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Preface

Coordination polymer is a general term used to indicate an infi nite 
array composed of metal ions which are bridged by certain ligands 
among them. Th is is a general term that incorporates a wide range 
of architectures including simple one-dimensional chains with 
small ligands to large mesoporous frameworks. Th e coordination 
chemistry of main group’s metal compounds with organic ligands 
in the widest sense has been, until relatively recently, largely 
unknown compared to transition metal coordination networks. 
Th is is true despite the fact that many s-block metal–organic com-
pounds are already of commercial importance. Th us, pharmaceu-
ticals, dyes, and pigments typically use alkali and/or alkaline earth 
metal cations in preference to transition or lanthanide metal ions 
because most of them have the advantage of being nontoxic, cheap 
and soluble in aqueous media. Indeed, s-block cations should not 
be ignored as simple “spectator” ions when it comes to properties 
which depend on the solid-state structure and the intermolecu-
lar interactions. Th erefore, understanding the changes of mate-
rial properties caused by changing the s-block metal ion is based 
on consideration of the fundamental properties such as charge, 
size, and electronegativity of these cations and their infl uence on 
the nature of the resultant solid-state structure. Furthermore, the 
chemistry of main group metal ions is not limited to the classical 
ionic behavior as known from aqueous media, but may exhibit a 
more covalent character similar to transition metal compounds 
when polar organic solvents are used. In this book we explain the 
main group metal coordination polymer in bulk and nano size 
with some of their applications, synthesis method etc,. We hope 



xii Preface

this book will help graduate and upper-level undergraduate stu-
dents to get an understanding of metal coordination polymer in 
balk and nano dimension and their applications.

Ali Morsali and Lida Hashemi
Tehran, Islamic Republic of  Iran

December 2016
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1
Introduction to Coordination 
Polymers

1.1 Coordination Space

Material and life sciences have contributed to human well-being 
and prosperity and atoms and molecules play a central role in this 
respect. Th e syntheses of molecules have been a major theme in 
the previous century. Molecules are architectures composed of 
atoms, while the supramolecular chemistry developed in the last 
century deals with architectures built from molecules, paving the 
way for nanoscience [1]. In addition to the framework entity, space 
surrounded and partitioned by atoms and molecules could be 
another world of science. If we build nanosized spaces, what kind 
of materials can be created and what discoveries for molecules in 
the space can be made? In a nanosized world, walls, which are 
composed of atoms and molecules and apportioned space, have 
a considerable eff ect on orientation, correlation, and assembled 
structure of guest molecules. We can, therefore, control such states 

Main Group Metal Coordination Polymers: Structures and Nanostructures. 
Ali Morsali and Lida Hashemi. © 2017 Scrivener Publishing LLC. 

Published 2017 by John Wiley & Sons, Inc. 



2 Main Group Metal Coordination Polymers

of the guest molecules by changing the shapes and materials of 
walls. When molecules are confi ned in a space and undergo stress 
caused by a deviation from thermodynamically and kinetically 
stable structures of the ambient surroundings, such stress brings 
about eff ective energy conversion and new chemical reactions. 
Space apportioned by atoms and molecules creates new functions 
based on its shape and dynamics characteristic of the nanoworld. 
At the end of the last century, chemists focused on supramolecular 
frameworks composed of molecules, while in the 21st century a 
new area of nanospace chemistry by creating are opening up vari-
ous types of spaces. We have to develop new synthetic routes to 
build the desired nanosized space eff ectively and on a large scale, 
and this is a basic methodology required for nanotechnologies. 
Th e most practical methods to build nanosized space are chemical 
self-assembly and self-organization and coordination bonds are 
the key to the development of the required new synthetic technol-
ogies. Coordination bonds are not as strong as covalent bonds and 
not as weak as hydrogen bonds. Constituent organic molecules 
and metal ions are assembled into a variety of spatial structures 
under mild conditions.

In this area, the molecules were designed to build space that gives 
an opportunity to fi nd new phenomena based on molecular coag-
ulation, molecular stress, and activation of molecules. For this 
purpose, a new chemistry that allows us to control structures and 
functionality of spaces was needed. Space motifs built by molecu-
lar blocks are: (1) reactions of metal ions (connector) with organic 
ligands (linker) to give coordination crystals with infi nite struc-
tures. We can build spaces with diff erent sizes  composed of several 
or tens of molecules; (2) surfaces of bulk material and nanopar-
ticles can be recognized as coordination space; and (3) the coor-
dination space of metal complexes embedded in a protein has the 
hidden possibility of a new functionalized space.

1.2 Coordination Polymer

Coordination polymer is a general term used to indicate an infi -
nite array composed of metal ions which are bridged by certain 
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ligands among them. Th is is a general term that incorporates a 
wide range of  architectures including simple one-dimensional 
chains with small ligands to large mesoporous frameworks [2, 3]. 
Generally, the formation process proceeds automatically and, 
therefore, is called a self-assembly process. In general, the type 
and topology of the product generated from the self-assembly of 
inorganic metal nodes and organic spacers depend on the func-
tionality of the ligand and valences and the geometric needs of 
the metal ions used. Organic ligands are very important in design 
and construction of desirable frameworks, since changes in fl ex-
ibility, length, and symmetry of organic ligands can lead to the 
formation of a class of materials with diverse architectures and 
functions [4].

Depending on the metal element that is used in the polymer, and its 
valence, diff erent geometries may be created, e.g., linear, trigonal-pla-
nar, T-shaped,  tetrahedral, square-planar, squarepyramidal,  trigonal-
bipyramidal, octahedral, trigonal-prismatic,  pentagonal-bipyramidal, 
and their distorted forms [5]. Organiza tion of building blocks can 
lead to the formation of metal-organic frameworks of various dimen-
sions: one-, two- or three-dimensional architectures. Dimension is 
usually determined through the nodes (metal centers) [6]. Metal 
coordination polymers have been studied widely as they represent 
an important interface between synthetic chemistry and materials 
science, and they have specifi c structures, properties, and reactivi-
ties that are not found in mononuclear compounds. Th ey may have 
potential applications in catalysis, molecular adsorption, magne-
tism, non linear optics, luminescence, and molecular sensing. In the 
last two decades, rapid developments in the crystal engineering of 
metal-organic coordination polymers have produced many novel 
materials with various structural features and properties.

A coordination polymer contains metal ions linked by coor-
dinated ligands into an infi nite array. Th is infi nite net must be 
defi ned by coordination bonds and thus molecular species linked 
only by hydrogen bonding are elegant instances of molecular 
crystal engineering but are not coordination polymers. Similarly, 
a structure linked by coordination bonds in one direction and 
hydrogen bonds it two other directions is a 1D coordination 
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polymer (although an overall 3D net may be defi ned by both sets 
of interactions). Furthermore, for the purposes of this book, we 
largely focus on main group metals, in which the bonding is more 
covalent.

Th e coordination chemistry of main group’s metal compounds 
with organic ligands in the widest sense has been, until relatively 
recently, largely unknown compared to transition metal coordi-
nation networks. Th is is true despite the fact that many s-block 
metal–organic compounds are already of commercial impor-
tance. Th us, pharmaceuticals, dyes, and pigments typically use 
alkali and/or alkaline earth metal cations in preference to tran-
sition or lanthanide metal ions because most of them have the 
advantage of being non-toxic, cheap and soluble in aqueous 
media. Indeed, s-block cations should not be ignored as simple 
“spectator” ions when it comes to properties which depend on 
the solid-state structure and the intermolecular interactions. Th is 
is especially relevant in pharmaceutical industry where one salt 
might be preferred over others for practical as well as commer-
cial purposes. Th erefore, understanding the changes of material 
properties caused by changing the s-block metal ion is based on 
consideration of the fundamental properties such as charge, size, 
and electronegativity of these cations and their infl uence on the 
nature of the resultant solid-state structure. Furthermore, the 
chemistry of main group metal ions is not limited to the classical 
ionic behavior as known from aqueous media, but may exhibit a 
more covalent character similar to transition metal compounds 
when polar organic solvents are used.

With the aid of modern X-ray diff raction techniques, a vari-
ety of molecular and polymeric structures can be elucidated. 
Coordination polymer networks are made mainly from neutral 
or anionic ligands (linkers) with at least two donor sites which 
coordinate to metal ions or aggregates (nodes) also with at least 
two acceptor sites, so that at least a one- dimensional arrangement 
is possible. Depending on the number of donor atoms and their 
orientation in the linker, and on the coordination number of the 
node, diff erent one (1D)-, two (2D)- and three (3D)-dimensional 
constructs are accessible.
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Th e development of coordination polymer research has been 
enforced by the growth of crystal engineering and supramo-
lecular chemistry [7, 8]. A coordination polymer contains 
metal ions linked by coordinated ligands into an infi nite array. 
Coordination polymers constitute one of the most important 
classes of organic–inorganic hybrid materials [9, 10] that have 
been the subject of intensive research in recent years [11]. Th e 
rational design via self assembly depends on a variety of param-
eters, basically including the suitable pre-designed organic 
ligands and metal centers with versatile coordination geom-
etries [12]. Design and synthesis of novel discrete and poly-
meric metal–organic complexes are attracting more attention, 
not only for their interesting molecular topologies, but also for 
their potential applications as functional materials [13], ions 
exchange, catalysis, molecular recognition, nonlinear optics 
[14, 15], molecular magnetic materials, electrical conductivity 
[16, 17], separation and gas storage [18, 19]. Th e structure and 
properties of coordination polymers depend on the coordina-
tion habits and geometries of both metal ions and connecting 
ligands, as well as on the infl uence of secondary interactions 
such  as hydrogen bonding, π–π stacking interactions and so 
on [20]. Several factors, including the coordination bonds and 
secondary interactions, the metal-to-ligand molar ratio, the 
coordinative function of the ligands, the type of metal ions, the 
presence of solvent molecules, counterions and organic guest 
molecules should be taken into account in the process of the 
design and synthesis of metal-coordination polymers [21, 22].

1.3  Development of Coordination 
Polymer

Th e development of coordination polymer research was rein-
forced by the growth of two other closely related areas: crystal 
engineering and supramolecular chemistry (particularly metal-
losupramolecular chemistry). Crystal engineering seeks to 
understand why molecules pack in the ways that they do and to 
use that knowledge to deliberately engineer the arrangements 
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of molecules in new materials [23]. Th is is important because 
the properties of materials are oft en governed by the way in 
which their constituent molecules are arranged. Control over 
this arrangement gives control over the properties. In ‘molec-
ular’ (largely organic) crystal engineering, the interactions are 
weaker than coordination bonds and can range in strength 
from very strong hydrogen bonding to weak C–H.…. A hydro-
gen bonds, halogen bonds, π interactions and, ultimately, van 
der Waals forces. Th e crystal engineer seeks to understand and 
harness all these interactions. However, despite the diff erences 
in the  interactions, there is much that is common in these two 
areas.  Indeed, coordination polymers, which essentially exist 
only in the solid state, should be considered as a subset of crystal 
engineering. Furthermore, the net-based approach for coordi-
nation polymers is equally valid for molecular species connected 
by well-defi ned interactions. 

Many of the concepts and terminology in molecular crystal engi-
neering also apply to coordination polymers. Interactions between 
molecules that direct their packing arrangements are known as 
supramolecular synthons [24]; in coordination polymers, the 
main synthons are coordination bonds (although weaker syn-
thons can also be important). Th e building blocks used to create 
the structure. For coordination polymers, the tectons are metal 
ions and ligands. Th e aim of supramolecular chemistry is similar: 
to create assemblies of molecules, that is, not to create structures 
an atom at a time, but to design molecules such that when com-
bined they spontaneously self-assemble in a predetermined fash-
ion into larger architectures [25]. Th us crystal engineering can, 
in fact, be considered to be the supramolecular chemistry of the 
solid state. 

Th e supramolecular chemist, like the crystal engineer, uses a 
range noncovalent intermolecular interactions, including hydro-
gen bonding and coordination bonds. Use of the later gives rise 
to metallo supramolecular chemistry, and much of the design and 
indeed the structures obtained has close relationships to coordi-
nation polymers.
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1.4 Synthetic Methods

One of the challenges of this research is to obtain single crystals 
suitable for detailed crystallographic analysis. Unlike molecular 
species, most coordination polymers are insoluble once synthesized 
(a property which is advantageous for other aspects) and so recrys-
tallization is not an option. If the polymers can be dissolved, it is 
usually through the use of strongly coordinating solvents, which are 
then likely to become part of the recrystallized species, which there-
fore becomes a diff erent material to the original phase.

Crystals are therefore usually obtained directly from the syn-
thetic reaction mixtures. Although some species crystallize 
nicely from directly mixed solutions, for other systems the key 
to obtaining good crystals is to slow the precipitation down. 
Th is is most commonly done by allowing two separate solutions 
of metals and ligands to diff use slowly into each other, and a 
number of diff erent techniques have been established to this end 
(Figure 1.1). Th e simplest method is to layer carefully one solu-
tion on top of another in a small vial or tube. Oft en a buff er layer 
of pure solvent is layered between the two and the use of solvents 
with diff erent densities (e.g. MeOH versus CHCl

3
) greatly aids 

separation. Th is layered solution should then be left  so that the 
crystals can grow; typically this may take in the order of 2 weeks, 
although crystallization can oft en take much longer (or shorter) 
times and so the reaction should be checked regularly, preferably 
without disturbing the crystal growth through handling. Regular 
inspection is important as crystals can come and go (for kinetic 
products) or become fl awed, overgrown or otherwise deteriorate 
in quality over time.

Other variations on this technique include locking one solution 
into a gel through the addition of a gelling agent such as tetrame-
thoxysilane. Th e gel slows diff usion through reduction of convec-
tion and also provides a support for the growing crystals. Specially 
designed glassware such as H-tubes and U-tubes (Figure 1.1) can 
also be used; oft en these can have a frit in the middle or (in the case 
of U-tubes) a separating gel plug can be created at the bottom fi rst.
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Th ere are a number of factors that contribute to stable crystal-
line packing arrangements. For the synthetic chemist, this means 
that there are therefore a number of other variables that can be 
adjusted to produce crystals. Variation of solvent, counterion 
or even metal choice can be explored. More recently, the use of 
solvothermal techniques has become increasingly popular, both 
as a method of  obtaining good single crystals and as a means 
of obtaining phases which are unavailable through bench-top 
techniques.

Th ere is, overall, a large parameter space which can be explored 
in the quest for single crystals. However, one of the key reasons 
for obtaining crystal structures is to draw relationships between 
structures and properties and thus gain insights that can feed into 
the design of new materials. Th erefore, it is important to recognize 
that the structures obtained from single crystals may be inherently 

Figure 1.1 Various methods for slow growth of coordination polymer 

crystals.
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unrepresentative (because the crystallographer chooses the best 
crystal available, for obvious reasons) of the bulk material upon 
which the properties are tested. Furthermore, reactions can oft en 
give more than one product. Hence it is important to check the 
correlation between the single crystals and the bulk product, and 
this is most easily achieved through the use of techniques such 
as powder diff raction or (less convincingly) infrared or Raman 
spectroscopy.

So several diff erent synthetic approaches have been off ered for the 
preparation of coordination polymers. Some of them are (1) slow 
diff usion of the reactants into a polymeric matrix, (2) layering 
technique, (3) evaporation of the solvent at ambient or reduced 
temperatures, (4) precipitation or recrystallisation from a mixture 
of solvents, (5) temperature controlled cooling, (6) hydrothermal 
synthesis and (7)  gel growth crystallization technique. We have 
shown another new and simple method for the  construction of 
multi-dimensional coordination polymers, the branched tube 
method (Figure 1.2). Th e new method is straight forward, cheap 
and trouble-free and can be used for the preparation of other types 
of coordination polymers.

Oil bath (60 °C)
Solution

of ligand

20 cm

10 cm

1 cm

2 cm

12 cm

Salts

Suitable single crystal

for X-ray analysis

Figure 1.2 Depiction of the branched tube for syntheses and isolation of 

single crystals of multi-dimensional coordination polymers.
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1.5 Design of Coordination Polymer

One of the most powerful techniques in crystal engineering for 
both the analysis and design of solids is to reduce their crystal 
structures to networks (or nets). Networks can aid the description 
and understanding of complicated structures or provide a blue-
print for the targeting of particular packing arrangements and their 
associated properties. An early leading fi gure in this approach was 
A. F. Wells, who, in a series of seminal books [26–29], described 
a number of molecular and polymeric structures in terms of net-
works and delineated a large number of possible networks, some 
already seen in real structures and others that, remarkably, were 
still theoretical at the time. A good understanding of networks 
is therefore vital to the crystal engineer. But what is a net? For 
our purposes, a network is a polymeric collection of interlinked 
nodes; each link connects two nodes and each node is linked to 
three or more other nodes. A node cannot be connected to only 
two nodes; in this case it then becomes a link. Similarly, a link can 
only connect two nodes; if it connects more than two it is a node. 
And fi nally, since we are talking about crystal structures here, the 
network must also have a repeating pattern and thus a fi nite num-
ber of unique nodes and links.

A network is also a topological description and not a geometric 
one. For example, the two networks shown in Figure 1.3 are topo-
logically identical despite the fact that they are geometrically very 
diff erent. In both networks, the nodes are 3-connecting, although 
in one net the nodes are trigonal (leading to a hexagonal network) 
and in the other they are T-shaped (leading to a brick work-like 
network). Th ese networks are identical because one can be con-
verted to the other by distortions that do not break links.

By this reasoning, there is no topological diff erence between 
square-planar nodes and tetrahedral nodes  – both are simply 
4-connecting nodes. However, diff erent nets are favoured by (and 
may even require) diff erent node geometries. For example, (4,4) 
sheets are favoured by square-planar nodes, whereas the diamond 
net has, in its undistorted form, tetrahedral nodes. Th e PtS net has 
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two diff erent sorts of 4-connecting nodes; half are tetrahedral and 
half are squareplanar. Hence, although geometries are not strictly 
a topological feature, they can still be an important factor in net-
work selection and design, particularly for the chemist who can 
provide a great deal of control over diff erent nodal geometries. In 
practice, there is a considerable diff erence between square-planar 
and tetrahedral nodes and therefore we will oft en make distinc-
tions between diff erent nodal geometries here.

