together crystalline segments in load-bearing, amor
phous zones, The properties of such materials, including simple ones 
such as density, depe~d, in turn, upon a number of factors, and will 
change with time due to chemical reactions and slow physical relaxation 
processes. 

Failure of brittle (ceramic, glassy) materials under stress is treated un
der crack propagation theory, according to which flaws in the material 
under cyclic stresses evolve into propagating cracks.l2l The statistical dis
tribution of the flaws in "pure" samples of materials leads to a wide 
distribution in failure times, making prediction of performance in such 
materials rather difficult. Even when bulk strength is not a factor, other 
flaws or even dynamic forms of irregularity (analogous to the problem 
of magnetic flux lines in ceramic superconductors or protein folding in 
genetic engineering) may limit the performance of organic materials. 
While a complete discussion of factors well understood by materials sci
entists is beyond the scope of this chapter, it may suffice to say that the 
merger of chemistry with material science involves, for chemists, an en
tirely new realm of concerns. 

A related, classic materials problem is the discontinuity that occurs 
when dissimilar materials are connected. Although we can hardly do 
justice to the entire subject of interfacial science in a few sentences, the 
curious reader can begin by perusing two recent volumes.122 Researchers 
in the field of surface chemistry have available a growing number of 
sophisticated techniques for surface characterization.123 

To emphasize the diversity of materials research and the fact that sig
nificant changes can occur on a larger than molecular scale, consider a 
study of the "curing" of a low molecular weight, H-bonded runway 
sUlface for 40-ton transport planes (Figure 1-14). A composite of this 
material with sawdust showed enhanced warm-weather stability, but its 
use was not economically feasible in practice due to the expense of air
lifting sawdust.124 
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FIGURE 1-14 Experimental study related to landing strips in Antarctica. Force re

quired to indent 3-in.-diameter rod 0.1 in. into packed snow as a function of storage time 
at -10°C. [Data provided by W. Haas, Department of Civil Engineering, Michigan Tech
nological University] 

Thermodynamic Properties of a Large, Volatile Molecule 

It is well known that nearly spherical molecules show unusual behav
ior in the solid state, especially as revealed in phase changes in which 
rotational motion is possible within a solid lattice (plastic crystals). We 
searched for such transitions in the new molecule (t-BuCHzCHz)4C, or 
f(1.2), by calorimetric methods, without success.1Z5 

Only conventional melting and boiling transitions were observed. 
Since the heat of the transition from liquid to vapor could not be deter
mined accurately in the calorimetric apparatus, we measured the boiling 
point of f(1.2) at several temperatures and determined the heat of va
porization from the Clausius-Clapyreon equation. The process was re
peated with n-hexadecane in order to test our experimental procedure. 
The experimental data appear in Table 1-1, together with values from a 
number of other theoretical and experimental approaches. 

The differences in the experimental values in the table are much larger 
than the experimental error for both compounds, and the largest and 
smallest differ by a factor of nearly 2. Closer examination reveals that 
the values of AHvap itt both series decrease at higher temperatures. This 
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is in fact well known, and arises from the different heat capacity of the 
liquid and gas: 

where 

-dC = [aEJ + R 
p aT 

E = energy of vaporization 
R = gas constant 

The magnitude of this correction and methods to determine it have 
been reviewed by Shaw.126 A theoretical calculation of ACp is possible; it 
requires additional data such as the coefficients of thermal expansion and 
compressibility. The difference ACp = Cp(l) - Cp(g) for small molecules 
was generalized as 10 cal mole-1 deg-1 (eu) by Tsien.127 

TABLE 1-1 Calculated and Experimental Values of Mivap for f (1.2) and 
n-Hexadecane 

Method T-range,OC Mivap (kcal/mol) 

f (1.2) 
Ln (P) vs. r- 1(a) 262-310 14.0 
Trouton' s la~ 310 12.7 
Correlation GC' 25 [21.7] 
Published formulad [24.7] 

n-C16H34 

Ln (P) vs. r- 1(a) 212-285 14.5 
Ln (P) vs. r- 1(e) 215-285 14.0 
Knudsen cell 20-35 19.23 ± 0.08 
Evaporation rate 25 19.45 ± 0.08 
Trouton's law!> 285 12.3 
Published formulad 18.6 

"GoO. Mendenhall, S.X. Liang, and E.H.-T. Chen, /. Org. Chem. 55, 3697 (1990). 

bE Trouton, Phil. Mag. (London), 18, 54 (1884). Trouton's law was U discovered" three times 
between 1823 and 1877: S. Glasstone, Text-Book of Physical Chemistry (Van Nostrand, New 
York, 1940), p. 449. 

'].S. Chickos, priv. comm. 

drS. Chickos, R. Annunziata, L.H. Ladon, A.S. Hyman, and J.E Liebman, /. Org. Chem., 51, 
4313 (1986). 

'Calculated from data in D L. Camin, A.E Forziati, and ED. Rossini, /. Phys. Chem., 58, 440 
(1954). 
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With the latter value, we predict a correction of only 2-4 kcall mol 
between 25°C and the boiling point of f(1.2) or n-hexadecane. Clearly, 
this is insufficient to account for the variations shown in Table 1-1. 

Although these generalizations were expected to deviate somewhat 
with molecules as large as ours, we quickly resolved the matter when 
we realized that the known, experimental ~Cp for the reference com
pound n-hexadecane was an enormous 31.0 eu.126 The correction for our 
~Hvap for n-hexadecane is thus calculated to be about 31.0(249 °C -
25°C) = 6.9 kcal/mol, compared with a difference of 5.0 kcal/mol be
tween experimental values of ~Hvap in Table 1-1 at high vs. low temper
atures. This difference of 1.9 kcal/mole is still larger than experimental 
errors, and it arises because ~Cp is a value for 25°C and is itself tem
perature dependent, declining to zero at the critical temperature. 

We assume that the differences in tabulated values for ~Hvap for f(1.2) 
arise similarly. The experimental number for ~Hvap is interpreted as a 
(hypothetical) transition between liquid and vapor at 25°C (21.7 kcal/ 
mol) and is larger than the experimental value near the boiling point 
(14.0) by an amount corresponding to an average ~Cp = 29.4 eu, which 
is very close to the value for n-hexadecane. 

Given the estimated ~Cp for f(1.2), we calculate ~Hvap = 16.6 kcall mol 
at the melting point, 200°C. Adding the experimental heat of fusion, 11.6 
kcal/ mole, we obtain a calculated ~Hsub = 28.2 kcal/ mol for tempera
tures close to the melting point. 

The entropy of fusion for f(1.2) is calculated (~HfujTmp) to be 25 eu, 
which compares favorably to a predicted value of 24.3 eu from empirical 
relationships in the literature.128 

The liquid heat capacity of f(1.2) can be estimated as 165.4 eu from 
additivity relationships,126 although this figure refers to a hypothetical 
liquid at 25°C. The gas-phase heat capacity for various temperatures 
likewise can be estimated from additivity, 129 and rises from 123 eu at 300 
K to 212 eu at 600 K. 

Trouton's law appears to be a fairly good predictor for ~Hvap near the 
boiling point of the compounds in Table 1-1. Other equations relating 
boiling point to heat of vaporization/3D applied to f(1.2) and n
hexadecane, give results similar to those derived from Trouton's law. 

An old equation relating molecular weight and boiling point was de
rived by McAdams and Morrell131 : 

loglO MW = -4.7523 + 2.5100 loblO (Tb + 393) 

The normal boiling point of n-hexadecane, 287.5 °C, leads to MW = 
228, compared with the actual value of 226. The normal boiling point of 
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f(1.2), 310°C when inserted into this equation, predicts a molecular 
weight of 248 compared with the actual value of 353. 

The obvious lesson from all of this is that empirical and semiempirical 
equations are often no more general than the original data base from 
which they were derived. The properties of very large molecules appar
ently confound many of these approaches and are therefore valuable to 
test theoretical models. 
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Cascade Molecules 
GEORGE R. NEWKOME AND 

CHARLES N. MOOREFIELD 

INTRODUCTION 

In 1986 Mengerl published an excellent review of multiarmed organic 
molecules that included polyethers, poly-armed molecules possessing ei
ther ionic or neutrally terminated chains, and some conventionally pre
pared branched polymers. Over the years, interesting names have been 
applied to many of these molecules, such as tripod, supertripod, tetrapod, 
octopus, hexahost, polypod, hexapus and tentacle, in an attempt to describe 
these complex structures. 

During the period since Menger's review appeared, the number of 
reported syntheses and utilization of multiarmed organic molecules has 
exploded and will undoubtedly continue to do so, since these polyfunc
tional molecules afford ideal entrance2-7 to supramolecular chemistry8,9 
In this chapter, we focus on their utilization as core building blocks in 
order to afford structural directionality and hence define initial param
eters, such as internal and external functional group density, for cascade 
polymers or dendritic macromolecules. To envision this concept, the cas
cade molecule (e.g., multiarm organic compounds) will be the initial build
ing block for subsequent polymerization in a specific tiered or stepwise 
sequence. 

Due to space limitations, this chapter does not cover all of the fasci
nating cascade molecules that have recently been reported. For the most 
part, it is limited to those appearing since Menger's presentation. 

27 
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ARBOROLS, CASCADES, AND DENDRIMERS: THE 
EARLY YEARS 

In our laboratories,lo we devised a new route to multiarmed molecules, 
which were subsequently transformed into macromolecules (cascade 
polymers) via sequential tier development (Scheme 2-1). It is noteworthy 
that in these early attempts, the inherent neopentyl substitution pattern 
caused by the limited choice of building blocks was difficult to circum
vent under reasonable reaction conditions;l1 thus, homologation proce
dures were employed12 to address this problem. In these divergent syn
thetic procedures, all steps had to be straightforward, since as the 
number of reaction sites increased with each tier, facile conversion under 
reasonable reaction conditions was essential and all steps had to be in 
high yields. Thus, when an alkyl halide was treated with trialkyl meth
anetricarboxylate,13,14 the desired triester was obtained; however, at
tempted reduction to the corresponding triol was plagued with frag
mentation products. The desired first-tier triol (1) was obtained by 
reaction of the appropriate aldehyde with excess formaldehyde in the 
presence of base. A spacer moiety was subsequently incorporated to cir
cumvent the inherent neopentyl deactivation to nucleophilic substitution 
to give triester 2. To complete the sequence, reduction afforded the ho
mologated triol that was tosylated and smoothly converted to the nona
ester (3 and 4, respectively), followed by transformation with Tris (tri
hydroxymethylaminomethane) to [27]-arborol 5. 

The name [27]-arborol is derived from [27], denoting the number of 
surface functional groups; arbor, derived from the Latin word for "tree," 
and 01, derived from the surface functionality, in this case an alcohol. 
Due to the complexity of these and related cascade molecules, numerous 
such logos have been devised; a new, systematic II cascade" nomenclature 
has recently been proposed,15 affording a logic-al, uniform communica
tion pathway to researchers interested in this field (see also p. 181). 

Utilizing the above simple triester-Tris conversion sequence, the two
directional arborols were readily formed. The initial discovery16 that ar
borols from the [9]-(CH2k[9] and [6]-(CH2k[6] series ([ ] denotes the 
number of surface hydroxy groups; Figure 2-1) formed aqueous gels via 
dumbbell-like stacking provided the impetus for further study17 of these 
unique molecules. Since the lipophilic cores were layered orthogonally 
on top of each other, it was surmised that incorporation of unsaturated 
sites, centrally positioned in the core, would potentially allow the gelled 
aggregates to be polymerized via this preorganization stacking process. 
Therefore, the two-directional arborols containing either a centrally lo
cated, bridging triple or double bond were constructed (Scheme 2-2). 
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SCHEME 2-1 Preparation of a [27]-arborol using a spacer moiety to allow facile con
struction of intermediate nonaester 4. 
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D 

FIGURE 2-1 Proposed dumbbell-like stacking of [9]-(CH2k[9] arborols, where n '" 10 
or greater. 

Preparation of the alkyne arborols (6-8) was readily accomplished18 by 
starting with an appropriate chloroalkanol, which was first protected 
with dihydropyran yielding a chlorotetrahydropyranyl ether and then 
transformed into a terminal alkyne via treatment with lithium acetylide. 
Deprotection of the alcohol moieties, mesylation, reaction with "triester" 
[HC(C02Eth], and treatment with Tris afforded the one-directional, ter
minal alkyne arborol 6. A Cu-promoted coupling of two equivalents of 
6 to give dialkyne arborol 7 was unsuccessful, but coupling of the initial 
terminal alkyne tetrahydropyranyl (THP) ether proceeded smoothly to 
give the two-directional dialkyne core, which was then transformed, in 
several steps (see Scheme 2-2) to yield the [9](CHzMC"'",Ch(CHzM9] di
alkyne arboTol 7. 

A desired two-directional monoalkyne core was constructed via C-C 
bond formation wlth a lithium acetylide THP ether and the correspond-
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I Pd- C, H" EtOH 

(Et02C)3C~C(C02Et)3 

I H2NC(CH20H)3 

DMSO, K2 C0 3 

9 

SCHEME 2-3 Alkene arborols prepared by reduction of alkyne arborol intermediates. 

ing chIoro THP ether. The resultant bis(THP) ether was subsequently 
deprotected, converted to a dimesylate, reacted with diethyl malonate, 
and finally treated with Tris in DMSO, affording [6]-(CH2)6C=C(CH2k 
[6] arborol6. 

The [9]-(CH2)sCH=CH(CHz)s-[9] arborol 9 was obtained by a similar 
procedure (Scheme 2-3), except that before final amidation with Tris, the 
triple bond was partially reduced to a double bond via the use of a 
Lindlar catalyst. 

Catalyzed polymerization of the aqueous gels derived from these al
kene and alkyne arborols has thus far been unsuccessful; however, elec
tron microscopy of the [6]-(CHz)6C===C(CHzk[6J gel not only confirmed 
the stacked aggregation but also revealed another interesting phenome
non. This alkyne aggregate possessed a unique helical morphology (Fig
ure 2-2), presumably promoted by the increased core rigidity and elec
tron repulsion of the juxtaposed alkynes, preventing the true orthogonal 
configuration denoted in the related alkane series. The large diameters 
of the twisted rods (=600 A) demonstrated in the electron micrographs 
probably result from the packing of individual rods into the grooves of 
adjacent helical rods, or aggregates, thereby producing "supracoil" or 
"molecular rope" nanostructures.18 These cascade molecules therefore 
possess the ability to "self-assemble" into a helix much like that of actin 
filaments that bundle into supramolecular structures such as stress fi
bers/9 acrosomal processes,z° microvilli,21 and adhesion belts.22 
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CASCADOLS: POLYETHEREAL ALCOHOLS 

The synthesis of a four-directional U Cascadol" has recently been re
ported.23 The preparative strategy involved the use of a methane C-core, 
prepared by homologation of penta erythritol to give a polyether tetraol 
(Scheme 2-4). Treatment of the tetraol core with dimsyl anion ill DMSO, 
followed by addition of a novel tris(trityl)monomesylate tetraol building 
block, afforded (16%) the dodecatrityl ether. Removal of the trityl protect
ing groups and subsequent acetylation yielded cascade dodecaacetate 10. 

POLYAMINES 

McAuley et al.24-26 prepared dendritic polyamines to be used for the ex
amination of Ni complexes. Small, highly compact tetraamine 11 was 
synthesized from pentaerythrityl tetrabromide27 upon treatment with a 
salt of p-toluenesulfonamide, under drastic conditions in view of the 
above-noted nucleophilic inertness instilled by the neopentyl moiety, fol
lowed by deprotection of the tetratosylate (Scheme 2-5). Polyamines 12 
and 13 were similarly prepared/6,28 using 1,2-ethylenediamine, and were 
isolated from the same reaction mixture in 50-60% and 2-5%, respectively. 
Isolation and purification of 12 and 13 involved the initial formation of 
Ni complexes. 

ETHEREAL POLYPODANDS 

Related polyethereal chains have been derived29 from the readily avail
able 2-alkyl-1,3-propanediols and 2,2-bis (hydroxymethyl)alkanols 
(Scheme 2-6) via initial homologation similar to that of the above arborol 
examples. The di- or triols, when treated with base and chloroacetic acid, 
followed by reduction with lithium aluminum hydride, afforded etherol 
side chains (not depicted), whereas tosylation, followed by addition of 
the sodium salt of an ethereal capped glycol, afforded the dipodands 14 
and tripodands 15, respectively. The hexadentate thioether ligands were 
also prepared30,31 from the intermediary tritosylate, despite the inherent 
generally low reactivity of these tosylates. Treatment with three equiva
lents of sodium 2-methylthioethanethiolate under reflux in a steel tube 
afforded reasonable yields of the desired ligand 16; the related hexa
amines were , prepared in a similar way.32 

The introduction of chirality into tris(hydroxymethyl)methanes33 of
fers an interesting entrance to a related series of chiral cascade molecules. 
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Na+-CH 2SOCH 3 

CH 3 SOCH 3 

SCHEME 2-4 Synthesis of the polyether (10), "CascadoL" 

These simple starting materials are ideal core candidates to attach amino 
acids and peptides, as recently demonstrated.34 Interestingly, coupling 
conditions using DCC or DCC-hydroxybenzotriazole failed to afford the 
desired peptide bond, but another activated ester method (formation of 
the p-nitrophenyl ester 17 using DCC/ 4-dimethylaminopyridine) worked 
in high yields. These activated ester intermediates were treated with the 
methyl esters of glycine (and glycine glycine, not shown) to afford the 
desired amino acid derivatives, 18. 

An improved synthesis35 of the simplest triol starting material, 2-hydroxy
methyl-l,3-propanediol, and its derivatives from 2-hydroxymethyl-2-nitro
l,3-propanediol has been realized by initial benzylation, replacement of the 
nitro group with hydrogen by treatment with tri-n-butylstannane, and 
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OH ~OTS 

R-FOH - RI . ""OTs -
R ' R ' 

R'=H or CH 20H R'=H or CH 20Ts 14 

, 
( R = H) 

C 1 CH 2 C0 2 H 

t-BuOH 

t-BuO-K+ 

'~ ( R = H) 
1) NaN 3 , DMF 

2) LiAIH~, THF 

15 

.. 
DMAP, CH 2C 12 

DCC 

(60%] 

~NH2 
RI ~NH2 (80%) 

H 

16 

SCHEME 2-6 Activated ester methodology used for the construction of bis(glycine 
methyl ester) 18. 
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methanolysis. Such by-products of nitroaIkanes are also isolated when sin
gle-electron transfer (SET) conditions are employed.36 Facile elimination of 
HNOz from angular tertiary nitroaIkanes upon contact with silica gel or 
neutral alumina at ambient temperature37 or just by distillation in vacuo38 

affords access to novel trisubstituted polyfunctional olefins. 

POLYAZIDO CASCADES 

The synthesis of a cascade molecule incorporating energetic azide moieties 
via other pentaerythritol derivatives has been reported.39 Reaction of bis(3,3-
azidomethyl)oxetane with HBr or HN021 followed by treatment with NaN3! 
yielded pentaerythritol triazide 19 (Scheme 2-7), which upon addition to 
1,3,5-benzenetricarbonyl trichloride provided the three-directional nonaa
zide 20. Understandably, most of the starting materials and products were 
reported to be moderately to considerably sensitive explosives! 

The recent successful preparation40 of related mixed donor building 
blocks, (2- and 3-aminopropyl)diphenylphosphines from 1-azido-2-pro
panol and 1-azido-3-chloropropane, respectively, afforded entrance to a 
new series of polyhetero cascade molecules. 

PHOSPHINE BASED CASCADES 

Polyphosphorus ligands (e.g., 21; Figure 2-3) have been prepared41 with 
the intention of stabilizing transition metals in low oxidation states. The 
resulting polyphosphino ligands were subsequently subjected to elemen
tal sulfur to prepare the P=S derivatives; 9 of the possible 19 products 
with one or more P=S bonds have been characterized. An alternate route 
to substituted tertiary phosphines such as tris(tetrathiafulvalenyl)-phos
phine42 is demonstrated by the treatment of tetiathiafulvalene with lith
ium diisopropylamide, followed by addition of PBr3 at low temperatures 
under an inert atmosphere. 

FUNCTIONALIZED CROWNS 

Lehn's Chundles 

Another interesting example of polyfunctionality, manifested in a mul
tiarmed cascade molecule, has been reported by Jullien and Lehn.43 The 
octacarboxylate of polyester 22 was prepared as a mimic of transmem
brane molecular channels such as the molecular tubes or channels44,45 
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COCI 

HBr 
o CIOC~COC! - .. 

1 9 

20 
SCHEME 2-7 Construction of a nonaazide. 

formed by a stacked array of macrocyc1es. Preparation of 22 involved 
the grafting of preformed arms (23) onto a four-directional core consist
ing of a tetraacyl substituted 18-crown-6 macro cyclic polyether (24). The 
arms were constructed (Scheme 2-8) from the outside (in a convergent 
route) via condensation of an N-benzyloxyformylated amino acid with 
an aminopolyether. Reductive transformation of the urethane group to 

FIGURE 2-3 A phosphine-based cascade molecule. 

Ph 2 P 
)= <~(== 

Ph 2 P 

2 1 



2) H2 , Pd- c 

CI 0 O~CI 
0""'-0-0 
o _0 

C I ~ "'--0 0 C I 

24 

OMA, OMAP 

25°C 

(30%) 

23 

22 

SCHEME 2-8 The" chundle" approach to the preparation of macrocycle-based mo
lecular channels. 
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the secondary amine and subsequent reaction with l,3-di(chloroacyl)-5-
nitrobenzene followed by catalytic reduction of the nitro group afforded 
the diester building block containing a three-directional aromatic center 
of branching. The arms, 23, were attached to the core, 24, via amino 
acylation to give the desired cascade molecule 22, which is termed a 
chundle molecule because it contains a channel formed by bundles of pol
yether arms; it is also of nanometer size and represents one of the first 
examples of such a mesomolecule. 

Azamacromolecule Based 

Use of a six-directional core45 (25) with appropriate lypophilic append
ages afforded macromolecule 26, which stacks in a supramolecular arrange
ment possessing tubul.ar (columnar) mesophases (Scheme 2-9). Markovitsi 
et al.46 investigated the related belted semiplanar eight-directional cascade 
molecule, octakis(octadecyloxymethyl)phthalocyanine 27, that formed simi
lar columnar mesophases (Figure 2-4). Laser excitation in homogeneous 
benzene solutions and in pure columnar mesophases of 27 was used to 
prove mesophase transitions. Phase transition temperatures were deter
mined: crystal -'>- mesophase, 62°C; mesophase -'>- isotropic liquid, 193°C. 

CASCADE HYDROCARBON 

A synthetic approach to a single-tier, all-hydrocarbon, four-directional 
cascade molecule by Mendenhall: et a1.47 involved alkylation of a trialkyl 
substituted carbon to generate a quaternary carbon via an in situ gen
eration of a trialkyl aluminum rr~agent prepared from t-BuCH=CH2 and 
i-Bu3Al. The resulting tetraalkyhnethane derivative 28 was obtained in a 
70% yield (Scheme 2-10). 

CASCADE RADICALS AND ANIONS 

Another example of cascade methodology was recently provided by 
Rajca and coworkers.4s-52 Research with the goal of preparing ferromag
netic materials that do not contain transition metals pointed to the syn
thesis of large, high-spin, stable organic molecules (Figure 2_5).53,54 Thus, 
monolithiation of l,3-dibromobenzene, addition of 4,4' -di-tert-butylben
zophenone, and subsequent treatment with ethyl chloroformate (Et
OCOCl) yielded the cascade arms. Subjection of the resulting triaryl
bromide to halogen-metal exchange allowed attachment to the 
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25 

o 
~CI 

RoM 
95°C, 4 h 
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26 

SCHEME 2-9 Employment of a hexaaza core for the synthesis of cascade molecules 
that form tubular mesophases. 

FIGURE 2-4 Columnar mesophases formed by octakis (octadecyl-oxy-
methyl)phthalocyanine (27). 

2. 7 
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i-Bu 3 AI 
t BuCHCH 2 .. Ct-BuCH2CH2)3AI 

160 DC 

Mee I I 
~ 

70% 

28 
SCHEME 2-10 The use of a trialkyl aluminum building block for the preparation of 

a hydrocarbon "molecular fractal." 

three-directional core, dimethyl carbonate. The resulting oxyanion, which 
was generated by treatment with Li metal, was trapped with EtOCOCl, 
yielding the tetraethoxy precursor to tetracarbanion 29. Oxidation of the 
polyanion with 12 gave the corresponding tetraradical 30. 

Kirste, Grimm, and Kurreck55 also investigated a tetraradical, 32, ex
cept that this polyradical possessed tetrahedral symmetry imparted by 
the four-directional tetraphenylmethane core, 31. The unique core was 
synthesized by Friedel-Crafts alkylation of aniline with triphenylme
thanol, diazotization and deamination, bromination, and finally 

FIGURE 2-5 Iterative methodology was used to prepare tetraanion 29 and tetraradical 
30. 

29 30 
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1) H+ , An iii ne 
2) Diazotization, 

Deamlnation 
N13 C • 

3) Br 2 

4) K13 CN, Pd( I I) 

31 

32 
SCHEME 2-11 Use of a tetrahearal, tetraphenyl core for the synthesis of poly

radical 32. 

Pd(OAc)2-catalyzed cyanation (Scheme 2-11). Galvinolation was accom
plished with (2,6-di-tert-butyl-4-lithiophenoxy)-trimethylsilane, and the 
polyradical was generated via treatment with K3[Fe(CN)6]!KOH. 

POLYFERROCENES 

The preparation of a dodecaferrocene, 33, for the study of multiple redox 
active centers attached to an organic host molecule (Scheme 2-12) has 
been reported. 0 The core tetraferrocene intermediate 34 was synthe
sized57,58 via a standard. one-step, add-catalyzed condensation of resor-
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HO~OH 

V 
+ 

~H 
Fe 

@ 
34 

33 

SCHEME 2-12 Preparation of a cascade molecule possessing 12 redox active ferrocene 
moieties (33). 

cinol and ferrocene-carboxaldehyde; O-acylation with ferrocenecarbox
ylic acid chloride afforded the dodecabranched product 33. 

FROM MOTHER NATURE 

Sweet Cascades 

A fascinating use for cascade molecules was provided by Hanessian 
et al.59 via the preparation of "megacaloric cluster compounds" (Scheme 
2-13). The carbohydrate arms were preconstructed and subsequently at
tached to four- and five-directional cores. Benzyl 2,3,4-tri-O-benzyl-a-D
glucopyranoside was treated with succinic anhydride, in the presence of 
a catalyst, to yield a protected sugar possessing a terminally functionalized 
side chain for attachment to a suitable core, such as pentaerythritol and 
glucose. Traditional coupling with Dee and 4-pyrrolidinopyridine of this 
building block afforded clusters 35 and 36, respectively, which upon hy
drogenolysis yielded the corresponding completely deprotected polyols. 