Nonetheless, it is the connectivity of a network that defi nes it, not 
its geometry. Structures can be described as having a particular net-
work topology even though they may be geometrically very diff er-
ent to the ‘ideal’ net. Th e connectivity of the node can also be very 
diff erent to the local chemical geometry. Th is can manifest itself 
in a number of ways. Octahedral metals can act as 3-connecting 
nodes if they are bound by three chelating bridges, three mono-
dentate bridges and three terminal (i.e. non-bridging) ligands or 
three pairs of monodentate bridging ligands which connect met-
als in pairs (Figure 1.4). It is common for square-planar nodes to 
be formed by octahedral metals, particularly when pyridyl donor 
ligands are used (it is sterically very diffi  cult to fi t six pyridyl donor 
groups around a fi rst-row transition metal; more commonly four 

Figure 1.3 Two geometrically diff erent but topologically identical nets.
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pyridyls occupy equatorial positions, while the axial positions are 
fi lled by sterically smaller terminal ligands, such as water or halide 
ions). Ligands with four coordination sites become simple links if 
they coordinate to only two metals or 3-connecting nodes if they 
only coordinate to three metals.

It is also important to remember that both metals and ligands can 
act as either nodes or links in a net (or even both if there are diff er-
ent types of metals or ligands in the one structure). For example, 
in the 3D rutile (TiO

2
) net, each Ti node is connected to 10 other 

Ti atoms via the oxygen atoms bonded to it. Th is is not, however, 
a 10-coordinate network, because the oxygen atoms connect to 
three Ti atoms each and thus are themselves 3-connecting nodes. 
Rutile is therefore a binodal 3,6-connected network. Th e same 
applies to more complicated coordination polymers – if a metal 
or ligand connects to three or more metals, then it is a node and 
cannot be simply classed as a link.

Finally, care should be taken when choosing the interactions used to 
defi ne the network. Usually this is  relatively straightforward if only 
coordination bonds are to be used, although longer interactions can 
be easy to miss (e.g. Jahn–Teller distorted metals) or hard to separate 

Figure 1.4 Th ree ways in which an octahedral metal ion can act as a 

3-connecting node.
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from non-bonding interactions (e.g. some Ln structures). However, 
it is sometimes useful also to examine weaker interactions, such as 
metallophilic interactions, hydrogen bonds, π stacking interactions 
and so forth. Th is can aid the understanding of the overall structure, 
although it should be remembered that, by defi nition, every crystal 
structure is 3D. However, if the network defi nition is to be extended 
to these interactions, then all interactions of similar strength should 
be used, e.g. all strong hydrogen bonds should be included rather 
than just selected interactions.

Care should also be taken when representing the network graphi-
cally. Th e distances between some nodes which are not directly 
linked may be shorter than or even exactly the same as the dis-
tances between nodes that truly are linked. Th is can oft en cause 
problems with many graphics programs and therefore the net 
should always be overlaid on the real structure to check that no 
links have been missed and that no ‘false’ links have been inadver-
tently created. Ultimately, the true test of the network approach 
is (a) does it increase the understanding of the structure and (b) 
does it correspond well to the chemical structure? If both of these 
criteria are not met then either the net is badly defi ned or this 
approach should not be used (some structures can be too compli-
cated to reduce to a simple, easily understood net). A net should 
always simplify a structural description, not complicate it.
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2
Application of Coordination 
Polymers

2.1 Introduction

In this chapter we look at the application of coordination poly-
mers. Th ese materials have much effi  ciency, including magnetism 
(long-range ordering, spin crossover), porosity (gas storage, ion 
and guest exchange), non-linear optical activity, chiral networks, 
reactive networks, heterogeneous catalysis, luminescence, multi-
functional materials and other properties, but we explain about 
some of these properties here.

2.2 Gas Storage

Th e safe storage and transport of gases in high concentrations 
requires compression at high pressures for the gases of interest 
(e.g. CH

4
, H

2
) at room temperature. Th is process consumes a great 
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deal of energy and does not make for safe conveyance. A solu-
tion to this is the use of solid adsorbents as carriers and is useful 
even at low gas pressures. Porous materials such as zeolites and 
activated carbons have been used thus far, but each shows limi-
tations. Porous coordination polymers which have a large per-
centage of uniform microporosity (required for high effi  ciency) 
and a degree of tune ability have emerged as excellent alternative 
candidates for solid gas adsorbents. Gas storage potential is mea-
sured through sorption isotherm studies, but interest in develop-
ing single- crystal adsorbents has also led to structural studies of 
gas loaded framework materials. Such structural studies are also 
important for realizing preferential binding sites for the various 
gas molecules. Th ese will be outlined below, but fi rst a few impor-
tant terms that reoccur throughout this section are presented. 
When a gas molecule is transferred from the gas phase by a solid 
surface (including pore surfaces) and adheres to the surface, gas 
adsorption is said to have occurred. Th is is in contrast to gas 
absorption, where the gas molecules are taken into the solid phase 
(also termed occlusion). Th ere are two ways in which a gas can 
interact with a solid: fi rst, chemisorptions, where gas molecules 
form chemical bonds with the solid, and second, physisorption, 
where gas molecules interact with the surface of the solid without 
forming covalent bonds. Th e chemisorptions process allows very 
high volume uptakes of gaseous molecules under ambient condi-
tions, but requires energy input for gas release. On the other hand, 
as the interactions between gas and solid in the physisorption pro-
cess are weak, the volumes of uptake are general low and occur 
only at low temperatures. Hence both processes have their draw-
backs and indeed, to achieve optimum gas adsorption within solid 
adsorbents, porous materials are sought which show intermedi-
ate strengths of interactions (pseudo-chemisorbents). Th e degree 
of interaction between the framework and gas molecule can be 
quantifi ed by determination of the heat/enthalpy of adsorption, 
ΔH

ads
. Th is value is routinely calculated via collecting adsorp-

tion data at two temperatures (e.g. 77 and 87 K) and applying the 
Clausius–Clapeyron equation. Materials which have strong che-
misorptions interactions, such as metal hydrides for hydrogen 
storage, have high ΔH

ads
 values, whereas materials which have 
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weaker physisorption interactions, such as activated carbons and 
zeolites, show low ΔH

ads
 values. Generally, when the enthalpy of 

adsorption is 420 kJmol–1 then chemical adsorption is occurring, 
but this is not a strict value. In the search for materials which ade-
quately store gas molecules, intermediate ΔH

ads
 values are sought, 

such that they adsorb and release gas molecules at workable tem-
peratures and pressures? Indeed, porous coordination polymers 
have emerged as perfect candidates for the storage and separation 
of a range of gases, with ΔH

ads
 values nearing the targeted range 

and showing respectable volumetric uptake. In comparison with 
other porous materials, the inner surfaces of porous coordination 
polymers are rich in hydrocarbons and aromatic groups, which 
are known to attract guest molecules. Additionally, the tuneabil-
ity of pore character allows optimum properties to be readily tar-
geted. Th is is particularly important as the gases of interest (i.e. 
H

2
, CH

4
, CO

2
, C

2
H

4
, O

2
) diff er in size, shape and chemical nature, 

and as such the required pore size, shape and character of the solid 
adsorbent will also require variation. Examples, divided accord-
ing to specifi c gas molecules, will now be outlined, including 
 characteristics identifi ed as important towards attaining greater 
gas storage and the target parameters for each gas.

2.3 Catalysis

Th e majority of interest in reactive coordination polymers lies, 
of course, in their application towards heterogeneous catalysis. 
Such materials need to be porous and contain unsaturated metal 
atoms or suitably active ligands to act as reactive sites. Th e metals 
can either be the nodal metals used to construct the coordination 
polymer or metals contained within bridging ligands. Advantages 
of these materials include improved catalyst recovery, enhanced 
stability and size or shape selectivity. Kitagawa and co-workers 
also described the incorporation of (achiral) Schiff  bases into 
porous coordination polymers, but no catalytic properties were 
reported [1]. Th is same group, however, reported catalysis of 
Knoevenagel condensation reactions by a cadmium coordina-
tion polymer of the 3-connecting benzene-1,3,5-tricarboxylic 
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acid tris[N-(4-pyridyl)amide] ligand [2]. Th e metal ions are fully 
saturated (they are surrounded by six pyridyl donors) and the 
reaction is base catalysed by the amide groups of the ligands and 
is size selective. For example, the reaction of benzaldehyde with 
malononitrile showed 98% conversion, whereas the equivalent 
reaction with ethyl cyanoacetate showed only 7% conversion and 
no reaction was observed for cyanoacetic acid tert-butyl ester.

One of the earliest reports of heterogeneous catalysis by 
coordination polymers was for the (4,4) grid  structure of 
Cd(4,4 -bipy)

2
(NO

3
)

2
 [3]. Th is material shows catalysis for the 

cyanosilylation of aldehydes, with shape specifi city. Moderate 
yields (40%) were obtained for 2-tolualdehyde cyanosilylation, 
whereas poorer yields (18%) were obtained for 3-tolualdehyde. 
It was found that a- and b- naphthaldehyde reacted well whereas 
the larger 9-anthraldehyde did not. Later work on this material 
showed that it also catalysed the cyanosilylation of imines; how-
ever, absorption studies showed no detectable uptake of imines, 
suggesting that the catalysis is surface based (although it was 
noted that the reactivity is remarkably high if this is the case) [4].

2.4 Luminescence

Luminescence arises due to an electronic transition from an 
excited state, caused by photoexcitation, to the ground state, 
resulting in the emission of light [5, 6]. Depending on the nature 
of the excited state, luminescence is divided into two categories: 
fl uorescence and phosphorescence. Fluorescence occurs rap-
idly with some energy dissipation, meaning that the emitted 
light is red shift ed compared with that which was absorbed. 
Phosphorescence occurs more slowly from a triplet excited state 
to a singlet ground state and is the eff ect observed in materials 
that glow in the dark. Luminescent compounds usually require 
organic chromophoric ligands which absorb light and then pass 
the excitation energy to the metal ion. Th ese ‘antenna ligands’ 
must possess an excited state that is capable of sensitising the 
metal ion emission. Th e photoexcitation in this case is referred 
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to as a ligand-to-metal charge-transfer process (LMCT). Th e 
reverse case is also possible, whereby the charge is transferred to 
the ligand (MLCT). In some cases the metal ion is not involved 
in the luminescence event with intraligand processes, such as 
π–π* transitions, responsible for fl uorescence. Although organic 
polymers and discrete molecules can also display luminescence 
behaviour, coordination polymers are possibly the most ver-
satile materials as there is the potential to couple the emission 
properties with guest exchange  or other physical attributes. 
Coordination polymers can also be more thermally stable than 
organic species alone, making them more useful in many appli-
cations. Luminescent carboxylate-based coordination polymers 
have also been constructed using d-block metal ions. Cadmium–
benzenetricarboxylate polymers, both 2D and 3D, have been 
reported that display strong fl uorescence emission resulting from 
ligand-to-metal charge transfer (LMCT) [36]. Th e incorporation 
of DABCO co-ligands in one of the polymeric species results in 
a bathochromic shift  of the emission band which is postulated to 
be caused by σ-donations from the neutral co-ligand.

2.5 Redox Activity

A number of redox-active coordination polymers have been 
reported [7–10]. As these are solid-state materials, designing 
redox activity can be a  challenge. Any change in oxidation state 
must be compensated by either a corresponding opposite change 
elsewhere in the structure (either in the framework or by guests) 
or the absorption/desorption of the appropriate counterions.

2.6 Magnetism

Th ere are two classes of magnetic coordination polymers that will 
be discussed: those displaying long-range ordering and those that 
display a spin crossover (SCO). Both of these phenomena involve 
the ordering of electrons through an external stimulus and are of 
great importance to the data storage and electronic industries.



22 Main Group Metal Coordination Polymers

2.6.1 Long-Range Magnetic Ordering

Th e generation of materials that order magnetically is an impor-
tant goal within materials chemistry, with the main aim being 
to establish long-range magnetic ordering. Cooperative mag-
netism requires an interaction (coupling) between the spins of 
paramagnetic centres. A goal that has seen concerted attention 
is the generation of molecule-based materials with residual per-
manent magnetization (M) at zero fi eld (H) with a high critical 
temperature (T

c
). Th is requires a structure that allows for cou-

pling of parallel spins, termed ferromagnetism or the antiparallel 
coupling of unequal spins, termed ferrimagnetism, of neighbour-
ing paramagnetic spin carriers so that a non-zero spin of the bulk 
material results (Figure 2.1). When antiparallel coupling of equal 
spins occurs, termed antiferromagnetism, no residual spin of 
the bulk material is observed. An additional arrangement within 
these classes is termed spin canting, which occurs when the local 
arrangement of spins diff er in magnitude such that the moment is 
reduced but non-zero. Other terms that are used to describe mag-
nets are metamagnets, which show a magnetic fi eld-dependent 
transformation from antiferromagnetic to ferromagnetic behav-
iour, and spin glass, which is a material that shows short-range 
magnetic ordering but no long-range ordering. 

Th e nature of the magnetic ordering can be determined by both 
temperature dependent magnetic susceptibility measurements and 

Figure 2.1 Illustration of the spin alignment.
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the fi eld dependence of the magnetization below T
c
. Th e molar 

magnetic susceptibility (χ
M

) of a compound in a magnetic fi eld is 
the sum of its diamagnetic (repulsive) and paramagnetic (attrac-
tive) components. Ferromagnets show a temperature dependent 
molar magnetic susceptibility, χ

M
T, that increases continuously 

as the temperature is lowered to T
c
 (T

c
 is the Curie temperature). 

Ferrimagnets show a broad minimum in the χ
M

T values in the para-
magnetic range above T

c
. Th e Ne´el temperature, T

N
, is the critical 

temperature in this case. Additionally, the coercive fi eld H
c
 is the 

reverse magnetic fi eld required to reduce the magnetisation to zero. 
A hard magnet is characterised by a large H

c
 value (4100 Oe) and 

a soft  magnet is characterised by a small H
c
 value (o10 Oe). Hard 

magnets are required for magnetic data storage purposes. A long-
range ordered magnet is not only characterized by its critical tem-
perature but also by fi eld-dependent hysteresis loops. When present, 
hysteresis loops confer a memory eff ect on the system and are one 
of the attractive features of long range ordered materials for appli-
cation in magnetic data storage. AC susceptibilities, χ

M
 ‘(in-phase), 

χ
M

 “(out-of-phase), are also used to detect long-range ordering. It 
is diffi  cult to synthesis materials which order in all three dimen-
sions. Low dimensional materials typically show T

c
 values below 10 

K. Intramolecular interactions (i.e. bonds) are much more effi  cient 
than intermolecular interactions (i.e. through space) at communi-
cating magnetic information. Hence there is great interest in mag-
netic coordination polymers, which connect the magnetic centres 
through direct coordinative links. In addition, such materials have 
the real possibility of displaying high critical temperatures, particu-
larly in the case of 3D ferromagnets [11].

2.6.1.1 Molecule-Based Magnets

Molecule-based magnets (MBMs) are a class of magnetic materials 
composed of molecular components (molecules or molecular ions) 
as opposed to inorganic network solids or metallic  lattices, which 
are constructed from single atoms.  Generally, MBMs are formed 
by transition metals, rare earth ions, free radicals or diamagnetic 
ligands. Molecule-based magnets include zero-dimensional iso-
lated molecules or 1D chains, 2D layers and 3D structures where the 
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magnetic centres are linked directly. Such materials are commonly 
prepared by low- temperature, solution based methods, rather than 
the high-temperature methodologies oft en employed in inorganic 
network solid synthesis (e.g. metal oxides). Th e advantage of this 
design principle is that signifi cantly more control is attained through 
using molecular building blocks of defi ned direction and connectiv-
ity where the critical temperature is potentially tunable.

2.6.1.2 Single-Chain Magnets

Whereas long-range ordering in magnetic materials is useful for 
applications in magnetic data storage, the isolation of single-
chain magnets (SCM) which show magnetic ordering along the 
chain only may possibly be used as 1D magnetic nanowires for 
data storage. Th e general concept is to form isolated 1D chains 
which can be individually magnetised. While purely 1D sys-
tems are known to have no long-range ordering, the combina-
tion of large uniaxial anisotropy and large magnetic interactions 
between magnetic units within the chain results in long relax-
ation times. Th us, importantly, hysteresis or memory eff ects 
should be observed in these systems, even though 3D ordering 
is not present [11].

2.6.2 Spin Crossover

When a transition metal ion (d4–d7) is in an octahedral environ-
ment, there is a competition between the spin pairing energy (P) 
and the energy gap (Δ) of the e

g
 and t

2g
 metal orbitals. Th e magni-

tude of the energy gap is determined by the ligand fi eld strength 
of the metal coordination environment. In the case where Δ is 
greater than P then the d-electrons remain paired (where pos-
sible) and fi ll fi rst the lowest energy, t

2g
, orbitals, then the required 

e
g
 orbitals. Th e metal ground spin state for this case is defi ned 

as low spin (LS). When Δ is less than P then the d- electrons can 
unpair and distribute to fi ll both the t

2g
 and e

g
 orbitals. Th is is 

called the high-spin (HS) state. On the other hand, when the mag-
nitudes of Δ and P are approximately equal, a switching between 
the LS and HS states can occur via an external perturbation; most 
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commonly via temperature variation but also pressure or light 
irradiation (Figure 2.2). Th is phenomenon is called spin cross-
over (SCO), and the consequences of its incorporation into coor-
dination polymers is the focus of the second half of this chapter. 
Th e fundamental aspects of SCO will be only briefl y addressed 
through key examples. A fi nal notable point is that is possible to 
observe SCO in solutions of monomers where intermolecular 
eff ects are eliminated. As it is not possible to obtain 1D, 2D or 
3D species in the solution phase, only solid-state SCO will be pre-
sented here. Since that SCO are about transition metal ions we 
don’t review it further [11].

2.7 Acentric and Chiral Networks

Structures which are acentric, i.e. do not contain a centre of sym-
metry, are of particular interest. Th is symmetry is important as 
the following properties require acentric materials [12]:

Second-order non-linear optical (NLO) behavior: Application of 
a laser to a material that shows second-harmonic generation (SHG) 
results in the doubling of the frequency of that light (or a halving of 

Figure 2.2 Octahedral crystal fi eld splitting diagram showing the high-

spin and low spin states for Fe21 (left ). Th e general spin transition types (HS 

fraction versus temperature) for gradual, abrupt, two-step and with hysteresis 

(right) [11].
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its wavelength). A typical example is the shining of invisible 1064 
nm light from an Nd:YAG laser on a sample, resulting in its con-
version to visible (green) 532 nm light. Non-linear optical materials 
are of signifi cant interest for applications in photonic technology. 
For this reason, considerable research has been undertaken on new 
organic-based molecular NLO materials. Ideally, for a good SHG 
response a material needs to be non-centrosymmetric and have a 
large polarisability. Hence the organic materials best suited for this 
purpose have an electron donor and acceptor separated by a conju-
gated bridge. Coordination polymers, however, provide signifi cant 
advantages for the design of new SHG active materials [13]. Th e 
structural direction provided by a network of  coordination bonds 
can overcome unfavourable dipole–dipole interactions and coordi-
nation polymers can display high thermal and chemical robustness.

Th e diamond net is also a common network topology observed 
and is therefore fairly predictable. It is also likely to form with 
metals such as ZnII and CdII, which have the added advantage of 
fi lled d shells, meaning that optical losses from d-d transitions 
are prevented. One problem with this design strategy, however, 
is the formation of interpenetrating nets. Although individual 
nets may be acentric, interpenetration may produce pairs of nets 
that are related by a centre of symmetry. Th us an even number 
of interpenetrating nets may produce an overall centrosymmetric 
structure and therefore it is desirable to target structures with odd 
numbers of interpenetrating nets. Fortunately, one of the main 
determining factors for the number of nets formed is the length of 
the bridging ligand and hence the degree of interpenetration can 
be controlled by varying the ligand length. Longer ligands gener-
ate higher degrees of interpenetration. Th e ligand L2 with ZnII or 
CdII gives fi ve interpenetrating nets in the space group Cc; SHG 
activities are 126 and 18 times that of quartz, respectively [14]. 
Reaction of ligand L3 with ZnII results in fi ve interpenetrating nets; 
however, in this case the nodes are Zn

2
(μ-OH) dimers and two of 

the links between the nodes are each provided by pairs of ligands 
related by an inversion centre [14]. As a result, the structure is 
centrosymmetric, despite the odd number of interpenetrating 
nets. By contrast, reaction of the same ligand with CdII gives seven 
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interpenetrating nets, the space group Ia and an SHG activity 310 
times that of quartz. Use of the even longer ligand L4 (Figure 2.3) 
gives eight interpenetrating diamond networks, with the ZnII cen-
tres adopting both tetrahedral and octahedral geometries and the 
CdII centres adopting only octahedral geometry [15]. Despite the 
even degree of interpenetration, the structures adopt the chiral C

2
 

space group and display SHG activities 310 and 345 times that of 
quartz, respectively. Although individual results vary, it is note-
worthy that the SHG effi  ciency, in general terms, seems to increase 
with increase in the number of interpenetrating networks.

Piezoelectricity: In these materials, application of a mechanical 
force induces electrical polarisation or, alternatively, application 
of an electrical fi eld causes macroscopic strain. Th ese materi-
als are used in a wide range of applications to convert electrical 
energy into mechanical energy or vice versa.

Pyroelectricity: A pyroelectric material is one in which there is 
a change in the spontaneous polarisation with temperature. For 
this property, the structure must not just be acentric, but also pos-
sess a polar space group.

Ferroelectricity: Ferroelectric materials are pyroelectric materi-
als in which the polarisation is reversible. Th ese materials must 
not only be polar, but also contain a permanent dipole moment 
capable of being reversed upon application of a voltage.

Chirality: Some space groups are not just acentric, but chiral. 
Materials with these properties have a number of applications. 
Chirality is of immense interest to many chemists and the crystal 
engineer is no exception [16–20]. Chiral networks have possible 
applications as enantioselective catalysts or for the separation 

Figure 2.3 A series of asymmetric pyridylcarboxylate ligands used to 

construct SHG active coordination polymers.
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of enantiomers from racemic solutions through enantioselec-
tive adsorption. Coordination polymers are particularly attrac-
tive for these applications as there are only two chiral zeolites 
known (zeolite b and titanosilicate ETS-10) and they are diffi  -
cult to isolate enantiomerically pure [21, 22]. Such materials can 
be realised from either achiral components or, more reliably, 
through the use of chiral ligands. For achiral components, chiral-
ity can be induced by the geometry of the polymer, the arrange-
ment of asymmetric ligands or by the formation of an inherently 
chiral network topology. However, one of the challenges for this 
approach (and for the use of racemic mixtures of chiral ligands) 
is the formation of bulk samples of crystals in which the poly-
mers are all of the same hand, or the macroscopic resolution of 
crystals of the same hand (usually racemic mixtures of crystals 
are formed). Crystals may also be twinned, containing equal 
amounts of either hand within each individual crystal.
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3
Zinc(II) Coordination 
Polymers

3.1  Introduction to Zinc(II) 
Coordination Polymers

During the last two decades, coordination polymers have 
received much attention and the number of synthesized com-
pounds is still growing, which is mainly due to their poten-
tial application in such fi elds as microelectronics, nonlinear 
optics, molecular selection, ion exchange and catalysis. Th e 
group 12 elements are rather a special case when considering 
the chemistry of the main group elements [1]. Th e construction 
of coordination polymers and networks by the self-assembly 
of polydentate ligands and transition metal ions is a rapidly 
growing area of research. Th e considerable interest is driven 
by the impact on basic structural chemistry as well as by pos-
sible applications in a number of fi elds. As for polymeric Zn 
complexes, some of the compounds reviewed in the following 

Main Group Metal Coordination Polymers: Structures and Nanostructures. 
Ali Morsali and Lida Hashemi. © 2017 Scrivener Publishing LLC. 

Published 2017 by John Wiley & Sons, Inc. 



32 Main Group Metal Coordination Polymers

sections show photoluminescent and nonlinear optical (NLO) 
properties or have robust and thermally stable open-framework 
structures giving rise to permanent porosity which is a prereq-
uisite for sorption or selective inclusion of guest molecules. As 
a d10 metal ion Zn2+ is particularly suited for the construction of 
coordination polymers and networks. Th e spherical d10 confi gu-
ration is associated with a fl exible coordination environment 
so that geometries of Zn complexes can vary from tetrahedral 
through trigonal bipyramidal and square pyramidal to octahe-
dral and severe distortion of the ideal polyhedron easily occurs. 
Furthermore, due to the general lability of Zn complexes the for-
mation of coordination bonds is reversible which enables metal 
ions and ligands to rearrange during the process of polymeriza-
tion to give highly ordered network structures. Consequently, 
Zn can readily accommodate all kind of architectures and a 
selection of topological types of 1D, 2D and 3D Zn polymers 
is given in Scheme 3.1 [2]. In many cases rather similar ligands 
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lead to completely diff erent coordination arrays and the under-
standing of the structure-determining factors is of fundamental 
importance in coordination polymer chemistry.

3.1.1  Coordination Polymers Constructed 
from Rigid Two-Connecting Ligands

3.1.1.1 Rod-Type Ligands

Rod like ligands that have been employed as rigid, linear bridging 
units for the construction of Zn coordination polymers are sum-
marized in Scheme 3.2. Th e simplest ligand recognized as a useful 
diatomic building block in polydimensional extended structures 
is the cyanide ion.

In {Zn(CN)
2
}

n
 tetrahedral metal centers are linked by bridging 

CN− groups into a robust, diamondoid network structure having 
relatively large adamantane-like cavities despite the small size of 
the bridging units [3]. Because nature tends to avoid void vol-
ume, two identical, independent copies of the framework inter-
penetrate each other so that each diamondoid net fi lls the cavities 
of the other. Interpenetration of Zn(CN)

2
 nets does not occur 

when counterions are present to occupy the cavities. Since Cu(I) 
forms tetrahedral complexes, self-assembly of Cu(I), Zn(II) and 
CN− in the presence of N(CH

3
)

4
+ cations aff ords a coordination 
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polymer of composition {N(CH
3
)

4
[Cu(I)Zn(II)(CN)

4
]}

n
 with the 

cyanide ions linking Cu and Zn into a network of the zinc blend 
type [3]. Two diff erent kinds of adamantane cavities are present 
in the network, namely cavities built up by four Cu2+ ions and six 
Zn2+ ions (4Cu/6Zn) and 4Zn/6Cu cavities.Th e N(CH

3
)

4
+ cations 

occupy the 4Zn/6Cu cavities, thus preventing interpenetration of 
the network by a second one.

Pyrazine is the shortest linear linker next to cyanide. In [Zn(pz)
Cl

2
]

n
 linear, parallel Zn–pz–Zn chains with octahedral metal cen-

ters are connected through double μ-Cl bridges into a 2D layer 
structure. Contrasting with this, [Zn(pz)Br

2
]

n
 is a 1D zigzag chain 

polymer with Zn adopting a tetrahedral coordination geometry 
[4]. [Zn(pz)Br

2
]

n
 can be converted into a 2D square-grid (4,4) 

network (Scheme 3.1d) by solid-state reaction with pyrazine. 
In [Zn(pz)

2
Br

2
]

n
 the octahedral Zn ions are coordinated by four 

nitrogens of four distinct pyrazine ligands and two axial bromide 
ligands and thus act as the nodes of a (4,4) net.

4,4 -Bipyridine has been employed as a rod-type two connec-
tor in numerous studies to construct transition metal networks 
having, e.g. diamondlike, honeycomb, square-grid, ladder or 
brick-wall structures [5, 6]. In {[Zn(4,4 -bpy)

2
(H

2
O)

2
]SiF

6·
2H

2
O}

n
 

the octahedral Zn ions are surrounded by four bridging 4,4 -bpy 
ligands in a square planar geometry so that infi nite sheets with 
an ca. square grid structure are built up. In the  crystal packing 
parallel sheets are off -set stacked so that the Zn centers are ver-
tically above the midpoints of the Zn

4
 squares of the adjacent 

layers. An equivalent set of stacks is arranged in planes perpen-
dicular to the fi rst set giving rise to an interpenetration mode that 
is described as diagonal/diagonal inclined interpenetration [7]. In 
{[Zn

2
(4,4 - bpy)

3
(NO

3
)

4
]

·
2H

2
O}

n
 the Zn centers are coordinated 

by two chelating nitrates and three bpy nitrogens in a pentagonal 
bipyramidal geometry and represent T-shaped nodes [8]. Two 1D 
chains running perpendicularly to each other are joined by 4,4 -
bpy bridges. Th is way, bilayers are formed that pack by partial 
interdigitation. Th ere are 1D microchannels present that allow 
for the reversible adsorption (1,1)-bridging mode.



Zinc(II) Coordination Polymers 35

Th e rod type two-connector bpethy contains an acetylene spacer 
between the two pyridyl rings. Cocrystallization of Zn(NO

3
)

2
 with 

the bispyridyl ligand yields polycatenated molecular ladders [9]. 
Pentagonal bipyramidal Zn ions having two chelating nitrate 
ligands represent T-shaped nodes for the formation of these lad-
ders. Two distinct sets of ladders are present with the ladders of 
one set being catenated by those of the other set. As schematically 
displayed in Figure 3.1, every mesh of a ladder is catenated by two 
other ladders in [Zn

2
(bpethy)

3
(NO

3
)

4
]

n
.

Analogously to 4,4 -bpy, the corresponding N,N -dioxide 4,4 -
bpyO can be employed as a universal, two-connecting building 
block for the construction of Zn grid structures. When adopting 
the trans coordination mode, 4,4 -bpyO represents a ligand with 
“off -axis rod” geometry.

Self-assembly of Zn2+ and the off -axis rod-type ligands bna 
{bna: 2,2 -bi-1,6-naphthyridine} and azpy yields planar 2D (4,4) 
frameworks. In [Zn(NCS)

2
(bna)

2
]

n
 Zn is coordinated in a square 

planar fashion by four bna ligands that adopt the s-trans con-
formation, while two NCS− ligands complete the octahedral Zn 
coordination geometry [10]. Th e ligand provides a bridging dis-
tance of about 16 Å, which allows for an inclined interpenetra-
tion mode such that each grid window has parts of two other 
sheets passing through it. In this regard, the 3D interlocked 
 structure of [Zn(NCS)

2
(bna)

2
]

n
 diff ers from the 1 × 1 interpen-

etration found in the (4,4) square grid structure of {[Zn(4,4 -
bpy)

2
(H

2
O)

2
]SiF

6·
2H

2
O}

n
.Azpy produces a 2D rhombic grid 

Figure 3.1 Schematic representation of the polycatenated ladders in 

[Zn
2
(bpethy)

3
(NO

3
)

4
]

n
.
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structure of composition {[Zn(azpy)
2
(H

2
O)

2
]SiF

6
.H

2
O}

n
 with two 

sets of parallel layers giving rise to perpendicular interpenetra-
tion [11]. When sulfate is used as the counterion, 1D chains of 
alternating {Zn(SO

4
)}

2
 and {Zn(SO

4
)}

4
 rings are formed [12]. 

Hydrogen-bonding interactions involving Zn bound water leads 
to 2D sheets that are joined by azpy pillars.

3.1.1.2 Angular, Rigid Two-Connectors 

Two-connecting, angular building blocks that have been assem-
bled with Zn2+ are listed in Scheme 3.3. Except for pymo that links 
Zn2+ ions into a 3D diamond-related structure, these angular-type 
connecting units aff ord 1D chain structures with zigzag, wedge-
shaped and helical geometries or doubly bridge Zn2+ ions into 
linear chains. Pyrimidine provides a 120° angle and connects the 
Zn2+ ions in [Zn(pym)Cl

2
]n into infi nite zigzag chains. Linkage 

of these by double μ-Cl bridges results in an undulate, 2D sheet 

N N

N

N

N

N

N S S
N

N
S S

N

O

N NΘ

OΘ

N N

N N N

N N

N

N
H

O

pym
pymo

pyzH dpt

bmptc

Closed ring form

bepf bepb

Scheme 3.3 Ligands providing angular connectivities.
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structure. Analogously to pyrimidine, the anion of pymoH repre-
sents a 120° building block, when coordination occurs via the two 
ring nitrogens. Unlike in [Zn(pym)Cl

2
]

n
, however, the Zn ions in 

[Zn(pymo)
2
]

n
 bind to four nitrogens of diff erent pyrimidinolate 

ligands in a tetrahedral coordination geometry to give a non-
interpenetrated diamond-like framework [13].

In [Zn(pymo)
2
(N

2
H

4
)

2
]

n
 octahedrally coordinated Zn centers 

having two mutually trans phenolate oxygens are doubly bridged 
by two N

2
H

4
 molecules at a distance of about 4.0 Å.

Dpt binds to Zn through the pyridyl nitrogens and links the metal 
ions into 21 helical chains. Two polymorphs of [Zn(NO

3
)

2
(dpt)]

n
, 

A and B, exist that diff er in their nitrate binding modes [14]. In A, 
Zn is coordinated in a cis arrangement by two pyridyl nitrogens, 
one chelating and one monodentate nitrate. In B two chelating 
nitrate anions push the pyridyl donors together so that the helix 
pitch decreases from 22.6 Å in A to 19.0 Å in B while the helix diam-
eter increases from 6.3 to 8.9 Å. In another Zn coordination poly-
mer obtained with dpt, {[Zn(dpt)

2
(H

2
O)

2
][Zn(dpt)

2
(CH

3
CN)

2
]

(ClO
4
)

4·
2CH

3
CN}

n
, two nets that have diff erent chemical compo-

sition and diff erent handedness interpenetrate each other [15]. 
Every individual net is composed of helices with two Zn ions 
and two dpt ligands per helical turn that are  interlinked by fur-
ther dpt ligands so that a second type of helix is present. In this 
second type of helix one  helical pitch includes six metal ions and 
six ligands. Interpenetration of net I containing right-handed heli-
ces of composition [Zn(dpt)

2
(H

2
O)

2
]2+ and net II containing left -

handed helices of composition [Zn(dpt)
2
(CH

3
CN)

2
]2+ results in a 

chiral network.

Bmptc was shown to produce infi nite zigzag chains by binding to 
the axial positions of Zn(facac)

2
 {facac: 1,1,1,5,5,5-hexafl uoroacety-

lacetonate}units through the pyridyl nitrogens [16]. Upon irradia-
tion of the crystalline coordination polymer with 578 nm light the 
ligand is converted into the closed-ring form isomer (Scheme 3.3). 
Th us, [Zn(facac)

2
(bmptc]

n
 exhibits photochromic reactivity in the 

single-crystalline state.
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3.1.2  Coordination Polymers Constructed 
from Rigid, Trigonal Th ree-Connectors 

Rigid, trigonal building blocks that have been used for the con-
struction of Zn networks are summarized in Scheme 3.4. Another 
group of triangular building blocks comprises the inorganic 
anions CO

3
2−, BO

3
−3 and NO

3
− that form various open-framework 

structures with zinc.

One possible structure resulting from self- assembly of trigonal 
ligands with half as many octahedral metal centers is the rutile-
type framework and 2-fold  interpenetrated rutile nets are realized 
in [Zn{C(CN)

3
}

2
]

n
 [17].

Two coordination polymers constructed from tpt have been 
described that possess remarkable topologies, [Zn(tpt)

2/3
(SiF

6
)

(H
2
O)

2
(CH

3
OH)]

n
 [18] and {[Zn(CN)(NO

3
)(tpt)

2/3
] .18Solv}

n
 [19]. 

[Zn(tpt)
2/3

 (SiF
6
)(H

2
O)

2
(CH

3
OH)]

n
 is a rare example of a (10,3)-a 

net. Each Zn is coordinated by two water molecules, a methanol 
molecule and a SiF

6
2− ion in a square-planar fashion which leaves 

two trans positions for binding of tpt. Th e three pyridyl nitrogens 
of tpt link the Zn centers into a (10,3)-a net that features helical 
arrays. Interpenetrated (10,3)-a nets are particularly interesting. 
As realized by Wells 25 years ago, for intrinsically enantiomor-
phic (10,3)-a nets interpenetration can occur with an identical 
net of the same handedness as well as with a net of the opposite 
handedness [20].

N

N

N N

N

tpt tpm

N

N

N

N

C

OH

N

Θ

NN

C

C

C C

Scheme 3.4 Ligands used as rigid, triangular building blocks.
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In [Zn(tpt)
2/3

(SiF
6
)(H

2
O)

2
(CH

3
OH)]

n
 eight independent nets 

interpenetrate each other, four of one handedness (41-helices) and 
four of the other (43-helices) giving rise to a 3D racemate. Helices 
of independent nets with the same handedness pair to give dou-
ble helices. Th e most remarkable and unique feature of the sec-
ond Zn coordination polymer derived from tpt, {[Zn(CN)(NO

3
)

(tpt)
2/3

].18Solv}
n
, is the presence of large, isolated and sealed-off  

chambers that accommodate 18 solvent molecules. Each metal 
ion is surrounded by one chelating nitrate, two cyanides in cis 
positions and two trans pyridyl nitrogens. Four Zn ions and 
four bridging cyanides constitute squares. Six {Zn

4
(CN)

4
(NO

3
)

4
} 

squares are connected by eight μ
3
-tpt ligands to build a cage struc-

ture with the centers of the trigonal building blocks sitting at the 
corners of a cube as outlined in Figure 3.2. 