Polypeptides 

Circularly organized trispeptides were reported by Tor et al.60 The 
unique organization was attributed to intramolecular H-bonding, based 
on nuclear magnetic resonance (NMR) and infrared (IR) spectroscopic 
data, as well as empirical force field calculations. Preparation of trispep
tide 37 was accomplished by coupling the core, tris-1,3,5-(arninome-
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thyl)benzene, with N-Boc-L-Ieucine via the N-hydroxysuccinimide ac
tived ester (Scheme 2-14). Subsequent deprotection of the terminal amine 
moiety, reaction with 2,3-bis(benzyloxy)benzoyl chloride, and hydrogen
olysis provided enterobactin siderophore analog 38.61-63 A series of related 
trifunctional cores coupled with other amino acids, such as histidine and 
methionine, has also been reported.64 

Poly-N-Bases 

The synthesis of a novel, heteroditopic hexaimidazole ligand (41) start
ing with histamine (Scheme 2-15) has been described.65 Treatment of his
tamine with N,N' -carbonyldiimidazole, followed by CH31 and 
subsequent acid hydrolysis, afforded the N-methylhistamine 39. Protec
tion of the free amine 39 was achieved by silylation with Me3SiCl. Then 
lithiation at low temperatures, followed by addition of diethyl carbonate, 
yielded trisimidazolyl-akohol 40, which, with a precursor to 39, gave 
rise to the hexadentate ligand 41. This ligand was reported65 to be useful 

SCHEME 2-15 Preparation of a heteroditopic hexaimidazole ligand (41) using die
thy1carbonate for core formation. 

2) CH31, DrJF 

25 °c 
3) HCI 39 

3) HOAc caq) 

CsHs' A 

40 
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F F F 
F F FHF 

F~O O-f. F F 
F V F 

F ~ F 

F~O O---tF F 
F F F F-1-+F 

F F 

42 

SCHEME 2-16 "Spherical" fluorocarbons prepared via perfluorin~tion of a four
directional tetraether. 

for the preparation of dimetallic complexes, as well as for modeling the 
active site for 02-transport in hemerythrin. 

SLIPPIN' AND SLID IN' 

An interesting example (Scheme 2-16) of "spherical" fluorocarbons was 
recently provided.66 Tetra-n-propyl orthocarbonate was mixed with NaP, 
dispersed onto copper turnings, and subjected to II direct fluorination," 
affording perfluorotetra-n-propyl orthocarbonate (42). The four-direc
tional, perfluorinated cascade molecule was prepared in conjunction with 
an investigation into the properties of II spherical" lubricants. It should 
be noted that this is an excellent one-step procedure to produce 
fluoro[2.2.2]cryptane67 and should be readily applicable to many cascade 
molecules. 

FRENCH SANDWICHES 

Astruc et al. 68-71 have reported the preparation of fascinating six
directional organoiron complexes that are stable under many diverse re
action conditions. Quantitative yields of hexaalkylated benzene, such as 
43, were obtained via treatment of a hexamethylbenzene cydopenta
dienyl iron sandwich complex with allyl bromide and base (Scheme 2-
17). The core, hexaalkene 43, was easily transformed to (1) dodecabrom
ide 44 via Br2 addition; (2) hexasilane 45 by Pt-mediated silation; 
(3) hexaol 46 with 9-borabicydo[3.3.1]nonane (9-BBN) and H02 -; and 
(4) hexaester 47 via acylation of polyol46. Decomplexation of the hexa
substituted arene ligands was accomplished by visible-light photolysis 
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,+ 
MeEk

Me 
Me 

Me 
Me 

Co 

~ 
49 

©('Br 

t-BuOK 

• 
75°C, 1 d 

50 
SCHEME 2-18 Synthesis of cobaltocene cascade molecules. 

in the presence of hexamethylbenzene, which regenerated the starting 
material. 

With prolonged reaction times, the starting hexamethyl iron complex 
or 43 with allyl bromide produced double branching and thus simple 
entrance to cascade polymers C arboroles" 48).72 Moulines et al.72 have 
also treated cobaltocene 49 with benzyl bromide to afford 50 in 45% yield 
(Scheme 2-18), thus demonstrating that polyfunctionalization of 1T

ligands can be conducted by appropriate activation. This example epit
omizes the thesis of this chapter: that cascade molecules (first-tier 
growth) can be readily transformed into large cascade polymers by the 
addition of other appropriately chosen polyfunctional building blocks. 

BONN'S SONDED BEAUTIES 

It is impossible to discuss cascade molecules without recogmzmg 
V6gtle's notable contributions to this area. He not only coined the orig-

\ o 

o 
/ 

SCHEME 2-19 Pd-catayzed trimerization afforded the dodecabromide 51. 

o 
\ 

2) BF J ·OEt 2 , 

CHJCOBr 

Br 

Br Br 

Br Br 

51 

Br 

Br 
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BONN'S BONDED BEAUTIES 53 

52 

1) LIAIH., THF 

!J., 2 h 

2) PBr., CHCI. 

A, 2 h 

SCHEME 2-20 Synthesis of a dodececaester cascade polym"er (53) that could serve as 
a core for continued modification. 

inal term cascade,73 but his research group has prepared the most novel 
and diverse polyfunctional mesomolecules yet created.74 It should be 
noted that most of their mesomolecules will make fascinating cores for 
cascade polymers. 

Continuing investigations into the preparation of polyfunc
tional molecules, Duchene and V6gtle7s synthesized an interesting "do
deca" core (Scheme 2-19). Palladium-catalyzed trimerization of a 
bis[(dirnethoxymethyl)-phenyl]alkyne, followed by benzylic bromina
tion, afforded paddle wheel-like cascade molecule 51. Upon 
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CI CI 

CI CI 

CI CI 

S S 

CI CI H 
Me0 2 C C0 2 Me 

54 55 

FIGURE 2-6 Dodeca-directional, polychloro and polyester cores (54 and 55, 
respectively). 

crystallization of 51 from cyclohexane, a 2:1 cyclohexane clathrate was 
formed, which was verified by IH NMR and elemental analysis. This 
do dec a-directional cascade core provides interesting possibilities to do
deca directionality in subsequent tier construction with numerous build
ing blocks, as noted by the successful conversion of 51 to the 
corresponding dodecathiomethyl ether. 

Recently, simple cascade construction (Scheme 2-20) has also 
been demonstrated76 by Vogtle and coworkers, in which 1,3,5-
tris(bromomethyl)-benzene with the building block derived from the 
N-tosylate of dimethyl 5-aminoisophthalate afforded hexaester 52. Re-

SCHEME 2-21 Construction ot a "dendralene" hexaester, 57, beginning with homol
ogated tetrathiafulvalene 56. 

Me0 2C S 

C M 0 C· 'If >=PBu 3 
Me0 2 5 H e 2)[S CHO M 0 C)!..S If ~_ SJ(C0 2Me 1) (COCI), I ~SJ(C02Me e 2 

)!..S I ----. s - I -----... 
Me0 2C 2) NaOH Me0 2C THF 

H S C0 2Me H S C0 2Me 
H20 

56 

57 
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(C0 2H 

1) Ph 3 PCH 2, THF dN,-"co,H 
2) Br 2 MeO ./'-.. 

I" N C0 2H 
3) HNC CH 2C0 2Et) 2 

MeO ~ NO~C02H 
5000 psi 

4) NaOH, EtOH 
58 

I" 
MeOnCHO 

...-; 
MeO N0 2 

1) Br CH 2CH 2OH (N/-C02H 

TsOH, CsHs' fl o '--C0 2H 
2) Na I , Acetone 

Mead (C0 2 H 

3) HNC CH 2 C0 2Et) 2 
I" 0 
~ ~N"-./C02H 

5000 PSi 
MeO N0 2 

8 or 21 d 
4) NaOH, EtOH 59 

SCHEME 2-22 High pressure (5000 psi) was employed for the preparation of tetra
acetic acid derivative 59. 

duction with LiAlfit afforded the hexaol, which was subsequently 
treated with PBr3 to give the corresponding hexabromide; this, when 
reacted with the same arylamide building block, generated the do
decaester 53. The third generation was similarly constructed, giving rise 
to the nanoscale cascade polymer with 24 surface ester moieties. Al
though" dense packing" (surface congestion inhibiting subsequent com
plete conversion to the next tier) will be a factor for continued growth, 
other building blocks were envisioned. 

FIGURE 2-7 EDTA (60) and "structurally constrained" EDTA (61). 

60 6 1 
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DENDRALENES AND CORONENES 

Another potential dodeca-directional core (Figure 2-6) was reported by 
MacNicol et al.,77,78 whereby coronene was perchlorinated with a mixture 
of AICl3, SCI2t and S02CI2' The ability to perform complete substitutions 
on perchlorinated coronene 54 in excellent yields was demonstrated by 
treatment with sodium arenethiolate in l,3-dimethylimidazolidin-2 as 
solvent. A striking example of a dodeca-directional monomer, 
hexakis [bis( 4,5-dicarbomethoxy)-l,3-dithiole-2-ylidene ]cyclohexane (55), 
which was prepared by Nio IZn-Cu-mediated coupling of 2,2'-(1,2-
dibromoethanediylidene )bis (4,5-dicarbomethoxy-1,3-dithiole), has re
cently been reported?9 X-ray determinations revealed that the cyclohex
ane moiety of the [6]radialene possessed a twisted-boat conformation 
promoted by steric crowding (Figure 2-6). Related" dendralenes" such 
as 56 (Scheme 2-21) have been synthesized,B° employing a Vilsmeyer-type 
reaction using oxalyl chloride on 57, followed by a Wittig reaction with 
l,3-dithiol-2-ylidene tri-n-butylphosphoranes; repetition of this sequence 
affords homologues possessing useful polyfunctional, linear cascade 
cores. 

62 

63 

FIGURE 2-8 Chelating, tetraacetic acid cascade molecules. Polyacid 63 was prepared 
to complex gadolinium fe»: magnetic resonance imaging (MRI). 
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VINAIGRETIE SAUCE 

Ellis-Davies and Kaplan81 reported the synthesis of chelating cascade 
molecules designed for the photochemical release of divalent cations 
such as Mi+ and Ca2+ (Scheme 2-22). A key step in the preparation of 
the polyfunctional 2-nitro-4,5-dimethoxyphenyl analogs, 58 and 59, in
volved the reaction of iminodiacetic acid diethyl ester with primary alkyl 
iodide or bromide moieties at elevated pressures for extended periods of 
time. 

Ethylenediamine tetraacetic acid (EDTA) has been a traditional ligand 
for the complexation of diverse metal ions, When there is an analogy 
between the stereochemical disposition of the donor functions, such as 
60 and 61 (Figure 2-7), Leppkes and Vogtle82 have suggested a structural 
/I donor stereology." T1;tis spatial relationship needs to be expanded from 
cascade molecules to the larger macromolecular systems. Numerous 
modifications have been developed over the past decade, such as the 
polyacid complexing agents, 62, that incorporated pyridine moieties, 
which were reported by Takalo, Hanninen, and I<an1<.are83 (Figure 2-8). 
Preparation of these complexing agents involved palladium/ copper(l) 
coupling reactions between monosubstituted acetylenes and diiodo
arenes. Related endeavors by McLaren, Baker, and Wilson84 were aimed 
at the preparation of polyacid ligands (63) for gadolinium that would 
serve as MRI-enhandng agents. The biodistribution of a 153Gd(TII)·63 
complex in mice was reported. 

AMINES AND PYRIDINES 

Karlin and Gultneh85 have emphasized the interactions of oxygen with 
discrete soluble copper coordination complexes. These studies have led 
them to the preparation86 of the hexapyridyltetraamine 64 to gain a better 
understanding of multinuclear copper clusters in connection with four
electron reduction of dioxygen to water in multicopper oxidases.87 This 
cascade ligand 64 was synthesized (Scheme 2-23) via acid-catalyzed ad
dition of tris (2-aminoethyl)amine (tren) to 2-vinylpyridine and was then 
transformed to a trinuclear copper complex whose structure was con
firmed by X-ray analysis. Additional studies of pyridyl-terminated cas
cade moleculesS8-90 resulted in the preparation of tetrapyridylligand 65, 
which was able to coordinate two Cu(I) ions. This bis(copper) complex 
exhibited reactivity with dioxygen and was investigated as a copper 
monooxygenase mimjc. A convenient one-step synthesis of a related se
ries of N,N,N, ',N' -tetrakis (2-pyridylmethyl)-a,w-alkanediamines (66) has 
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recently been described/1 utilizing tetraalkylammonium chloride as a 
phase transfer catalyst (Scheme 2-24). The related polyethylenepoly
amines,92 such as 67/ were prepared when linear polyamines were con
densed with bis(2-chloroethyl)amine hydrochloride. 

BOLAAMPHIPHILES 

"Bolaform amphiphiles" (68) were prepared by Fyles et al.93 for the pur
pose of mimicking the pore-forming antibiotic amphotericin. The two
directional, hydroxyl-terminated amphiphile was synthesized via cou
pling of two macrocyclic tetraesters with l,3-bis(thiomethyl)benzene, 
affording a dimer diene, which was then reacted with sodium j3-D
glucose-l-mercaptide (Figure 2-9). Principal spectral features were as
signed; however, due to the polyethylene oxide and polymethylene units, 
the assignment of all resonances associated with each isomer was pre
cluded. Vesicles were prepared using the amphiphiles, and the transport 
of Na + and K+ cations across the bilayer membranes was determined. 

SCHEME 2-23 Preparation of copper-coodinating cascade ligands for the purpose of 
investigating Cu-oxygenase activity. 

64 

A 1) 2Cu M 
dd &\3 ~; ~~"." dd,Ob\3 

6~ 
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FUNCTIONALLY DIFFERENTIATED BRICKS 

Sluka et a1.94 introduced a method whereby cascades 69 and 70 were 
employed as Site-specific, affinity-cleaving agents for DNA (Scheme 2-
25). Synthesis of the tribenzyl ester of EDTA (69) was achieved by tris
N-alkylation of a mono-N-a1kylated ethylenediamine with benzyl bro
moacetate; the tricyclohexyl analog (70) was prepared (21 %) by 
tris-esterification of EDTA. 

CARBOSILANES 

The potential to create diverse polyfunctional molecules has also been 
demonstrated by Uchida et al./5 employing siloxane building blocks for 
the construction of a series of silicone-based dendrimers. They used 
silicon chemistry (alkenylation-hydrosilylation) for the preparation of 
carbosilane cascade molecules and dendrimers.96,97 The iterative trans
formations proceeded in nearly quantitative yields and afforded macro
molecules possessing up to 972 termini.96 

SCHEME 2-24 Preparation of a tetrapyridyl cascade chelate (66) and a polyethyl
eneamine ligand (67). 

(), 
CI 

H2N-(R)-NH2 

SN NaOH 

CetMe 3 NCI C\ I' 
N-( R)-N 

H2 0, 20 °c, 24 h 

42-86% (( )) 
1,2-c-C6H10,1,2-C6H4' 

CH( CH 3 ) CH 2 , CH 2 CH(OH) CH 2 
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H H 
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ENTRANCE-INORGANIC COMPLEXATION 

The introduction of inorganic chemistry expands the horizons of cascade 
molecules (Figure 2-10). Recently, Constable et al.98-lOO incorporated the 
terpyridine moiety, as denoted by 71; Beer et al. IOI used the metal atom 
as the core (e.g., 72); and Balzani et al. 102,103 used the metal atom as a 
bridging linkage (see Chapter 3 in this volume). Each group crossed the 
traditional organic framework construction with the introduction of in
organic functionality to a pivotal component within the mesomolecule. 
Newkome et al.104 further melded the simple building blocksl2,lOS with 
Constable's terpyridinelOO moiety to generate the dodecaterpyridine sur
face 73 at the second tier. Addition of other polyfunctionalized terpyri
dine building blocks (e.g., 74) with a Ru(ill) site permitted the construc
tion of the next tier (75) via a ruthenium bis-terpyridine connector. Such 
framework design (Scheme 2-26) introduces specifically located metal 
atoms within the molecular lattice. 

MIDSCRIPT 

This chapter has afforded a partial overview of cascade molecules that 
can be readily used in or transformed into diverse homogeneous or het
erogeneous cascade polymers. 

SCHEME 2-25 Cascade molecules 69 and 70 were prepared to function as site-specific, 
affinity-cleaving agents for DNA. 
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SCHEME 2-26 Preparation of a Ru-terpyridyl cascade (75). 
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3 
Dendritic Polynuclear Metal 
Complexes with Made-to
Order Luminescent and Redox 
Properties 

GIANFRANCO DENTI, SEBASTIANO CAMPAGNA, 

AND VINCENZO BALZANI 

INTRODUCTION 

The current strategy to pursue regarding the miniaturization of electronic 
components is based on a "large-downward" approach. 1 Further mini
aturization, however, as well as the development of a variety of molec
ular machines/ will require a "small-upward" approach based on the 
assembly of functionally integrated building blocks into structurally or
ganized arrays.3.17 Supramolecular chemistry has shown that molecular 
components can indeed be assembled to give species of nanometric di
mensions. This bridge from molf:cules to materials is most promising and 
will certainly be the object of extensive research in the near future. 

The simplest method for the synthesis of well-defined, ultralarge, su
pramolecular species is the cascade approach,18 which can lead to tree
like structures (arborols or dendrimers19,20). Of particular interest are tree
like structures that incorporate in their building blocks specific pieces of 
information, such as electronic excited states and redox levels at acces
sible energy values. To pursue this aim, we have designed a synthetic 
strategy to build up arborols based on luminescent and redox-active tran
sition metal complexes, whereby desired metals and ligands can be 
placed in specific sites of the supramolecular structure. Species made of 
2, 3, 4, 6, 7, 10, 13, and 22 metal-based units have already been prepared, 
and larger species can in principle be obtained. This strategy opens the 
way to the synthesis of arborols of nanometric dimension capable of 
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harvesting visible light and exhibiting made-to-order patterns for energy 
and electron migration. 

BUILDING BLOCKS 

In order to build up supramolecular species capable of exhibiting redox 
activity and light-induced functions, appropriate building blocks (com
ponents) have to be used. In the last 20 years, extensive investigations 
carried out on the photochemical and electrochemical properties of tran
sition metal compounds have shown that Ru(II) and Os (II) complexes of 
aromatic N-heterocycles, such as Ru(bpy)~+ and Os(bpyW (bpy = 2,2'
bipyridine), exhibit a unique combination of chemical stability, redox 
properties, excited-state reactivity, luminescence, and excited-state life
time.21-27 Furthermore, all of these properties can be tuned within rather 
broad ranges by changing ligands or ligand substituents. Several hun
dred of these complexes have been synthesized and characterized, and 
some of them have been used as sensitizers for the interconversion of 
light and chemical energy, as well as for other purposes. 

It can be shown that the ground state, the low-energy excited states, 
and the redox forms of these complexes can be described in a sufficiently 
approximate way by localized molecular orbital configurations.28 With 
such an assumption, the various electronic transitions are classified as 
metal-centered (MC), ligand centered (LC), and charge transfer (CT: 
either metal to ligand, MLCT, or ligand to metal, LMCT), and the oxi
dation and reduction processes can be considered as MC and LC, re
spectively. The properties of Ru(bpy)~+, the prototype of this class of 
compounds, are illustrated in Figure 3-1, and those of a few compounds 
of this large family are summarized in Table 3_1.21 These complexes ex
hibit very intense LC bands in the ultraviolet (UV) region and intense 
MLCT bands in the visible region. Regardless of the excitation wave
length, the originally populated, excited states undergo fast, radiationless 
decay to the lowest triplet 3MLCT, which is luminescent both in rigid 
matrix at 77 K and in fluid solution at room temperature. This is a very 
useful property because, as we will see later, the occurrence of energy 
migration can be monitored by luminescence measurements. 

BRIDGING LIGANDS 

In order to a~.,emble such metal-containing building blocks in a supra
molecular array, a variety of bridging ligands (BL) can be employed. We 
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+1.26V -1.28V 
RU(bPY)33+... • Ru(bpy);+... • RU(bpY)31+ 

FIGURE 3-1 Schematic representation of some relevant ground- and excited-state 
properties of Ru(bpyW. ICT and 3CT are the spin-allowed and spin-forbidden MLCT ex
cited states, responsible for the high-intensity absorption band with Amax = 450 nm and the 
luminescence band with Amax = 615 nm, respectively. The other quantities shown are inter
system crossing efficiency ('1],,,); energy (EOO) and lifetime (T) of the 3CT state; luminescence 
quantum yield (<1>1); and quantum yield for ligand detachment (<I>r). The reduction poten
tials of couples involving the ground and the JCT excited states are also indicated. 

have concentrated our efforts on the use of the 2,3- and 2,5-bis(2-pyri
dyl)pyrazine (2,3- and 2,5-dpp) BL shown in Figure 3-2. 

Some important properties of the M(LMBL)~:::n compounds can be 
summarized as follows (Table 3_2)24.29-32: (1) there are intense LC absorp
tion bands in the UV region and moderately intense (Emax - 1 X 104 M-I 

cm- I ) MLCT bands in the visibfe region; (2) a relatively long-lived lu
minescence (10-7 to 10-8 s at room temperature) is present in the red 
spectral region; (3) reversible one-electron oxidation of the metal ion 
takes place in the potential window +0.8/ +1.7 V (vs. SCE); (4) reversible 
one-electron reduction of each ligand takes place in the potential window 
-0.6/ -1.1 V. Important differences relevant to our discussion are as fol
lows: (i) Os(II) complexes are oxidized at potentials considerably less 
positive than those of Ru(II) complexes; (ii) the MLCT absorption and 
luminescence bands lie at lower energies for the Os(II) complexes than 
for the Ru(II) ones; (iii) the energy of the lowest unoccupied molecular 
orbital (LUMO) of the (monocoordinated) ligands decreases in the series 
bpy > 2,3-dpp > 2,5-dpp > biq; as a consequence, the lowest (lumines
cent) 3MLCT level involves the lowest ligand of the above series that is 
present in the complex; (iv) the electron donor power decreases in the 
ligand series bpy > blq .?::: 2,3-dpp - 2,5-dpp. 



~
 

T
A

B
L

E
 3

-1
 

S
pe

ct
ro

sc
op

ic
 a

n
d

 E
le

ct
ro

ch
em

ic
al

 P
ro

pe
rt

ie
s 

of
 S

om
e 

R
u(

II
)-

di
im

in
e 

C
om

pl
ex

es
" 

A
bs

or
pt

io
n 

E
m

is
si

on
 (

29
3 

K
) 

Eo
o 

E
(o

x)
 

E
(r

ed
) 

*E
(o

x)
 

*E
(r

ed
) 

C
om

pl
ex

 
h,

 n
m

 
E

, 
M

-1
 c

m
-I

 
h,

 n
m

 
'1"

, 
J.L

s 
eV

 
.V

 
V

 
V

 
V

 

Ru
(b

py
)~

+ 
45

2 
13

,0
00

 
61

5 
1.

10
 

2.
13

 
1.

26
 

-1
.3

5
 

-0
.8

7
 

0.
78

 
R

u(
bp

Y
h(

D
M

-b
py

)2
+

 
44

8 
11

,5
00

 
62

0 
0.

74
 

2.
08

 
1.

22
 

-1
.3

7
 

-0
.8

6
 

0.
71

 
R
u
(
b
p
y
)
(
D
M
-
b
p
y
)
~
+
 

45
3 

lZ
,Z

O
i}

 
62

5 
0.

72
 

2.
10

 
1.

18
 

-1
.4

1
 

-0
.9

2
 

0.
69

 
R
u
(
D
M
-
b
p
y
)
~
+
 

45
6 

10
,8

00
 

62
5 

0.
25

 
2.

08
 

1.
15

 
-1

.4
6

 
-0

.9
3

 
0.

62
 

R
u(

bp
yh

(D
T

B
-b

py
)2

+
 

45
0 

14
,5

00
 

62
5 

1.
17

 
2.

10
 

1.
21

 
-1

.3
7

 
-0

.8
9

 
0.

73
 

Ru
(b

py
)(

DT
B-

bp
y)

~+
 

45
4 

15
,3

00
 

63
0 

1.
07

 
2.

10
 

1.
16

 
-1

.3
9

 
-0

.9
4

 
0.

71
 

R
u
(
D
T
B
-
b
p
y
)
~
+
 

45
6 

16
,8

00
 

62
5 

1.
15

 
2.

16
 

1.
11

 
-1

.4
4

 
-1

.0
5

 
0.

72
 

R
U

(b
PY

)2
(b

iq
)2

+ 
52

6 
8,

71
0 

74
2 

0.
27

 
1.

70
 

1.
33

 
-0

.9
1

 
-0

.3
7

 
0.

79
 

Ru
(b
py
)(
bi
q)
~+
 

54
7 

8,
55

0 
74

2 
0.

20
 

1.
69

 
1.

40
 

-0
.8

2
 

-0
.2

9
 

0.
87

 
R

u(
bi

qW
 

52
4 

9,
00

0 
70

5 
1.

73
 

1.
47

 
-0

.9
0

 
-0

.2
6

 
0.

83
 

"D
at

a 
fr

om
 r

ef
. 

21
. 

D
M

-b
py

 is
 3

,3
' -

di
m

et
hy

l-
2,

2'
-b

ip
yr

id
in

e;
 D

T
B

-b
py

 is
 4

,4
' -

di
-t

er
t-

bu
ty

l-
2,

2'
-b

ip
yr

id
in

e;
 b

iq
 is

 2
,2

'-b
iq

ui
no

li
ne

. 
A

ll 
th

e 
da

ta
 

ar
e 

in
 d

ea
er

at
ed

 a
ce

to
ni

tr
il

e 
so

lu
ti

on
. 

In
 e

le
ct

ro
ch

em
ic

al
 e

xp
er

im
en

ts
, 

A
g

/ A
gN

03
 w

as
 t

he
 r

ef
er

en
ce

 e
le

ct
ro

de
 a

n
d

 N
H

E
 (

no
rm

al
 h

yd
ro

ge
n 

el
ec

tr
od

e)
 t

he
 s

ta
nd

ar
d 

el
ec

tr
od

e.
 

bN
ot

 m
ea

su
re

d.
 



Metal ion, M : 

Bridging ligand, BL : 

2,3-dpp -¥r 

Terminal ligand, L: «2) (cj) 
bpy I 

Synthetic Strategies 73 

2,5-dpp -

biq 6. 

FIGURE 3-2 Components of the polynuclear complexes and symbols used. 

SYNTHETIC STRATEGIES 

Oligonuclear Complexes 

Mononuclear transition metal complexes are synthesized by combin
ing metal ion (M) and free ligands (L), as shown in eq. (1): 

M + nL-- M(L)n (1) 

In the last few years, we and others have been developing a procedure 
to synthesize oligonuclear metal complexes of desired nuclearity and 
chemical structure. Such a procedure is based on the use of complexes 
(building blocks) in the place of the M and/ or L in the synthetic reaction 
(equation 1). The place of M can be taken by mono- or oligonuclear 
complexes that possess easily replaceable ligands, and the place of L can 
be taken by mono- or oligonuclear complexes that contain free chelating 
sites (complexes as metals and complexes as ligands strategy). 