Th e overall infi nite 3D structure consists of cages sharing the Zn
4
-

faces. Two identical copies of this framework interpenetrate each 
other. Th ere is a second and considerably larger type of cage. Th e 
larger cages of one framework encapsulate the smaller ones from 
the other. Th is aff ords isolated and sealed-off  chambers that are 
surrounded by double shells. Th ese cavities are large enough to 
host nine C

2
H

2
Cl

4
 and nine methanol molecules which are highly 

disordered and essentially liquid.

Zn Midpoint of tpt ligand CN bridges

Figure 3.2 Schematic representation of the cage structure formed by six 

square {Zn
4
(CN)

4
(NO

3
)

4
} entities and eight μ

3
-tpt ligands in {[Zn(CN)(NO

3
)

(tpt)
2/3

].18Solv}
n
.
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3.1.3  Coordination Polymers Constructed 
from Carboxylates, Pyridine 
Carboxylates and Pyrazine 
Carboxylates 

Several aliphatic and aromatic dicarboxylates have been employed 
for the synthesis of Zn coordination polymers. Two trans oxygens of 
squarate coordinate to two Zn ions and generate the 1D coordination 
polymer [Zn(C

4
O

4
)(H

2
O)

4
]

n
 [21] and the 3D   framework structure 

{[Zn(C
4
O

4
)(H

2
O)

2
].1/3CH

3
COOH.1/3H

2
O}

n
 containing cavities to 

accommodate CH
3
COOH and water molecules [22]. Th e oxalate 

dianion has been shown to connect {Zn(py)
2
} fragments into an infi -

nite zigzag chain, while with no other ligands being bound to Zn a 2D 
honeycomb net results from self-assembly of six Zn and six oxalate 
ligands into hexagons in {(mpyH)

2
[Zn

2
(ox)

3
]}

n
 [23]. 1,2-Bdc forms 

infi nite zigzag chains with Zn(im)
2
 fragments in [Zn(im)

2
(1,2-bdc)]

n
, 

while in [Zn(mim)(1,2-bdc)]
n
 two Zn ions and two carboxylate ligands 

constitute 14-membered rings that are parts of infi nite chains, since 
one carboxylate group of each 1,2-bdc acts as a 1,3-bridging ligand 
[24]. Th e mixed ligand complexes [Zn(1,2-bdc)py

2
]

n
, [Zn(1,2-bdc)

(3-mpy)
2
]

n
, [Zn(1,2-bdc)(4-mpy)

2
]

n
 and [Zn(1,2-bdc)(4-mpy)]

n
 all 

represent  chain-type coordination polymers, although the dicarbox-
ylate ligand displays distinct coordination patterns in the individual 
compounds (1,6- and 1,3-bridging, monatomic bridges, monoden-
tate, bidentate and chelating coordination) [25].

Th e pyridine and pyrazine carboxylate ligands displayed in 
Scheme 3.5 have been shown to act as connecting units in Zn 
coordination networks with diamondoid, 2D grid, herringbone, 
pillar-type and helical topologies. Pyridine-2,3-dicarboxylate 
(2,3-pdc) chelates one Zn through the pyridine nitrogen and one 
ortho carboxylate oxygen and binds to the next Zn ion through 
one oxygen of the carboxylate group in meta position. 2,3-pdc 
creates a diamondoid Zn network two copies of which inter-
penetrate each other in {K

2
[Zn(2,3-pdc)

2
]}

n
 [26]. In {[ZnCu(2,4-

pdc)
2
(H

2
O)

3
(dmf)].dmf}

n
 2,4-pdc serves as a two-connecting 

unit to generate an interesting microporous, heteronuclear coor-
dination polymer [27]. 
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Nicotinate has been applied by Lin et al. as a bifunctional, bridg-
ing ligand for the construction of an infi nite chiral square grid 
[28]. Th e Zn centers in [Zn(nic)

2
]

n
 are hexacoordinated by two 

chelating carboxylate groups and two pyridyl nitrogens of four 
diff erent ligands. Th e bent confi guration of nicotinate allows for 
a planar arrangement of the Zn ions in the 2D network. Since the 
Zn coordination polyhedral lack a center of symmetry and have 
all the same handedness, [Zn(nic)

2
]

n
 represents a chiral 2D net-

work. [Zn(nic)
2
]

n
 is thermally stable up to 420 °C and shows sec-

ond-order non-linear (NLO) properties. Requirements for NLO 
eff ects are the absence of a center of symmetry and the presence 
of asymmetric ligands that can introduce electronic asymmetry 
(push–pull eff ect).

3.1.4  Coordination Polymers Constructed 
from Secondary Building Blocks 
(SBUs) 

Aromatic and other rigid di- and tricarboxylates have been rec-
ognized as powerful ligands for the construction of robust frame-
works that show permanent porosity and adsorptive behavior [29]. 
Aromatic polycarboxylates impart a high degree of rigidity to the 
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COOHCOOH
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Scheme 3.5 Pyridine and pyrazine carboxylates in Zn coordination polymers.
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structure so that in many cases guest molecules can be removed or 
exchanged without destruction of the porous framework or even 
without loss of crystallinity. In such compounds the carboxylate 
groups act as bridging bidentate ligands and form clusters that are 
referred to as secondary building units (SBU). Depending on the 
geometry of the cluster and the polycarboxylate ligand SBUs can 
represent, e.g. square, tetrahedral, octahedral, trigonal prismatic 
or pentagonal antiprismatic nodes for the formation of extended 
structures. Since the pioneering work of Yaghi [30] various open- 
framework structures containing Zn carboxylate clusters have 
been reported many of which have interesting structural features 
and properties. By using 1,4-bdc open-framework structures based 
on di-, tri- and tetranuclear secondary building blocks have been 
generated. {[Zn(1,4-bdc)(H

2
O)].dmf}

n
 is built up by dinuclear 

paddle-wheel SBUs that represent square building block. Th ese 
cluster units are connected into a 2D microporous square-grid 
structure [31]. Adjacent layers are stacked in parallel and linked 
through hydrogen-bonding interactions involving water ligands 
and carboxylate oxygens. Th is way, channels are generated that 
have diameters of 5 Å and host the dmf molecules. Permanent 
porosity of {[Zn(1,4-bdc)(H

2
O)].dmf}

n
 was manifested by the 

observation of rapid and reversible sorption of N
2
 and CO

2
 by the 

evacuated [Zn(1,4-bdc)]
n
 framework.

While 1,4-abdc leads to the same square-grid framework as found 
in {[Zn(1,4-bdc)(H

2
O)].dmf}

n
, tbdc gives a double layer structure 

built up by tetrahedral {Zn
2
(tbdc)

6
}8− building blocks [32]. In the 

case of 1,4-ndc hexameric entities containing four tetrahedral Zn, 
four octahedral Zn, two μ

3
-OH groups, two bound dmf molecules 

and ten dicarboxylate ligands are obtained [33]. Th ese SBUs have 
a pentagonal antiprismatic geometry and form a six-connected, 
channeled network hosting dmf molecules.

Th e tricarboxylate btc and Zn(NO
3
)

2
 yield a rigid and highly stable 

porous 3D framework that reversibly includes alcohols [34]. Th e 
basic structural motif of {[Zn

2
(btc)(NO

3
)(EtOH)

3
]. H

2
O.2EtOH}

n
 

is composed of two Zn centers that are bridged by three car-
boxylate groups of three diff erent btc ligands. One chelating 
nitrate and three ethanol molecules give rise to fi ve- and hexa 
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coordinated metal ions. Th e porous structure of the network 
results from large fused rings composed of fi ve dinuclear Zn

2
 

building blocks. Th e nitrate anions and the bound ethanol mol-
ecules point towards the centers of the rings. Th e 3D overall 
structure features channels with a diameter of about 14 Å that 
host water and (uncoordinated) ethanol molecules. Most of the 
bound and unbound ethanol can be removed without loss of the 
structural integrity of the framework.

Ctc is structurally similar to btc. However, the extended struc-
ture of its Zn complex of composition [Zn

3
(ctc)

2
(py)

2
(dmf)

2
]

n
 is 

two-dimensional and is based on trinuclear building blocks [35]. 
Th ree collinear Zn ions are bridged by six carboxylate groups 
four of which form three-atom bridges. Th e other two carboxyl-
ate groups form single-atom bridges. Two of the three Zn ions 
have additional pyridine and dmf ligands. Th e building blocks are 
linked through the remaining carboxylate functionalities into a 
2D layer three Zn centers thick.

3.1.5  Coordination Polymers Constructed 
from Conformational Flexible Ligands

While the rigid ligands with fi xed bridging angles discussed in 
the previous sections are suitable candidates for a more rational 
design of network structures, bidentate ligands with conforma-
tional fl exible spacers that preclude prediction and control of 
the resultant structures are well suited to accommodate a wide 
variety of architectures and off er a high degree of adaptability 
to, e.g. the inclusion of counterions or other guest molecules. 
Conformational fl exible ligands that have been used to synthesize 
Zn coordination polymers are presented in Scheme 3.6.

In bib two imidazole residues are separated by an aromatic 
spacer. Th is ligand is known to form catenane and rotaxane struc-
tures with transition metal ions [36] and a 2D polyrotaxane struc-
ture has been reported for the Zn complex {[Zn(bib)

2
(NO

3
)

2
]. 

4.5H
2
O}

n
 [37]. Th e cyclic units of the polyrotaxane are built up 

by two Zn centers and two bridging bib ligands. As outlined in 
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Figure 3.3a these {Zn
2
(bib)

2
} macrocycles are connected by bib 

bridges into an infi nite 2D array. Each Zn is surrounded by 
four imidazole nitrogens in a distorted tetrahedral geometry. 
Interpenetration of two independent nets results in the polyro-
taxane structure shown in Figure 3.3b. When the imidazole resi-
dues of the ligand are separated by two phenyl groups instead of 
one, a double-stranded Zn helix can be obtained. 

In {[Zn(bimp)(CH
3
CO

2
)

2
].6H

2
O}

n
 bridging bimp ligands gener-

ate infi nite 21 helical chains, while the acetate ligands bind in a 
monodentate fashion to the metal centers [38]. Two independent 
strands are interwoven with each other and the resulting double 
helix is held together by H bonds and weak face-to-face π–π inter-
actions. In contrast to the chelating binding mode observed in 
other transition metal complexes, bddo acts as a bidentate, bridg-
ing ligand towards Zn and connects the Zn ions of [Zn(bddo)
(NCS)

2
]

n
 into an infi nite chain [39].

Th e two carboxylate groups of zwitterionic dbcop link Zn ions into 
a 2-fold interpenetrated polymer of composition {[Zn(dbcop)

2
]

N
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O

N
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Scheme 3.6 Conformational fl exible ligands used to synthesize Zn 

coordination polymers.
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(ClO
4
)

2
}

n
 [40].With the structurally related ligand dbcoac 1D 

and 2D coordination polymers have been obtained, namely 
{[Zn(dbcoac)Br

2
].H

2
O}

n
 (infi nite zigzag chains) and {[Zn(dbcoac)

(H
2
O)

2
](ClO

4
)

2
.4H

2
O}

n
 (wavy layer network) [41].

In [Zn
3
Cl

2
(iva)

4
]

n
 Zn ions are linked by the α-amino acid isova-

line into a 2D grid structure [42]. Th e compound contains two 
types of Zn ions. One type is chelated by two iva ligands, thus 
having N

2
O

2
Cl environments. Th e carboxylate groups of these 

(a)

(b)

ligand

Zn

Figure 3.3 Schematic representation of the 2D structure of {[Zn(bib)
2
(NO

3
)

2
]. 

4.5H
2
O}n (a) and the polyrotaxane structure generated by interpenetration(b).
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{ZnCl(iva)
2
} moieties form monatomic bridges to the second type 

of Zn ions having a distorted tetrahedral O
4
 environment so that 

the {ZnCl(iva)
2
} units are connected into 2D layers.

3.1.6  Coordination Polymers Constructed 
from Phosphate and Phosphonate 
Ligands

A wide variety of interesting chain, layer, open-framework and 
channel structures have been derived from phosphate and phos-
phonates. Transition metal phosphonates are of interest due 
to their potential applicability in ion exchange and sorption. 
Phosphate and phosphonate based coordination polymers have 
been reviewed by Cao and Mallouk [43] and by Clearfi eld [44] and 
some recent examples are listed under [45]. In [Zn

2
(en)(HPO

3
)

2
]

n
 

and [Zn
2
(4,4 -bpy)(PO

3
F)

2
]

n
 ethylenediamine and 4,4_-bpy serve as 

bidentate linking units between inorganic Zn–O
3
P layers [46, 47]. In 

[Zn
2
(en)(HPO

3
)

2
]

n
 alternating ZnO

3
N and HPO

3
−2 tetrahedra form 

neutral sheets with 4.82 topology. Neighboring sheets are connected 
through Zn–NH

2
–(CH

2
)

2
–NH

2
–Zn linkages. In the crystal lattice 

two independent networks interpenetrate each other with the Zn–
en–Zn chains of one network threading the eight-membered circuits 
of the other. Like en, 4,4 -bpy connects adjacent layers built up by 
ZnO

3
N and PO

3
F2− tetrahedra, thus serving as a pillaring group. Th e 

larger 4,4 -bpy ligand, however, generates a non-interpenetrated 
channel structure in [Zn

2
(4,4 -bpy)(PO

3
F)

2
]

n
. [Zn

2
(en)(HPO

3
)

2
]

n
 

and [Zn
2
(4,4 -bpy)(PO

3
F)

2
]

n
 can be structurally compared with pil-

lared Zn compounds derived from biphosphonates like [Zn
2
(pbp)

(H
2
O)

2
]

n
 [48], [Zn

2
(bpbp)(H

2
O)

2
]

n
 [49], [Zn

2
(ebp)(H

2
O)

2
]

n
 [50] and 

[Zn
2
(pbp)]

n
 [50] where neighboring inorganic Zn–O

3
PC layers are 

cross-linked by the diaryl or alkyl groups of the phosphonates.

3.2  Nano Zinc(II) Coordination 
Polymers

Th e Zn(II) ions as metal centers have been used extensively for 
the synthesis of various organic–inorganic networks [51–54]. 
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To date, the synthesis of nano coordination polymers have been 
generated interest and they are synthesized with diff erent meth-
ods and conditions such as microwave, sonochemistry [55–57], 
the coordination modulation, hydrothermal/solvothermal and 
so on [58, 59]. By decreasing the size of coordination polymers 
(CPs) from bulk powder crystalline to nano-size, the properties 
and applications of them would be improved.

A quite elegant approach used in the synthesis of nanomaterials 
is sonochemistry [60]. In this method molecules are promoted to 
form nano-sized straw-like by the application ultrasound radiation. 
Reaction between mixture of 4,4 -bipy and 3-bpdb with a  mixture 
of zinc(II) acetate and sodium perchlorate led to the formation 
of the new zinc(II) 2D coordination  polymer {[Zn(μ-4,4 -bipy)
(μ-3-bpdb)(H

2
O)

2
](ClO

4
)

2
 4,4 -bipy.3-bpdb.H

2
O}

n
 {4,4 -bipy = 

4,4 -bipyridine and 3-bpdb = 1,4-bis(3-pyridyl)-2,3-diaza-1,3-bu-
tadiene}. Nano-straws of complex were obtained by ultrasonic 
irradiation in a water solution and single crystalline material was 
obtained using a slow evaporation. Th e complex in the solid state 
(Figure 3.4) consists of two-dimensional polymeric units, i.e. the 
structure can be considered a coordination polymer of zinc(II) con-
sisting of linear chains formed by bridging 4,4 -bipy and 3-bpdb 

Figure 3.4 A fragment of the two-dimensional polymer in up compound.
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ligands. Th e coordination number in this complex is six and the 
geometry can be regarded as distorted octahedral.

Th e morphology of compound prepared by the sonochemical 
method is very interesting and it is composed of belts of similar 
straw (Figure 3.5) [61].

Th e yellowish crystalline material of the general  formula {[Zn(μ-4,4 -
bipy)(μ-3-bpdh)(H

2
O)

2
](ClO

4
)

2
.(4,4 -bipy)

0.5
}

n
 was provided from 

slow evaporation of a saturated solution; a mixture of two organic 
compounds as bridging ligand (4,4 -bipy and 3- bpdh) and two inor-
ganic salts as center atom and counter ion (zinc(II) acetate dehydrate, 
sodium perchlorate). Determination of the structure of compound 
{[Zn(μ-4,4 -bipy)(μ-3-bpdh)(H

2
O)

2
](ClO

4
)

2
.(4,4 -bipy)

0.5
}

n 
by X–ray 

crystallography), showed this structure is a novel two-dimensional 
coordination polymer (Figure 3.6). Th e zinc(II) atoms can be con-
sidered to be six-coordinate as octahedral with ZnN

4
O

2
 coordination 

Figure 3.5 SEM photograph of {[Zn(μ-4,4 -bipy)(μ-3 bpdb)(H
2
O)

2
]

(ClO
4
)

2
.4,4 -bipy.3- bpdb.H

2
O}

n
 nano- straw.
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sphere, the coordinated nitrogen atom is from 3-pyridine and 4-pyr-
idine groups of 3-bpdh and 4,4 -bipy ligands. 

Two water molecules have been coordinated to the zinc atoms by 
oxygen atoms. Th e perchlorate anions as counter ion and some 
molecules of 4,4 -bipy as guest molecule are fi xed in the structure 
by hydrogen bonding. Hydrogen bonding is the main reason for 
growing the structure in three dimensions.

Th e compound {[Zn(μ-4,4 -bipy)(μ-3-bpdh)(H
2
O)

2
](ClO

4
)

2
.

(4,4 -bipy)
0.5

}
n
 has been synthesized in nano-size by ultrasonic 

Figure 3.6 A fragment of the two-dimensional chain in compound 

along crystallographic b axis (top) and showing of three-dimensional 

supramolecular of compound formed by hydrogen bonding of perchlorate 

anions and uncoordinated 4,4 -bipyridine molecules (bottom).
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method. Th e morphology, structure and size of the nanostruc-
ture of compound 1 were investigated by Scanning Electron 
Microscopy (Figure 3.7). Figure 3.7 indicates the original mor-
phology is the nanorods that have been prepared by sonochemi-
cal process [62].

Th e shiny crystalline material of the general formula {[Zn(μ-3-
bpdb)(3-bpdb)

2
(H

2
O)

2
](ClO

4
)

2
.3-bpdb}

n
 was provided from slow 

evaporation of a saturated solution of 3-bpdb, zinc(II) acetate 
dehydrate and sodium perchlorate. Also, the nano-rods of com-
pound {[Zn(μ-3-bpdb)(3-bpdb)

2
(H

2
O)

2
](ClO

4
)

2
.3-bpdb}

n
 with 

good morphologies were synthesized by sonochemical method.

Determination of the structure of compound {[Zn(μ-3-bpdb)
(3-bpdb)

2
(H

2
O)

2
](ClO

4
)

2
.3-bpdb}

n
 by X–ray crystallography 

showed this structure is a new one-dimensional coordination 
polymer. Th e zinc(II) atoms have been coordinated by six atoms 
and have octahedral coordination sphere as ZnN

4
O

2
. Four 

3-bpdb molecules coordinate to each zinc(II) atom by nitrogen 
atoms of pyridyl groups. One molecule of ligand 3-bpdb con-
nects to zinc(II) atom as bi-donor and two other ones coordinate 
just by one nitrogen atom. Also, two water molecules coordi-
nate to zinc(II) atom. Th e perchlorate anions act as counter ion; 
these ions and un- coordinated 3-bpdb ligand were fi lled the 
space between of one-dimensional chains. Th e hydrogen bonds 
and π–π stacking are the main causes for growing this polymer 
in two and three-dimension networks (Figure 3.8). 

Figure 3.7 Th e SEM images of compound {[Zn(μ-4,4 -bipy)(μ-3-bpdh)

(H
2
O)

2
](ClO

4
)

2
.(4,4 -bipy)

0.5
}

n
 nanorods prepared by sonochemical method.
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Th e morphology, structure and size of compound {[Zn(μ-3-bpdb)
(3-bpdb)

2
(H

2
O)

2
](ClO

4
)

2
.3-bpdb}

n
 in nano size were investigated 

by scanning electron microscopy (Figure 3.9) [63].

Figure 3.8 A view of π–π stacking and hydrogen bonding interactions 

between two chains the perchlorate ions were omitted for clarity (Zn = violet, 

O = red, C = gray, N = blue, Chloride = green).

Figure 3.9 Th e SEM images of nano-rods compound {[Zn(μ-3-bpdb)

(3-bpdb)
2
(H

2
O)

2
](ClO

4
)

2
.3-bpdb}

n
.
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3.3 Conclusion

As manifested by the structures reviewed in this part, the versa-
tile coordination properties of the Zn2+ ion allow for a large vari-
ety of architectures resulting from the self-assembly of Zn2+ with 
organic ligands. A number of open-framework structures derived 
from conformationally rigid polydentate ligands are available to 
date that are promising candidates for applications due to proper-
ties like permanent porosity and (selective) adsorptive behavior.
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4
Cadmium(II) Coordination 
Polymers

4.1  Introduction to Cadmium(II) 
Coordination Polymers

Cd2+, as a d10 metal ion, is particularly suited for the construction of 
supramolecular compounds and networks. Th e spherical d10 con-
fi guration is associated with a fl exible coordination environment, 
so that geometries of these complexes can vary from tetrahedral 
(CN = 4) to dodecahedral (CN = 8) and severe distortions in the 
ideal polyhedron easily occur. Furthermore, due to the general 
lability of Cd(II) complexes, the formation of coordination bonds 
is reversible, which enables metal ions and ligands to rearrange 
during the process of polymerization to give highly ordered net-
work structures. Consequently, Cd can readily accommodate all 
kind of architectures and a selection of topological types of 1D, 2D 
and 3D polymers is given [1–10]. Th us, their preparation is chal-
lenging owing to their ability to tailor their physical and chemical 
properties [11].

Main Group Metal Coordination Polymers: Structures and Nanostructures. 
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4.1.1  One-Dimensional Coordination 
Polymers

However, there is an unfavorable investigation on the MOFs con-
taining fl exible bridging carboxylate ligands [12–16]. Compared 
with the rigid ligands, the skew and versatile coordination orien-
tation of the fl exible bridging ligands is favorable for constructing 
novel structures [17–20]. Disulfi de bridging phenyl carboxylate 
ligands possess fl exibility owing to the presence of –S–S– spac-
ers between the phenyl rings and can adopt various conforma-
tions according to geometric requirements when they react with 
diff erent metal salts, the fl exible and multifunctional coordina-
tion sites provide a high likelihood for build novel coordination 
frameworks with high dimensions. Whereas, there have been 
few reports of studies on fl exible disulfi de derivatives of carbox-
ylates [21–25]. Considering the points mentioned above, to fur-
ther explore the coordination characteristics of fl exible disulfi de 
bridging aromatic dicarboxylate ligand, here chose 2,2-dithio-
bisbenzoic acid (H

2
dtbb) as primary ligand to construct Cd(II) 

photoluminescent coordination polymers by taking advantage of 
its multicarboxylate bridging coordination ability together with 
the fl exibility of its C–S–S–C bonds, incorporating the auxiliary 
ligands. Herein, report the syntheses, crystal structures and pho-
toluminescent properties of four Cd(II) complexes with these 
ligands: [Cd(Hdtbb)(dtbb)

0.5
(DMF)]

n
 (1), {[Cd(dtbb)(2,2 -bpy)

(H
2
O)].2DMA}

n
 (2) [dtbb: 2,2'-dithiobis(benzoato)]. Th e crystal-

lographic analysis reveals that 1 is a one dimensional chain coordi-
nation polymer. Complex 1 crystallizes in the monoclinic system, 
C2/c space group. Th e asymmetric unit of 1 contains one crystal-
lographically nonequivalent Cd (II) ion (Cd1), one Hdtbb- ligand, 
half dtbb2- ligand and one DMF molecule. Cd1 is six-coordinated 
by three oxygen atoms from two carboxylic groups of two dtbb2- 
ligands, two oxygen atoms from two carboxylic groups of two 
Hdtbb- ligands and one oxygen atom from DMF molecule, exhib-
iting the distorted octahedral geometry. X-ray crystallographic 
analysis reveals that 2 crystallizes in a monoclinic space group 
P21/c and there are one Cd(II) ion (Cd1), one dtbb2- ligand, one 
2,2 -bpy ligand, one H

2
O molecule and two free DMA molecules 
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in the asymmetric unit. Th e Cd(II) ion is seven-coordinated by 
four oxygen atoms from two carboxylic groups of two diff erent 
dtbb2- ligands, two nitrogen atoms from one 2,2 -bpy molecule 
and one O atom from water molecule in a pentagonal bipyra-
mid geometry. Th e solid-state emission spectra of the free H

2
dtsa 

ligand and complexes 1, 2 were measured at room temperature. 
Th e main emission peak of H

2
dtbb is at 465 nm (kex = 389 nm), 

which may be attributed to π---π* transition. Th e compounds 1, 2 
show emissions at about 455 nm (kex = 396 nm) and 468 nm 
(kex = 395 nm), respectively. It should be pointed out that the 
emissions of compounds 1, 2 are neither metal-to-ligand charge 
transfer (MLCT) nor ligand-to metal charge transfer (LMCT) in 
nature since the Cd2+ ions are diffi  cult to oxidize or to reduce due 
to their d10 confi guration, which are mainly based on the lumines-
cence of ligands. Th ey can probably be assigned to the intraligand 
π---π* transitions of dtbb2- ligand. Diff erent intensity emission 
bands of 1, 2 are probably due to the variation of the metal ions 
and the coordination environment around them because the pho-
toluminescence behavior is closely associated with the metal ions 
and the ligands coordinated around them [26–28].

Anion infl uence in the structural diversity of 1D cadmium coor-
dination polymers constructed from a pyridine based Schiff  base 
ligand has been reported by Khandar et al. [29]. Among the 
eff ective factors to design CPs counterions have been paid par-
ticular attention in the past few years, since they not only show a 
co-ligand eff ect, but also can direct and/ or template the forma-
tion of assemblies, thus leading to structural diversity [30, 31]. 
Furthermore, some counterions such as carboxylate, nitrate, 
azide and thiocyanate have various coordination modes and 
can act as a monodentate, chelate, or bridging ligands within 
the framework, which may further enrich the structural diver-
sity. Moreover the geometries of organic ligands can have a 
great impact on the structural architecture of coordination poly-
mers [32]; therefore much eff ort has been devoted to the design 
and modifi cation of the organic ligands to control the products. 
Herein has been described self-assembly of the potentially tet-
radentate chelating bridging ligand (2-pyridinecarbaldehyde 
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isonicotinoyl hydrazone) with divalent cadmium(II) salts as the 
nodes. Th e ligand which have prepared to design and construc-
tion of CPs has potential to form diff erent types of complexes 
due to the multiple coordination sites and the tautomeric eff ect 
of enol and keto form. A series of seven coordination polymers 
based on Cd and potentially tetradentate pyridine based Schiff  
base ligand with diff erent anions (CH

3
COO–, NO

2
–, Cl–, I–) [Cd(L)

(CH
3
COO)(OH

2
)]

n
 (1),{[Cd

2
(L)

2
(NO

2
)

2
(CH

3
OH)

2
].CH

3
OH}

n
 (2), 

{[Cd
2
(L)

2
Cl

2
(CH

3
OH)

2
].CH

3
OH}

n
 (3) and [Cd(HL)I

2
]

n
 (4) {HL= 

2-pyridinecarbaldehyde isonicotinoyl hydrazone (HPCIH)} in 
order to rationalize the eff ect of the anion, have been synthe-
sized and characterized by elemental analyses, FT-IR spectros-
copy, single crystal X-ray data diff raction, etc. Th e results show 
the infl uence of the counter ions on the coordination mode of 
the cadmium ion that is capable of forming compounds with 
fi ve-, six- and seven- coordination numbers. Th e ligand acts as a 
negatively charged tetradantate N

3
O-donor ligand and coordi-

nates to the cadmium center in the enolic form (=N-N=C-O) 
in 1-3 while in compound 4 coordinates as N

3
- donor neutral 

ligand in keto form (=N-NH-C=O). Th ere are some major simi-
larities between structures of 1-4. For instance all of them crys-
tallize in monoclinic system and consist of P2(1)/c space group 
[P2(1)/n, for 1] except 4 that crystallized in Pc. In all of the com-
pounds the ligand HL acts as N

3
O-donor except in 4 as N

3
-donor 

 chelating-bridging agent, leading to formation of  coordination 
polymers. In all compounds one of the coordination positions 
of Cd(II) centers is occupied by the Para-N of pyridyl group of 
the adjacent molecule and three other positions are occupied 
by the Ortho-N of pyridyl group, imine nitrogen and oxygen of 
Schiff  base ligand. In the case of 4 the oxygen atom of the ligand 
doesn’t participate in coordination. Th e individual 1D polymeric 
chains in 1-4 are almost parallel to each other and linked by weak 
hydrogen bonding. Th ere are also aromatic π-π stacking inter-
actions between parallel pyridyl rings of the adjacent chains in 
these compounds except in 4. In compounds 1-4 the hydrogen 
bonding and π-π stacking interactions between adjacent chains 
grow 1D chains into the 3D networks. Th e 1D to 3D interpen-
etration of 1 is illustrated in Figure 4.1 as an example.
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4.1.2  Two-Dimensional Coordination 
Polymers

Recent years, a series of multi-dentate N-contaning 
ligands,especially the bridging ligands with bis- imidazole [33–
37], bis-triazole [38–42] and bis-  tetrazol [43–48] groups have 
been widely employed to construct coordination polymers with 
fascinating architectures and interesting properties. However,
the semi-rigid N-donor ligands with diff erent N-containing groups 
have rarely been investigated [49, 50], and they may be excellent 
candidates to construct novel structures such as helical, interpene-
trating frameworks. 5-(4-((1H-1,2,4-triazol-1-yl)methyl)phenyl)-
1H-tetrazole (HL), as a simi-rigid multi-dentated ligand,has the 
following characteristics: Th e ligand HL possesses multiple poten-
tial coordinate sites involving four tetrozole N atoms and two 
triazole N atoms. it is therefore likely that some of the N atoms 

Figure 4.1 Th e 1D to 3D Chains interpenatration and a view of 3D 

network in 1.
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will remain uncoordinated to the metal centers in the prospec-
tive coordination solids. Such unbounded N donors provide two 
potentially interesting avenues for exploring functional coordina-
tion networks. (i) they could H-bond with the available H-bond 
donors and create composite networks built on both H-bond and 
coordination bonds. (ii) these unbounded N donors could remain 
free-standing, and, when installed in a porous framework,could 
provide for eff ective binding to metal guests(e.g.,to take up metal 
ions into the channels).’’ In addition, Cd(II)-containing coordina-
tion polymers have attracted extensive interests due to the ami-
ability to bond with diff erent donors simultaneously,the large 
radius, various coordination modes and potential applications in 
catalysis, fl uorescent materials, NLO materials and so on. Inspired 
by the above consideration, synthesize CPs with novel structures 
and special properties through combining respective merits of HL 
ligand and Cd(II) ion have been done. As expected, successfully 
obtained three new 2D and 3D coordination polymers, formulated 
as[Cd(L)

2
(H

2
O)

2
]

n
 (1), [Cd

3
(L)

2
(μ

3
-OH)

2
(μ

2
-Cl)

2
(H

2
O)

2
]

n
 (2), {[Cd

2

(L)
2
(nic)

2
(H

2
O)

2
].H

2
O}

n
 (3) (Hnic= nicotinic acid). Furthermore, 

the luminescence properties of 1–3 were studied in the solid state 
at room temperature.

A single-crystal X-ray diff raction study reveals that complex 1 
crystallizes in the monoclinic space group P21/n and features 
a two-dimensional (2D) layer-like structure with helices. Th e 
asymmetric unit of 1 contains one six-coordinated Cd(II) atom, 
one L ligand and one coordination water molecule. Each Cd(II) 
atom is coordinated in a distorted octahedral geometry. Complex 
2 crystallizes in the triclinic space group P–1 and displays a 2D 
framework with the asymmetric unit of [Cd

2
(L)(μ

3
-OH)(μ

2
-Cl)

(H
2
O)]. Th e two crytallographically independent Cd(II) atoms 

exhibits similar coordination environments. Th e Cd1 adopts as 
lightly distorted octahedral coordinated geometry and is sur-
rounded by two N atoms (N6, N6A) of two separated L- ligands, 
two μ

3
-O atoms(O1,O1A) and two μ

2
-Cl atoms(Cl1,Cl1A). 

When the auxiliary ligand nicotinic acid (Hnic) was introduced 
into the assembled system, a distinct 3D network was produced. 
Complex 3 crystallizes in the monoclinic space group P21/n and 
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the asymmetric unit consists of one crytallographically indepen-
dent Cd(II) atom, one L– ligand, one nic- anion, one coordination 
water molecule and one lattice water molecule. Each Cd(II) atom 
is six-coordinated, displaying as lightly distorted octahedral coor-
dinated geometry formed by four N atoms from three diff erent L– 
ligands and one nic- ligand, and two O atoms from one nic- ligand 
and one terminal water molecule [51].

Recently, focoused on the construction of CPs based on the mixed 
multicarboxylates and fl exible N-containing ligands [52]. Flexible 
N-containing ligands are oft en used as bridging ligands to produce 
diverse CPs due to their diff erent conformations [53]. On the other 
hand, the multicarboxylates can be employed as ancillary ligands 
because of their versatile coordination modes, high structural sta-
bility and the ability to balance the positive charges [54]. Th e com-
bination of these O-donor and N-donor ligands with metal ions 
has greatly contributed to the structural and topological diversity 
of CPs. And it is found that the structure of a coordination polymer 
can be greatly aff ected by the choice of carboxylate. So, in order 
to extend this part and explore  the infl uence of the skeletons of 
dicarboxylate ligands on the structures, has been chosen fl exible 
1,4-bis(2-methylimidazol-1-ylmethyl)-2,3,5,6-tetramethylbenzene 
(bmimx) as bridging ligand, fi ve  dicarboxylate ligands, namely, 
1,2-benzenedicarboxylic acid (1,2- H

2
BDC), homophthalic acid 

(H
2
HMPH), 1,3-benzenedicarboxylic acid (1,3-H

2
BDC), 1,3-ada-

mantanediacetic acid (1,3-H
2
ADA) and adipic acid (H

2
ADI) 

are employed as ancillary ligands and fi ve new complexes, 
[Cd(bmimx)

0.5
(1,2-BDC)]

n
 (1), {[Cd(bmimx)(HMPH)].H

2
O}

n
 (2), 

{[Cd(bmimx)(1,3-BDC)].1.5H
2
O}

n
 (3), {[Cd(bmimx)

0.5
(ADA)].

H
2
O}

n
 (4) and {[Cd(bmimx)(ADI)].2H

2
O}

n
 (5) are obtained under 

hydro(solvo)thermal conditions.

Although complexes 1–5 display 2D layer structures, the topologies 
of their networks show notable structural disparities because of the 
diff erent dicarboxylate ligands used. Generally, the role of dicar-
boxylate ligands can be explained in terms of their diff erences in 
the positions of the carboxylate groups, the fl exible abilities and the 
spacer groups of the carboxylate anions. Complexes 1 and 2 imply 
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the infl uence of the fl exibility of the carboxylate ligands on the 
resulting frameworks. Although the two carboxylate groups of 1,2-
H

2
BDC and H

2
HMPH are located in the 1,2-positions of benzene 

ring, 1,2-H
2
BDC is a rigid ligand, while one carboxylate group of 

H
2
HMPH possesses fl exibility owing to the presence of the – CH

2
– 

spacer, which allows the carboxylate group to bridge the metal ions 
from diff erent directions. As a result, complex 1 exhibits a binodal 
(3,4)-connected layer with 3,4L83 topology, while complex 2 shows 
a 44-sql layer with left - and right-handed helical chains. Complexes 
1 and 3 show the eff ects of carboxylate positions on the structures 
of their complexes. Although both 1,2-H

2
BDC and 1,3-H

2
BDC act 

as dicarboxylate anions with the rigid benzene ring spacers, the two 
carboxylate groups of 1,2-H

2
BDC are located in the 1,2-positions of 

benzene ring, whereas those of 1,3-H
2
BDC are in the 1,3-positions. 