The building blocks used in our syntheses are shown in Table 3_3.17,2.<1,30-41 

Some of them are sketched in Scheme 3-1. 
With the exception of the M precursors, the free ligands 2,3-dpp and 

2,5-dpp, the complex metals [Ru(bpy)Cl31I1/ Ru(bpy)zCl21 and Ru(biq)zCl21 
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SCHEME 3-1 "Complex metal" and "complex ligand" synthons used to build up 
complexes of high nuclearity. 

and the complex ligands Ru(bpyh(2,3-dppr and Ru(2,3-dppW, all the 
synthons reported in Table 3-3 were initially prepared in our laboratories. 
All the charged complexes have been obtained as PF6 - salts. In the orig
inal papers, which are quoted in the table, the synthetic methods can be 
found, along with charactenzation data, including elemental analysis, 
nuclear magnetic resonance (NMR), infrared (IR), visible, and ultraviolet 
spectra, conductivity values, FAB mass spectra, electrochemical poten
tials, and luminescence properties. The building blocks are stable in the 
reaction medium, and no evidence for ligand exchange was obtained. 

The synthetic routes followed to obtain complexes of nuclearity from 
2 to 22 are illustrated in Table 3_4.17,24,30,31,38-51 In each equation, the first 
reactant plays the role of a metal and the second one plays the role of a 
ligand. A list of the complexes prepared in our laboratory is also reported 
in the same table. More details on the synthetic procedures (and on the 
characterization of the compounds) can be found in the original papers. 

Schematic views of the of tetranuclear, decanuclear, and tridecanuclear 
complexes containing 2,3-dpp as a BL are shown in Figures 3-3 to 3-5. 

The above-described synthetic strategy is an example of structure-
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FIGURE 3-3 Schematic view of a tetranuclear complex. 

directed synthesis/2 which allows complicated compounds to be prepared 
with high yield and satisfactory purity through relatively simple proce
dures. The crucial step in this synthetic strategy is the design of suitable 
metal-type and ligand-type building blocks (Table 3-3, Scheme 3-1). Once 
the building blocks are available, the last step of the synthesis is straight
forward and takes place wLth high yield. For example, for the decanu
clear compounds, the last step (Table 3-4) takes place with 70-90% 
efficiency. 46 

As shown in Table 3-4, the synthetic strategy used is versatile and selec
tive, since the sites occupied by different metals and ligands in the structure 
of the polynuclear compounds can be predetermined synthetically by an 
appropriate choice of the building blocks. "'lith the above-described build
ing blocks, however, equivalent supramolecu1ar sites (e.g., the six peripheral 
ones in the decanuclear complexes, Table 3-4 and Figure 3-4) can be occu
pied only by the same type of metal ion. With the development of the 
protection procedure of one of the chelating sites of the BL}5 it has been 
possible to synthesize less symmetric and more elongated structures. For 
instance, two mixed-metal or mixed-ligand hexanuclear complexes have 
been obtained39 (see Table 3-4) by employing the trimetallic monofunctional 
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FIGURE 3-4 Schematic view of a decanuclear complex. 

synthon (2,3-dpp)Ru[(j.L-2,5-dpp)Ru(bpy)zh6+, whose properties require the 
use of the protected ligand 2,3-Medpp + (see below). 

Divergent Approach to Arborols 

Recently, we have elaborated a strategy to grow oligonuclear metal 
complexes in ar arborol-like structure using a divergent approach.17•53 

The synthetic method, illustrated in Scheme 3-2, is based on a protec
tion/ deprotection procedure within the previously mentioned complexes-
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FIGURE 3-5 Schematic view of a tridecanuclear complex. 
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as-ligands/ complexes-as-metals synthetic strategy.54. The first step is the 
construction of the complex-ligand core Ru(2,3-dppW (1), which contains 
three open chelating sites. On each one of these sites, a bifurcate branch 
can be grafted [Scheme 3-2, eq. (i)] by using the Ru(2,3-Medpp)zCW (2) 
building block, where 2,3-Medpp+ is the 2-[2-(1-methylpyridinium-yl)]-3-
(2-pyridyl)pyrazine cation. Compound 2 contains two easily replaced cr
ligands (and thus can play the role of a complex metal) and two BL where 
the chelating sites not used for metal coordination have been protected by 
methylation. The reaction of 1 with 2 leads to the tetranucIear metal com
plex 3 ("generation one" of our arborols). Deprotection of the six periph
eral chelating sites of 3 [Scheme 3-2, eq. (ii)] yields compound 4, where 
six 2 building blocks can again be grafted to yield a "generation two" 
compound [5, Scheme 3-2, eq. (iii)]. In principle, the above procedure can 
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be iterated to obtain larger species by a divergent approach. If the BL of 
the building block 2 are replaced by simple chelating ligands like bpy, the 
species obtained from reactions (i) and (iii) are U sterile" since they can no 
longer be used as cores for larger structures. 

The preparation of the docosanuclear compound (Table 3_4),17 illus
trated in Scheme 3-3, shows that the proposed strategy is feasible. Ex
tension to other metal ions [e.g., Os(II)], BL (e.g., 2,5-dpp), and terminal 
ligands (e.g., 2,2' -biquinoline) is possible.46 

GENERAL PROPERTIES 

The compounds described in this chapter are well-defined supramolec
ular species made of 2 to 22 metal-containing components. They carry 
an overall positive charge that is twice the number of the metal atoms. 
Neglecting the PF6-counter ions, the docosanuclear compound 22A (6 in 
Scheme 3-3) is made of 1090 atoms, has a molecular weight of 10,890, 
and has an estimated size of about 5 nm. Besides the 22 metal atoms, it 
contains 24 terminal bpy ligands and 21 2,3-dpp BL.17 

All the compounds are soluble in most solvents (e.g., CH2Cl2, CH3CN, 
C2HsOH, H20) and are stable both in the dark and upon light excitation. 

As we will see later, schematic structures like those shown in Scheme 
3-3 are very useful to indicate the chemical composition of the various 
species and to discuss the interaction between the various building 
blocks. It should be pointed out, however, that such schemes do not 
correspond to the real structures of the compounds. Attempts to repre
sent three-dimensional views of some of the complexes examined are 
shown in Figures 3-3 to 3-5 Structural problems arise because the two 
coordinating nitrogen atoms of each chelating site of the bridging ligands 
are not equivalent (Figure 3-2). As a consequence, different geometrical 
isomers can exist, in principle, for the metal centers coordinated to two 
or three BL (Figure 3-6). 99Ru and 1H NMR data indicate that for the 
[Ru(2,3-dpph]2+ building block, which is the core of the arborols with 4, 
10, 13, and 22 metal-containing units, a 11:1 mer vs. fac isomer distribu
tion is obtained/5 but this ratio could change in successive reactions. 
Each complex can also be a mixture of several diastereoisomeric species 
owing to the chiral nature of each mononuclear building block. For these 
reasons, structural investigations on these systems are difficult. Differ
ences arising from the possible presence of isomeric species are not ex
pected to be sizable in the electrochemical and spectroscopic properties 
discussed below. 
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6 

As one can understand from the schematic views shown in Figures 3-
3 to 3-5, the species with high nuclearity exhibit a three-dimensional 
branching structure of the type shown by otherwise completely different 
compounds based on polyamidoamines or other organic components.19,20 

Therefore endo- and exoreceptor properties can be expected, which will 
be the object of future investigations. 

We must stress that our complexes differ from' most of the organic
type arborols or dendrimers prepared so far for two fundamental rea
sons: (1) each component exhibits valuable intrinsic properties such as 
absorption of visible (solar) radiation, luminescence, and redox levels at 
accessible potentials; (2) by a suitable choice of the building blocks, dif
ferent components can be placed in specific sites of the supramolecular 
array, as one can understand from Figure 3-7, where the syntheses of six 
different decanuclear complexes, using different precursors, are sche
mamed. In other words, our arborols are species with a high "infor
mation" content and can therefore be exploited to perform valuable func
tions (see below). 

The absorption, emission, and redox properties of some selected com
pounds are shown in Table 3_5.17,31,32,39,41,44,46,51,56 
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® [RU(2,3-dPPHbPYlJ2+ 

C 

A~A 
A 

® ~2+ ~U(2,3-dPPl2( bPYl 

C B B 

4=?A~A~A 
B A CAB A 

C B C 

(i l ( i i l ( iii) 

@ [RU (2,3-dPPl3]2+ 
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1 ~B 
B cE ~c B C 

C B 

mer fac 

FIGURE 3-6 Possible geometrical isomers for Ru(2,3-dpph(bpy)2+ and Ru(2,3-dppW. 

ABSORPTION SPECTRA 

Since the interaction between the various metal-containing units is weak 
(see below), the absorption spectra of the oligonuclear complexes are as 
one can expect from the combination of the absorption spectra of the 
single metal-containing components. When many components are pres-
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1 : 3 • 

Me Mi Mp L 

lOA Ru Ru Ru , bpy 

lOB Ru Ru Ru biq 

10C Os Ru Ru bpy 

10D Os Ru Ru biq 

10E Os Ru Os bpy 

10F Ru Ru Os bpy 

BL (~X: 
2.3-dpp 

L 
~ 

bpy 

~ 
biq 

FIGURE 3-7 Scheme showing the synthetic control of the composition of decanuclear 
compounds. 

ent, the absorption spectra show very intense bands throughout the UV 
and visible spectral region. For example, the spectra of the decanuc1ear 
compounds lOB and IOe (Figure 3-8t6 display absorption bands with E 

up to 600,000 M-1 cm-1 in the UV region and up to 140,000 M-1 cm-1 in 
the visible region. The bands with maxima at 262 and 380 nm can be 
assigned to 'TT - 'TT* transitions of the biq ligands, the band at 282 nm to 
'TT - 'TT* transitions on the bpy ligands, and the broad absorption in the 
300- to 350-nm region to 'TT - 'TT* transitions on the biq and 2,3-dpp 
ligands. The broad bands observed in the visible region receive a con
tribution from several types of MLCT transitions. The energies of these 
transitions depend on the nature of the donor metal ion, the acceptor 
ligand, and the ancillary ligands. Even in the case of the homometallic 
complex lOB, five different types of " proximate"S7 MLCT transitions are 
expected because of the presence of three nonequivalent positions for the 
metals (Me, Mil and Mp) and two nonequivalent positions for the BL 
(Figure 3-7). 
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6.0r--------------------. 

A,nm 

FIGURE 3-8 Absorption spectra of the decanuclear compounds lOB and 10C in ace
tonitrile solution at room temperature. 

From the spectroscopic and electrochemical (see below) data, the fol
lowing trends are observed for the energy ordering of the metal-to-ligand 
charge transfer transitions: (1) for the same acceptor ligand and the same 
ancillary ligands, OS2+ --;. acceptor ligand < Ru2+ --;. acceptor ligand; (2) 
for the same metal and ancillary ligands, M --;. BL < M --;. biq < M -0-

bpy; (3) for the same metal and the same acceptor ligands, (bpy)zM -0-

acceptor ligand < (biq)zM -0- acceptor ligand < (BL)zM --;. acceptor ligand. 
From a comparison of the absorption spectra of lOB and lOe (Figure 3-
8), it is easy to assign the absorption band at about 430 nm to M -0- bpy 
CT transitions. The broad band with maximum at -550 nm receives 
contributions from M --;. biq and M --;. BL CT transitions. It should be 
noted that in the Os-containing compounds (particularly in lOE and lOF), 
the absorption bands extend to the red because the probability of the 
singlet --;. triplet transitions is relatively high owing to the enhanced 
spin-orbit coupling. The above discussion of the absorption spectra of 
the decanuclear complexes can be extended directly to the other com
plexes of this family. 
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ELECTROCHEMICAL PROPERTIES 

As mentioned above, the mononuclear compounds of the M(BLh-n(L)~+ 
series exhibit reversible redox processes. On reduction, each L ligand is 
reduced twice and each BL ligand is reduced four times in the potential 
window -0.5/ -3.1 V.SS The reduction potential of each ligand depends 
on its electronic properties and, to a smaller extent, on the nature of the 
metal and of the other ligands coordinated with the metal. It follows that 
on reduction of a polynuclear complex that contains several ligands (e.g., 
21 ligands are present in the decanuclear complexes), an extremely com
plicated pattern with many overlapping peaks is observed. On oxidation 
of mononuclear complexes in the potential window < + 1.6 V, only one 
peak is observed in the differential pulse voltammograms (Table 3-2), 
which concerns the metal ion. The oxidation potential depends strongly 
on the nature of the metal ion [Os(II) is oxidized at less positive poten
tials compared to Ru(II)] and, less dramatically, on the nature of the 
coordinated ligands. Because of the previously discussed electronic prop
erties of the isolated components (and of the stabilization of the LUMO 
of 2,3-dpp and 2,5-dpp on coordination with a second metal center), it 
can be expected that for the metal-containing building blocks present in 
the synthesized polynuclear compounds (Table 3-4), the oxidation poten
tial of the metal [and the energy of the lowest (luminescent) excited state] 
increases in the series Os(bpyh(/L-2,5-dppr ::s Os(bpyh{/L-2,3-dpp)2+ < 
Os(biq)z(/L-2,5-dpp)2+ ::s Os(biq)2(IL-2,3-dppr < OS(/L-2,5-dppW < 
OS(/L-2,3-dpp);+ < Ru(bpyh(/L-2,S,cdppr ::s Ru(bpyh{/L-2,3-dppr < 
Ru(biq)z(/L-2,5-dpp )2+ ::s Ru(biq)i i1-2,3-dpp )2+ < Ru(bpY)(/L-2,5-dpp )~+ ::s 
Ru (bpy) (/L-2,3-dpp )~+ < RU(/L-2,3· dpp );+. 

It can also be expected (and it< is confirmed by the experimental data; 
see Table 3-5) that in the polyn uclear complexes the metal-metal inter
action is nonnegligible for metals coordinated with the same BL, whereas 
it is very weak for metals that do not share the same BL. 

It is well knownS9,60 that supramolecular species containing a number 
of identical noninteracting centers exhibit current-potential responses 
having the same shape as that obtained with the corresponding molecule 
containing a single center. Only the magnitude of the current is enhanced 
by the presence of additional electro active centers. Thus, equivalent units 
that are not directly connected are oxidized at the same potential. This 
allows us to control the number of electrons lost at certain potential by 
placing in the supramolecular species the desired number of suitable, 
equivalent, and noninteracting units. For example, if we wish to have a 
species that undergoes a three-electron oxidation process at the same 
potential, we can take a tetranuclear complex like 4A31 (Table 3-5); the 
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three peripheral, equivalent, and noninteracting Ru(bpY)z(IJ.-2,3-dpp)2+ 
units are indeed oxidized at the same potential, + 1.50 V. This three
electron peak should be followed (outside the potential window exam
ined) by a one-electron peak related to the oxidation of the central Ru(lJ.-
2,3-dppW component (such a peak is expected to be strongly displaced 
to more positive potentials because of the presence of the three contig
uous, already oxidized peripheral components). If we wish a 1-3 oxida
tion pattern (Le., a one-electron peak followed by a three-electron peak), 
we can select complex 4c.31 In this complex, the central, Os-containing 
unit is oxidized at + 1.25 V, followed by simultaneous oxidation of the 
three peripheral, equivalent, and noninteracting Ru(bpyMIJ.-2,3-dpp r 
components at + 1.55 V (Table 3-5). A different oxidation pattern (namely, 
a 1-2 one) is obtained by using the tetranuclear complex 41:60 the periph
eral Os-containing,unit is oxidized at + 1.00 V, followed by simultaneous 
oxidation of the tWo peripheral Ru-containing units at + 1.50 V. 

The /I symmetrical" hexanuclear compounds 6D and 6G exhibit a four
electron oxidation peak that can be attributed to oxidation, at nearly the 
same potential, of the four equivalent peripheral metal ions (Table 3-5, 
Figure 3-9).40 The oxidation peaks of the two inner metal ions are ex
pected to occur at higher potential; they are further displaced to more 
positive values owing to the presence of the already oxidized peripheral 
units, and thus these peaks cannot be observed in the potential window 
examined. For compound 6H, however, the oxidation pattern is quite 
different: two peaks of equal height, both corresponding to a two
electron oxidation process, are observed (Figure 3-9)?9 The first oxidation 
peak occurs at nearly the same potential as the four-electron peak of 
compound 6G. This shows th at, as expected, the two Os-containing units 
are the first to be oxidized. fhe second peak concerns the oxidation of 
the two Ru(bpyMIJ.-2,5-dpp)2+ units. Since such units lie far away from 
the previously oxidized Os-containing units, their oxidation potential is 
close to that of the equivalent peripheral units of 6D. 

Very interesting oxidation patterns are obtained for the decanuclear 
compounds (Table 3-5, Figure 3_7).46 In compound lOC, which contains 
one OS2+ and nine Ru2+ ions, the OS2+ ion is expected to be oxidized at 
less positive potentials than the nine Ru2+ ions. Furthermore, because of 
the different electron donor properties of the ligands, the six peripheral 
Ru2+ ions are expected to be oxidized at less positive potentials than the 
three intermediate Ru2+ ions. The differential pulse voltammogram of 
lOC (Figure 3-10) shows an oxidation peak at +1.17 V that is in the 
expected range for OS2+ oxidation, and can therefore be assigned to one
electron oxidation of the central OS2+ metal ion, and another peak at 
+ 1.50 V that has the same bandwidth but a six times higher intensity. 
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This peak can be assigned to the independent one-electron oxidation of 
the six peripheral noninteracting Ru2+ ions. Oxidation of the three inter
mediate Ru2+ ions is further shifted toward more positive potentials and 
cannot be observed in the potential window examined. 

For tOE, one expects that oxidation involves first the six peripheral 
OS2+ ions (which contain the stronger electron donor bpy ligand in their 
coordination sphere) and then the central one. This is fully consistent 
with the differential pulse voltammetry results (Figure 3-10). The more 
positive oxidation potential of the central 052+ ion in tOE compared to 
those of the same metal ions in tOe is obviously due to the presence of 
six already oxidized osmium ions when the central ion of tOE undergoes 
oxidation. 

6H 

Fe 

6G 

Fe 

60 

Fe 

0.8 1.2 1.6 V 

FIGURE 3-9 Oxidation pattern for some hexanuclear complexes. Fc indicates the oxi
dation peak of ferrocene, used as an internal standard. 
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For lOA only one oxidation peak is observed, so that internal com
parison cannot be made. On the other hand, evaluation of the number 
of electrons involved in this peaks by direct comparison with the area of 
the ferrocene oxidation peak would require a correction for the very dif
ferent diffusion coefficients of ferrocene and of the decanuclear species. 
Such a procedure can be avoided by keeping the same ferrocene concen
tration in each experiment, so that it is possible to normalize the areas 
of the peak of complex lOA to those of complexes loe and lOE by using 
the peak of ferrocene as a comparison. The value so obtained shows that 
the oxidation peak of lOA corresponds to the one-electron oxidation of 
six noninteracting units and can thus be assigned to the oxidation of the 

10E 

I Il0)lA 

I 

I Il0JlA 

0.4 0.8 1.2 1.6 V 

FIGURE 3-10 Oxidation patterns for some decanuclear complexes. Fc indicates the 
oxidation peak of ferrocene used as an internal standard. 
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peripheral metal ions. Oxidation of the central and intermediate metal 
ions cannot be observed in the potential window examined. 

As far as the tridecanuclear compound 13A (Figure 3-5) is concerned/I 
the expected oxidation pattern consists of a six-electron peak regarding 
the independent one-electron oxidation of the six peripheral Ru-contain
ing units, followed at slightly more positive potential by a three-electron 
peak due to one-electron oxidation of the three RU(f.L-2,3-dpp)z(bpy)2+ 
units. Oxidation of the remaining four metal ions is expected to occur 
out of the examined potential window. The experimental results are as 
follows: a broad, reversible oxidation peak is observed at + 1.50 V, with 
an area corresponding to nine electrons and a half-width of 170 m V (a 
value much larger than that expected for oxidation of noninteracting 
units). Clearly, the oxidation processes involving the six RU(f.L-2,3-
dpp)(bpy)~+ units and the three RU(f.L-2,3-dpp)~+ units occur at potentials 
too close to be resolved. 

In conclusion, the electrochemical data offer a fingerprint of the chem
ical and topological structure of the oligonuclear compounds. Further
more, made-to-order synthetic control of the number of electrons ex
changed at a certain potential can be achieved. Examination over a more 
extended oxidation potential window (in a solvent like liquid S02) will 
allow us to obtain a larger variety of oxidation patterns. 

LUMINESCENCE 

The polynuclear complexes discussed in this chapter exhibit intense ab
sorption bands in the UV and visible spectral regions, as is shown by 
the spectra of the decanuclear complexes lOB and lOC displayed in Fig
ure 3-8. As we have seen, in these compounds metal-metal interaction is 
weak for metals coordinated with the same BL and almost negligible for 
metals that are far apart. Similarly, ligand-ligand interaction is apprecia
ble only for ligands coordinated with the same metal. As a consequence, 
the energy levels of the component building blocks are essentially main
tained. Light excitation in the visible absorption bands populates IMLCT 
excited states in the various components. Investigations carried out on 
Ru(bpyW with fast techniques indicate that the originally populated 
IMLCT excited states undergo relaxation to the lowest-energy 3MLCT 
level in the subpicosecond time scale.61 If this behavior, as it seems likely, 
is of general validity for the various components of the polynuclear com
pounds, the actual result of light excitation is the population with unitary 
efficiency of the lowest-energy 3MLCT level of the component where 
light absorption has taken place. If each component were isolated, as 
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happens in mononuclear complexes, competition between radiative (lu
minescence) and radiationless decay to the ground state would account 
for the deactivation of the 3}..1LCT level, with an overall rate constant, 
measured from the luminescence decay, in the range 106 to 108 S-l. All 
the members of the mononuclear M(BL)3-n(L)~+ family, in fact, display a 
characteristic luminescence both in rigid matrix at 77 K and in fluid so
lution at room temperature (Table 3-2). When the components are linked 
together in a supramolecular array, electronic energy can be tran~ferred 
from an excited component to an unexcited one even if the electronic 
interaction is weak. In most of the examined polynuclear compounds 
only a luminescence band, corresponding to the lowest-energy 3MLCT 
level, is observed (Table 3-5), indicating that energy transfer from upper
lying to lower-lying levels does occur (see below). 

ANTENNA EFFECT 

The natural photosynthetic systems62 show that for solar energy conver
sion purposes, supramolecular arrays are needed that absorb as much 
visible light as possible and are capable of channeling the resulting ex
citation energy toward a specific site of the array (antenna devices). The 
polynuclear metal complexes described in this chapter are excellent light 
absorbers in the entire visible region. Furthermore, efficient energy trans
fer can take place between their components, as shown by the presence 
of only one luminescence band for compounds that contain more than 
one type of chromophoric unit Quantitatively, the occurrence of energy 
transfer can be established by the quenching of the luminescence of the 
donor unit and the sensitization of the luminescence of the acceptor unit, 
and its efficiency can be estimated by comparing the absorption and 
excitation spectra. The rate of energy transfer depends on the energetics 
of the process and on the electronic interaction between the compo
nents.63 In polynuclear Ru(II) and Os(II) polypyridine complexes,64-66 both 
the coulombic and exchange energy transfer mechanisms may play a 
role, but the exchange mechanism (involving the lowest excited state of 
the donor) seems to be more effective, especially for short separation 
distances.63 Exchange energy transfer between two different (M1 - L1 
and M2 - L2) CT excited states of a polynuclear complex can be viewed 
as a two-electron transfer process, M2 - M1 and L1 - L2. 

The electrochemical experiments discussed above show that the metal
metal interaction through a 2,3- or 2,5-dpp bridge is not negligible.32 
Therefore, energy transfer between directly connected units can take place 
by an adiabatic mechanism. Since the reorganizational energy is small, 
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intercomponent energy transfer between such units is expected to be 
very fast whenever it is exoergonic. As we will see later, the experimental 
results indicate that the efficiency of energy transfer for exoergonic pro
cesses between components connected by a BL is usually 100% in these 
systems. Exoergonic energy transfer between remote components, how
ever, may well be slow because of a poor electronic interaction. 

On the basis of the above considerations, it has been possible to design 
polynuclear complexes in which the electronic energy generated by light 
absorption can be channeled toward a desired direction along the su
pramolecular structure.46A9,67 This can be done by locating different build
ing blocks in an appropriate sequence so as to have a driving force for 
energy transfer. 

As we have seen, the energy levels involved in energy transfer are the 
lowest 3MLCT excited, state of each component. Since the pioneering 
work of Crosby,68 it is known that as Os(ll) is easier to oxidize than Ru(II), 
the luminescent level of any Os(II)-polypyridine complex lies lower in 
energy than the luminescent level of the corresponding Ru(II) complex. 
We have also seen that for complexes of the same metal, the energy of 
the luminescent level can be tuned by changing the type of polypyridine 
ligand (Table 3_1)?1,68 A third, indirect way to tune the energy of the 
luminescent levels is to change the nature of the ancillary ligands (i.e., 
of the ligands that are not involved in the lowest-energy MLCT transi
tion). For example, when an X ligand of an MLnXm complex is replaced 
by a Y ligand that is a better electron donor that X, the 3MLCT level will 
move to lower energy because of the increased electron density (and the 
consequent decrease in the ionization potential) of the metal. As previ
ously mentioned, extensive work on Ru2+ and OS2+ complexes has shown 
that the 2,3-dpp and 2,5-dpp BI and the bpy and biq terminal ligands 
can be ordered in the following series as far as the electron-donor power 
is concerned: bpy > biq > J.L-2,3-dpp ~ J.L-2,5-dpp. This means, for ex
ample, that coordination of bpy with Ru2+ reduces the positive charge 
of the metal ion more than coordination of J.L-2,3-dpp. On the other hand, 
the energy of the lowest (empty) 1T* orbital increases in the series J.L-2,5-
dpp < J.L-2,3-dpp < biq < bpy. This means, for example, that in a 
Ru(bpyh(J.L-2,3-dpp)2+ moiety the Ru -+ (J.L-2,3-dpp) excited state lies 
lower in energy than the Ru - bpy excited state. 

Because of these properties of the components and of the stabilization 
of the LUMO of 2,3-dpp and 2,5-dpp on coordination with a second 
mefal center, it can be expected that for the metal-containing building 
blocks present in the polynuclear compounds, the energy of the lowest 
(luminescent) exeited state increases (as does the oxidation potential; see 
above) in the series Os(bpY)z(J.L-2,5-dpp?+ :5 Os(bpyMJ.L-2,3-dpp)2+ < 
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Os(biqh(J.L-2,5-dpp)2+ ::; Os(biq)z(J.L-2,3-dpp)2+ < OS(J.L-2,5-dpp)~+ < 
OS(J.L-2,3-dppW < Ru(bpyh(J.L-2,5-dpp)2+ ::; Ru(bpyh(J.L-2,3-dpp)2+ < 
Ru(biq)z(J.L-2,5-dppr ::; Ru(biq)zCJ.L-2,3-dppf+ < Ru(bpY)(J.L-2,5-dpp)~+ ::; 
Ru(bpY)(J.L-2,3-dpp)~+ < RU(J.L-2,3-dpp);+. 

By using the above guidelines, it is possible to design polynuclear 
complexes in which the component(s) with the lowest energy excited 
state(s) is (are) located in the desired position(s) of the supramolecular 
structure. As discussed above, this allows synthetic control of the. direc
tion(s) of energy migration after light absorption. A few examples will 
now be presented. 