Consequently, complex 1 presents a binodal (3,4)-connected layer 
with 3,4L83 topology, whereas 3 shows a pleated net with the 44-sql 
topology. Obviously, the position discrimination of the carboxylate 
ligand leads to the structural diff erence of 1 and 3. Comparing 2 and 
3, it has been found that both 2 and 3 are 2D 44-sql networks. But 
left - and right-handed helical chains are present in the structure of 
2. Th is is because of the fl exibility of H

2
HMPH. Complexes 4 and 5 

show the eff ects of the carboxylate spacers. 1,3-H
2
ADA and H

2
ADI 

are both fl exible ligands, however, the former is based on bulkily 
adamantine spacer, and the latter is based on the –CH

2
– spacer. 

Th us, the employment of 1,3-H
2
ADA gives a binodal (3,4)-con-

nected layer with 3,4L83 topology, while the use of H
2
ADI provides 

a 3-connected hcb topology.

Luminescent properties of compounds containing d10 metal cen-
ters are of intense interest due to their potential applications, such 
as in chemical sensors, photochemistry and electroluminescent 
display, and so on [14]. Hence, the solid-state luminescent proper-
ties of the free ligands bmimx, 1,2-H

2
BDC, H

2
HMPH, 1,3-H

2
BDC 

together with complexes 1–5 (Figure 4.2) have been determined at 
room temperature. Th e main emission peaks of the bmimx, 1,2-
H

2
BDC, H

2
HMPH and 1,3-H

2
BDC were observed at 305 nm (k

ex
 

= 272 nm), 342 nm (k
ex

 = 307 nm), 440 nm (k
ex

 = 374 nm), 356 
nm (k

ex
 = 310 nm), which can be assigned to the n----π* or π----π* 
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transitions. Complexes 1 and 3 show emission bands with the max-
imum peak at 449 nm (k

ex
 = 374 nm) and 435 nm (k

ex
 = 366 nm), 

respectively. Notably, the large redshift s occur in complexes 1 and 
3 in contrast with free 1,2-H

2
BDC and 1,3-H

2
BDC, suggesting that 

the ligand-to-metal charge transfer makes a major contribution 
to the photoluminescences of 1 and 3 [55]. Complex 2 exhibits 
an emission at 445  nm (k

ex
 = 374  nm), which is similar to that 

of the free H
2
HMPH ligand. Th erefore, the emission band of the 

complex 2 can be mainly attributed to the intraligand (H
2
HMPH) 

emission. Complexes 4 and 5 exhibit emission peaks at 429 nm 
(k

ex
 = 363 nm) and 440 nm (k

ex
 = 368 nm), respectively. Because 

the solid 1,3-H
2
ADA [56] and H

2
ADI [57] ligands do not possess 

any luminescence at room temperature, such signifi cant red-shift s 
in 4 and 5 as compared with the ligand bmimx may be tentatively 
assigned to ligand-to-metal charge transfer [58].

4.1.3  Th ree-Dimensional Coordination 
Polymers

A new 3D metal–organic coordination polymer 
[Cd(H

3
BPTC)

2
(bpy)]

n
 (1) (H

4
BPTC = 1,1 - biphenyl- 2,2 ,6,6 -tet-

racarboxylic acid, bpy = 4,4 -bipyridine) has been synthesized 

Complex 1

Complex 2

Complex 3

Complex 4

Complex 5
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Figure 4.2 Solid-state emission spectra of complexes 1–5 at room 

temperature [58].
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and characterized by single X-ray diff raction and IR spectros-
copy. Th e one-dimensional metal–organic chains of the title 
complex, namely [Cd(H

3
BPTC)

2
]

n
, are held together through 

hydrogen bonding and bridging “second” ligand 4,4 -bpy to give 
a three-dimensional metal–organic network. In each unit, there 
are one Cd(II) center ion, two H

3
BPTC− anions, and one bridging 

bpy molecule. Cd1 displays an axisymmetrical N
2
O

4
 octahedral 

geometry, and the related bond distances and bond angles are 
all symmetrically equivalent. Two N(1) atoms from two diff er-
ent bpy ligands and two carboxylate O(8) atoms of two H

3
BPTC− 

anions comprise the equatorial plane [59]. It is worth noting that 
each Cd(II) ion is coordinated by four diff erent H

3
BPTC− ligands, 

and each H
3
BPTC− anion acts as bis-monodentate ligand to 

ligate two Cd(II) ions along the c axis into an infi nite polymeric 
chain [Cd(H

3
BPTC)

2
]

n
, in which the strong O–H···O interactions 

between the carboxylate O atoms of H
3
BPTC− anions make the 

chain more stable. At the same time, neighboring parallel chains 
are connected via the third hydrogen bond interaction along the a 
axis. However, the peculiar structural feature of complex 1 is that 
each [Cd(H

3
BPTC)

2
]

n
 chain is connected to four adjacent parallel 

chains through the second bridging 4,4 -bpy (bpy) ligands along 
four diff erent directions to form a 3D metal–organic network 
(Figure 4.3).

However, fl exible bis(pyridine) ligands based upon the open-
chain polyether -O-CH

2
-CH

2
-O- group received relatively less 

attentions [60]. On the other hand, the construction of porous 
MOFs based on fl exible open-chain polyether-bridged ligands is 
challenging, owing to an unavoidably large amount of framework 
interpenetration. Th e introduction of rigid organic ligand might be 
a useful approach to eff ectively reduce the MOFs interpenetration. 
Taking the above into consideration, here reported a –O-CH

2
-

CH
2
-O- bridging ligand 1,2-bis[4-(pyridin-3-yl)phenoxy]ethane 

(L) to construct coordination frameworks in the presence of a rigid 
1,4-benzendicarboxylic acid (H

2
BDC) co-ligand. Two new Cd(II)-

coordination polymers, namely {[Cd(L)(BDC)].(EtOH).(DMF)}
n
 

(1) and {[Cd
1.5

(L)
2
(BDC)

1.5
].0.5(MeOH).0.5(H

2
O)}

n
 (2) (H

2
BDC = 

1,4 benzenedicarboxylic acid, DMF = N,N-dimethylformamide) 
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have been synthesized, and were characterized by single-crystal 
X-ray analyses, IR spectra and element analyses. 

Single crystal X-ray analysis reveals that complex 1 crystallizes 
in the triclinic system with P1 space group, and exhibits a three 
dimensional network. Th ere are one Cd(II), two half-molecule of 
the L and BDC ligands, one DMF and one ethanol in the asym-
metric unit. Each Cd(II) atom displays a distorted octahedral 
coordination geometry, which is completed by four O atoms from 
three BDC ligands and two N atoms from two L ligands. To fur-
ther understand the structure of 1, the topological analysis was 
carried out. In 1, each Cd

2
(CO

2
)

2
 cluster is linked by four BDC 

ligands and two pairs of L ligands, so it could be considered as 
6-connected node. Meanwhile, each BDC and L ligands could be 
regarded as 2-connected linkers. When the reaction was conducted 
under hydrothermal condition, a new 3D coordination polymer 
{[Cd

1.5
(L)

2
(BDC)

1.5
].0.5(CH

3
OH).0.5(H

2
O)}

n
 was obtained. Single-

crystal X-ray analysis indicates that complex 2 crystallizes in the 
triclinic space group P1. Th ere are one and half a Cd(II) atoms, two 

a

b

c

Figure 4.3 Th e 3D supramolecular structure of 1: the bridging “second” 

ligand 4,4 -bpy is highlighted as blue line [59].
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L ligands, one and half a BDC ligands, half lattice H
2
O molecule 

and half methanol in the asymmetric unit. Th e crystallographically 
independent Cd1 and Cd2 atoms display diff erent coordination 
conditions. Th e Cd1 atom displays distorted octahedral coordina-
tion geometry, coordinated by four O atoms from three carboxyl-
ate groups and two N atoms from two L ligands [61].

4.2  Nano Cadmium(II) Coordination 
Polymers

Th e crystalline material {[Cd(bpa)(4,4 -bipy)
2
(H

2
O)

2
](ClO

4
)

2
}

n
 

was obtained from the reaction between cadmium(II) acetate 
and sodium perchlorate with a mixture of bpa and 4,4 -bipy. 
Determination of the structure of compound 1 by X-ray crys-
tallography has shown that the polymer in the solid state con-
sists of one-dimensional chains. Th e cadmium atoms are linked 
by two nitrogen atoms of the bpa ligands, two nitrogen atoms 
of 4,4 -bipy ligands and two oxygen atoms of water molecules 
(Figure  4.4). Compound {[Cd(bpa)(4,4 -bipy)

2
(H

2
O)

2
](ClO

4
)

2
}

n
 

could be considered as a six-coordinated moiety with a N
4
O

2
 

donor atom array. Th e coordination around Cd is octahedral and 
the two coordinated bpa ligands, as well as 4,4 -bipy and waters 
molecules, are located in trans positions. So, the cadmium ion 
lies on an inversion center. Th e aromatic rings of the coordinated 
bpa are coplanar. Th ere are face-to-face π–π stacking interactions 
between every set of aromatic rings of the 4,4 -bipy ligands with 
the pyridine rings of 4,4 -bipy ligands in neighboring chains.

Compound {[Cd(bpa)(4,4 -bipy)
2
(H

2
O)

2
](ClO

4
)

2
}

n
 has been syn-

thesized in the nanocrystalline form
 
by the addition of reagents 

in ultrasonic baths with diff erent powers
 
(138W and 305 W). 

Th e morphology, structure and size of the nanostructure of com-
pound {[Cd(bpa)(4,4 -bipy)

2
(H

2
O)

2
](ClO

4
)

2
}

n
 under diff erent 

powers (138 W and 305 W) of ultrasound irradiation were inves-
tigated by Scanning Electron Microscopy (Figure 4. 5a and b). 
Th ese images show that a smaller size of compound is obtained 
with the higher ultrasound power [62].
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In other work has been reported on synthesis of two nano 
Cd(II) complexes with (4,4-di-tert-bu-bipy) and (4,4 -dmbpy) 
ligands [Cd(4,4-di-tert-bubipy)Cl

2
(DMSO)] (1) and [CdI

2
(4,4 -

dmbpy)(DMSO)] (2). In addition the nano-structures of 
supramolecular complexes have been synthesized nano-sized 
compounds 1 and 2, were obtained by ultrasonic irradiation in 
a MeOH solution.

Figure 4.4 (up)Th e two-dimensional sheet and (down) the three-

dimensional network of compound {[Cd(bpa)(4,4 -bipy)
2
(H

2
O)

2
](ClO

4
)

2
}

n
.

Figure 4.5 SEM images of compound {[Cd(bpa)(4,4 -bipy)
2
(H

2
O)

2
](ClO

4
)

2
}

n
 

nano-structure with two diff erent powers of ultrasound irradiation, (a) 0.138 

kW and (b) 305 W.

(a) (b)
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Reaction of ligands (4,4 -di-tert-butyl-2,2 -bipyridine) with CdCl
2
 

and (4,4 -di-methyl-2,2 -bipyridine) with CdI
2
 led to the forma-

tion of two Cd(II) complexes [Cd(4,4-di-tertbubipy)Cl
2
(DMSO)] 

(1) and [CdI
2
(4,4 -dmbpy)(DMSO)] (2). Th e unit cell of com-

pound 1 and 2 has been shown in Figure 4.6.

SEM photograph shows a broad distribution of the particle 
size, the average size of the particles in compounds 1 and 2, are 
35 nm, as shown in Figure 4.7 [63].

Reaction of 1H-1,2,4-triazole-3-carboxylate (L–) with 
cadmium(II) chloride leads to formation of a 3D supramolecu-
lar [Cd(L)

2
(H

2
O)

2
]. Nanoparticles of compound were obtained in 

(1)

o

o

a

a

c

c

b

b

(2)

Figure 4.6 Th e unit cell of [Cd(4,4-di-tert-bu-bipy)Cl2(DMSO)] (1) and 

[CdI
2
(4,4 -dmbpy)(DMSO)] (2).

Figure 4.7 SEM photograph of compounds 1 and 2 nano-particles produced 

by sonochemical method.
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aqueous solution by ultrasonic irradiation, while single crystals 
of compound [Cd(L)

2
(H

2
O)

2
] were obtained using a heat gradi-

ent applied to an aqueous solution of the reagents (the ‘‘branched 
tube method’’). Figure 4.8 gives an overview of the methods used 
for the synthesis of [Cd(L)

2
(H

2
O)

2
] using the two diff erent routes.

Th e structure of compound [Cd(L)
2
(H

2
O)

2
] has been reported by 

J. Zhu et al. [64]. Th e complex in the solid state is a 3D supramo-
lecular framework that consists of one Cd(II) ion, two de-proton-
ated L– and two terminal coordinated water molecule. A view of 
the coordination environment around the cadmium(II) ion and 
packing of compound [Cd(L)

2
(H

2
O)

2
] is shown in Figure 4.9.

Cd(Cl)
2
 + HL

Water

Water

Nanoparticles of compound 1

Single crystal of compound 1

By ultrasound

By the branched tube method

Figure 4.8 Materials produced and synthetic methods.

Cd

N

H

O

C

Figure 4.9 A fragment of the 3D framework in compound [Cd(L)
2
(H

2
O)

2
], 

viewed along c direction.
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Th e morphology and size of compound [Cd(L)
2
(H

2
O)

2
] prepared 

by the sonochemical method was characterized by scanning elec-
tron microscopy (SEM) and shows that it is composed of par-
ticles with sizes of about 62 nm. Figure 2.30 shows the scanning 
electron microscopy (SEM). Appropriate nano-sized particles of 
compound [Cd(L)

2
(H

2
O)

2
] were obtained at both concentrations 

of 0.01 and 0.05 M (Figures 4.10 a and b). Particle sizes of the 
nanoparticles depend on the concentration of initial reagents. In 
order to investigate the role of concentration of initial reagents 
on the nature of products, reactions were performed with two 
diff erent concentrations. Comparison between the samples 
with diff erent concentrations shows that high concentration 
of initial reagents increases particles size. Th us, particles sizes 
produced using lower concentrations of initial reagents (0.01 
M, Figure 4.10a) are smaller than particles size produced using 
higher concentration (0.05 M, Figure 4.10b) [65].

4.3 Conclusion

Th e structural diversity indicates that the diff erent conformations 
of ligand and various coordination modes of second ligand sig-
nifi cantly aff ect the topological structures of the reported coor-
dination polymers. Moreover, the luminescent behaviors were 
closely associated with the diverse structures. Consequently, Cd 

(a) (b)

Figure 4.10 SEM photograph of compound [Cd(L)
2
(H

2
O)

2
] nanoparticles 

prepared in concentration of initial reagents (a) [Cd2+] = [L–] = 0.01 M and 

(b) [Cd2+] = [L–] = 0.05 M.
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can readily accommodate all kind of architectures and a selection 
of topological types of 1D, 2D and 3D polymers is given. Th us, 
their preparation is challenging owing to their ability to tailor 
their physical and chemical properties.
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5
Mercury(II) Coordination 
Polymers

5.1  Introduction Mercury(II) 
Coordination Polymers

Coordination polymers of transition metals ions, the formation 
of polymers with main group metal ions such as mercury(II) is 
disproportionately sparse when compared with those of other 
metals. Because of the eff ects of mercury on environment and its 
polymers’ applications, it is necessary to understand mercury’s 
ability to bind donors and form complexes or coordination poly-
mers. Th is part provides an overview of some reported coordina-
tion polymers of mercury(II) aft er 1990 and a summary of their 
properties. One-dimensional polymers, constituted the majority 
of the mercury(II) coordination polymers and the most frequent 
coordination number for mercury(II) is four.

Main Group Metal Coordination Polymers: Structures and Nanostructures. 
Ali Morsali and Lida Hashemi. © 2017 Scrivener Publishing LLC. 

Published 2017 by John Wiley & Sons, Inc. 
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In spite of attractive properties of mercury(II) compounds in 
terms of their potential applications in paper industry, paints, 
cosmetics, preservatives, thermometers, manometers, energy 
effi  cient fl uorescent light bulbs and mercury batteries (although 
somehow limited due to mercury’s toxicity), formation of poly-
mers with Hg2+ ion are disproportionately sparse when compared 
with that of Zn2+ and Cd2+ metals. Grednic [1] defi nes the nearest 
neighbours of mercury in a crystal structure as those which are 
in “contact” with it. In a free molecule (e.g. in the vapor state) 
these contacts are chemical bonds and their number is defi ned 
by valency or coordination number. With a crystal structure 
the position is less clear, and it is necessary to restrict the con-
sideration of nearest neighbours (the atoms in the coordination 
sphere) of mercury to those within a defi ned distance. All atoms 
surrounding mercury at a distance of less than the sum of van der 
Waals radii are considered to belong to the mercury coordination 
sphere [1]. Mercury(II) has atomic, ionic, covalent (tetragonal) 
and van der Waals radii of 1.50 < r(Hg) < 1.73, 1.04, 1.48 and 
1.50 Å, respectively [1]. In addition van der Waals radii 1.55 [2], 
1.75(7) [3] and 1.71–1.76 Å [4] have been cited. Distances smaller 
than the sum of van der Waals radii, are taken as eff ective coordi-
nation number.

5.1.1  One-Dimensional Coordination 
Polymers

One-dimensional (1D) complexes which are the simplest topo-
logical type of coordination arrays represent a good starting point 
for modeling and investigating infi nite polymeric compounds to 
develop strategies for engineering supramolecular polymers [5]. 
In one-dimensional motifs the metal ion is coordinated with two 
ligand molecules,metal ions and organic ligands alternate “infi -
nitely”, leading to a chain. Th e most important motifs among one 
dimensional coordination polymers are linear chains, zigzag chains, 
double chains, ladder-like chains, fi sh-bone, railroad and helix. For 
example in compounds [Hg(4-pye)

2
]

n
 [6] and [Hg(4-tfp)

2
]

n
 [7], 
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Hg(II) centers are coordinated by two C atoms and one N atom 
in a T-shaped geometry to give infi nite zigzag polymeric chains 
(Figure 5.1). In the complex [Hg(2-cpa)

2
]

n
 [8] mercury is bonded 

linearly to two carboxylate oxygen atoms to form a polymer link to 
a third oxygen giving triangular coordination about the mercury.

Combination of neutral tetrakis-monodentate tecton I (Figure 5.2) 
and HgCl

2
 leads to the formation of a 1D coordination polymer 

[9]. Th e empty spaces in the network are occupied by C
2
H

2
Cl

4
 

and H
2
O solvent molecules without any specifi c interactions with 

the networks. Connection between the organic bis-monodentate 
tectons II and III (Figure 5.2) and HgCl

2
 [10, 11] and tecton IV 

(Figure 5.2) with HgX
2
 (X = Cl, Br, I) leads to the formation of 

zigzag polymeric chains. When tecton IV is combined with HgX
2
 

(X = Cl, Br, I), two 1D chains have opposite directions and packed 
orthogonally leading to the formation of a 2D network with bas-
ket wave type. Th e formation of the overall structure results from 
the parallel packing of braided sheet [11]. Again, connection 
between the organic tecton V (Figure 5.2) and HgCl

2
 leads to an 

Figure 5.1 Zigzag chain structure of [Hg(4-pye)
2
]

n
 [6].
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enantiomerically pure neutral single stranded infi nite helix with P 
helicity [12]. In all the compounds above the coordination sphere 
around Hg(II) is composed of two halide anions and two N atoms 
belonging to two consecutive tectons in a distorted tetrahedral 
coordination geometry. 

Compound [(HgI
2
)

2
TPyP]·2TCE [13] has a nanoporous 1D poly-

meric architecture with each HgI
2
 tetrahedrally coordinated by a 

pyridyl moiety of two TPyP molecules. A supramolecular cavity 
is formed between the linked porphyrins with an eff ective cavity 
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size of 2.5 Å × 7.7 Å. Th e 1D coordination polymers are arranged 
in layers inducing another supramolecular cavity (eff ective cav-
ity size, 2.4 Å × 3.0 Å). Th e 2D layers are off set stacked at 5.5 Å 
and form a partially open porous network. Th e TCE molecules are 
sandwiched between the layers and cap the supramolecular cavi-
ties. In complex [(HgBr

2
)

2
TPyP]·6TCE [13], there are three TCE 

molecules per TPyP between the layers, and the 1D polymers stack 
(porphyrin cavity directly over supramolecular cavity) at an 8.1Å 
separation. Complex [(HgI

2
)

2
TPyP]·4TCE [13], is a 1D polymer 

and has a bilayer structure, which exhibits solvation and stacking 
features of both [(HgI

2
)

2
TPyP]·2TCE and [(HgBr

2
)

2
TPyP]·6TCE; 

but is solvated with four TCE molecules per formula. Alternating 
layers have either one (between off set stacked layers as in 
[(HgI

2
)

2
TPyP]·2TCE or three (between stacked layers as in 

[(HgBr
2
)

2
TPyP]·6TCE) TCE molecules per TPyP with interlayer 

separations of 5.4 and 8.3 Å, respectively (Figure 5.3). Indeed, 
these two stacking distances correspond to the interlayer stack-
ing distances of [(HgI

2
)

2
TPyP]·2TCE (5.5 Å) and [(HgBr

2
)

2
TPyP]

·6TCE (8.1 Å). Th e crystal structures of [(HgI
2
)

2
TPyP]·2TCE, 

[(HgBr
2
)

2
TPyP]·6TCE and [(HgI

2
)

2
TPyP]·4TCE demonstrate an 

interesting ability to include variable numbers of identical neutral 
guest molecules by subtle rearrangement of the stacking of layers 
(Figure 5.3).

Th e complexes [Hg(3,5-Cl
2
py)

2
(Cl)

2
]

n
, [Hg(3,5-Br

2
py)

2
(Cl)

2
]

n
 

and [Hg(3,5-Me
2
py)

2
(Cl)

2
]

n
 [14] have isomorphous infi nite poly-

meric chains with six- coordinated mercury centers. Polymeric 

[(HgX2)2TPyP]•2TCE [(HgX2)2TPyP]•6TCE [(HgX2)2TPyP]•4TCE

Figure 5.3 Identical neutral guest molecules in crystal structures of 

[(HgI
2
)

2
TPyP]·2TCE, [(HgBr

2
)

2
TPyP]·6TCE and [(HgI

2
)

2
TPyP]·4TCE [13].



88 Main Group Metal Coordination Polymers

 complex [Hg(3,5-Br
2
py)

2
(Br)

2
]

n
 has two symmetrically inde pendent 

mercury(II) cations, both located in crystallographic inversion 
centers and each metal is coordinated in a pseudo-octahedral 
fashion [14]. Complexes [Hg(C

5
H

4
NCOOMe)(Cl)

2
]

n
, [Hg(C

5
H

4
N

COOEt)(Cl)
2
]

n
 [15] and [Hg(MeC

5
H

3
NCOOEt)(Cl)

2
]

n
 [16] exist 

as polymeric chains with highly distorted octahedral mercury(II) 
centers that are doubly bridged by two Cl atoms. Picolinate ligands 
behave as chelates, whereas in complex [Hg(C

5
H

4
NCOO)

2
]

n
 [16], 

2-pyridinecarboxylate ligands behave as chelates and simultane-
ously bridge two consecutive mercury atoms to form one-dimen-
sional chain.

In complex [Hg(4,4 -bipy)(μ-OAc)(OAc)]
n
·n/2H

2
O [17] each 

Hg(II) atom has a coordination number of seven and the envi-
ronment is a distorted pentagonal bipyramid with an O

5
N

2
 coor-

dination sphere. Th e carboxylate group of one acetate ligand 
acts only as a bidentate chelating group. In the second mode two 
OAc− anions act as both a chelating and a bridging group (totally 
tridentate). Th ese metallacycle nodes are connected through four 
4,4 -bipy bridges to two other nodes, resulting in one-dimensional 
double-chains. Solvate water molecules are found in the lattice of 
this compound and are involved in a hydrogen bonding network. 
Th e coordinated water molecules are acting as hydrogen bond 
donors towards the O atoms of the coordinated acetate ligands. 
Consequently, the 1D structure is grown by the hydrogen bonds 
into a hybrid 2D network. Th e maximum emission of this com-
pound in the solid state is in the blue region (446.4 nm) and the 
emission bands cover much of the blue region, giving the observed 
blue luminescence. Also in complex [Hg(nbs)

2
(H

2
O)

3
]

n
 [18] the 

mercury(II) ion has a distorted pentagonal bipyramidal coordi-
nation environment. Th e HgN

2
O

3
 units, in which mercury(II) 

ion is coordinated by two nbs (p-nitrobenzoxasulfamate) nitro-
gen atoms and three water oxygen atoms, are bridged by the nitro 
oxygen atoms of the adjacent units, forming polymeric chains. 
Th e water oxygen atoms form intermolecular hydrogen bonds 
with the sulfonyl and nitro oxygen atoms of the nbs ligands in the 
neighbouring units and the polymeric chains of HgN

2
O

3
 units are 

held together by these hydrogen bonds forming a 3D network.
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5.1.2  Two-Dimensional Coordination 
Polymers

Two-dimensional compounds are obtained with three or four 
ligand molecules coordinating around the metal ion and the ele-
mentary motif expands now in two directions; the most impor-
tant motifs among two-dimensional coordination polymers are 
square grids, rhombic and rectangular grids based on square 
grids, 2D motifs with T-shape nodes like brick wall or other par-
quet fl oor, honeycomb and pseudo-honeycomb grid, herringbone 
and bilayer.

In the compound [Hg
2
(μ-2,5-dmpyr)(μ-SCN)

2
(SCN)

2
]

n
 [19] the 

geometry of the Hg(II) is trigonal bipyramidal with the two S and 
the N atom of the SCN− anions forming a trigonal planar HgS

2
N

1
 

unit that is augmented on one side by the N atom of the bridging 
2,5-dmpyr ligand (2,5-dimethylpyrazine) and on the other side by 
a vacant space at the mercury ion. Of the SCN− anions one acts as a 
monodentate ligand, whereas the other forms a bridge to a mercury 
atom of an adjacent moiety. [MeHg(3-SC

6
H

4
NH

2
)

2
]

n
 [20] has two 

crystallographically independent molecules in an asymmetric unit. 
Each Hg(II) atom is bonded linearly to C and S atoms and form a 
centrosymmetric dimer through Hg. . .S bonds. Further bonding, 
between amino groups and mercury, links the dimers into sheet 
networks. Th e geometry around Hg(II) is pseudo-octahedral with 
two cis-positions vacant.

In compound [Hg
2
(2-bpdb)I

4
]

n
 [21], ligand 2-bpdb [1,4-bis(2-

pyridyl)-2,3-diaza-1,3-butadieneis] chelating with each one 
nitrogen atom of the pyridyl and diaza groups on one side of the 
molecule coordinating to a mercury(II) ion. Of the I− anions one 
acts as a monodentate ligand, whereas the other forms a full halo-
gen bridge to a mercury atom of an adjacent I

2
Hg(2-bpdb) moiety. 

Th e geometry around Hg(II) is distorted tetragonal pyramid. Th e 
compound [Hg

3
(3-bpdh)

1.5
(SCN)

6
]

n
 [22] has a polymeric struc-

ture and contain two parts, 2D (part A) and 1D (part B) coordi-
nation polymers. Part A consists of mercury(II) ions bridged by 
both 3-bpdh [2,5-bis(3-pyridyl)-3,4-diaza-2,4-hexadiene] and 
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thiocyanate ligands and the environment of each Hg(II) is a dis-
torted square pyramidal. Part B consists of linear double chains 
formed by bridging 3-bpdh ligands. Th e two individual adjacent 
1D (part B) and 2D (part A) in this compound are almost parallel 
to each other and further linked by weak Hg. . .S and this interac-
tion extends the structure into a three-dimensional coordination 
polymer. Th e 2D net (part A) is polycatenated by the 1D double 
chain (part B) (Figure 5.4) which is a very rare case of 2D+ 1D= 
2D polycatenation [23]. 

If the weak S. . .Hg interaction is taken into account the “ladders” 
connect every other two layers with the result of a twofold inter-
penetrated nets with complex topology (Figure 5.5).

Th e structure of complex [Hg(pom)Br
2
)]

n
 [24] is polymeric through 

six bridging atoms. Th e very distorted octahedral mercury(II) is 
bonded to two O atoms from two pom ligands (3-methyl-4-ni-
tropyridine-1-oxide) and four Br atoms. In polymeric complex 
[Hg(picOH)Cl]

n
 [25] both carboxylate oxygen atoms of the depro-

tonated picolinic acid are involved in coordination with two neigh-
bouring mercury atoms to bridge them and form infi nite zigzag 
chains. Mercury(II) also binds to N and Cl atoms and forms infi nite 
two-dimensional layers with two more long Hg. . .O contacts.

Figure 5.4 Representation of 2D+ 1D= 2D polycatenation in compound 

[Hg
3
(3- bpdh)

1.5
(SCN)

6
]

n
.
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In compounds {[Hg(μ-Pym)
2
](NO

3
)

2
}

n
 [pym: pyrimidine (1,3-dia-

zine)] and {[Hg(μ-pyr)
2
](ClO

4
)

2
}

n
 [pyr: pyrazine (1,4-diazine)] 

[26] four N-donor ligands are bridged between Hg(II) centers 
forming two-dimensional coordination polymers in which the 
nitrate and perchlorate ions attach bidentatively to mercury(II) 
centers.

5.1.3  Th ree-Dimensional Coordination 
Polymers

Th ree-dimensional structures can be built with metal ions of 
higher coordination number (tetrahedral or octahedral nodes); 
the most important motifs among three-dimensional coordina-
tion polymers are Diamondoid net, Octahedral net, NbO-, Th Si

2
-, 

PtS-, SrSi
2
- and CdSO

4
-like motifs.

In complex [Hg
8
(μ-n-C

3
H

7
Te)

12
(μ

2
-Br)Br

3
] [27] closely packed sub-

units of [Hg
8
(μ-n-C

3
H

7
Te)

12
(μ

2
-Br)]3+ are linked with a centered Br− 

to form a three-dimensional network through six bromo-bridges 
(Figure 5.6). Th is fi nally enables a three-dimensional linking of the 
cluster units and a close packing in the solid state.

Figure 5.5 Representation of a twofold interpenetrated nets generated 

byweak S. . .Hg in [Hg
3
(3-bpdh)

1.5
(SCN)

6
]

n
.
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Th e eight mercury atoms of the cluster units are in a distorted 
cubic arrangement with the μ

2
-Br atom in its center. Th e coor-

dination environment of Hg(2) is a distorted trigonal pyramid, 
whereas that of Hg(1) is intermediate between a trigonal pyramid 
and a tetrahedron [27].

Complex [Hg(μ-2,6-dmpyr)(μ-SCN)
2
]n (dmpyr: dimethylpyr-

azine) consists of one-dimensional linear chains, with [Hg(μ-2,6-
dmpyr)] building blocks. Th e individual parallel polymeric chains 
are further bridged by the bidentate thiocyanate anions, resulting 
in a three dimensional framework. Th e coordination geometry 
around the mercury(II) ion is irregular and is distorted octahe-
dral. As already pointed out in (HgCl

2
)

2
(hmt) hmt ligands (hmt: 

hexamethylenetetramine) connect to four HgCl
2
, generating 2D 

(4,4) sheets (Figure 5.7). 

But these sheets stack so that the HgCl
2
 molecules of adjoining 

sheets associate to form chains through long Hg. . .Cl interactions 
(3.105 Å) (Figure 5.8). 

Figure 5.6 Representation of the cluster units of [Hg
8
(μ-n-C

3
H

7
Te)

12

(μ
2
-Br)Br

3
].

Br2

Br2

Br2

Br2

Br2 Br2

Br1

Te1

Te1

Te1

Te1

Te2

Te2

Te2

Te2
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Hg2

Hg2
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When taking into account the lateral interconnections, a three 
dimensional coordination polymer of compound (HgCl

2
)

2
(hmt) 

is achieved and these interactions complete the pseudo-octahe-
dral geometry of the mercury(II) [28].

5.2  Nano Mercury(II) Coordination 
Polymers

Among various metal coordination polymers, Hg(II) complexes 
are of interest because they possess the properties of both transi-
tion and non- transition elements and biological activity. Th ey form 

Figure 5.7 2D (4,4) sheet in the structure of (HgCl
2
)

2
(hmt)

Figure 5.8 Adjacent sheets in the structure of (HgCl
2
)

2
(hmt), viewed side-on, 

linked by 1D chains of weak Hg–Cl interactions running across the page.
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various dimensional supramolecular coordination assemblies due 
to their wide variety of coordination confi gurations and coordina-
tion numbers. In addition, organic ligands are very important in 
the design and construction of desirable frameworks.

Th e reaction of 5,5 -di-tert-but-bpy, with HgBr
2
 and HgI

2
 led to 

the formation of two Hg(II) complexes, [Hg(5,5 -di-t-but-bpy)
(μ-Br)Br]

2
[Hg(5,5 -di-t-but-bpy)Br

2
](1) and [Hg(5,5 -di-t-but-

bpy)I
2
] (2). Nano-sized compounds of 1 and 2 were obtained by 

ultrasonic irradiation in methanol solution. Th e structure of 1 by 
X-ray crystallography (Figure 5.9a) shows that the complex has 
two types of Hg(II)-ions and two primary structural units. Hg1 has 
coordination number of 5 with trigonal bipyramid geometry and 
an Hg1Br

3
N

2
 coordination sphere. Two N-atoms from 5,5 -dtbu-

2,2 -bpy chelate the Hg1-ion. Two Br– ions bridge two Hg1-atoms 
and another Br– ion is a terminal group. Th e Hg11-ion is coordi-
nated by two Br-anions and one neutral ligand molecule, resulting 
in a four-coordinate Hg11 complex with a HgBr

2
N

2
 chromophore. 

Th e structure of 2 by X-ray crystallography (Figure 5.9b) shows 
that the Hg(II)-ion is coordinated by two I– ions and 5,5 -dtbu-
2,2 -bipy ligands resulting in a four coordinate complex with a 
HgI

2
N

2
 chromophore.

Th e SEM photograph of 1 and 2 shows a broad distribution of 
particle size with an average size of 35 nm (Figure 5.10). Th is 

Figure 5.9 Unit cell of (a) compound 1 and (b) compound 2.

(a) (b)
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result indicates that ultrasound can be used as an alternative 
synthetic procedure to form coordination polymers on a nano-
meter scale [29].

Two mercury(II) complexes [Hg(4-mtrt)Cl
2
] and [Hg(4-mtrt)

Br
2
], have been synthesized from reaction of ligand 4-methyl-4H-

1,2,4-triazole-3-thiol (4-mtrt) with HgCl
2
 and HgBr

2
. Structures of 

compound [Hg(4-mtrt)Cl
2
] and [Hg(4-mtrt)Br

2
]have been char-

acterized by elemental analysis, IR spectroscopy and single crystal 
X-ray diff raction. Th e nanoparticles of compound [Hg(4-mtrt)
Cl

2
] and [Hg(4-mtrt)Br

2
]have been prepared by sonochemical 

method. Th e new nano-structures were characterized by scan-
ning electron microscopy, elemental analysis, IR spectroscopy 
and X-ray diff raction (XRD). Th e size of the samples prepared 
by sonochemical method are about 50 and 60 nm in compounds 
[Hg(4-mtrt)Cl

2
] and [Hg(4-mtrt)Br

2
], respectively [30].

Determination of the structure of compound [Hg(4-mtrt)Cl
2
] 

by X-ray crystallography showed that Hg(II) has coordination 
number of four with HgS

2
Cl

2
 coordination sphere. Two S atom 

from 4-methyl-4H-1,2,4-triazole-3-thiol and two of the Cl- anions 
coordinated to Hg(II) atoms. Determination of the structure of 
compound [Hg(4-mtrt)Br

2
] by X-ray crystallography showed that 

the Hg(II) ion is coordinated by two Br– and 4-methyl-4H-1,2,4-
triazole-3-thiol ligand, resulting in a four-coordinate complex 
with a HgS

2
Br

2
 chromophore (Figure 5.11).

Figure 5.10 SEM photograph of (a) 1 and (b) 2 nanoparticles produced 

sonochemically.

(a) (b)
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Th e signifi cant broadening of the peaks in typical samples of 
compounds [Hg(4-mtrt)Cl

2
] and [Hg(4-mtrt)Br

2
] prepared 

by the sonochemical process indicates that the particles are of 
nanometer dimensions. SEM photograph shows a broad distri-
bution of the particle size (Figure 5.12), the average size of the 

Cl

S Hg

Hg

Br
N

O

(a)

(b)

Figure 5.11 Th e unit cell and packing diagram of (a) [Hg(4-mtrt)Cl
2
] in b 

direction and (b) [Hg(4-mtrt)Br
2
] in a-direction.

(a) (b)

Figure 5.12 SEM photograph of compound [Hg(4-mtrt)Cl
2
] (a) and [Hg(4-

mtrt)Br
2
] (b) nano-particles produced by sonochemical method.
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particles in compounds [Hg(4-mtrt)Cl
2
] and [Hg(4-mtrt)Br

2
] 

are 55 and 45 nm respectively [30].