The four possible energy migration patterns for tetranuclear com
pounds are schematized in Figure 3_11.49 Pattern 4-1 obtains for L = bpy, 
BL = 2,3-dpp, and M = Ru2+ (e.g., for compound 4A, Table 3-4). In such 
a complex, the thr~e peripheral units are equivalent and their lowest 
excited state lies at lower energy than the lowest excited state of the 
central unit. The luminescence of the central unit is quenched, and that 
of the peripheral ones is sensitized. The efficiency of energy transfer is 
difficult to estimate because of strong band overlap in the absorption 
(and excitation) spectrum. Pattern 4-II is found for L = bpy, BL = 2,3-
dpp, M4 = OS2+, M1 = M2 = M3 = Ru2+ (compound 4C). The luminescence 
of the peripheral units is quenched, and the luminescence of the central 
unit is sensitized with -100% efficiency. 

To channel energy toward a single peripheral unit (pattern 4-ID), we 
have designed and synthesized a compound with L = bpy, BL1 = 2,5-
dpp, BLz = BL3 = 2,3-dpp, M = Ru2+ (compound 4G). Since 2,5-dpp is 
easier to reduce than 2,3-dpp, the Ru -+ BL CT excited state of the M1-
based building block is lowel in energy than the Ru -+ BL CT state of 
the building blocks based on M2 and M3. On the other hand, the lowest 
excited state of the central building block is higher in energy than the 
lowest excited state of all the peripheral ones. Thus, energy transfer from 
the ~-, M2-, and Mrbased building blocks to the M1-based one is ex
oergonic, but the energy transfer process from the M2- and M3-based 
units to the Mrbased unit must either overcome a barrier at ~ or pro
ceed through space. The luminescence results show that the only emit
ting level is that based on M1 and that energy migration is -100% 
efficient. 

To obtain the migration pattern illustrated by 4-IV, we have designed 
and synthesized a compound with L1 = biq, L2 = L3 = bpy, BL = 2,3-dpp, 
and M = Ru2+ (4H). Since the energy level of the M4-based building block 
is (slightly) higher than that of the M1-based one, the migration process 
must again 0 vercome an energy barrier. The results obtained with this 
complex show that energy migration takes place with high efficiency 
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4-1 4-I[ 4-m 4-]Sl 

FIGURE 3-11 Energy migration patterns for tetranuclear compounds; for more details, 
see text. 

For the decanuclear compounds lOA to 10F (Table 3-4), the directions 
along which energy transfer processes are exoergonic are schematically 
indicated by arrows in Figure 3_12.46 Compound lOA displays a lumi
nescence band at 809 nm that can be straightforwardly assigned to the 
peripheral (bpy)zRu ~ BL excit~d states. The lack of luminescence at 
shorter wavelengths and the constancy of the luminescence quantum 
yield on changing the excitation wavelength indicate that the chromo
phoric groups based on the central and intermediate Ru2+ ion undergo 
efficient deactivation to the peripheral Ru-based units, as expected, be
cause energy transfer is exoergonic in the direction from center to pe
riphery. Compound lOB exhibits exactly the same behavior as lOA. For 
compounds 10C and 100, a broad luminescence band is observed at 
room temperature, with a shoulder on its low energy tail. The maxima 
of the luminescence bands almost coincide with those of the bands ex
hibited by lOA and lOB, respectively. The predominant emission can thus 
be assigned to the peripheral units. Subtraction (after normalization) of 
the luminescence band of lOA from that of 10C and of the luminescence 
band of lOB from that of 100 yields a band with a maximum at -860 
nm, as expected for the luminescence of a central Os unit. We conclude 
that, at room temperature, lOC and 100 emit from both the central and 
peripheral units. Such behavior is consistent with the fact that in lOC 
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and tOD the lowest excited state of the intermediate Ru-based units lies at 
higher energy (-2000 em-I) than the lowest excited state of the peripheral 
units. Thus, for toe and tOD, the two-step energy transfer process from the 
peripheral units to the central one (where the lowest-energy excited state 
of the supramolecular array is located) must be very slow, since its first 
step is endoergonic by -2000 em-I. Direct (through space) energy transfer 
from the peripheral to the central units is exoergonic but should be slow 
because of the large separation distance. A quantitative evaluation of the 
energy transfer efficiency from the peripheral to the central unit is difficult 
to make from luminescence quantum yield data because of the strong over
lap between the absorption bands of the various units. 

For tOE and tOF the lowest excited states are localized on the periph
eral (bpyhOs -+ BL units, which are expected to emit around 900 nm. 
With IR-sensitive equipment/6 luminescence bands at 900 and 892 nm 
can in fact be observed for tOE and tOF, respectively. The lack of any Ru
based luminescence for tOF indicates a 100% efficient center-to-periphery 
channeling of the excitation energy, as expected because of the energy 
gradient (Figure 3-12). For tOE, deactivation of the central Os-based unit 
by the peripheral ones should not occur because the first step of this 
process is endoergonic (Figure 3-12). The lack of observable luminescence 
from such a central unit may simply be due to the fact that most of the 

10A 108 10C 

10D 10 E 10F 

FIGURE 3-12 Em~rgy migration patterns for some decanuclear compounds. Empty 
and full circles indicate Ru2+ and OS2+, respectively. In the peripheral positions, circles and 
squares indicate M(bPY)2 and M(biq)2 components, respectively. The arrows indicate the 
exoergonic energy transfer steps. 
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light at any excitation wavelength is absorbed by the much more nu
merous peripheral and intermediate units. 

CONCLUSION 

A synthetic strategy has been developed to obtain supramolecular den
dritic structures of nanometric dimensions made of metal complex units 
capable of high information content (light absorption, luminescence, re
dox activity). Specific metal and/ or ligands can be placed in predeter
mined sites of the supramolecular array by an appropriate choice of the 
building blocks. It is thus possible to design species in which several 
important functions can be synthetically controlled. In particular, made
to-order control of the number of electrons lost at a certain potential and 
of the direction of electronic energy transfer can be achieved. 

Because of their strong absorption in the visible spectral region and 
the possibility of predetermining the direction of energy migration, these 
compounds can be used as photochemical molecular devices (e.g., as 
antennas for harvesting solar energy).69,70 Because of the presence of sev
eral interacting and/ or noninteracting redox centers, they are good can
didates for the role of multielectron-transfer catalysts. 
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4 
Molecular Tectonics 
JAMES D. WUEST1 

INTRODUCTION 

Nature makes extensive use of hydrogen bonds to regulate the associa
tion of biological molecules. The strength and directionality of hydrogen 
bonds make them particularly well suited for promoting the reversible 
organization of molecules in geometrically predictable ways. As a result, 
nature is able to use them to help accomplish a wide variety of critical 
and subtle tasks, including the recognition and binding of selected mol
ecules, the catalysis of key react tons, the storage, replication, and ex
pression of genetic information, and the production of organized struc
tural materials. The remarkable diversity and ingenuity of these natural 
processes challenge chemists to devise unnatural ~ompounds that use 
hydrogen bonds to perform similar tasks or to invent entirely new ap
plications that take full advantage of the characteristic features of hy
drogen bonds. 

Our plan for exploiting hydrogen bonds in new ways is a simple one, 
yet the results promise to have broad practical and theoretical signifi
cance. We have begun to design and synthesize molecules that incor
porate characteristic, well-defined patterns of hydrogen-bond donors and 
acceptors? These molecules are" sticky"; that is, their ability to partici
pate in extensive hydrogen bonding endows them with a strong ten
dency to associate and to form complex aggregates in solution and in 
the solid state.3 11 the arrays of hydrogen-bonding sites are cleverly ori
ented, the resulting supramolecular aggregation will tend to generate 
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predictable and adjustable architectures. Since these structures are built 
from individual sticky subunits, we call the subunits tectons, from the 
Greek word, TEKTWU, for "builder," and we define molecular tectonics as 
the science and art of supramolecular construction using tectonic sub
unitS.2b These special names are justified because the high strength and 
predictable directionality of the intertectonic attractions sharply distin
guish them from the weaker and more diffuse forces typically involved 
in other processes of self-assembly, including crystallization. In effect, the 
strategy of molecular tectonics promises to give chemj.sts the elements 
of a molecular-scale construction set that can be used to build an infinite 
variety of predictably ordered structures. A principal advantage of this 
strategy is that the supramolecular aggregates are formed spontaneously 
by the self-association of sticky tectonic subunits, and the tedious bond
by-bond syntheses normally employed to build complex structures can 
be avoided. 

The individual tectons from which more complex aggregates are con
structed must be able to participate in the formation of unusually strong, 
specific, and reliable hydrogen-bonding motifs. In principle, this will al
low hydrogen bonding to override other intermolecular interactions and 
thereby control aggregation of the tectonic subunits. A particularly at
tractive motif is the cyclic hydrogen-bonding array defined by dimers of 
2-pyridone and related heterocycles (eq. 1).4-6 This motif is attractive 

a o 2 -
~ N'H --

(1) 

because it is strong, well studied, and dependable; in addition, pyridones 
are chemically robust and easy to synthesize. Although they exist in equi
librium with their hydroxypyridine tautomers, the more polar pyridone 
form normally predominates in solution and in the solid state.4,s Ultra
sonic studies indicate that the thermodynamic parameters for eq. (1) are 
~Go = -2.7 kcal! mol, ~Ho = -5.9 kcal/mol, and ~so = -10.7 eu in CHCl3 

at 25°C.6 Under these conditions, 2-pyridone is approximately 80% di
meric at 10-1 M and 2% dimeric even at 10-4 M. 

AMPLIFICATION AND REGULATION OF 
INTERTECTONIC ADHESION 

Although the hydrogen-bonding motif defined by dimers of 2-pyridone 
and related heterocycles is strong, it nevertheless contains only two hy-
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drogen bonds. For this reason, the incorporation of a single pyridone 
ring cannot be expected to guarantee that a tecton will aggregate in a 
specific way, since two hydrogen bonds may not be able to override other 
interactions that may favor different modes of association. Fortunately, 
the strength of the basic motif can be amplified easily by using spacers 
to link two or more 2-pyridones together. This is an important idea, since 
it means that we do not need to make entirely new types of tectons in 
order to achieve stronger intermolecular attractions. Tectons prepared by 
linking 2-pyridones together will have a larger number of opportunities 
for forming hydrogen bonds, and the precise mode of tectonic aggrega
tion will depend critically on the particular pattern of hydrogen-bond 
donors and acceptors that is created. For example, if two pyridones are 
connected in series at the 3- and 6-positions by a rigid spacer that prevents 
intramolecular hydrogen bonding, the resulting dipyridone (1) is self
complementary and can form an antiparallel duplex held together by 
four hydrogen bonds (eq. 2). In contrast, isomeric 6,6'-linked dipyridone 
2 and the analogous 3,3'-linked structure are not self-complementary and 
will be forced to form linear oligomers (eq. 3). 

n~ 
}-N:. .:N-{ 
o 'H 2 H 0 

~ 
}-N:. .:N-{ o 'H H' 0 

t ,. #' 
, " , I 

\ '\ / " 
0' H' 'H b 6 H' 'H '0 

b----{) b----{) 

(3) 

We have tested this hypothesis by synthesizing rigid acetylenic dipyr
idones 3 and 4 and by studying their associative behavior?d The syntheses 
are summarized in Scheme 4-1. Treatment of 2,6-dibromopyridine with 
PhCH20H and KOH7 provided 2-bromo-6-(phenylmethoxy)pyridine (5), 
whil;:h was coupled8 with acetylene to give the symmetric acetylenic di
pyridine 6. Deprotection using hot CF3COOff then yielded the corre
sponding dipyridone 3. The synthesis of isomeric dipyridone 4 was longer 
but equally straightforward. Couplingo of 2-bromo-6-(phenylme
thoxy)pyridine (5) with (trimethylsilyl)acetylene provided compound 7, 
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SCHEME 4-1 

which was converted into pyridylacetylene 8 by standard deprotecti.on 
using methanolic KOH. Deprotonation and treatment with Znoz then 
gave the intermediate zinc acetylide 9. Couplin~l with 3-bromo-2-(phen
ylmethoxy)pyridine (10), which was derived from 3-bromo-2-chloropyri
dine12 by standard methods/ then yielded acetylenic dipyridine 11. Nor
mal deprotection9 finally provided the corresponding self-complementary 
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dipyridone 4. The simplicity of these syntheses illustrates the advantage 
of our strategy for making molecules VIlith multiple sites of hydrogen 
bonding by linking 2-pyridones together. 

Vapor-pressure osmometric studies confirmed that acetylenic dipyri
dones 3 and 4 both exist largely as solvated monomers in CH30H and 
other strongly hydrogen-bonding polar solvents. In CHCl3, however, 
both compounds are strongly associated. Because of their inherently low 
solubility, we could not determine their association constants by using 
the standard procedure of variable-concentration 1H NMR spectroscopy 
to follow changes in the chemical shifts of hydrogen atoms,participating 
in hydrogen bonds. Instead, we turned to infrared (IR) spectroscopy and 
compared the ratios of absorbances near 1672 cm-1 and 1654 cm-1, which 
correspond to monomeric and dimeric pyridones, respectively. As ex
pected, the associative ,behavior of non-self-complementary dipyridone 
3 resembles that of 2-pyridone itself. In contrast, self-complementary di
pyridone 4 is almost exclusively dimeric at 25°C even at the lowest 
concentrations that could be studied conveniently (3.6 X 10-4 M). This 
observation establishes that -~Go for the self-association of dipyridone 
4 in CHCl3 at 25° must be at least 6.5 kcal/ mol. 

Such strong self-association can occur only if dipyridone 4 forms an 
antiparallel duplex held together by four hydrogen bonds. It is possible 
to estimate that ~Ho for the formation of this duplex will be approxi
mately -11.8 kcal! mol, wce ~Ho for the dimerization of 2-pyridone 
itself. Because of the rigidity of dipyridone 4, ~so for its self-association 
should be similar to ~So for the dimerization of 2-pyridone.13 We can 
therefore estimate that -~Go for the self-association of dipyridone 4 to 
form a duplex should be approximately 8.6 kcal/ mol in CHCl3 at 25°C. 
The similarity of this estimate and the experimentally determined mini
mum value helps confirm that dipyridone 4 exists in solution primarily 
in the form of an antiparallel duplex held together by four hydrogen 
bonds. The rigid self-complementary structure of dipyridone 4 ensures 
that each pyridone subunit makes an approximately additive contribu
tion to the overall enthalpy of dimerization.14 

These conclusions are supported by the results of X-ray crystallo
graphic studies of dipyridones 3 and 4. As expected, non-self-comple
mentary isomer 3 associates in the solid state to form the polymeric motif 
shown in Figure 4-1, while self-complementary isomer 4 exists as the 
discrete antiparallel duplex shown in Figure 4-2. Curiously, the duplex 
is distinctly nonplanar; in each dipyridone subunit, the average planes 
of the pyridone. rings make an angle of 29°. This suggests that the hy
drogen bonds in the duplex are not ideal/5 and that they accept small 
deformations from a perfect linear geometry in response to packing 
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FIGURE 4-2 ORTEP drawing of the dimeric structure of the rigid self-complementary 
dipyridone 4. Non-hydrogen atoms are represented by ellipsoids corresponding to 50% 
probability, and hydrogen atoms are shown as spheres of arbitrary size. Hydrogen bonds 
are represented by narrow lines. 

forces or in order to minimize the repulsion of the two carbonyl oxygen 
atoms directed toward the interior iJf the duplex. However, this deviation 
from an ideal geometry is not costiy enough energetically to prevent the 
duplex from being formed or to keep the contribution of individual pyri
done units to the overall enthalpy of dimerization from being approxi
mately additive. 

A wide variety of tectons with similar associative properties can be 
constructed by using different rigid spacers to join two pyridones to
gether. For example, compounds 12 and 13,16 which are close relatives of 
self-complementary dipyridone 4, have similarly strong tendencies to 

~ }-N: 'L!I }-N~ 
o 'H 0 'H 

12 13 

form duplexes by self-association. Moreover, the pyridone rings can be 
replaced by sticky sites derived from other heterocycles with similar 
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properties of self-association. Derivatives of 4-pyrimidinone are attrac
tive substitutes, for example, since 4-pyrimidinone itself exists in the 
form of dimer 14 in the solid state. I? In addition, substituted derivatives 
are relatively inexpensive, and their 1T-electron-deficient aromatic 

~> ~> o H 0 H 

15 

rings make them particularly susceptible to nucleophilic attacks and 
coupling reactions of the type described in Scheme 4_1.18 We have taken 
advantage of the~e special features by synthesizing acetylenic dipyrimi
dinone 15 and related self-complementary analogues of dipyridone 4.19 

These examples demonstrate that a wide variety of molecules with pre
dictable associative properties can be created by the simple expedient of 
using rigid spacers to link sticky heterocyclic subunits. 

By simple extension, this strategy can generate self-complementary 
tectons even more strongly self-associated than dipyridones 4, 12, and 
13 or dipyrimidinone 15. This can be achieved by linking larger numbers 
of sticky heterocyclic subunits in series. For example, we have synthe
sized the rigid self-complementary tripyridone 16 by successively cou
pling 3-ethynyl-2-(phenylmethoxy)pyridine2a and the isomeric 2-ethynyl-
6-(phenylmethoxy)pyridine (8, Scheme 4-1) with 3,6-dibromo-2-
(phenylmethoxy)pyridine (17)/° followed by standard deprotection with 

~~ 
}-N~ . }-N~ . }-N~ 
o ~ 0 ~ 0 ~ 

16 17 

hot CF3COOH.9 Dibromopyridine 17 could be prepared by treating 
2,3,S,6-tetrabromopyridine21 with PhCH20H and KOH/ followed by re
gioselective halogen-metal exchange (BuLi, -100°C) and protonation. 
Subsequent coupling reactions of compound 17 occur with a high degree 
of regioselectivity because the 2- and 6-positions in pyridines are typi
cally more activated toward substitution than the 3- and 5-positions.22 

Tripyridone 16 is designed to form an antiparallel duplex held to
gether by six nearly ideal hydrogen bonds. Unfortunately, we have not 
yet been able to obtain crystals that would allow us to determine its 
structure and to canfirm that it forms a duplex in the solid state. Fur-
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thermore, its very low solubility in organic solvents has prevented us 
from using osmometric or spectroscopic methods to study its association 
in solution. Nevertheless, the rigid and almost perfectly self-complemen
tary structure of tripyridone 16 allows us to estimate that ~HO for the 
formation of a duplex will be approximately -17.7 kcal/mol in CHCl3, 
three times ~HO for the dimerization of 2-pyridone itself, and that ~SO 
will be similar to the value observed for 2-pyridone.13 We therefore ex
pect that -~Go for the self-association of tripyridone 16 in CHCl3 at 25 
°C will be approximately 14.5 kcal! mol. Further extension of the chain 
of sticky sites will increase this value by approximately 5.9 kcal! mol each 
time another 2-pyridone is added, without changing ~SO substantially.13 
It is therefore possible to imagine the straightforward construction of 
self-complementary tectons that can form duplexes held together by hy
drogen bonds with a ~ollective force that surpasses the strength of co
valent bonds. Our simple strategy of amplification by systematically 
increasing the number of participating hydrogen bonds therefore allows 
us to devise tectons that produce aggregates with any desired degree of 
cohesion and structural integrity. In principle, we can bridge the gap that 
distinguishes weak complexes joined reversibly by a small number of 
hydrogen bonds from well-defined compounds joined essentially irre
versibly by covalent bonds. 

Another significant advantage of bur strategy for devising molecules 
with a strong tendency to associate is that simple modifications of the spacer 
or the site of linkage can have dramatic effects on the nature of the aggregate. 
For example, acetylenic dipyridone is is very similar to self-complementary 
isomer 4, but the pyridone rings in compound 18 are joined at posi-

(4) 

o ---H-N 

19 

tions 3 and 5 rather than at positions 3 and 6. As a result, the array of 
hydrogen-bonding sites in dipyridone 18 is no longer self-
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complementary in a duplex but becomes perfectly self-complementary 
only in the triplex 19 (eq. 4). We have prepared dipyridone 18 and the 
analogous dipyrimidinone 20 by standard coupling procedures,23 and we 
are now studying their association in solution and in the solid state.24 

rN N~ 
}-N~-H 

o H 0 
20 

The high degree of rigidity of dipyridone 18 allows us to estimate that 
LlHO for the formation of triplex 19 will be approximately -17.7 kcall 
mol in CHC13, three times LlHO for the dimerization of 2-pyridone, and 
that LlSo will be approximately -21.4 eu, twice LlSo for the dimerization 
of 2-pyridone.13 As a result, LlGo for the cyclic trimerization of dipyridone 
18 should be about -11.3 kcal/ mol in CHC13 at 25°C, making triplex 19 
the dominant species even in relatively dilute solutions. 

AGGREGATION OF TECTONS WITH FLEXIBLE 
SPACERS 

In general, the strongest and most predictable self-association will be 
achieved when tectons incorporate sticky sites joined by rigid spacers, 
but impressive degrees of aggregation can nevertheless be attained even 
when the spacers are modestly flexible. For example, vapor-pressure os
mometry and lH NMR spedroscopy have been used to show that self-

CH3-QCH2NR~ 
H 0 H 0 

21 (R = C2Hs ) 



Characterization of Tectonic Aggregates in Solution 117 

complementary dipyridone 21, which incorporates a flexible aminome
thyl spacer, exists primarily as an antiparallel duplex in CHCl3 at 25 DC 
even at concentrations as low as 1.6 X 10-3 M.2<: The dimer cannot be 
ideal, since constraints imposed by the spacer and by the presence of an 
intramolecular hydrogen bond disfavor conformations that accommo
date normal linear intermolecular hydrogen bonds.I5 As a result,· solu
tions of dipyridone 21 also contain significant amounts of higher aggre
gates, pOSSibly including the cyclic trimer 22 with intermolecular 
hydrogen bonds that are more nearly linear. Furthermore, dipyridone 21 
does not exist as a discrete duplex in the solid state but forms instead a 
polymeric chain with both intramolecular and intermolecular hydrogen 
bonds (Figure 4-3). In general, the behavior of dipyridone 21 suggests 
that tectons with flexible structural elements will not be capable of the 
strongest self-association, nor will the resulting aggregates have three
dimensional structures that are easy to predict. 

CHARACTERIZATION OF TECTONIC AGGREGATES 
IN SOLUTION 

Vapor-pressure osmometry, routine variable-temperature or variable-con
centration IH NMR spectroscopy, IR spectroscopy, and other standard tech
niques can be used effectively to determine the degree and nature of tectonic 
aggregation in solution. In addition, we have recently found that NMR 
spectroscopy at very low tempercw:tures can be a powerful tool for direct 
thermodynamic, kinetic, and StruCitural studies of tectonic aggregation di
rected by multiple hydrogen bon&.25 This is possible because the rates of 
association and dissociation are retarded entropically and enthalpically, re
spectively, since multiple hydrogen bonds must be formed or cleaved. As 
a result, association and dissociation are no longer diffusion-controlled. For 
this reason, it is possible in favorable circumstances to see separate signals 
characteristic of monomeric tectons and various higher aggregates when 
NMR spectra are recorded at suitably low temperatures. For example, hy
droxypyridine monomer 2326 and pyridone dimer 24 can be distinguished 

~(H ~('H?5R (5) 
2 ~N 

'N ~ 
~ N'H 

R ..... N .... R 
"0 b 

R ..... N .... R 

23 (R = C2Hs ) 24 (R = C2Hs ) 
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in lH and 13C NMR spectra at -118°C in (THF-ds) at 0.093 M. By chang
ing the temperature and concentration, we can determine mo and ASO 
for the equilibrium of eq. (5), as well as the rates of interconversion of 
monomer 23 and dimer 24. In addition, NOE studies can be used to make 
detailed structural assignments for each species present in solution. We are 
optimistic that this technique will prove to be extremely useful for analyzing 
more complex examples of tectonic aggregation. 

NETWORKS GENERATED BY TECTONIC 
AGGREGATION 

The sticky molecules discussed so far have interesting structures and strik
ing properties of self-association and aggregation, but they still resemble 
the simple heterocyclic .subunits from which they are constructed. It is not 
obvious that they offer the chemist any dramatic new opportunities. For 
this reason, use of the new terms teeton and molecular tectonics to identify 
molecules of this type and to define the study of their aggregation could 
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24 
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reasonably be considered premature, unnecessary, or pretentious. How
ever, when more complex tectons are created by attaching multiple sticky 
sites to large, rigid frameworks, the power, elegance, and utility of the 
concepts of molecular tectonics become evident. For example, we can 
imagine a tecton 24 created by using rigid arms to connect four sticky 
sites (e) to a tetrahedral core. Because of its well-defined tetrahedral ge
ometry and the presence of four sticky sites, tecton 24 should be forced 
to self-associate to form the infinite cubic diamondoid network 25 or a 
related lonsdaleite lattice. In principle, other infinite repeating lattices can 
be generated by the self-association of tectons with ,·different core ge
ometries. Furthermore, we believe that discrete aggregates composed of 
large but finite numbers of subunits can also be created by tectonic as
sociation, both in the solid state and in solution. For example, an octa
hedral inorganic tecton 26 with three facial sticky sites should generate 
the finite cubic network 27. In addition to homotectonic aggregates de
rived from a single self-complementary tecton, heterotectonic aggregates 
can be formed by the mutual association of different tectonic subunits. 
These examples suggest that countless opportunities for using molecular 
tectonics to create novel structures exist for chemists with imagination 
and the skills required to synthesize appropriate tectonic subunits. 

We have recently demonstrated that this strategy can in fact be used 
to make complex, predictable three-dimensional structures by the spon-

28 
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c(-G-1 )4 
29 

taneous self-association of cleverly designed tectonic subunits.2b,27-29 Tec
ton 28, which incorponites four sticky pyridone sites attached rigidly to 
a tetrahedral core derived from tetraphenylmethane, is designed to gen
erate an infinite diamondoid network by self-association. Tecton 28 was 
synthesized from tetraphenylmethane30 in three simple steps. Iodination 
(12, PhI(OOCCF3)z)31 gave a 63% yield of tetraiodide 29, which was then 
coupled with 2-ethynyl-6-(phenylmethoxy)pyridine (8, Scheme 4-1) in 
the normal manner10 to provide tetrapyridine 30 in 44% yield. Deprotec
tion with hot CF3COOrr then gave tecton 28 in 100% yield. 

After extensive experimentation, we found that tecton 28 could be 
crystallized from mixed solvents containing significant amounts of car
boxylic acids. Use of acetic or propionic acid in hexane or in mixtures of 
hexane and CH30H consistently produced high yields of extremely long 
needles of composition 28 • 8 RCOOH (R = CH3, C2HS)' The morphology 
of these crystals was surprising, since we did not expect an essentially 
isotropic diamondoid lattice 25 to permit exaggerated growth in a single 
direction. In fact, a diamondoid network is not formed under these con
ditions of crystallization. Instead, an X-ray crystallographic study of 28 
.8 CH3CH2COOH revealed that self-assembly of a diamondoid network 
is thwarted by association of each of the four sticky pyridone sites with 
two molecules of carboxylic acid, which produces adduct 31. 

c( -D--==-Q ) 4 

,.H ,.o---HOOCR 

d H' 

J-o 
R 

31 (R = C2Hs ) 
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This was unexpected and disappointing, since the strong tendency of 
pyridones and related heterocycles to self-associate had served as a re
liable guiding principle in the successful design of simpler tectons. We 
were therefore tempted to treat the undesired mode of crystallization of 
tecton 28 from acetic and propionic acids as an abnormality, and we 
examined the structure of the predicted diamondoid network 25 in order 
to understand the origins of the abnormal crystallization. A conspicuous 
feature of this hypothetical network is the large amount of space not 
occupied by the tectonic subunits. This is energetically problematic, since 
it requires that the structure forego the weak, diffuse, but numerous sta
bilizing interactions that constitute the forces of close packing in 
exchange for the stronger, more specific, but less numerous forces pro
vided by the network of intertectonic hydrogen bonds. If the network of 
hydrogen bonds is'strong enough, this exchange may be thermodynam
ically feasible. If not, the open structure will collapse, multiple diamon
doid networks will interpenetrate, or the spaces defined by the network 
will be forced to accommodate molecules of solvent or other guests. Since 
acetic and propionic acids are relatively small molecUles, a correspond
ingly large number will be needed to fill the voids in an open diamon
doid network. The failure of tecton 28 to form the expected network in 
acetic and propionic acids can therefore be attributed, at least in part, to 
an especially unfavorable entropy of enclathration. For this reason, we 
turned to larger carboxylic acids. Crystallization of tecton 28 from butyric 
acid/hexane/CH30H reproducibly gave high yields of prisms of ap
proximate composition 28 • 2 CH3CHzCHzCOOH. The dramatic change 
in the morphology and comp osition of the crystals provided immediate 
evidence that a completely different structure had been formed. An 
X-ray crystallographic study of this new structure confirmed that the 
sticky pyridone sites interact in the expected way to induce self-assembly 
of the remarkable diamondoid network shown in Figure 4-4. 

Since the tetrahedral centers of adjoining tectons are separated by 19-
20 A, the network defines an open, porous structure with enormous 
chambers and interconnecting passageways. This permits a 7-fold inter
penetration of independent diamondoid networks, but significant inter
nal spaces remain open. These spaces enclathrate only butyric acid, even 
though crystallization occurs in a mixed solvent. We attribute this selec
tivity to the characteristic size, shape, polarity, and hydrogen-bonding 
ability of butyric acid, which appear to make it more complementary 
than competing molecules of hexane or CH30H to the interior and faces 
of the growing crystals. The interstitial guests are surprisingly well or
dered and form two parallel columns in four-sided channels aligned with 
the b axis. These particular channels are clearly defined in Figure 4-5, 
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which represents a view along the b axis of an idealized diamondoid 
network generated by the self-association of hypothetical tectonic sub
units 24. Figure 4-6 presents a similar view of the actual structure and 
shows a cross section of four adjacent channels, each containing paired 
columns of enclathrated butyric acid. 

Crystallization of teeton 28 from valeric acid/hexane/CH30H pro
vided prisms of approximate composition 28 • 1 CH3CH2CHzCHzCOOH 
in 76% yield. Again, an X-ray crystallographic study confirmed that self
assembly occurs to give a closely similar diarnondoid network, and again 

FIGURE 4-5 View along the b axis of an idealized diamondoid network generated by 
the self-association of llypothetical tectonic subunits 24. 



F
IG

U
R

E
 4

-6
 

O
R

T
E

P 
dr

aw
in

g 
of

 p
ar

t o
f 

th
e 

in
fi

ni
te

 d
ia

m
on

do
id

 n
et

w
or

k 
pr

es
en

t i
n 

cr
ys

ta
ls

 o
f 2

8
.2

 C
H

3C
H

2C
H

2C
O

O
H

. 

~ c a- ~
 

;:,
: ~ [ <Z
' 
~
 '" 0' ;:,:

 ;::;
. 

~
 

~ ~
 

Q
' 

;:,:
 

T
he

 s
tr

uc
tu

re
 i

s 
vi

ew
ed

 a
lo

ng
 t

he
 b

 a
xi

s 
to

 p
ro

vi
de

 a
 c

le
ar

 c
ro

ss
-s

ec
ti

on
al

 i
m

ag
e 

of
 t

he
 c

ha
nn

el
s 

an
d

 t
he

 p
ai

re
d 

pa
ra

ll
el

 
~
 

co
lu

m
ns

 o
f 

en
cl

at
hr

at
ed

 b
ut

yr
ic

 a
ci

d.
 N

on
-h

yd
ro

ge
n 

at
om

s 
ar

e 
re

pr
es

en
te

d 
b

y
 e

ll
ip

so
id

s 
co

rr
es

po
nd

in
g 

to
 5

0%
 p

ro
ba

bi
li

ty
. 

A
ll 

hy
dr

og
en

 a
to

m
s 

ha
ve

 b
ee

n 
om

it
te

d 
fo

r 
cl

ar
ity

. 
H

yd
ro

ge
n 

bo
nd

s 
ar

e 
re

pr
es

en
te

d 
b

y
 n

ar
ro

w
 li

ne
s.

 



126 Molecular Tectonics 

only the carboxylic acid is enclathrated. Crystallizations of tecton 28 from 
isobutyric acid and isovaleric acids gave similar results. In addition, crys
tallization from a mixed solvent containing propionic and butyric acids 
in a 1:1 ratio produced a diamondoid network containing largely butyric 
acid, even though propionic acid by itself favors the alternative mode of 
crystallization. Together, these observations establish that tecton 28 has 
an inherently strong tendency to generate porous diamondoid clathrates 
by self-association when suitable guest molecules are present. This ten
dency is the result of its rigid tetrahedral geometry and the presence of 
four sticky sites that ensure a predictable intertectonic adhesion. 

OPPORTUNITIES FOR FUTURE RESEARCH IN 
MOLECULAR TECTONICS 

The ability of tetrapyridone 28 to generate a porous diamondoid network 
by self-association illustrates the power of the concepts of molecular tec
tonics. It is an encouraging observation, but much. work must still be 
done in order to explore the limitations of molecular tectonics and to 
establish fully that it is an important general strategy for devising pre
dictably ordered structures. We have begun by synthesizing analogous 
tectons 3232 and 3333 with modified tetrahedral geometries, which should 

o 
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self-associate to form diamondoid networks with larger intertectonic sep
arations and internal cavities. In the network derived from compound 
32, for example, the intertectonic distance should increase to 22-23 A, 
and the volume of the chambers should increase by approximately 50%. 
Studies of these tetrahedral tectons and related molecules with different 
core geometries will establish whether or not the demonstrated ability 
of tecton 28 to form open, three-dimensional networks is a phenomenon 
that can be generalized broadly. 

Although the self-association of tecton 28 to form a diamondoid net
work is predictable, the ordering of the enclathrated guests has more 
subtle origins. Molecules of enclathrated butyric acid in the parallel col
umns form hydrogen-bonded dimers typical of carboxylic acids. This 
creates a head-to-head, tail-to-tail orientation of successive molecules in 
each column. No hydrogen bonds are formed between the two columns, 
or between the columns and the walls of the channels, so movement of 
the columns within the channels along the b axis should occur relatively 
freely. Since the columns are retained within a porous host framework 
by van der Waals forces alone, we were not surprised to observe that 
loss of butyric acid occurs when the crystals are placed under vacuum 
at 25°C. During loss of the guests, the crystals retain their characteristic 
morphology, but X-ray diffraction experiments have confirmed that the 
ordered diamondoid network does not remain intact. The framework 
may be robust enough to withstand a partial loss of enclathrated guests, 
but a more extensive loss presumably triggers structural changes that 
arise because the partially empty framework cannot resist forces favoring 
close packing. 

Since the stickiness of the site~ that create the hydrogen-bonded net
work can easily be amplified by using larger numbers of heterocycles 
connected in series, we are optimistic that we can create modified frame
works strong enough to resist substantial forces favoring close packing. 
For example, we have synthesized the exceptionally sticky octapyridone 
34/2 although we have not yet been able to crystallize it. The large 

c( 

34 

enthalpy of ass6€iation characteristic of the multiple sticky sites in tecton 
34 and related molecules should provide a powerful driving force for 
the self-assembly of predictable networks. The exceptionally strong, spe-
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ci:fic intertectonic attraction caused by hydrogen bonding is designed to 
overwhelm other intermolecular effects and ensure that solvent mole
cules and forces favoring close packing do not conspire to disrupt the 
ordered network. It is therefore possible that frameworks derived from 
compound 34 and related tectons may be durable enough to resist the 
powerful forces of close packing even when most enclathrated molecules 
have been removed by heating under vacuum. 

This is a very exciting possibili~ since it would produce an ordered, 
open, and partially empty organic network with some of the useful prop
erties of zeolites and other rigid, inorganic frameworks with micropores. 
Specifically, materials derived from unusually sticky tectons may be able 
to act as organic molecular sieves and to be able to include, exclude, and 
separate molecules according to size, shape, and chemical behavior. Fur
thermore, substituted tectons may be able to generate networks with 
cavities bearing functional groups that can modify the selectivity and 
geometry of enclathration or catalyze reactions of enclathrated guests. 
Although materials derived from organic tectons will have less thermal 
stability than zeolites and related inorganic solids, purely organic net
works offer compensating advantages. For example, enclathrated mole
cules can be recovered easily from tectonic aggregates by adding acid or 
base to cleave the surrounding network of hydrogen bonds. This disas
sembly should be reversible, since neutralization should regenerate the 
monomeric tecton and allow its spontaneous self-association. In addition, 
functionalization of networks derived from organic tectons is simple, 
structural modifications are easy to achieve, and substituents designed 
to have specific chemical e£jects can be introduced logically. Since the 
structure and functionalizati;:m of organic networks can in principle be 
modified at will, tectonic aggregates offer extraordinary opportunities for 
using a single material to effect separation and catalysis. We are opti
mistic that these ambitious goals are realistic, and that chemists can use 
the strategy of molecular tectonics to create a wide variety of novel struc
tures with specific architectural and functional features. 
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5 
Supramolecular Assemblies 
from "Tinkertoy" Rigid-Rod 
Molecules 

JOSEF MICHL 

INTRODUCTION 

Molecular "Tinkertoys" 

The ultimate objective of the work on molecular assembly in my lab
oratory is the development of a molecule-sized "Tinkertoy" construction 
kit analogous to the Tinkertoy kit for childrenY It should consist of a 
set of connectors and a set of rigid-rod molecules available in a multitude 
of lengths and diameters. They should not absorb light and should be 
inert thermally, toward reduction or oxidation, toward solvents, and to
ward most other chemicals These rigid-rod molecules should be pro
vided with terminal axial substituents suitable for covalent attachment 
to the connectors. The degree of control over the attachment reactions is 
to be sufficient for the stepwise assembly of both simple and complicated 
structures. Both permanent and reversible attachment reactions will be 
needed, as will suitable temporary blocking groups. 

The objects that we ultimately wish to assemble are of two kinds: 

132 

1. "Free-floating" constructs such as cubes or more complex shapes contain
ing a relatively small number of rods and connectors. These represent a 
fairly straightforward extension of standard targets of organic synthesis 
and will be characterizable by the usual tools, such as NMR spectroscopy, 
single-crystal X-ray analysis, and so on. In many cases, their solubility 
will be limited by their size. Other investigators are working on constructs 
of this type as well and have recently published successful syntheses of 
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several, based on rods and permanent connectors of types other than those 
of most interest to us. Perhaps the nicest example are the constructs com
bining aromatic rings and acetylenic units.3 

2. "Surface-bonded/' covalent, extended solid structures, such as scaffold
ings and thin layers, periodic and extensive (macroscopic) in up to two 
dimensions. In the third dimension they are to be microscopic and ape
riodic, assembled one story at a time. For these structures, solubility is not 
an issue. However, they represent an unprecedented synthetic target, and 
the assembly and characterization techniques are far more demanding. 
Full control of the assembly procedures would provide access to "designer 
solids/' novel materials with arbitrarily selected, active groups attached 
to the scaffolding at preselected points in space. Epitaxial growth of such 
solids on a suitable single-crystal surface appears attractive at first sight 
but suffers from the probable misfit of the surface lattice spacing and the 
rod length, which are extremely unlikely to be commensurate. 

Strategy 

The development of a molecule-size Tinkertoy system naturally falls 
into three partially overlapping stages. The first is the synthesis of suit
able rods, the second is the identification or synthesis of connectors, and 
the third is the development of assembly techniques. 

Tinkertoy Rods. Over the last several years, we have worked on the 
synthesis of rigid-rod molecules with axial terminal substituents, and we 
now have three classes of such structures. One is based on carbon:olig
omeric bicyclo[1.1.l]pentanes, or [n]staffanes for short (1)/,2,4 and hybrid 
rods containing other types of cages as well,S and two are based on bo
ron:oligomeric lO-vertex (2)6 and 12-vertex (3t p-carboranes (unfunction
allzed structures of type 3 were independently developed in another lab
oratory as well/ and the name carborod was suggested for them). Interest •:"'" 

x ,:':, y 
'/1:.. n 

x~"'" '"0'.": Y . " n 

2 3 

4 6 

7 
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in rod-like molecules is not limited to supramolecular construction, and 
two other series have been prepared recently in other laboratories: olig
omeric bicyclo[2.2.2Joctanes (4),8 for which the name [n]rodanes has been 
suggested, and oligomeric cubanes (5V referred to as polycubyls. In these 
two series of rods, terminally disubstituted derivatives suitable for our 
purposes are not yet available. One class of rigid, rod-like molecules 
that has been known for a long time are the polyphenyls (6), whose sym
metry, however, is substantially lower than rod-like; another ~e the 
polyynes (7). Many other, even less symmetrical and Q10re complicated, 
but still somewhat rod-like molecules are also available, such as various 
polyimides, or "molecular lines,,,l0 but these are typically devoid of truly 
axial terminal substituents needed for our purposes. 

Tinkertoy Connectors and Rod-Connector Assembly. Since an ample sup
ply of various kirids of rod-like molecules is now being developed, of
fering a selection of various lengths and diameters, we have recently 
begun to pay attention to the next two stages of the project: the devel
opment of connectors and covalent assembly methods for extended sol
ids. The covalent assembly has not yet advanced very far in our hands, 
and as mentioned above, the best current examples of Tinkertoy-type 
construction of free-floating objects have come from other laboratories, 
using less symmetrical, chemically and optically less inert rods, such as 
DNAll or benzene rings and acetylenes.3 

Two types of connectors are being worked on at present in our labo
ratory (Figure 5-1). Point connectors will have the ability to attach three 
or more rods by forming new covalent bonds from the connector to the 
terminal positions on the ro's at well-defined angles of less than 180°, 
resulting in geometries such as trigonal, square, tetrahedral, octahedral, 
and so on. Metal atoms with multiple ligands are an example of point 
connectors that most readily comes to mind. The interconnector distance 
in the final assembly equals the length of the rod used plus the lengths 
of the new bonds at rod termini. 

Star connectors will contain three or more permanently attached, rod
like arms in well-defined directions, leading to trigonal, tetrahedral, or 
other geometries. Each arm will have the ability to bind covalently, in a 
linear fashion, to the end of the arm of another connector or to a rod 
terminus. In this case, two bonds formed during the assembly never 
originate at the same atom of the connector. Examples of star connectors 
are adamantanes carrying arms at all four bridgeheads, benzenes car
rying arms in positions 1, 3, and 5, and so on. The ultimate node-to-node 
separation after assembly with star connectors would thus be at least 
twice the length of the initial arms. If the attachment is of the 1/ star arm 
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FIGURE 5-1 Schematic of point (top) and star (bottom) connectors. 

to rod to star arm" type rather than of the /I star arm to star arm" type, the 
resulting distances between connector centers could be much larger. 

Self-Assembled and Langmuir-BliJdgett Monolayers. As an intermediate 
stage in the work toward our ultimate goal, we have decided to examine 
the utility of our rod-like mole.tules for supramolecular assembly into 
monolayers of the self-assembled and Langmuir-Blodgett types. Unlike 
true designer solids, which will be covalent, these structures rely on van 
der Waals forces for lateral cohesion and thus should be far less sturdy. 
Nevertheless, we felt that the preparation of these conventional types of 
monolayers would represent a useful learning process for the ultimately 
planned assembly of covalent thin layers. 

In this chapter, we survey briefly the synthesis and properties of the 
[n]staffane rods developed in our laboratory. Subsequently, we describe in 
more detail their use for the production of self-assembled and Langmuir
Blodgett monolayers and the structural characterization of the resulting thin 
films. Although these films in effect are mere by-products in the develop
ment of molecular Tinkertoys, it appears that they will be of some interest 
in their own right, as rigid rods offer certain advantages over the generally 
used alkane chains in the assembly of monolayers and multilayers. 
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[n]STAFFANE MOLECULAR RODS 

Synthesis 

[n]Staffanes (1) with two terminal substituents are synthesized by rad
ical-induced oligomerization of [1.1.1]propellane with suitable reagents. 
The initially rather exotic [1.1.1]propellane12 has become a convenient 
starting material for synthesis after an efficient procedure for its large
scale preparation was reported.13 Thus, terminal dithiols (1, n = 1-5, X = 
Y = SH) are accessible from the reaction of [1.1.1 ]propellane with diace
tyldisulfide and separation of the oligomers, followed by hydrolysis2: 

~SW~---·-
Terminal dicarboxylic acids l(n = 1-4, X :::: Y:::: COOH) are accessible from 
a similar reaction of [l.l.l]propellane with benzil followed by oxidation2: 

L (PhCO)2... ~ I><J hv PhCO 'l><J'n CO Ph 

This process, however, suffers from poor yields, and the first two mem
bers of the series are more conveniently prepared otherwise2,14: 

(MeCO)2 ... 
hv 

~ 1.0.512 _ ... 
2. hv 

.. 

n-Bu3SnH 
(MeCO)2 .. 

~ M.co~ COM, - HOCO~COOH 
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The first two diacids in the series have been converted into the corre
sponding dicarbonitriles, diamines, and diisocyanides by standard 
procedures.Is 

For the purposes of assembly of conventional monolayers, with which 
we deal in this chapter, singly terminally substituted or differentially 
terminally disubstituted [n]staffanes are required. 

Singly terminally substituted [n]staffanes are again accessible by 
radical-induced oligomerization of [1.1.1]propellane with appropriate,re
action partners. Insertion into C-H bonds is particularly useful. For in
stance, the first five terminal monocarboxylic acids have been obtained by 
separating the oligomers resulting from the addition of [1.1.1 ]propellane 
across the CH bond of methyl formate,2A followed by hydrolysis. Higher 
overall yields result on oxidation of the products of the oligomerizing 
insertion of [l.1.l]propellane across the a C-H bond of diethyl ethel?: 

HCOOMe HWCOO~ / .. 

" ~ HWCOOH 
,Et2O H W C"",E')M' 

/ .. 

Differentially terminally disubstituted [n]staffanes are accessible by in
sertion into other bonds, such as C-I. This procedure has been used to 
prepare the following series of iodo acidsI6: 

hv 
PhWoo .. ~ PhI 

It is also possible to differentiate two equal terminal substituents on an 
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[n]staffane by means of a partial reaction followed by separation. Thus, the 
above-mentioned terminally disubstituted 3,3(n-ltbis(acetylthio)[n ]staffanes 
have been converted to the differentially terminally disubstituted 3-mer
capto-3(n-l)-acetylthio[n]staffanes by partial hydrolysis2: 

"sW SAo--"'''-

The synthesis of the p-carborane-based rods 26 and 36,7 takes advan
tage of the acidity of the hydrogens of the CH groups of the p-carbo
ranes.l7,l8 It is base~ on oxidative coupling of lithium salts with Cu(II), 
originally reported about 20 years ago19 but not utilized much until 
recently. Like those in the parent monomeric p-carboranes, the terminal 
CH groups in their oligomers are acidic. This permits facile terminal 
functionalization and represents a considerable synthetic advantage 
over [n ]staffanes. 

An example of utilization of CH acidity for the differentiation of the 
two termini in the 10-vertex oligocarborane series6 is the introduction of 
silyl substituents and their partied removal: 

.. ~.:" 
~ 

1. BuU 
2. CuCI2 .. 

] 
1.BuU 

92 % 2. EI3SICI 

EI s· ~.:,. IE'-3 ~<> '3 

62 % 1 [Bu.N1F 

~IE~ 

H~~'" ~-~ 

56% 

]
1. BuU 

940/. 2. E~SICI 

E~S~IE~ 

53 % 1 tBu.N1F 

~IE~ 

.. ~~ .. ,. ..... " 

21% 

] 
1.BuU 

94 0/. 2. EI3SICI 

~'~IE'EI~·"'3 

52 % 1 [Bu.N1F 

H~IE~ 

Related procedures have been used to prepare disubstituted rods of 
the l2-vertex oligo-p-carborane series with two equal or two different 
substituents6: 
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HOOC ~ "OOH 1 f .•.. . •.. 1. Bul.J(exc) 1.SuU 
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1. Bull 
2. CO2 

3.HCI .. ~I"'.N..I 
560/0 II ~ ...........--11 

_11' BuU 31 % 2.12 

3. HCI 

The availability of several different classes of rod-like molecules offers 
many advantages. The [n]staffane rods are synthesized from cheap, read
ily available starting materials; in addition, they have the smallest length 
increments and the smallest diameter, only about 5.5 A. The diameters 
of the 10-vertex (7.1 A) and 12-vertex (7.65 A) carborane rods are signif
icantly larger, as are the length increments (the intracage C-C distances 
are 3.4 and 3.1 A, respectively); the starting materials are expensive at 
present, but synthetic transformations, particularly terminal function ali
zation, are facile. The [n]staffane rods are stable up to about 300°C, and 
the carborane rods are stable well above 500°C. It is possible to combine 
twoS and undoubtedly also a larger number of different structural ele
ments in a single rod; this provides an even finer gradation of available 
lengths, on the order of 1 A. 

Molecular Structure 

[n]Staffanes have been available for several years and have been char
acterized fairly thoroughly, although not yet in the detail that they will 
ultimately require. In contrast, we have worked with the boron-based 
roqs for a shorter time and have far less information about their prop
erties. In the following, we describe the molecular structure, the 
vibrational modes, and some aspects of the electronic structure of 
[n ]staffanes. 

Investigations of about a dozen molecules of type 1 by single-crystal 
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X-ray diffraction20,21 showed that they are linear, as expected. An example 
is shown in Figure 5-2. Each additional bicyclo[1.1.1]pentane cage adds 
roughly 3.33 A to the rod's length. This increment represents the sum of 
the remarkably small, nonbonded, intracage bridgehead-bridgehead 
C-C distance, about 1.85 A, and of the equally remarkably short intercage 
C-C bond length, about 1.46-1.48 A. The bond length, about 0·.1 A less 
than expected ordinarily for a hexasubstituted ethane, is accounted for 
by reference to Bent's rules22 and to the high degree of s character.in the 
bridgehead orbital used in forming the exocyclic bond. 

8.58 
'II 

1.87 1.89 1.88 
'II 'II 

1.87 1.89 1.86 

'II 

8.57 
FIGURE 5-2 Single-crystal X-ray structures of two conformers of 3,3"-bis(acetyl

thio)[3]staffane.20 Distances in A. 
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Vibrations 

The vibrations of [n]sta££anes have been studied in some detail23 in 
argon matrix isolation and in stretched polyethylene24 as solvent. To a 
reasonable approximation, the vibrational normal modes can be sepa
rated into two classes, intercage and intracage. In the intercage modes of 
vibration, the individual bicyclo[l.l.l]pentane cages do not distort much 
and mostly move relative to each other. In the intracage modes, the mo
tions are localized within each cage, and there is not much motion of 
one cage relative to another. 

There are four classes of intercage vibrations: accordion, rod-bend, 
rolling, and internal rotation. The high strength of the short intercage 
C-C bond contributes to the high frequency of the 1/ accordion" vibration 
of the [n]sta££ane rod. The situation is actually somewhat complicated: a 
high-frequency stretching motion of the exocyclic C-C bond couples with 
a low-frequency skeletal deformation (symmetric C-C stretching) intra
cage motion that modulates the intracage bridgehead-bridgehead dis
tance. The coupling yields predominantly intercage accordion modes at 
1300-1400 cm-1 and primarily intracage skeletal deformation modes near 
300 cm-1• 

The other expected intercage vibrations have not been observed ex
perimentally. The rod-bending modes are calculated to have very low 
frequencies, all below 200 cm -1, and to be extremely weak both in infra
red (IR) and in Raman spectra. In the longer rods, these bends occur as 
a series of fundamental normal modes of vibration that correspond to a 
fundamental and the mechanical overtones of vibrations in a macro
scopic string, with an increasing number of nodes along the length of 
the sta££ane rod. The nodeless vibration has the lowest frequency, cal
culated at 125 cm-1 in [2]staffane, 61 cm-1 in [3]sta££ane, 35 cm-1 in 
[4]sta££ane, and so on. 

The intercage rolling modes are calculated to have somewhat higher 
frequencies, about 300-400 cm -1, whereas the internal rotations are cal
culated to have very low frequencies, below 100 cm -1. The calculated 
barrier to internal rotation is about 2 kcallmol, quite low for what is 
fundamentally a hexasubstituted ethane but reasonable in view of the 
angles at which the six substituents are attached to the ethane carbons. 

Although the intercage vibrations are more interesting for the 1/ me
chanical" properties of the sta££ane rods, the intracage vibrations have 
been more useful so far in that they are intense in the IR spectrum and 
serve as a diagnostic tool in studies of rod alignment. These are the 
vibrations that are already present in a single bicyclo[1.1.1]pentane cage. 
Their numbers grow :t'egularly as the number of such cages in the 
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[n]staffane increases. The most important of these fundamental modes 
are (1) a very intense in-phase combination of all CH2 wagging motions, 
which occurs at 1215 cm -1 and is polarized along the long axis of the 
[n]staffane molecule, and (2) the doubly degenerate, out-of-phase com
bination of symmetric CH2 stretching motions, polarized perpendicular 
to the long axis, which occurs as a Fermi doublet near 2880 -and 2915 
em-I due to interaction with two quanta of a CH2 scissors fundamental. 
A C-H stretching peak near 2980 cm -1 is of mixed polarization :due to 
band overlap and is not very useful for diagnostic pur;poses. 

The stretching vibration of the terminal CH group present in mono
substituted [n]staffanes is observed near 3000 em-I. It is polarized along 
the long molecular axis but is weak relative to the stretching vibrations 
of the much more numerous CH2 groups. 

Electronic Structure 

Inspection of the molecular geometry at the bicyc1a[1.1.1]pentane cage 
bridgeheads shows that the back lobes of the hybrid orbitals used to 
make the exocyc1ic C-C bonds must overlap significantly and suggests 
that there will be significant electronic communication between neigh
boring cages in [n]staffanes. This should have interesting consequences 
for their electronic structure. In particular, instead of a series of essen
tially non-interacting C-C <T orbitals located at the molecular axis, the 
[n ]staffanes ought to contain a c:r-homoconjugated, linear array of hybrid 
orbitals of <T symmetry with strongly alternating resonance integrals. This 
should then lead to delocaJ.izcl?d <T molecular orbitals and should be re
flected in molecular properties. 

Unsubstituted [n]staffanes do not absorb above 200 nm in the uv, but 
their ionization potentials are relatively low and converge to about 8.5 
eV as the rod gets longer.2 It is likely but not certain that the highest 
occupied molecular orbital in these hydrocarbons is of <T symmetry. Rel
atively strong interactions have been observed25 between 'IT-symmetry 
orbitals on substituents attached to the bridgeheads. 

A probe that has demonstrated the suspected presence of <T bond de
localization in the [n]staffane skeleton was the EPR spectroscopy of 
bridgehead [n]staff-3-yl radicals.26 These formally fully localized radicals 
exhibit easily detectable long-range hyperfine coupling to bridgehead 
protons in positions as distant as ~ and L. An example is shown in Figure 
5-3. 

In view of the large 'IT- and <T-symmetry interactions, one might expect 
electron transfer through the [n]staffane rods to be unusually efficient. 
The high symmetry of the [n]staffane rods permits a separate investi-
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FIGURE 5-3 Proton hyperfine coupling constants in the [3Jstaff-3-yl radical.26 

gation of the transfer of charge as a function of the symmetry of the 
orbitals involved, provided that the donor and acceptor moieties are of 
sufficiently high symmetry themselves, but such an investigation has not 
yet been carried out. The only measurements performed to date used the 
low-symmetry (NH3hRu5- substituents on both rod ends. These do not 
permit a separation of charge transmission through (T- and 1T-symmetry 
orbitals. From measurements of the charge-transfer bands in mixed
valence complexes, it was concluded27 that the electron transmission rate 
is rather high, 1 x 107 S-1 for n = 1 and 2 X 106 S-1 for 11 = 2, comparable 
to those observed previously for spiro linked cyclobutanes?S Additional 
work is clearly required. 

[n]STAFFANE ROD ASSEMBLIES 

Langmuir-Blodgett Monolayers and Multilayers 

So far, these have been prepared from various salts of [n]staffane-3-
carboxylic acids29 (1, X=H, Y= COOH) and of the iodo acid derived 
from dimeric 12-vertex p-carborane6 (3, X=I, Y=COOH). Here, we shall 
describe only the results for the former, about which much more is 
known. 

[n]5taffane-3-carboxylic acids and their salts are too water-soluble if 11 
equals 1 or 2, and they are too insoluble in suitable organic solvents if n 
equals 5 or higher. Monolayers have been prepared successfully using 
chloroform and chloroform-acetonitrile solutions of the [11]staffane-3-
carboxylic acids with 11 equal to 3, using a concentrated solution of CaCl2 

as the aqueous phase, and with 11 equal to 4, using pure water or any of 
a large number of dilute salt solutions. The transfer onto solid substrates 
was facile for 11 = 4 and demanding for n = 3. Examples of pressure-area 
isotherms for the two cases are shown in Figure 5-4 and demonstrate 
that the molecular surface area extrapolated to zero pressure, about 26.0 
A 2 per molecule, is the same regardless of the rod length. This suggests 
that the nature of rod packing in the monolayer is the same in the two 
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FIGURE 5-4 Langmuir-Blodgett isotherms for Ca [n]staffane-3-carboxylates with n = 

3 (dotted line) and n = 4 (solid line). Cadmium arachidate (dot-dash line) is shown as a 
reference. (Reproduced by permission from Ref. 29) 

cases. Results obtained with a variety of counterions are nearly identical. 
The films collapse on further compression to an area of about 24.5 A 2 

per molecule; those obtained with divalent cations, except for M~+, col
lapse at about 50 mN / m, and those obtained with monovalent cations 
or M~+ at about half that pressure. They appear to be quite crystalline, 
since the pressure remains constant or even increases further on contin
ued compression, suggesting that large film segments slide over each 
other. Both at zero pressure and at collapse, the area per molecule is 
considerably larger than the corresponding areas observed for the stan
dard LB films produced from cadmium arachidate, also shown in Figure 
5-4 for comparison (20 and 18 A2, respectively). 

This result is compatible with the relatively large diameter found in 
the single-crystal X-ray structures of the [n]staffane rods2Q,21 compared 
with an n-alkane chain. In the crystal structures of the parent [n]staffane 
hydrocarbons (Figure 5_5),21 the rods are packed in a herringbone-type 
fashion, with axes tilted at about 20° from the crystal axis, and mesh so 
that the bul~g cages of one rod snuggle against the narrower waists 
between the cages on a neighboring rod. The perpendicular distance be
tween the rod axes on the closest neighbors is about 5.4 A. 
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(a) (b) 
FIGURE 5-5 Single-crystal X-ray packing diagrams for (a) [3Jstaffane projected along 

the crystal x axis and (b) [4Jstaffane projected along the z axis. (Reproduced by permission 
from Ref. 21) 

If the [n]staffane rods in the Langmuir-Blodgett film were perpendic
ular to the water surface, such meshing would result in a radius of only 
about 2.7 A. Half of the molecules would have to be 1.67 A farther from 
the water surface than the rest, and the projection of each rod on the 
water surface would be only about 23 A2. The observed area per mole
cule would depend on the nature of the two-dimensional packing ar
rangement of the projected circles, which dictates how much of the water 
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surface remains uncovered in a compactly packed film. The choices of 
packing are limited by the requirement of perfect meshing of each rod 
with all of its neighbors. For instance, in a square array, which permits 
such a meshing, the area per molecule would be about 29 A.2 

In the absence of all meshing, with all molecules perpendicular to the 
surface, the perpendicular orientation would cause each molecule to pro
ject a circle with an area close to 33 Az, and the observed area per mol
ecule in a tightly packed film would have to be larger. If the rods were 
tilted, the observed area per molecule would have to be larger still. Since 
the observed area is only 26 A z at zero pressure and 24.5 A 2 at 50 roN / 
m, some meshing clearly takes place. If the meshing is achieved by keep
ing all molecules equidistant from the water surface and tilting them all 
in the same direction by about 200 from the surface normal, as in the 
single crystals of [n]staffanes (Figure 5-5), the observed area would be 
about 28 N per molecule. Clearly, the area per molecule alone is insuf
ficient to establish the nature of molecular orientation within the mon
olayer, but the value observed is within comfortable reach of several 
packing schemes that can be readily envisaged. 

In order to make progress, one needs independent information about 
the tilt angle. This has been obtained in two ways: first, from the change 
in layer thickness as one adds 3.34 A to the rod length by inserting one 
additional bicyclo[1.1.1]pentane cage, and second, from relative infrared 
intensities. 

Results for the metal ion-to-metal ion average thickness of a pair of 
layers were obtained on multilayer assemblies deposited on an Si wafer. 
The measurements were perfGrmed independently by ellipsometry and 
by low-angle X-ray diffractior .z9 From these, the average tilt angles were 
estimated to be 17 ± 50. The X-ray results suggested that the films are 
highly ordered. Low-resoluTIon maps of electron density projected into 
the surface normal clearly showed the location of the metal ions, the 
region of low electron density in the region of the H··· H van der Waals 
contact in the center of the unit cell, and an intermediate region of os
cillating electron density due to the bicyclo[l. 1. 1] pentane cages (Figure 
5-6). In the monolayers of the Cd salt of [4]staffane-3-carboxylic acid, the 
distance between the unsubstituted terminal bicyclo[l.l.l]pentane cages 
was only 4.5 A, and the rod ends must be interdigitated. The Ca salts 
showed a different packing in that relatively large terminal H··· H dis
tances of 6.8 and 7.5 A were observed in the [3]- and the [4]staffane-3-
carboxylate, respectively, and it was concluded that some water probably 
was occluded in the plane between the unsubstituted rod ends. In con
trast, the carboxylate-carrying terminal cages lying across the ionic con
tact plane were found to lie quite close to each other (6.4 and 5.5 A, 
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FIGURE 5-6 Proiection of the relative unit cell electron densities in Langmuir-Blodgett 

films of Ca [n]staffane-3-carboxylates, (a) n = 3 and (b) n = 4, onto the surface normal. The 
vertical scale is arbitrary. (Reproduced by permission from Ref. 29) 
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respectively). It appears that the cations and anions are meshed and lo
cated nearly in the same plane, as proposed for Mn stearate.30 The dif
ference in the two salts was reflected in shorter metal ion-to-metal ion 
separation in the Cd salt. Assuming a 17" tilt angle, the effective lengths 
of the back-to-back arranged rod pairs were 27.0, 33.6, and 32.8 A for Ca 
[3]staffanecarboxylate, Ca [4]staffanecarboxylate, and Cd [4]staffanecar
boxylate, respectively. 

IR spectroscopy has been an independent source of information on 
the tilt angle of the [n]staffane rods in the thin films. The key observable 
is the ratio of the absorbance due to long-axis polarized transitions to 
that due to transversely polarized transitions attributed to the vibrations 
of the [n]staffane skeleton. As noted above, the most useful long-axis 
polarized vibrations are a very strong CH2 wag located at about 1215 
cm-1 and a weak CH stretch of the terminal bond at about 2980 cm-1• 

The intense Fermi doublet at 2880 and 2915 cm -1 associated with the 
CH2 stretching motion is the most useful of the vibrations that are po
larized perpendicular to the long axis. 

Vibrations of the carboxylate group were observed as well. However, 
their relative intensities indicated that the presence of nearby counterions 
lowers the symmetry of the carboxylate group enough that the directions 
of the transition moments of the nominally symmetric and antisymmetric 
CO stretching vibrations no longer coincide with the symmetry axes of 
the isolated carboxylate group and thus are useless for the present 
purpose. 

Quantitative evaluation is based on the relative intensities of the par
allel and perpendicular polarized IR transitions measured on isotropic 
powder and on the films. In the powder measurement, all transitions are 
weighted equally. In a measurement on a film taken with the light beam 
incident normal to a transparent flat substrate (germanium), the observed 
band intensities are weighted by the squares of the projections of the 
unit vectors in the transition moment direction into the surface. At graz
ing angle incidence on an Au-plated surface, they are weighted by the 
squares of the projections into the surface normal. 

Reasonable care needs to be exercised in the analysis to allow for the 
fact that the transverse vibrations of the [n]staffane skeleton are doubly 
degenerate. As the rod tilts away from the surface normal by angle (x, 

one of the pair of transverse transition moments associated with the two 
components of the vibrationally excited state remains parallel to the sur
face, while the other produces a projection into the normal that goes as 
sin (X and a projection into the surface plane that goes as cos (x. A tran
sition moment polarized along the long axis of the rod produces a pro-
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jection into the surface normal that is proportional to cos <Y and a pro
jection into the surface that is proportional to sin <Y. 

The tilt angles derived from IR measurements on multilayers of the 
Cd salt of [4]staffane-3-carboxylic acid are about 20° on the Au substrate 
and about 30° on the Ge substrate. These results agree very well with 
those obtained in the ellipsometric and X-ray reflection work on the same 
multilayer assemblies. 

The sensitivity of the IR method is sufficient to perform measurements 
on a monolayer (Figure 5-7). The results for a monolayer on a Ge surface 
were close to those obtained for the multilayers, and we believe that the 
somewhat larger tilt angle reflects a greater roughness of the substrate 
used rather than any specific property of germanium. On the Au sub
strate, however, the first layer exhibited a tilt angle that was within ex
perimental error of zero. As shown in Figure 5-7, in this spectrum the 
perpendicular polarized CH2 stretches are absent, while the parallel po
larized CH2 wag is strong, as is the terminal CH stretch. The intensity 
of the latter, due to a single C-H bond, contrasts eloquently with the 
absence of any intensity in the stretching modes due to the 24 C-H bonds 
in the CH2 groups. 

The strictly perpendicular alignment of the first layer of [4]staffane-3-
carboxylate rods on the metal surface promises to be useful for future 
attempts to use [n]staffane-based monolayers as a base for the construc
tion of more complex structures. For this purpose, terminally function
alized rods are needed. In these, the terminal bonds would permit the 
anchoring of further groups in a direction well defined to be normal to 
the surface. As noted above, we have synthesized [n]staffane-3-carboxylic 
acids with a terminal p-iodophenyl group, and hope that these will yield 
monolayers in which the C-I bonds are arranged perpendicular to the 
surface. We have already performed the first experiments with termi
nally iodinated rods based on oligomeric carboranes, which produce 
Langmuir-Blodgett films with a substantially larger area per molecule, 
about 40 A2 per molecule,6 and are presently attempting to dissociate the 
C-I bonds by UV irradiation. Ultimately, the availability of a series of 
rods of various diameters and lengths should offer considerable freedom 
in the choice of monolayers for the anchoring of more complex 
structures. 

Self-Assembled Monolayers 

While our goal of producing [n]staffane-based Langmuir-Blodgett 
films rigidly and usefully functionalized on their outer surface has not 
yet been reached, a para liel effort based on the self-assembly of thiols on 
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FIGURE 5-7 IR spectra of a Cd [4]staffane-3-carboxylate monolayer: (a) normal inci
dence on Gei (b) grazing incidence on Au-covered glass. (Reproduced by permission from 
Ref. 29) 

an Au surface has already produced such a monolayer.31 Here the target 
was a surface functionalized with the sulfhydryl (SH) groups. These 
should be relatively reactive and useful for the attachment of a variety 
of substituents. 

The formation of self-assembled monolayers of alkanethiols by ad
sorption from solution onto the surface of metals such as CU32 and Au33 
is facile and has been extensively studied. Our initial attempts to produce 
well-ordered monolayers by the adsorption of [nlstaffane-3,3(1l-1)-dithiols 
on an Au surface gave disappointing results. The layers that formed did 
not block the Au electrode well, and their IR spectra, analyzed as de
scribed above for Langmuir-Blodgett films, showed that the average in
clination of the rod axis was about halfway between normal and parallel 
to the surface. Contact angles for water were very high, about 80°. It 
appeared likely that only about half of the molecules adsorbed in the 
desired fashion, through one S atom and normal to the surface, while 
the other half adsorbed through both S atoms, with the [n]staffane rods 
parallel to the surface. This could be expected to lead to a poorly ordered, 
poorly blocking, and quite hydrophobic surface layer. 

The obviou~ remedy was to deactivate one of the SH groups on each 
rod. An easy way to do this was suggested by the initial mode of syn-
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thesis of these [n ]staffane derivatives2 and is summarized in Figure 5-8. 
As described above, the synthesis produces the thiol acetates l(n = 1 -
5, X = Y = SCOCH3) rather than the free thiols. Thus, all that was needed 
was to perform only partial hydrolysis and to isolate the singly protected 
thiol-thiol acetates l(n = 1 - 5, X = SH, Y = SCOCH3).31 With the excep
tion of the first member of the series, n = I, these indeed readily form 
stable and perfectly blocking self-assembled monolayers on the surface 
of an Au electrode. Most of the experiments were performed with rQds 
containing two or three bicyclo[1.1.1]pentane cages, n = 2 or 3. 

Grazing-incidence IR measurements showed a strong CH2 wagging 
peak near 1215 cm -1 and negligible intensity for the CH2 stretching
scissoring Fermi doublet at 2880 and 2915 cm -1 (Figure 5-9). This implies 
that the [n]staffane rods are oriented normal to the surface within the 
experimental error, as hoped for. It appears most likely that the S atom 
is centered above a triangle of Au atoms in a [111] surface and thus has 
a tetrahedral environment. 

The C-H stretching IR peaks due to the methyl group are difficult to 
separate from those of the [n]staffane rod. However, the orientation of 
the acetyl groups located on the outer surface of the monolayer can still 
be determined from the IR intensity of the strong carbonyl stretching 
vibration located near 1700 cm-1. A priori, one would expect it to be 
either cis planar, with the CSCO dihedral angle <I> equal to zero (the 0 
atom pointing toward the Au surface and the CH3 group outward), or 
trans planar, with <I> equal to 180° (0 outward and CH3 toward the Au 
surface). 

The IR intensity of the carbonyl stretch relative to the CH2 wag, which 
is polarized normal to the surface, is reduced by a factor of about one
half with respect to its value in a n isotropic powder. This factor is equal 
to <cos2 (1), where (1 is the angle between the c==o bond direction and 
the surface normal, and the pointed brackets indicate ensemble averag
ing. Assuming that all of the acetyl groups in the surface have similar 
conformations, trigonometry then shows that the IR intensities are com
patible with two possible orientations. The dihedral angle <I> is either 
close to zero (cis) or close to 130° (gauche). The trans conformation (<I> = 
180°) is excluded. The gauche conformation, although compatible with 
the IR intensities, would be quite different from the conformations 
known from single-crystal X-ray structures of [n]staffane thiol acetate 
derivatives (Figure 5_2)/° would have strongly reduced conjugation be
tween the S and carbonyl groups, and appears improbable. The cis 
conformation is most likely by far, and we conclude that the methyl 
groups point outward, as they do in the single crystals of 3,3(n-l)_ 
bisacetylthio[n]staffanes 20 This is nicely compatible with the relatively 
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FIGURE 5-8 Schematic representation of the chemical transformations of a self
assembled monolayer. (Reproduced by pennission from Ref. 31) 

high contact angles for water on this surface, about 75°. This value can 
be compared with the value of 70° reported34 for a layer self-assembled 
from the aliphatic thiol-thiol acetate, HS(CHz)12SCOCH3. 

Next, the acetyl group was· hydrolyzed from the film surface by brief 
exposure to a dilute ethanolic solution of NaOH. The only detectable 
change that this caused in the IR spectra was the expected disappearance 
of the carbonyl stretching peak at 1700 cm-1 (Figure 5-9). In particular, 
the perpendicular polarized CHz stretches remain undetectable. The 
electrode-blocking properties of the film remain unchanged as well. We 
conclude that removal of the protecting groups does not significantly 
perturb the structure of the monolayer. The [n]staffane rods remain ori
ented normal to the surface, which is now decorated by SH groups, as 
originally desired. Their presence is reflected in the much reduced water 
contact angle, about 40°. 

The sulfhydrylated surface is now ready for further functionalization. 
The first types of experiments we wished to perform were electrochem
ical, and we decided to start with the ruthenium pentaammine substit
uent as a model entity susceptible to oxidation and reduction. This group 
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FIGURE 5-9 Grazing incidence IR absorption spectra of a monolayer of the thiol-thiol 
acetate 1 (X = SH, Y = SCOCH3) as initially self-assembled (solid line) and after hydrolytic 
removal of the acetate group (dash-dotted line) on an Au substrate. Dotted line: isotropic 
spectrum of 1 (X = SH, Y = SCOCH3) in a KBr pellet, plotted on a scale such as to make 
the intensity of the 1210 cm-1 peak equal to that in the self-assembled film. (Reproduced 
by permission from Ref. 31) 

was introduced by an overnight tmmersion of the sulfhydrylated surface 
in a dilute solution of [Ru(NH3h(H20)](PF6h in acetonitrile. The IR spec
trum of the resulting monolayer (Figure 5-10) is dominated by features 
associated with the ammonia ligands on the ruthenium atoms: the broad 
NH stretching band between 3000 and 3400 cm-I, the degenerate defor
mation band near 1600 cm-I, and the symmetric deformation band at 
1333 cm -1. The CH2 stretching bands are still undetectably weak and the 
CH2 wag is easily detectable, proving that the [n]staffane rods are stand
ing upright on the surface. 

Very similar monolayers were obtained by self-assembly of 
[n]staffane-3,3(n-I)-dithiols carrying a ruthenium pentaammine group on 
one of the thiols, l(X = SH, Y = SRu(NH3)s). Only the IR intensity of the 
CH2 wag, characteristic of the [n ]staffane moiety, was weaker by a factor 
of at least 2 (Figure 5-10). This can be understood on consideration of 
the relative size of the ruthenium pentaammine group, with a radius of 
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FIGURE 5-10 Grazing incidence IR absorption spectra of ruthenium pentaammine 
carrying self-assembled monolayers on an Au substrate. Solid line: film obtained by ru
theniation of a sulfhydrylated surface. Dotted line: film assembled from prerutheniated 
thiol, 1 IX = SH, Y = SRu(NH3)s]. (Reproduced by permission from Ref. 31) 

about 3.5 A, and of the staffane rod, with a diameter close to 2.9 A. On 
rutheniation of the sulfhydrylated surface, at least half of the SH groups 
must be left unfunctionalized in order to accommodate the ruthenium 
pentaammine groups properly. In the self-assembly of [n]staffane rods 
that already carry the ruthenium pentaammine group on one end, the 
same spatial problem arises. Since every rod carries a ruthenium pen
taammine group, they cannot pack as densely as they did in all of the 
films discussed so far, and the observed intensity of the CH2 wag must 
be lower, as observed. It is not obvious how the voids in the film are 
filled; the counterions are an obvious possibility. They are apparently 
filled well, since the blocking properties of the films produced by self
assembly of the singly rutheniated rods are excellent and are indistin
guishable £fom those of films that were produced by rutheniation of the 
sulfhydrylated surfaces. There is no evidence of water in the spectra of 
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dried films. The monolayers were quite hydrophilic and had water con
tact angles of about 40-60°. 

The blocking properties of the films were evaluated by three proce
dures. One of these was cyclic voltammetry on a solution containing 
ferrocyanide anions (Figure 5-11), the second was chronoamperometry 
on a solution containing ruthenium hexaammine cations, and the third 
was a measurement of a decrease in the gold oxide reduction wave by 
the blocking layer. 

The electrochemical behavior of monolayers whose outer surface car
ried ruthenium pentaammine groups was the same, regardless of how 
they were prepared: either by functionalization of a sulfhydrylated sur
face or by self-assembly of rods carrying a preattached ruthenium pen
taammine substituent on one end. 

On a glassy carbon,' electrode, which does not adsorb thiols, acidic 
solutions of the singly rutheniated rod l(n = 2, X = SH, Y = SRu(NH3h) 
showed reversible oxidation-reduction behavior. Immobilized on the sur
face of an Au electrode, the rutheniated thiol yielded peak currents for 
oxidation and reduction that were linear with scan rate, and the peak 
potential was 0.51 V vs. SeE (v = 200 mV Is), about 60 mV more positive 
than the solution species (Figure 5-12). 

The difference in oxidation-reduction potentials suggests that Ru(II) 
in the film is stabilized with respect to Ru(ID), which may be attributed 
to increased electrostatic repulsions between the Ru centers in the + 3 
oxidation state. Alternatively, the difference in the potentials could be 
due to differences in specific ion pairs formed with the perchlorate anion 
from the supporting electrolyte 35 After background correction, the 
charge passed under the anodic vVave was measured to be 1.2 X 10-10 

mol! cm2 • The roughness (increase in surface area) of the polycrystalline 
Au substrate was 1.6 ± 0.2, as determined from the charge passed for 
the reduction of an adsorbed iodine monolayer on bare Au. The ad
sorbed coverage corresponded to about 40% of that expected for a mon
olayer with the densest commensurate packing of the [n]staffane rods on 
gold111 [83 A2 per SRu(NH3)s]. This relatively low coverage is probably 
due to electrostatic repulsions among the positively charged Ru centers 
and to the need to accommodate counterions. If all of the divalent coun
terions or half of the monovalent ones are part of the surface 
monolayer, the observed coverage corresponds to complete surface cov
erage within experimental error. 

Measurements of the rate of the oxidation and reduction processes at 
the immobilized layer by the potential jump method gave results that 
were not compatible with electron transfer across the [n]staffane rod be
ing the rate determining step. The kinetic behavior was nonexponentiaL 
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FIGURE 5-11 Cyclic voltammogram of a 1.2 mM solution of K.Fe(CN)6 at a bare Au 
electrode (solid line), an Au electrode coated with a self-assembled monolayer of the thiol
thlol acetate l(n = 4, X = SH, Y = SCOCH3) (dashed line), and an Au electrode coated with 
a self-assembled monolayer of the dithiol1(n = 4, X = Y = SH) (dotted line). Scan rate 50 
mVs-\ SCE reference electrode. (Reproduced by permission from Ref. 31) 

The rates were unreasonably high and decreased only slowly as the rods 
became longer (at the half-wave potential, very roughly 1600, 900, and 
500 S-l for the reduction of the Ru center .on the outer surface of 
monolayers prepared from [2]-, [3]-, and [4Jstaffanedithiols). It appears 
likely that the electrons reach the outer surface at defect sites, at a rate 
that depends only weakly on monolayer thickness, and subsequently 
jump from one Ru center to the next along the outer surface. If this 
explanation is correct, a decrease in the density of functionalization of 
the surface with the RU(NH3)s units, which would slow down electron 
transfer parallel to the surface or eliminate it altogether, should have a 
large effect on the observed kinetics. It is to be hoped that in the limit 
of low coverage, the transfer of electrons across the length of the 
[n]staffane rod will become the rate-determining step. Measurements of 
this type are underway at present. 

If meaningful heterogeneous electron transfer rates across a blocked 
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FIGURE 5-12 Cyclic voltammogram of (a) a self-assembled monolayer of l[n = 2, 
X = SH, Y = SRu(NH3)s] on a polycrystalline Au substrate of 0.18 cm' geometric area and 
(b) a 2 mM solution of l[n = 2, X = SH, Y = SRu(NH3)s] with a glassy carbon electrode 
in 1 M HCI04t V = 200 mVs- I , SCE reference electrode. (Reproduced by permission from 
Ref. 31) 

electrode can be measured, it will be possible to compare them with the 
homogeneous electron transfer rates mentioned above. These were esti
mated for the same [n]staffane-3,3(n-l)dithiols carrying a ruthenium pen
taammine group on each S from the properties of the charge-transfer 
band observed in the mixed-valence Ru(II)-Ru(III) species. It will be very 
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interesting to see whether the electron transfer rates are high enough for 
imaging the monolayers by scanning tunneling microscopy. 

CONCLUSIONS AND OUTLOOK 

Both Langmuir-Blodgett and self-assembled monolayers can be built 
from suitably functionalized [n ]staffanes, and the long axes of the rods 
are perpendicular to the surface. Monolayers of both, types have been 
provided with functionalities at the outer surface, and -it is believed that 
the rigidity of the rods will be helpful in preventing undesirable inter
substituent interactions. Rod packing in multi1ayers is different and ap
proximates that in single crystals of [n]staffanes. Much work remains to 
be done before th~ arrangement of the rods in the plane of the surface 
is fully understood. 

Investigations of further manipulation of the functionalities on the 
outer surface of the monolayers are underway. Thus, removal of iodine 
atoms by UV irradiation should produce an outer surface adorned with 
free radical centers, with obvious further uses. The attachment of suitable 
molecular-recognition groups at the sulfhydrylated surface may produce 
an electrode surface that is nearly perfectly blocking for species present 
in solution, and yet permits reduction of species that are recognized and 
selectively bound from the solution to the functionalized monolayer on 
the surface of the electrode. Such a functionalized electrode would be of 
interest both for selective sensing and for selective preparative 
electrochemistry. 

However, as pointed out above, we view even the most intriguing 
objects of this chapter, supra molecular rod assemblies, only as an inter
esting intermediate stage on the way to our ultimate goal: fully cova
lently bonded thin-layer assemblies carrying active groups at preselected 
locations. 
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6 
Graphite: Flat, Fibrous and 
Spherical 
JOHN A. JASZCZAK 

INTRODUCTION 

The paradigm for the structure of graphite is that of a staggered stack
ing of flat layers of carbon atoms (Figure 6-1). Individual layers, some
times referred to as graphene sheets,! are weakly bonded to each other 
and are composed of strongly bonded carbon atoms at the vertices of a 
network of regular hexagons in a honeycomb pattem.2 Both the prop
erties and the morphology of graphite reflect its highly anisotropic struc
ture. Due to the strong bonding within layers and the weak bonding 
between layers, the growth of graphite takes place predominantly along 
the edges of the layers (perpendicular to the c axis) and only very slowly 
normal to the layers (parallel to the c axis). As a result of the growth 
rate anisotropy, the anisotropic surface energy, and the crystallographic 
symmetry, the expected morphology for graphite crystals is that of tab
ular hexagonal prisms.3 However, well-formed natural crystals, such as 
shown in Figure 6-2, are rare/ and it has been said that near-ideal crystals 
of graphite may be rarer than diamonds.5 Well-formed, laboratory-grown 
crystals of graphite are also uncommon. During the 1960s, graphite crys
tals from Ticonderoga, New York, and Sterling Hill, New Jersey, became 
a standard of perfection for experiments and for comparison with labo
ratory-grown crystals.6,7 

One of the reasons for the rarity of such graphite crystals is the ex
treme softness and flexibility of graphite due to the ease with which the 
carbon sheets in its structure can glide past one another under stress. In 

161 



162 Graphite: Flat, Fibrous and Spherical 

FIGURE 6-1 A portion of the graphite structure showing three planes of atoms in the 
hexagonal ... ABAB .. . stacking sequence with space-group symmetry P63 /mmc. The 
C-C bond distance in the planes is 1.42 A, while the interplanar spacing is 3.40 A. (Image 
created using MacMolecule; ©University of Arizona) 
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FIGURE 6-2 Well-formed graphite crystal (1 mm) showing tabular hexagonal mor
phology in calcite (CaC03) from Crestmore, Riverside County, California. JAJ specimen 
No. 888. 

fact, graphite is known to occur, both naturally and synthetically, in a 
variety of curved morphologies, including cylindrical and spherical, at 
length scales ranging from near atomic to macroscopic.B Perhaps another 
reason for the rarity of well-formed graphite crystals and for the exis
tence of curved structures is related to the nucleation and growth pro
cesses of graphite. Since flat but finite sheets of honeycomb-bonded car
bon atoms must have broken bonds at their edgesJ flat graphene sheets 
may not be the most stable form of carbon in very small systems.9,lO On 
a small enough scale, such as during the early stages of nucleation, the 
thin, flexible graphene sheets could easily become curved in order to 
minimize their surface energy or to satisfy additional bonds at these 
edges.l1 Curving of the graphitic sheets at the smallest scale can be ac
complished by the addition of one or more pentagons in the carbon sheet 
of hexagons. The addition of 12 pentagons in a sheet allows the sheet to 
close on itself and to form fullerenes and other spherical carbon clus
ters.12,13 The smallest closed carbon cage with no two pentagons touching 
each other is the fullerene C60• The flexibility of graphitic sheets and the 
inclusion of pentagons therein have been proposed to explain the growth 
of graphitic carbon fibers with a cone-helix structurel 4-17 (see below). 
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Inspired by the existence of fullerenes18 and larger curved graphites, 
we here briefly review the literature on graphites occurring as fibers and 
spheres, from microscopic to macroscopic. Also summarized for the first 
time are the geological occurrences of spherical graphite. 

FILAMENTOUS GRAPHITE 

Due to the unique strength of the in-plane carbon-carbon bond in graph
ite, carbon fibers are used to produce some of the strongest materials for 
their weight known. According to Hillert and Lange,19 the filamentary 
growth of graphite was observed over a century ago. Because of their 
technological impox;tance, graphite fibers have been the subject of a great 
deal of research since the 1940s.19,20 Recent reviews of filamentous carbon 
have been given by Baker and Harris,21 Dresselhaus et al./ TIbbetts,22 and 
Rodriguez.23 Commercially produced carbon fibers (known as ex-polymer 
fibers) are made by heat treatment (graphitization) of extruded polymer 
precursors. These fibers have a variety of graphitic microstructures, de
pending on processing conditions and the polymer precursor, but are 
typically rather disordered, especially in cross section. More highly or
dered filaments are formed from catalytic chemical vapor deposition 
(CCVD). Such filaments are usually formed as a result of the decompo
sition of carbon-rich gases in the presence of some solid catalyst at tem
peratures usually in the range of 350°C to 2500 0c. The filaments typi
cally range in size from 0.01 to 200 IJ.m in diameter, although the thicker 
fibers can reach up to 5 cm in length. The filaments can be straight, 
curved, bent, or twisted. Using a two-stage vapor-growth process of first 
nucleating and lengthening thin fibers with nanometer-sized, iron-rich 
catalyst particles and then thickening them by iI)creasing the carbon po
tential, straight fibers have been grown up to 30 cm 10ng.22 CCVD fila
ments are thought to be composed of concentric rings of graphene sheets 
with the c axis (sheet normal) normal to the fiber axis (Figure 6-3a). After 
heat treatment above 3000 °C, the filaments can develop facets (Figure 
6_3b).1.24 The most ordered carbon fibers (termed graphite whiskers) are 
grown in a carbon arc under a high pressure of inert gas (Ar or He). 
These fibers typically consist of graphene sheets rolled up in a scroll-like 
fashion, with the c axis roughly perpendicular to the fiber axis (Figure 
6-3c).20 Filamentous carbon occurs in a variety of structures, however, in 
which the c axis can be perpendicular to, parallel to, or inclined with 
respect to the fiber axis (Figure 6-3). Due to their highly ordered struc
tures, arc-grown graphite whiskers are far superior in strength to com-
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FIGURE 6-3 Schematic representation of various fibrous graphite morphologies. The 
concentric tube, or tree-ring, types (a) and (b), are commonly produced by CCVD, as well 
as by carbon arcs. Part (b) shows the effect of high-temperature heat treatment of CCVD 
fibers (a) resulting in faceting. Scroll types (c) can be produced in carbon arcs. Types (a) 
through (d) have the c axis (graphene plane normal) normal to the fiber axis. These types 
often have helicity roound the fiber axis leading to a growth ledge at the fiber ends (d). 
The c axis in (e) is parallel to the fiber axis and mayor may not contain a screw dislocation 
parallel to the fiber axis. Cone-helix whiskers (f) have the c axis tilted with respect to the 
fiber axis. 
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mercially available carbon fibers and have been of great interest for po
tential commercial applications.! 

One of the most recent additions to the list of filamentous graphite 
types are carbon-arc-generated hollow carbon tubes, sometimes referred 
to as buckytubes, that are only nanometers in diameter.25,26 These tiny fibers 
are composed of concentric tubes of graphene (Figure 6-3a) and do not 
appear to be scroll-like. Furthermore, the hexagons in each layer are ar
ranged in a helical fashion about the filament axis, producing a type of 
growth step at the fiber end that may expedite growth parallel to the fiber 
axis (Figure 6-3d). Annealing of such nanotubes in an intense electron 
beam results in their becoming more spherical by the addition of penta
gons to the network of hexagons, and ultimately results in the formation 
of carbon "onions" -concentric spheres of graphene layers?7 -29 Carbon 
nanotubes have alsp been filled with liquid lead by capillary action, giving 
rise to the possibility of nano-fabrication of wires, as well as new electrical 
and mechanical properties.30 While the first buckytubes were composed 
of 2 to 50 coaxial graphene sheets (not rolled like a scroll), nanotubes of 
only a single atomic layer thick have recently been synthesized from the 
gas phase in the presence of either Fe3! or CO.32 

Naturally occurring graphite whiskers have been reported by Patel 
and Deshapande.33 Several whiskers were observed with graphite crys
tals from Ticonderoga, New York, that were up to 1 mm long and rather 
thick (65 to 125 j.Lm in diameter). Unlike most filamentous graphite, these 
naturally occurring whiskers grew with the c axis parallel to the fiber 
axis (Figure 6-3e). Recently, ribbon-like graphite filaments have been 
grown by disproportionation of carbon monoxide by small, iron-rich par
ticles at the growing ends of the whiskers.34 These whiskers were shown 
by high-resolution transmiSBion electron microscopy (HRTEM) to be 
highly ordered and "novel' in that they also grew with the fiber axis 
parallel to the c axis of the graphite. 

Carbon whiskers made of the fullerene C60 comprise another class. 
Kratschmer et al.35 first produced macroscopic amounts of C60 from arc
generated carbon soot. The C60 was extracted from the carbon soot in 
benzene and crystallized as thin platelets, rods, and stars with hexagonal 
symmetry The structure of pure C60 crystals seems actually to have the 
C60 molecules centered on face-centered cubic (fcc) lattice sites.36-39 Re
cently, Yosida has grown whisker crystals of C60 in a benzene and hexane 
solvent.40 These whiskers, 60 j.Lm in diameter and 300 j.Lm long, have an 
[001] direction as the fiber axis and show a faceted morphology consis
tent with an fcc structure. 

Another cJass of carbon filaments are known to have helical structures 
in which the local normals of the graphene sheets are inclined with re-
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spect to the fiber axis.17,19 Amelincla et aJ.17 have recently characterized 
the structure of graphite whiskers that break to form conical surfaces 
and have proposed that individual whiskers grow around a type of de
fect called a disclination.41 To form a disclination, consider a single graph
ene sheet of carbon atoms with a cut in the sheet from the edge to the 
middle to the sheet. By making the cut edges overlap, a cone shape is 
formed from the sheet, and continued growth on the exposed edge yields 
a cone-helix structure (Figure 6-3f). The larger the overlap of the cut 
edges, the smaller the apex angle n. In the limit of no overlap, ex = 180°, 
and the disclination becomes a classical screw dislocation, provided that 
the cut edge is still shifted sufficiently to form a step on the graphene 
sheet for continued growth. The exposed cut edge serves as a nucleation 
site for additional growth, as is expected, but now with an overall com
ponent of the fiber's growth direction normal to the graphene sheets. 
Amelinckx et al. further proposed that the disclination core is a channel 
of stacked pentagons in the otherwise hexagonal graphene sheet. Double 
and Hellawelll 4-16 had previously proposed the same mechanism for the 
formation of cone-helix structures, and noted that certain overlap angles 
(and thus certain ex angles) form low-energy twist grain boundaries and 
would be preferred over other overlap angles. In particular, for the often 
observed value for the apex angle ex = 139.9°, the graphene planes are 
rotated about the c axis by 21.8° and form low-energy twist boundaries. 
Double and Hellawell further proposed that numerous cone-helix fibers 
could nucleate from a common center (perhaps a fullerene or carbon 
onion) to form spherical graphite (Figure 6-4), a common and important 
morphology for graphite in cast iron and metallic solutions. 

SPHERICAL GRAPHITE 

The 22 October 1992 cover of Nature showed a stunning micrograph of 
a carbon onion made by Daniel Ugarte27,28 that was captioned "The Ul
timate Fullerene?". In his article describing the formation of quasi
spherical particles composed of highly ordered, concentric graphitic 
shells up to several microns in diameter by electron-beam irradiation of 
carbon soot, Ugarte suggested that planar graphite may not be the most 
stable allotrope of carbon in systems of limited size.28 His results pre
sented clear experimental evidence of a spontaneous tendency for graph
ene or graphite to include pentagons in its network of hexagons and 
form curved structures. Nested polyhedral graphene cages similar to 
Ugarte's onions had been observed by Iijima in vacuum-deposited, 
amorphous carbon films12 (Figure 6-5). It has been suggested that in the 
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FIGURE 6-4 Sketch of numerous cone-helix graphene sheets radiating from a central 
nucleus to form a spherical morphology. [From Figure 3(a) of Ref. 15. Used by permission] 

FIGURE 6-5 Nearly spherical shells of carbon in amorphous carbon films found by 
Iijima. The arrows indicate radial regions where the carbon shells show interruptions (see 
also Figure 3 of Ref. 13). The marker at the bottom right represents 20 A. [From Figure 
5(b) of Ref. 42. Used by permissionl 
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polyhedral particles, the pentagons in the nested shells are all aligned, 
making it possible for the graphene sheets to facet, while on the other 
hand, in the spherical onions, the pentagons are randomly oriented in 
the nested shells.28 Interestingly, Ugarte pointed to the possibility of 
forming macroscopic graphite spheres by adequate annealing of the car
bon. Indeed, macroscopic spheres of graphite already exist. The best
known examples of macroscopic graphite spheres are those in certain 
cast irons. Less well known are those that occur naturally in sizes ranging 
from a few microns in diameter to 2 cm in diameter in igneous and 
metamorphic rocks. 

It has long been known that spheres of graphite, typically on the order 
of 0.1 mm in diameter, occur in certain cast irons that have superior 
mechanical properties compared to other cast irons.43 Since the spheroi
dal graphite is important in controlling the properties of cast iron, the 
nucleation, growth, and microstructure of such graphite have been stud
ied intensely and reported in the metallurgicalliterature.44 The produc
tion of cast iron containing spherical graphite, as opposed to flake graph
ite, usually requires the presence of "nodularizers" such as Ce or Ce and 
Mg, which seem to promote the nucleation and growth of nodular 
(spherical) graphite. However, Sadocha and Gruzleski have suggested 
that in Fe-C-Si alloys the "natural" morphology for graphite is spheroi
dal instead of tabular, and the nodularizers merely act as scavengers to 
remove deleterious impurities.45 

Similar to the carbon onions (Figure 6-5) observed by Ugarte27 and 
Iijima13,42 (compare also heat-treated CCVD fibers, as in Figure 6-3b), the 
spherical graphite in cast iron aLSO has its graphene sheets aligned cir
cumferentially, despite a radial-appearing texture.46-48 In fact, Miao et a!. 
supposed that the nucleus of spherical graphite in cast iron might be a 
C60 polyhedron.48 Double and Hellawell noted that very thin graphite 
sheets should be able to roll up easily into loose spheres while floating 
freely in solution due to their extreme flexibility. Further, they proposed 
that the radial texture and the circumferential alignment of the graphene 
sheets result from a cone-helix growth mechanism from a common center 
(Figure 6_4).14-16 

Because of its relation to the metallurgical formation of spherical 
graphite, it is interesting to note here the occurrence of a type of spher
ulitic graphite, known as cliftonite, which occurs with diameters ranging 
from 10 f.Lm to 1 mm in some iron meteorites.49,50 Cliftonite is a poly
crystalline aggregate of graphite that most commonly shows a cubic or 
cubo-octahedral morphology. The morphology can also be dodecahedral, 
cubododecahedral, or spherical. In cube or cubo-octahedral grains, the 
graphite crystallites radiate out from the centers of the grains to the mor-
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phological cube or octahedron faces, respectively, with the graphene 
planes of the graphite aligned approximately parallel to these respective 
faces. In light of the work of Sadocha and Gruzleski,45 it is interesting to 
note that cliftonite is composed of carbon of exceptionally high purity. It 
is believed that cliftonite grows by the decomposition of cohenite [nat
urally occurring (Fe,Ni,Co)3C] in kamacite [naturally occurring (Fe,Ni)], 
with subsequent diffusion of the carbon to nucleation sites, where spher
ulitic growth takes place but where the external morphology is controlled 
by the surrounding metal.so 

Another interesting occurrence of spherical graphite is in the 
quenched regions of diamond and graphite melted in a diamond anvil 
with a pulsed YAG laser.s1 In these quenched melts, spherical particles 
were observed with a range of diameters. In spheres up to 0.2 /-Lm in 
diameter, the particles were graphitic, and the graphene sheets were 
found to be concentric. On the other hand, spheres of diameter greater 
than 0.2 /-Lm were shown to be polycrystalline diamond with either a 
radial or a granular texture. We note also that a rare form of diamond, 
known as bort or ballas, occurs naturally, with a spherical morphology 
and a radial internal texture.S2 The origin and microstructure of these 
spherical diamonds do not seem to have been systematically investi
gated, though they could possibly have important commercial applica
tions. Both diamond and graphlte have been found in graphite I nickel 
composite powders subjected to high-pressure shock-wave compres
sion.s3 Here, carbon spheres up to 7 /-Lm in diameter occur as solid graph
ite or as thin graphite rings that sometimes surround diamond. Evidence 
from these samples supports a growth mechanisms4 whereby the graph
ite crystallizes on cooling on the periphery of gas bubbles in the metallic 
melt, and crystallization proceeds inward in a winding fashion, with the 
graphene sheets oriented normal to the spheres' radii. A graphitic carbon 
sphere 65 nm in diameter has been produced by shock compression of 
carbon black/s and shows an onion-like structure in TEM similar to those 
made by Ugarte. 

Regarding naturally occurring spherical carbons, the fullerenes C60 and 
C70 have been discovered as in the carbonaceous rock shungite from 
Shunga, Karelia, Russia56 and in a fulgerite (a glassy, tubular structure 
resulting from lightning striking the ground) from Sheep Mountain, Col
orado.57 On a larger length scale, it has recently been pointed out58 that 
graphitic particles, which may be related to carbon onions, had been 
observed occurring up to 500 A in diameter in the Allende meteorite (a 
type of carbon-rich meteorite known as a carbonaceous chondrite, which 
fell in Chihuahua, Mexico, in 1969).59 Spherical graphite particles, which 
are described as being of interstellar origin based on their anomalous 
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12C:13C ratios, occurring up to several microns across, have been isolated 
from the Murchison meteorite, a carbonaceous chondrite that fell in Vic
toria, Australia, in 1969.60-62 Graphites of other morphologies also occur 
in this meteorite, but only the spherical ones show the anomalous carbon 
isotope ratios.63 The interstellar spherical graphite particles occur as two 
types. The first shows smooth surfaces, sometimes with shell-like platy 
structures; the second consists of a dense aggregate of small scales. rEM 
has revealed that both types have concentric-layered internal struchu:es; 
the first type has layers of well-crystallized graphite, and the second type 
has smaller scales with a lower degree of crystallinity.64 The second type 
also shows a hint of a radial texture in the more disordered regions 
(Figure 6-6). To date, however, simple fullerenes have not been found in 
carbonaceous chondrites.65 

Perhaps as a footnote to the question of "The ultimate fullerene?", it 
is of interest to note that spheres of graphite occur naturally in both 
metamorphic and igneous rocks, in sizes ranging from submillimeter 
to over 2 cm in diameter. In contrast to those occurring in cast iron, 
naturally occurring spherical graphites have received relatively little 
attention. 

The surface44-47 and internall 5,46,47 textures of the natural graphite 
spheres are remarkably similar to those occurring in cast iron, despite 
their obviously very different origins. For example, the smooth surfaces 
on the 9-mm graphite spheres from Brazil shown in Figure 6-7 are very 
much like those illustrated by Lux in Ref. 44. The internal texture of 
graphite spheres in cast iron is typically radial, as shown in Figure 3 of 
Ref. 15, and is also radial in naturally occurring spheres, such as is shown 
in Figure 6-8 of a rather large sphere from Sussex County, New Jersey. 

Kvasnitsa and Yatsenk066 have performed the only studies to date fo
cusing in detail on the structure of natural spherical graphite, using sam
ples from the Azov Sea area of the Ukrainian Shield: The spherical graph
ite from this area occurs up to 1.5 mm in diameter. These spheres often 
show a three-part structure consisting of a core of randomly oriented 
crystallites, a large middle section with a radial texture, and a thin sur
face shell of concentric texture (Figure 6-9). By means of X-ray diffraction 
they demonstrated that, similar to spherical graphite in cast iron, both 
the radial middle section and the concentric outer shell are composed of 
a concentric arrangement of graphite layers. 

In the calcite marble at the quarry in Pargas, Finland, a large variety 
of graphite morphologies occur, including rosettes (Figure 6-10) and 
well-formed single crystals. In addition, tiny graphite spheres (Figure 6-
11) occur up to 1 mm that are strikingly similar to those illustrated by 
Hunter and Chadwick.42 The surfaces of some of these spheres show 
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FIGURE 6-6 TEM bright-field micrograph of a 70-nm, nearly central, thin section of 
a scaly, interstellar graphite sphere from the Murchison meteorite. (Photo courtesy of T.J. 
Bematowicz") 
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FIGURE 6-7 Group of three graphite spheres (9-mm diameter) from Arroyal de 
Bareiras, Brazil. Harvard Mineralogical Museum No. 105887. 

hexagonal outlines of individual graphite crystals, with their basal planes 
lying parallel to the surface, which suggests that the internal structure 
of the spheres is a circumferential arrangement of the graphene layers. 
Again, broken spheres from Pargas show a radial interior texture. 

A continuing examination of private and public mineral collections, 
and a thorough search of the literature, has revealed that spherical graph
ite is found in a relatively large number of natural occurrences, currently 
over 20. Numerous localities for graphite spheres occur in the marbles 
in several formations in the large region extending from New Jersey 
through New York and on into Ontario, Canada. Some of the largest 
graphite spheres known seem to occur in this region. The Franklin and 
Sterling Hill mines in Sussex County, New Jersey, are particularly note
worthy,67 as spheres of graphite are known to occur there (Figure 6-8) up 
to 2 cm in diameter, although 1 cm or less is more typical. Gooderham 
and Minden, Ontario, also have graphite spheres up to 5 mm in diameter 
in calcite. Some of the igneous occurrences include the Gillette Quarry, 
Haddam Neck, Connecticut; the Henshaw quarry, Riverside County, Cal
ifornia; and a pegmatite outcrop north of Custer, South Dakota. These 
localities produce graphite spheres up to 1 mm across. Clearly, it will be 
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FIGURE 6-8 Cross section of a 1.5-cm broken graphite spher~ in calcite from Sussex 
County, New Jersey, illustrating the radial interior texture reminiscent of spheroidal graph
ite in cast iron. Compare with Figure 3 in Ref. 15. Seaman Mineral Museum specimen No. 
DM1504. 

FIGURE 6-9 Sketch of the typical interior texture of graphite spheres from the Azov 
Sea area of the Ukrainian Shield. Region I is an aggregate of randomly oriented crystallites. 
The graphite layers are circumferential in both regions II and m. (After Kvasnitsa and 
Yatsenko.66) 

~--III 
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FIGURE 6-10 Aggregate of graphite rosettes in HCI-etched calcite from Pargas, Fin
land. Such rosettes resemble flake graphite in cast iron and Ni-C alloys. Compare with 
Figure 4 in Ref. 47, which shows a O.l-mm graphite rosette from an etched, furnace-cooled 
Ni-C alloy. JAJ specimen No. 1394. 

of interest to study the structures and geological origins of these natural 
graphite spheres in greater detail. 

Micron-sized spheres of graphite occur in a natural coke at St. Ingbert 
mine, Saar basin, Germany.68 Here the coke was formed by an igneous 
intrusion, of approximately 800 "C, into a coal deposit. The spherical 
graphites are supposed to have formed in the porous voids in the coke 
from the vapor phase. One may wonder if a modem examination of this 
material might yield fullerenes as well. 

Finally, it is interesting to note that nested, fullerene-like structures 
similar to carbon onions have recently been reported69 in deposited MoS2 

(a layered hexagonal material with many physical and structural simi
larities to graphite). It appears that curved growth can take place around 
a molybdenum vacancy where three or four sulfur hexagons join to form 
a triangle or rhombus. Remarkably, although molybdenite (natural MoS2) 

usually forms tabular hexagonal crystals, both spherical and scroll-like 
whisker morphologies (Figure 6-12), all very reminiscent of graphite 
morphologies, have been observed up to 1 mm in diameter from the 
quarries at Mont Saint-Hilaire, Quebec, Canada.70 The origin and the 
detailed structures of both cylindrical and spherical natural molybdenite 
remain to be investigated. 
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FIGURE 6-11 Graphite sphere (18 f,Lm) in HCl-etched calcite from Pargas, Finland, 
showing hexagonal outlines of individual graphite crystals, with their basal planes lying 
parallel to the surface of the sphere. Compare with Figure 8 in Ref. 47, which shows a 0.06-
rom graphite sphere of similar morphology from an etched, furnace-cooled Fe-C-Si alloy. 
JAJ specimen No. 1394. 

The large number of natural occurrences, both igneous and metamor
phic, of spherical graphite, as well as the wide variety of artificial con
ditions in which they can be produced, give additional strength to the 
notion that planar graphite may not be the most stable allotrope of car
bon in systems of limited size. 

Miao et al.71 have recently reported that graphite platelets in spherical 
graphite from cast iron have a rhombohedral structure,72 while interplate
let areas are mostly hexagonal but randomly oriented graphite. They have 
proposed a modified cone-helix growth mechanisml 4-16 with Cl = 180°. 

Two new geologic sources of the fullerenes C60 and C70 have been re
ported: the Onaping Formation of the Sudbury impact structure, Ontario, 
Canada,73 and two Cretaceous-Tertiary boundary sites in New Zealand?4 
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Fractal Index and Fractal 
Notation 

G. DAVID MENDENHALL 

FRACTAL INDEX 

Large molecules of the arborol (see Chapter 2, this volume) or dendrimer 
type pose difficulties for both verqal and written communication. For 
instance, consider compound 5 (p. 29).1 

Out of curiosity, we sent a letter with the structure to Chemical Ab
stracts in 1985 and requested an official name for it. The director of no
menclature replied that its preferred IUPAC name would be 

3,3' -[[2-Pentyl-2-[[3,3,3-tris[[2-hyclroxy-l, I-bis(hydroxymethyl)ethyl] carbamo
yl]propoxy]methyl]trimethylenej-dioxy ]bis[N,N'N"-tris [2-hydroxy-l,l
bis(hydroxymethyl)ethyl]-I,I,I-propanetricarboxamide] 

This was also the Chemical Abstracts name for the 1967-71 index period. 
Since 1971 the name had been changed by Chemical Abstracts to 

1, 19-Dihydroxy-N,N',NIII-tetrakis[2-hydroxy-l, I-bis(hydroxymethyl)ethyl]-10-
[[ 4-[[2-hydroxy-l, I-bis(hydroxymethyl)ethyl] amino-3,3-bis[[[2-hydroxy-l,l
bis(hydroxymethyl)ethyl]amino]carbonyl]-4-oxobutoxy]methyl] -2,2,18,18-
tetrakis(hydroxymethyl)-4-16-dioxo- 10-pentyl-8, 12-dioxa-3,17 -diazanona
decane-5,5,15, 15-tetracarboxamide 

The official names shown above are, except for specialists,2 clearly 
useless for the purpose of constructing a structure from the name and 
require unreasonable e-ffort to assign a name from the structure. More-
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over, the time-dependence of the length of the official names indicates 
that the situation is not improving. In practice, articles in a journal, of 
course, are commonly written with structures drawn out and assigned 
simple numbers. This arrangement is satisfactory except for a written 
abstract or for verbal communication, in which one must continuously 
have the structures in view in order to relate the numbers to them. More
over, some structures of the dendrimer type require nearly a page to 
display in readable form. 

For these reasons, my graduate student Eric Chen and I began com
municating in what we called fractal notation ill connection with synthetic 
projects. The notation was described in a footnote3,4 and is given here in 
greater detail. Multiply branched molecules with a high degree of sym
metry could be described very concisely in the following general way: 

(terminal group )fcoutennost hub ... innermost hub)(n.n'.n" ... nZ)core 

The four parts of this notation are the terminal or peripheral group, 
the subscript, the connector groups, and the core. 

The terminal group is left blank if it is H. For the [27]-arborol on page 
29, which for the moment we will call 1,19-etc., the terminal group is 
HO. If a mixed functionality is present, such as a partially acetylated 
derivative, it may be designated <X>x<Y>y, where X and Yare the sta
tistically average values of groups <X> and <Y>. The number of OH 
groups can be calculated with ease from the rest of the fractal notation, 
so it is redundant but still helpful to list the terminal group as (HO)z7. If 
the compound has a cyclic structure, the peripheral group is absent or 
incorporated into the core, and this is signified by a 0 in the terminal 
group position. (Confusion of 0 with the phenyl group may be avoided 
by abbreviating the latter as "Ph.") 

The II f" stands for fractal and informs the reader that the notation 
under discussion is in effect, rather than some other encoding based on 
dates, personal names, or laboratory notebook page numbers. 

The subscript after the f refers to the nature of the hubs Gunctures) in 
the molecule. If the junctures are tetravalent C atoms, the subscript is 
omitted. 

If the juncture is always the same atom (or molecular group), that atom 
or group is given only once as the subscript. If the junctures change as 
pne traces the molecule from outward in, they are listed sequentially in 
the subscript in that order and separated by periods. For instance, the 
juncture pmtion of the molecule [(CH3hSi]4C would be written "fsic". 

The connector groups in the highly branched molecule are listed from 
outside in, on the same line as the peripheral group and the f. They are 
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enclosed in parentheses and separated by periods. For our compound 
1,19-etc., the connector portion is thus (CHz.NHCO.CHzCHzOCHz). If one 
juncture in the molecule is bonded to the next juncture directly, the con
nector is written as a zero, 0. For instance, the connector portion of the 
notation for [(CH3hSi]4C would be written" (CHz.0)". 

The core is given without parentheses at the far right of the fractal 
notation. It is omitted if it is the same as the juncture atom or group and 
will become apparent from the subscript (or lack thereof) after the f. For 
1,19-etc. the core is "C-CsHu-n," it being understood that three connector 
groups join the carbon to satisfy the normal valence state.' If the core is 
listed only as zero, the bond that would be connected to it is connected 
to an identical subunit (Le., the molecule is a dimer of the subunit). 

The complete fractal notation for 1,19-etc. is then, according to our 
rules: 

HOf(CHz.NHCO.CHzCHzOCHz)C-CsHl1-n 

We introduce one final simplification that is possible because the CHz 
group is the most .common part group in such molecules. The number of 
consecutive methylene groups is substituted into the name, so that our 
compound becomes 

HOf(l.NHCO.201)CSH 

or, with redundant but useful detail 

(HObf(l.NHCO.201)CSH 

The last two representations reveal a potential ambiguity between zero 
and an oxygen atom, which cart be avoided by adding a slash to the 
former, as it is done with many computer printouts. Thus fN(lOl) is 
(CH30CHzhN, whereas fN(101) is (n-CIOIHz03hN. 

When writing out the chemical structure corresponding to a given 
fractal notation, it is helpful to note that for molecules with more than 
one "generation," the sequence of atoms and groups proceeds from pe
ripheral group, to leftmost connector, to first juncture, second connector, 
second juncture, ... to core. The order is shown with arrows in the fol
lowing general formula: 
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The subscripts r ... w in the formula above are, of course, the number 
of connectors joined to each respective hub atom or group. They are 
omitted in fractal notation but can be inferred from the normal valence 
(strictly, the coordination number) of the atom or group. In those cases 
where it would be ambiguous because of multiple valency, it may be 
specified parenthetically with Arabic numerals (Roman numerals might 
result in confusion of "I" with iodine, and numbers without parentheses 
could be interpreted as CHz units). For instance, Tri-tert-butylphosphine 
and pentaethoxyphosphorane may be written fc.P(3l1.0) and fp(s)(20), re
spectively. (These two examples are given for illustration purposes; the 
usual formulas for them, of course, are simple enough to be preferred.) 

With aromatic rings as connectors, it is preferable to use hyphens and 
0-, m-, and p- designators to avoid confusing numerical position indi
cators with numbers of methylene units. However, when the aromatic 
ring is not symmetrical, numbers become necessary. The numerical po
sitions of connection are given with hyphens before and after the con
nector in the logical way. Thus the dendrimer 34 shown on p. 127 may 
be described as [6-(2-pyridone}l4f(C=C-3-(2-pyridone)-6-C=C-p-C6H4). 

Fractal notation is very convenient for large molecules with a high 
degree of symmetry, which themselves are convenient to synthesize by 
iterated divergent or convergent sequences. When the molecule becomes 
highly irregular, the notation can become very complicated and offers 
little advantage over a conventionally written structure. However, since 
there are molecules of intermediate complexity, we illustrate fractal no
tation for different groups attached to a highlighted methine core with 
the following triglyceride analogues: 

CH20COCH20CH2(CH20CH')3CH20CH3 
I 
CHOCOCH20CH2(CH20CH2)3CH20CH3 
I 
CH20CO(CH2hsCH3 

Each connector branch is enclosed in a separate set of parentheses. 
Similarly, a dendrimer (Figure IF) that has unique connectors at one 
branch point, may be described in a way that describes the outer part 
with fractal notation as the peripheral substituent of the inner part: 

HOfN(2NHC02.6NHC02) (2NHC02.)zfN(2NHCOl) 
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3 

FIGURE IF A hypothetical, asymmetric dendrimer. 

Fractal notation is intended to be flexible. The point at which the dif
ferent connector has been inserted can be made a little more obvious in 
this example by rewriting the outermost connector, which is the same 
for all branches of the molecule, as part of the peripheral group: 

H02NHC02fN (0.6NHC02)(0.2NHC02)fN (2NHC01) 

Another simplification illustrated in several of the notations above is 
the use of parentheses and a subscript, instead of periods, to describe 
repeating groups. This approach vastly simplifies the notation for den
dritic amines synthesized by Tom,.alia and coworkers.6 For instance, the 
large dendrimer 

N[CH2CH2CONHCH2CH2N(CHlCH2CONHCH2CH2N 
[CH2CH2CONHCH2CH2N(CH2CH2CONHCH2CH2NH2hh)2]3 

can be described simply and unambiguously as H2NfN (2NHC02')4' The 
period within the parentheses signifies that four generations of connec
tors are involved, rather than one sequence repeated four times within 
a single layer of connectors. 

An even larger molecule in this series, H2NfN (2NHC02.)s2, on inspec
tion of its fractal notation, can immediately be seen to have a core de
rived from ethylenediamine and completely uniform, "fifth-generation" 
branching. The conventionally written formula requires careful scrutiny 
to arrive at these conclusions. 

The fractal notation is simple enough to be useful for describing re
action of dendrimers, for example, for the last step in the synthesis of 
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the largest known hydrocarbon, reported recently by Moore7: 

(3,S-di-t-butyl-C6H 3hJsym_C6H3(C=C.)4C=CH 

Pd(II)/CuI 
Ph3P/Et~ 

A stick-drawn representation of the product (Figure 2F) is admittedly 
more pleasing aesthetically. 

Structures with multiply bonded junctures sometimes may be de
scribed with simple modifications of fractal notation. For instance, Shah
lai's supertriptycene,s shown in Figure 3F, contains symmetrical methine 
pairs as junctures and benzene rings as the connectors. If we consider 
the outer benzene rings as hexasubstituted C6 connectors each with four 
peripheral H atoms, a rather simple fractal notation can be written: 

fCHI CH(l,2:3,4:S,6-C6-c. h 

In this example, the C6-c defines a ring of six carbon atoms. 
Fractal notation is rather easily assigned to simple monocyclic com

pounds. With the peripheral 0 defined earlier, for instance, I-methyl
cyclooctane becomes 0fCHMe(7). 

Although fractal notation is usually straightforward, it is not intended 
to be a rigid exercise and one should always look for simplifications. For 
instance, the cascadol 10 (p. 35) may be written according to our rules 
as 

AcOf(20201.(l 01 )5) 

On inspection, it can be seen that if one methylene is added to the 
peripheral group, we can condense the notation further: 

AcOCH2f(lOl)z.(101h 

or 

AcOlf(101)z.s 

In the first of the two examples immediately above, to avoid some 
clutter, we dIspensed with one normally proscribed set of parentheses 
around the connecting groups. We would not do this if it had been nec-



Fractal Index 187 

FIGURE 2F One of Moore's dendrimers. [From Z. Xu and J.S. Moore, Ang. Chern. Int. 
Ed., 32, 246 (1993)] 

FIGURE 3F Supertriptycene. [From K. Shahlai and H. Hart, ]. Am. Chern. Soc., 112, 
3687 (1990)] 
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essary to write out the core explicitly, which could render the simplifi
cation ambiguous. 

When constructing the fractal index that appears at the end of this 
book, it was apparent that many of the molecules given in the chapters 
were too intricate to be reduced to a simple line of code. New rules 
would have to be invented, and in the end the people at Chemical Ab
stracts might have a simpler name after all. Accordingly, only the fractal 
notations that were easily written with the rules given above were in
cluded in the index. In a few cases we compromised, because the den
drimer shape of the molecule was obvious in spite of the complexity. 
Thus the organometallic complex lOA prepared by Balzani and co
workers (p. 89) appears in the index as the incompletely defined notation 
(bPY}12fRu(3)(0 .2,3-dpp.2,3-dpp). 

Recently, a novel hydrocarbon material was synthesized from Na/K 
alloy and benzotrichloride9: 

PhCCl3 + 3Na/K - (Ph-C)n + 3Na/KCl 

The structure of the resulting solid was inferred to be diamond-like, 
that is, one on which the benzylic carbons were joined by single covalent 
bonds. If one imagines successive Ph-C units branching off from a Ph-C 
core, one will be tempted to write the fractal notation as fPhc(0.}w while 
diamond itself might be f(0.}n. The fractal notation in this case gives more 
information than the alternative formula (PhC)w which could also des
ignate linear poly(diphenylacetylene). 

However, these representations are inadequate because they do not 
reveal the network connectivi ty between generations of C atoms sur
rounding the arbitrarily selected core atom. We cannot simply add a 
symbol representing a network without additional information to distin
guish between possible geometrical forms of the lattices. The crystallo
graphic unit cell designations are not suitable for this purpose because 
the cell boundaries often do not correspond to our H elementary" notion 
of the basic structural unit. 

In some cases it may be possible to specify the elementary form of the 
network parenthetically as a prefix, e.g. <adamantane>f(0.}n for dia
mond. However, this practice may obscure unknown, real structural fea
tures of the material as in the case of the product from benzotrichloride. 

On the other hand, the extremely large, polycyclic hydrocarbons of 
Moore10,1l may be described very easily by incorporating the conven
tional nomenclature for small multicyclic rings into the fractal notation. 
The geometrical form is described in brackets in the prefix, with the 
numbers indicating-instead of numbers of carbons-how many repeat-
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ing connector units link the junctures. The juncture group(s), and the 
structure of one (unit) connector are given in the usual way as a subscript 
after the f, and on the same line as the f, respectively. 

Examples of this notation applied to a simple bicyclic hydrocarbon, 
and to a larger unit with the same shape are given in Figure 4F. A con
ventional name for the aliphatic hydrocarbons, and an alternate notation 
for each based on the approach proposed for supertriptycene is also in
cluded. For these two examples the latter is in fact the simplest, although 
this may not always be the case. 

Fractal notation should lend itself easily to computer-assisted drawing 
of structures from the names. 

In summary, fractal notation should assist chemists in a number of 
ways to communicate in terms of complicated structures, especially of 
the dendrimer and arboreal type.5 When one of my students announced 
that he had succeeded in making "f one two C OH," I knew at once 
without resort to chalk and blackboard that he had prepared (t-Bu
CH2CH2hCOH. 

SUMMARY OF FRACTAL NOTATION 

Molecules in this book that are easily named according to the rules of 
fractal notation are listed here in approximate order of increasing com
plexity. For some of the more complicated examples, the names do not 
describe the structure unambiguously without additional tedious detail. 
In those cases, it was felt that the names still convey sufficient useful 
information to warrant their inclusion in the table. 

Summary of fractal notation: 

(peripheral groups )multiplicitiesf junctures (coordination number) (connectors )core 

1. The structure is described from the outside toward the core. 
2. Consecutive N methylene units are abbreviated as N. 

3. The peripheral group is omitted if it is H. (Otherwise "Hf" = hafnium!) 
4. The juncture is omitted if all are tetravalent C in a fully symmetrical 

structure. An unusual isotopic designation is given in parentheses at the 
left of the juncture; the valence, if needed, is given in parentheses at the 
right. 

5. The core is omitted if it is the same as or conveniently represented in the 
juncture. Tihexadecylcarbinyl chloride would be designated with an explicit 
core as f(16)CCl, or without one as fca(16) or f(16MO). The core may be 
univalent as for example n-hexadecyl chloride = f(16)Cl. 
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bicyclo[3.3.3]undecane 

<bicyclo[3.3.3]>fCH(1) <bicyclo[3.3.3]>fSym_C6H3C3(=c-m-c,H,-C=) 

fsym-C6H3/sym-C6H3C, (-m-C,H, -C,), 

FIGURE 4F Conventional and fractal nomenclature for multicyclic hydrocarbons. 

6. Separation of different generations is designated by periods. 
7. The use of 0 in connector indicates a direct bond from a peripheral group 

to a juncture or from junctute to juncture; 0 in the core indicates a dimer; 
o in a peripheral position indicates a cyclic or spiro molecule, as for 
example spiropentane, 0f(2)(2); "0" as subscript after the f indicates a 
cyclic structure defined in the connector only, so that cyclododecane is 
f",(12). 

8. The formula for a ring as a core or hub has II -c" except for the conven
tionally described aromatic derivatives, such as 0-, m-, and p-C614 sym
C6H3, and sym-C6H 2 • Asymmetric aromatic connectors, unless relatively 
simple (e.g., 2-pyridyl), may be described as "-position-(name of 
aromatic)-position-/' where the positions are conventional numbers de
fining the points of attachments within the aromatic system. 

9. Asymmetric structures connected to a hub are described as IIf(branchl) 
(branch2) ... " or as IIf(branchl) (branch2) ... f(x.y ... )." If successive 
generations of connector groups are comprised of different numbers (x 
and y) of an otherwise identical repeating sequence, the connectors are 
abbreviated as "(sequence)x.y". 

10. A latti@e network with an identifiable, repeating elementary geometrical 
figure may be described in simple cases as II <geometrical 
form>fhub(connedor)," where the geometrical form may be II <cube>/' 
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"<adamantane>," and so on and the core designation, normally at the 
far right, is omitted. 

11. Bicyclic compounds can be described as fAlB(connectorl) (connector2) ... , 
where the connectors are described in the usual way from the bridgehead 
juncture group A to bridgehead group B. Thus 2-quinuclidone, or l-aza
bicyclo[2.2.2]octanone-2, may be written in fractal notation as ('1/cH(2)z 
(COl) or as fCH/N(2)z(lCO). In these examples it is clear from the valence 
of the subscript after the f that (2)z means two ethylene chains and not 
one tetramethylene group. If the connectors are all identical, only one 
need be given, so that triethylene diamine becomes simply fN/N(2). 

Example of Fractal Notation 

(MeO)gfcMeN(0.3)C=C 

Peripheral group: eight MeO 
Connectors: no connector, then three methylene units 
Junctures: trivalent CMe, then trivalent N 
Core: disubstituted acetylene 
Conventional formula: 

In this example (in contrast to the one on p. 183) there are equal num
bers of connectors and juncture&, so the last step is from juncture to core. 

One generation: 

f(30) 
Brf(l) 
NH2f(1) 

H2Nf(2NH1) 

I£(p-C6H4) 
HOf(20201) 

(CH2=CH) .. f(2)C6-c 

Ff(n-C3F60 ) 
(HO)(N3h£(1) 

Index of Molecular Fractals 

49 
36 
36 
36 
121 

35 
50 
49 
39 
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(HO)(Br)(N3hf(1) 39 
N13Cf(P-C6H4) 44 
(MeS020) (Ph3COhf(20201) 35 
(2-pyridone-6-)4f(O=C-p-C6H4) 120 
(2-pyridone-6-)4f(C=C-C=C-p-C6H4) 126 
(H2Nhf(1)sym-C6H3 47 
(D-Glucose-6-)5f(1 OC02C021) 46 
(D-Glucose-6-)5f(1 OC02C021 )D-glucose 46 
(2-pyridone-6-)4f(C=C-p-C~4)adamantane-l,3,5,7 126 
(2-pyridone-6-)J(C=C-3-(2-pyridone )-6-C=C-p-C6H4) 127 
(1-methylimidazole-3-hf(2NHC0NH2-4-(1-methyl- 48 
imidazole)-2-)COIi 
(H02C)4fN(1)2 55, 61 
f(lS2S1)C-R 37 

Two generations: 

f(1.2) 
fCA1(1.2) 
f(lS2S1.1)C-R 

t-BU6fC(3)(P-C6H4.m-C6~) 
(EtOOC)6f (0.5)C=C 
(EtOOC)6f(0.5)CH=CH 

N3f(1.102C)sym-C6H3 
CH2=CHfcH(1.0)C6-c 

(Me02C)6fsym_C6H3(0.TsNl) 
(2-pyridyl)6fN(2.2) 
(2-pyridyl)4fN(2.1 )m-C6H4 

Br 12fsyrn_C6H3(1.0)C6-c 
Ac01f( (10lh.(lOlh) 
H2Nf(2NH1.INHl )0 

Et02Cf(0.201)C-CsH u-n 
(2,2' :6'2" -terpyridine-4 ')12f(03.NHC020l) 

(1-Me-2,3-dpp')6fRu(3)(0.2,3-dpp) 
I-Me-2,3-dpp 6fRu(3.)(0.2,3-dpp) 

43 
43 
37 
43 
32 
32 
39 
51 
53 
58 
58 
52 
35 
36 
29 
63 
85 
85 
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t-BU6fc'(3)(p-C~.m-C6IL) 43 
t-Bu6fcLi(3l(p-CJf4.m-C6IL) 43 
HzNfN (2NH2.2)NH 59 

Three generations: 

Ph12fp.cH.p(0.0.1) 39 
HOf(l.NHCO.5)CH=CH 32 
HOf(1.NHCO.6)C=CH 31 
HOf(1.NHCO.6C=C)0 31 
HOf(1.NHCO.6)C=C 31, 33 

(MeOzC)12fsyrn_c6H3(0.TsN1.TsN1) 53 
(2,6-di-t-butyl-1-oxophenyl-4-)sf13C(3).d0 .p-C6IL) 44 
HOf(1.NHCO.201)C-CsHl1-n 29 
(ROh6f(3.30-4' -[(2,2' :6'2"-terpyhRu]-4' -03.NHC0201) 63 

(bPY)24fRu(3)(0 .2,3-dpp.2,3-dpp.2,3-dpp) 87 
(Me-2,3-dpp')12fRU(3)(0 .2,3-dpp.2,3-dpp) 85 

Cyclic structures: 

f0(ClCOCH02020CHCOCl)z 

f0( -CHG02020CHG-)z, G- = ROzCfn-BuN.sym_C6H3 
(1020202NHC01.CO)NHCO-

f0(2NH)6 
f0(2NCO-p-C6H40R)6 
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A 

Actin filaments, 32 
Adhesion belt, 32 
Aerogels, 14 
Affinity-cleaving agents, 59 
Aggregation, 6, 32, 107££ 
Alkenylation-hydrosilylation, 59 
Amino acid derivatives, 35 
Amphiphile, 58 
Amphotericin, 58 
Antenna, 98 
Arborol: 

B 

alkene, 32 
alkyne, 30, 31, 32 
dialkyne, 30 
divergent synthesis, 83 
luminescent, 69 
two-directional, 28 

Benzyl 2,3,4-tri-O-Denzyl-alpha
D-glucopyranoside, 45 

Boiling point, 20 

Bolaform amphiphiles, 58, 59 
Bollas, 170 
Bort, 170 
Buckytubes, 166 

C 

Carbon, see Graphite 
Carbonaceous chondrite, 170 
Carbon fibers, see Fibers; Graphite 
Carbon nitride, 14 
Carbosilanes, 59 
Cascade: 

carbo silane, 59 
chiral, 34 
cobaltocene, 52 
dodecaester, 53 
phosphine based, 39 
polyazido, 38 
radical, 44 
Ru-terpyridyl, 63 
strategy, 69 
tetrapyridyl, 58, 59 

Cascadol, 34, 35 
Cast iron, 169, 171 

195 
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Catalyst, phase transfer, 58 
Catalysts, multielectron-transfer, 103 
Channels, membrane, 38 
Charge-transfer bands, 88££, 92, 143 
Chemistry, supramolecular, 27 
Chundles, 38, 40 
Clathrates, 122-26 
Cliftonite, 169 
Coke, 175 
Complexes: 

decanuclear, 83, 96 
dendritic polynuclear metal, 69 
hexanuclear, 95 
inclusion, 122-26 
ligand strategy, 73 
metal strategy, 73 
oligonuclear, 88 
organoiron, 49 
polynuclear, 75 
Ru(II)-diimine, 72 
transition metal, 69 

Connectors, star and point, 134, 135 
Contact angles, 152 
Copper monooxygenase mimic, 57 
Copper oxygenase, 58 
Core: 

dialkyne, 30 
lipophilic, 28 
monoalkyne, 30 
six-directional, 40 
tetraphenylmethane, 43, 44 
twelve-directional, 56 

Coronenes, 56 
Critical molecular weight, 1 
Cyclic voItammogram, 156, 157 

D 

Dendralene, 54, 56 
Dendrimer, definition, 69 
Dense packing, 55 
Densities, electron, 147 
Designer solid&, 133 
Diamond, 170 
Diffraction, low-angle X-ray, 146 

4-Dimethylaminopyridine, 35 
Dinuclear compounds, 77 
Dipodands, 34 
Dipyridones, 110 
Disclination, 167 
Dumbbell-like stacking, 30 

E 

EDTA, see Ethylenediamine tetraacetic 
acid 

Electronic structure, 142 
Electron transmission rate, 143 
Ellipsome~ 146 
Enclathration, 122-26 
Energy: 

migration, 70, 100 
transfer, 98 

EPR spectroscop)" 142 
Ethylenediamine tetraacetic acid and 

analogues, 55-59 

F 

Ferrofluid, 14 
Fibers, ex-polymer, 164 
Films, blocking properties, 155 
Flaws, 15££ 
Fluorocarbons, spherical, 49 
Foams, 11 
Fractal notation, 182££ 
Fulgerite, 170 
Fullerene, 6, 163, 166 

G 

Gadolinium, 56, 57 
Gels, 11, 14, 16 
Graphene, 161, 168 
Graphite: 

crystals, 161££ 
fibrous, 164, 165 
filamentous, 164 



morphology, 161££ 
spherical, 167, 170, 174, 176 
structure, 161, 162 
whiskers, 164 

Grazing incidence IR, 150, 153 

H 

Harvesting, 70 
Heat of vaporization, 19 
Hemerythrin, 49 
Heptanuclear compounds, 80 
Heterotectonic, 120 
Hexadecane, 19 
Hexahost, 27 
Hexanuclear compounds, 79 
Hexapus,27 
Homologation, 28 
Homotectonic, 120 
2-Hydroxymethyl-1,3-propanediol, 35 
2-Hydroxymethyl-2-nitro-1,3-

propanediol, 35 
Hyperfine coupling constants, 143 

I 

Intertectonic separation, 122, 127 
Ionization potentials, 142 
Isotherms, Langmuir-Blodgett, 144 

K 

Knots, molecular, 9, 11 

L 

Langmuir-Blodgett films, 143££ 
Ligand, hexadentate, 48 
Ligands: 

bridging, 70 
polyphosphorur, 38,39 

Liposomes, 8 
Lubricants, spherical, 49 

Index 197 

Luminescence, polynuclear 
complexes, 97 

M 

Macromolecules, dendritic, 27 
Magnets, organic, 13-14 
Megaca10ric cluster, 45 
Membranes, bilayer, 58 
Meshing, 145 
Mesomolecules, 53 
Mesophases, tubular (columnar), 38,40 
Meteorites, 169-72 
Microvilli, 32 
Molecular fractal, 43 
Molecular recognition, 6, 7 
Molecular rope, 32, 3l 
Molecular sieves, 128. 
Molecular tectonics, 107££ 

definition, 108 
Molecular train, 10 
Mole£Ules: 

cascade, 28 
multiarmed, 27, 28 

Molybdenite, 175, 177 
Monolayer: 

Langmuir-Blodgett, 135,143 
self-assembled, 135, 149 
transformations, 152 

Morphology, helical, 32 
Multilayers, Langmuir-Blodgett, 143 

N 

Nanostructures, 32 
Network: 

diamondoid, 107££ 
hydrogen-bonded, 107££ 

Nomenclature: 
cascade, 28 
fractal, 181££ 

Nonaazide, 38,39 
Nona-ester, 28 
Normal incidence IR, 150 
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o 

Octopus, 27 
Oligosiloxanes, 6, 59 
Onions, carbon, 166 
Oxidases, multicopper, 57 

p 

Packin~ dense, 55 
Pentaerythritol, 45 
Photochemical release, 57 
Polyamines, dendritic, 34 
Polycubyls, 134 
Polyferrocenes, 44 
Polyimidazoles, 48 
Polymerization, critical degree of, 1 
Polymers, cascade, 27, 53 
Polymer viscosity, 2, 3, 5 
Polypod, 27 
Polypodands, 34 
Polyradical, 43, 44 
Porphyrins, 5 
Preorganization, 28 
Propellane, 136 
Properties: 

electrochemical, 93, 155ff 
redox, 69 

2-Pyridone, 107ff 
4-Pyrimidinone, 114 

R 

Radialene, 56 
Radicals, 14, 43, 44, 143 
Rod, helical, 32 
Rodanes, 134 
Rods, p-carborane-based, 138 
Ruthenium pentaammine, 153, 154 

s 

Sawdust, 17 
Self-assembly, 10, 32 

Self-association, 107ff 
Self-replication, 8, 10 
Shungite, 170 
Siderophore, 48 
Silicone-based dendrimers, 59 
Silk, 11 
Siloxane building blocks, 59 
Single-electron transfer reaction, 

38 
Snow, 18 
Solar energy, 103 
Sols, 14, 16 
Spectra, absorption, 92, 154 
Spectroscopy, 88, 148 
Staffanes, 136ff 
Staffane-3,3(n-l)-dithiols, 150 
Superconductivity, 11 
Supertripod, 27 
Supracoil, 32 
Surface characterization, 17 
Surface: 

functionalized, 153 
sulfhydrylated, 154 

Synthesis: 
convergent, 39 
divergent, 28 

Synthons, 75, 76 

T 

Tecton, 107ff 
definition, 108 

Tentacle, 27 
Tetranuclear complex, 82 
Tetranuclear compounds, 78 
Tetrapod, 27 
Thiol-thiol acetate, 151, 156 
Tilt angle, 146, 148 
Tinkertoy rods, 133 
Tinkertoys, molecular, 132 
Tridecanuclear complex, 84 
Trihydroxymethylaminomethane 

28 



Trimerization, palladium-
catalyzed, 52, 53 

Trinuclear compounds, 77 
Triol, first-tier, 28 
Tripod, 27 
Tripodands, 34 
Tris, see 

Trihydroxymethylaminomethane 
Tris-1,3,5-(aminomethylbenzene ), 

47 
Trispeptides, 47 

Index 199 

v 

Vesicles, 58 
Vibrations, intercage, 141 

w 
WLF equation, 3 

z 
Zeolites, 128 
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