5.3 Conclusion

Considering the structures discussed in this part, one dimensional 
polymers constitute a great portion of coordination polymers of 
mercury(II), among which zigzag structure with counter ion iodide 
is drastically dominant. Th is dominance of zigzag structures may 
be due to the steric eff ect of the counter ion, in  particular iodide 
group, the rigidity of the ligands, and the preference of Hg(II) for 
tetrahedral coordination geometry [31–33]. Mercury(II) exhibits 
greater tendency to forming one-dimensional coordination poly-
mers and three-dimensional polymers are less common. Th is may 
be related to mercury’s greater radii, mercury’s tendency for hav-
ing a smaller coordination number and taking a tetrahedral coor-
dination geometry by mercury(II). Moreover, the eff ects related 
to structure, size and rigidity of ligands as well as number and size 
of anions, are important in explaining the greater number of one-
dimensional coordination polymers [34].
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6
Lead(II) Coordination 
Polymers

6.1 Introduction

Divalent lead, with its electronic confi guration [Xe] 4f14 5d10 6s2, 
is a heavy toxic metal [1], easy to extract, dense, highly malleable 
and stable to corrosion [2]. Problem of environmental contami-
nation is widespread owing to several industrial activities, mainly 
battery making and recycling, oil refi ning, paint manufacturing 
[3], metal alloys, glasses, ceramic and radiation shielding materi-
als [4]. Lead(II) contains the 6s2 lone pair, which can cause distor-
tion in coordination sphere [5–10] and frequently discussed in 
considering the “stereo-chemical activity” of valence shell elec-
tron lone pairs [11–17]. In 1998, Shimoni-Livny discussed the 
possible stereo-chemical activity of the lone pair of lead(II) com-
pounds based on a thorough review of crystal data available in the 
CSD. Th ey classify lead coordination as holodirected which refers 
to complexes in which the bonds to ligand atoms are directed 
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throughout the surface of encompassing sphere, while hemidi-
rected refers to those cases where the bonds to ligand atoms are 
directed only to a part of the coordination sphere, leaving a gap 
in the distribution of bonds to the ligand (Scheme 6.1) [18–23].

Lone pair activity may depend on the following factors: (1) low versus 
high coordination number, (2) hard versus soft  ligands, (3) attrac-
tive versus repulsive interactions among ligands, (4) whether the 
lone pair has p character, (5) fewer or more electron donation from 
ligands to metal [24]. Lead(II) complexes are interesting and fre-
quently discussed in considering the coordination and forms stable 
complexes with both soft  and hard donor atom ligands [25–31]. 
Th e eff ects of ligands on the construction of the coordination poly-
mers are studied and play a role in determining the network struc-
ture of a coordination polymer.

6.2 Mono-donor Coordination Mode 

6.2.1 Discrete Complexes

[Pb(H
3
Dtpa)]·2H

2
O (1) [32] forms discrete coordination 

polymer only with carboxylate group of the related ligand. 
[Pb(phen)

2
(L)

2
]·2.5H

2
O (2) [33], (pipz)[Pb(2-6-pydc)

2
]·2H

2
O (3) 

[34], [Pb(OAc)L
2
BPh

4
]

2
 (4), [Pb(L

3
)

2
(bpy)] (5) [35], [Pb(H

2
Edta)

(tu)] (6), Pb(H
2
Edta)·2tu·H

2
O (7) [36], (tataH

2
)

2
[Pb(pydc)

2
]

2
·2tata·4

H
2
O (8) [37], [Pb(L

4
)

2
(phen)]·H

2
O (9) [38], [Pb(L

5
)

2
(phen)

2
]·2.5H

2
O 

(10) [39] and [Pb(qina)
2
(DMSO)]·H

2
O (11) [40], form novel 

Hemidirected

stereochemically active lone-pairs

Holodirected

stereochemically inactive lone-pairs

M
M

Scheme 6.1 Lone pair stereo-chemical properties.
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mixed–ligand lead(II) complexes that one of them has possessed 
carboxylate groups. 

HL, 2-chlorobenzoic acid; L
2
, 1,4,7-triazacyclononane; L

3
, o-fl uo-

robenzoic acid; L
4
, 5-nitroisophthalate; L

5
, 2-bromobenzoato.

Compounds 6 and 11 contain two-dimensional supramolecular 
compound formed through hydrogen bonding and π–π stack-
ing interactions. Compound 6 is linked in twin polymeric chains 
(ribbons) through strong hydrogen bonding. In complex 11 the 
coordination number of Pb(II) ion is four and two qina− ligands 
coordinate to the Pb(II) ions with two nitrogen atoms and two 
mono-donor carboxylate oxygen atoms (Figure 6.1).

In compound 9, the coordination geometry of the Pb(II) atom 
is best described as highly distorted tetrahedral, made up of two 
nitrogen atoms of a phenanthroline ligand and two oxygen atoms 
from two mono-donor carboxylate groups from two 5- nitroisoph-
thalate anions (Figure 6.2). In compound 5 each Pb(II) atom is 
coordinated by two nitrogen and two oxygen atoms, to complete 
a signifi cantly distorted PbN

2
O

2
 polyhedron. Th e molecules form 

Figure 6.1 Two-dimensional net structure in compound 11.
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1D chains along the a-axis via weak Pb···O and Pb···Pb interac-
tions. Th e chains are connected to each other via weak intermolec-
ular hydrogen bonding. Th ese interactions form the 3D network.

6.2.2  One-Dimensional Coordination 
Polymers

Compounds  [Pb(H
2
Edta)]·1.5H

2
O  [41],  [Pb-(Htpaa)]

2
 [42], 

[Pb(INO)
2
]·3H

2
O [43] and [Pb(pro)(H

2
O)]

n
 [44] form 1D coordi-

nation polymers only with carboxylate group of the related ligand. 
Compounds [Pb(H

2
tpaa)Cl] and [Pb(Hdpaea)Cl] [42] form 

mixed–ligand lead(II) complexes. In compound [Pb(INO)
2
]·3H

2
O 

each Pb(II) center has a tetrahedral environment coordinated by 
four oxygen atoms. Th e oxygen atoms are located on one side of the 
Pb(II) ion which adopts a hemidirected structural geometry and 
shows the presence of a stereo-chemically active lone electron pair. 
All INO ligands adopting a bidentate-bridged coordination mode, 
through mono-donor carboxylate moieties and pyridyl N-oxide 
groups link to a pair of lead(II) centers to form [Pb

2
(INO)

2
] units. 

Th ese units are expanded into a 1D infi nite chain through corner 

Pb

O

H

N

C

c

ab

Figure 6.2 Th ree-dimensional network formed by hydrogen bonding and π-π 

stacking interactions in compound 9.
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sharing lead(II) polyhedrons. Th e 1D chains are further extended 
into a 3D supramolecular framework through Pb···O interactions 
[45] and multipoint hydrogen bonding between water molecules 
and carboxylate oxygen atoms. Compound [Pb(pro)(H

2
O)]

n
 is 

a 1D chain polymer as a result of water bridging. Coordination 
number of Pb(II) is six with a ‘stereo-chemically active’ lone elec-
tron pair, and the coordination sphere is hemidirected.

6.2.3  Two-Dimensional Coordination 
Polymers

In [Pb(3-PYD)
2
]

n
 [46], ligand 3-PYD bridges Pb(II) atoms 

through its pyridyl nitrogen atom and mono-donor carboxylate 
group, generating a head-to-tail aggregated {Pb(3-PYD)}

4
 ring. 

Th e {Pb(3-PYD)}
4
 rings are further extended into a 2D wave-like 

layer by sharing Pb(II) joints and ligand 3-PYD edges.

Compound [Pb(rctt-tpcb)(O
2
CCF

3
)

2
] [47] has formed from 

upright squares zigzag structure. Th e bottom edges of the squares 
are bonded to the adjacent rows alternately to form this 2D coordi-
nation polymeric sheet with the layer thickness of 8.7 Å. Th is con-
nectivity generates larger ring linked by the edges of four squares 
and empty spaces are occupied by the free non-bonded pyridyl 
rings of the rctt-tpcb ligands.

6.2.4  Th ree-Dimensional Coordination 
Polymers

Compound [Pb(INO)
2
]

2
·7H

2
O [48] contains two alternate 1D 

nano-channels (A and B) with diff erent sizes and shapes. Such 
biporous materials with two (or more) distinct channels may be 
used as the simultaneous isolation or transportation of two diff er-
ent guests possible. Channel A is approximately a square, whereas 
channel B is roughly a rectangle. In complex [Pb(INO)

2
]

2
·7H

2
O, 

notably, (1) two  distinct 1D channels were observed in a 3D coor-
dination network; (2) the lattice water molecules fi ll in two dis-
tinct channels in diff erent manners, and (3) leading to an array of 
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1D water tube with a  double-stranded chain and an ordered 1D 
water chain involving a cyclic (H

2
O)

4
 unit.

6.3 Bi-donor Coordination Polymers

6.3.1 Bridging (μ2–μ1:μ1) Mode

6.3.1.1 Discrete Complexes

Two equivalent [Pb(H
2
L

6
)]+ units in [Pb

2
(H

2
L

6
)

2
(μ2-OAc)]+ [49] 

are connected by a bridging acetate group to form a dimmer 
lead(II) complex, [Pb

2
(H

2
L

6
)

2
(μ2- OAc)]+. Th e uncoordinated 

acetate counter-ion is involved in intermolecular hydrogen bond-
ing with the oxygen atom of consecutive cations (Figure 6.3). In 
compound [Pb

2
(H

2
L

6
)

2
(μ2-OAc)]+ both lead(II) centers have an 

irregular geometry, bound by fi ve atoms with the sixth coordina-
tion site comprising the remaining 6s2 lone pair.

6.3.1.2 One-Dimensional Coordination Polymers

Compounds [Pb(sdac)·H
2
O] [50] and [Pb(DABT)]

n
 [51] are 

1D coordination polymers in which hydrogen bonding help 
to stabilize the structure and form two- dimensional supra-
molecule. {[Pb(phen)

2
(ox)]·5H

2
O}

n
 [52], [Pb(phen)(OAc)

2
] 

[53], form 1D mixed–ligand lead(II) complexes. In compound 
{[Pb(phen)

2
(ox)]·5H

2
O}

n
 each Pb(II) atom is eight-coordinated 

and generates a N
4
O

4
 environment with a square-antiprismatic 

geometry (D
4d

 symmetry). Each ox group acts as a bischelate coor-
dination mode, further bridges to Pb(II) atom, generating a one-
dimensional chain. Phen ligands are alternately attached to both 

Figure 6.3 Th e arrangement of 1D chain containing [Pb(H
2
L

6
)]+ units in 

compound [Pb
2
(H

2
L

6
)

2
(μ2-OAc)]+.
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sides of the chain and adjacent polymeric chains are packed through 
inter-calation of the lateral phen ligands in a zipper-like fashion 
into a two dimensional layer exhibiting very strong inter-chain 
π–π stacking interactions with the face-to-face distance of 3.25 Å. 
Th ere are two crystallographic positions for the fi ve water mol-
ecules in the [Pb(phen)

2
(ox)].5H

2
O unit, to generate one-dimen-

sional ribbons running along the b-axis. Th e water molecule 
intercalates into the two adjacent layers and further connects 
via hydrogen bonding with the ox oxygen atoms within the π–π 
stacked layers, hence forming a three- dimensional network in the 
lattice.

6.3.1.3  Two-Dimensional Coordination Polymers

In compound [Pb(INO)(N
3
)(H

2
O)]

n
 [54] each azide ligand bridges 

three Pb(II) ions to form a two-dimensional three-connected 63 
topology network. Th e carboxylate group of the isonicotinate 
unit and the aqua ligand act as coligands to bridge Pb(II) ions. 
Adjacent two-dimensional layers are connected by hydrogen-
bonding interactions between the isonicotinate nitrogen atom 
and the water molecule, resulting in an extended three-dimen-
sional network. In the structure of [Pb(fum)(dpdp)]·H

2
O, each 

fum ligand bridges four Pb(II) centers in a tetradentate mode, 
generating a novel layer structure. Additionally, the interplanar 
distance between two neighboring dpdp ligands of adjacent lay-
ers are ca. 3.54 and 3.50 Å, indicating the presence of face-to-face 
Π – Π interactions that extend the layers to a unique 3D supra-
molecular structure. Th e carboxylate moiety of the 4-pyc− ligand 
in compounds [Pb(μ-4-pyc)(μ-NCS)-(μ-H

2
O)]

n
 and [Pb(μ-4-

pyc)(μ-N
3
)(μ-H

2
O)]

n
 [55] act as a bridging group in a bridging 

(μ2-μ1:μ1) coordination mode. Th e X–Pb–Y angles suggest that 
there is a vacant site in the coordination sphere of the lead(II) 
ion due to lone pair-bond pair repulsion (Figures 6.4a and 6.5a). 
Nano-sized particles of compounds [Pb(μ-4-pyc)(μ-NCS)-(μ-
H

2
O)]

n
 and [Pb(μ-4-pyc)(μ-N

3
)(μ-H

2
O)]

n
 have been prepared by 

sonochemical method in aqueous solution. Th e average size of 
the particles is around 88 and 96 nm for compounds 33 and 34, 
respectively (Figures 6.4b and 6.5b).
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6.3.1.4   Th ree-Dimensional Coordination Polymers

Compounds [Pb
4
(H

2
L

8
)(SIP)

2
(H

2
O)

4
.2H

2
O] [56], 

[Pb
4
(OH)

4
(INO)

4
].nH

2
O [57] and {[Pb(4-sb)(4,4 -bipy)

1/2
]·(4,4 -

bipy)
1/2

}
n
 [58] form mixed–ligand three-dimensional coordi-

nation polymers. In complex [Pb
4
(OH)

4
(INO)

4
]·nH

2
O each 

hepta- coordinated Pb(II) center is bound to three hydroxyl oxy-
gen atoms through μ

3
-OH atoms, and each μ

3
-OH bridges to three 

Pb(II); thus, it forms a usual M
4
O

4
 core. Th e Pb

4
O

4
 core is bonded 

to four carboxylate groups from four diff erent INO ligands to 
expand to four diff erent orientations. Th e INO ligand acts as 
a tetra-donor ligand and bridges four lead(II) ions through two 
carboxylate O atoms and one N-oxide oxygen atom. Th e result-
ing 3D network contains 1D square nano channels. Compound 
{[Pb(4-sb)(4,4 -bipy)

1/2
].(4,4 -bipy)

1/2
}

n
 displays a 3D network, in 

(a)

(b)

Figure 6.4 (a) A fragment of the 2D polymer and showing hydrogen bonding 

in compound [Pb(μ-4-pyc)(μ-NCS)-(μ-H
2
O)]

n
 and (b) SEM photograph 

of compound [Pb(μ-4-pyc)(μ-NCS)-(μ-H
2
O)]

n
 nano-particles prepared by 

sonochemical method.
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which each Pb(II) center is eight-coordinated in a dicapped trigo-
nal prism with a PbNO

7
 chromophore. Th e carboxylate group in 

this complex acts as bridging (μ2-μ1:μ1) mode. Th ere are π–π inter-
actions not only between coordinated 4,4 -bipyridine and free 
4,4 -bipyridine ligands but also between coordinated 4,4 -bipyri-
dine and 4-sb, as well as between free 4,4 -bipyridine ligand and 
4-sb ligand.

6.4 Tri-donor Coordination Polymers

6.4.1 Bridging (μ3–μ1:μ2) Mode 

6.4.1.1 Two-Dimensional Coordination Polymer

In compound {[Pb(3-sb)(H
2
O)

2
].4,4 bpy}

n
, the Pb(II) atoms are 

linked by 3- sulfonatobenzoate anions as μ
4
-bridging coordi-

nation mode to give double layers. Th e carboxylate groups are 

(a)

(b)

Figure 6.5 (a) A fragment of the 2D polymer and showing hydrogen bonding 

in compound [Pb(μ-4-pyc)(μ-N
3
)(μ-H

2
O)]

n
 and (b) SEM photograph 

of compound [Pb(μ-4-pyc)(μ-N
3
)(μ-H

2
O)]

n
 nano-rods prepared by 

sonochemical method.
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coordinated to two Pb(II) atoms through a tri-donor bridging 
mode, and form a two-dimensional coordination polymer. Ligand 
4,4 -bipyridine is uncoordinated and is linked to coordinated 
water molecules via O–H···N hydrogen bonding. As a result of 
hydrogen bondings between uncoordinated 4,4 -bipyridine and 
coordinated water molecules the double layer structure is extended 
to give a 3D supramolecular network [59]. In compound [Pb(2-
pyc)(NCS)]

n
 the lead(II) ions are coordinated by both NCS− and 

pyc− anions, resulting in a two-dimensional framework [60]. Th e 
carboxylate moiety of the pyc− ligand acts as tri-donor bridging 
(μ3- μ1: μ2) coordination mode. Nano-particles of compound Pb(2-
pyc)(NCS)]

n
 have been prepared by sonochemical method and the 

average size of the particles is around 55 nm.

6.4.1.2 Th ree-Dimensional Coordination Polymers

In compound [PbCl(N,N -diacetate imidazolium)]
n
 [61] each 

of the zwitterionic N,N -diacetate imidazolium anions acts as 
bridging ligand and links four lead(II) atoms. Th e Pb(II) atoms 
are eight-coordinated with a signifi cantly distorted monocapped 
pentagonal bipyramidal geometry by two μ

2
-Cl and six oxygen 

atoms from four carboxylate groups. Along c-axis, the mono-
capped pentagonal bipyramidally coordinated Pb(II) atoms are 
connected by the N,N -diacetate imidazolium anions into one-
dimensional right-handed helical chains (Figure 6.6a). Each heli-
cal unit includes fi ve Pb(II) atoms and four zwitterionic ligands, 
and the right-handed helix is generated from the crystallographic 
4

1
 axis. Th e infi nitely right-handed helical chains are held together 

to form a 3D homochiral porous metal–organic framework. A 
space-fi lling model shows the open rectangular channels in the 
individual framework (Figure 6.6b).

Compounds [Pb
2
(4-pyc)

2
I

2
(H

2
O)]

n
 and [Pb(3-pyc)I]

n
 

[62] are three-dimensional neutral metallopolymers bridged by 
4-pyc− and 3-pyc−, water and iodide ligands, thus forming infi -
nite frameworks. Th e carboxylate moiety of the pyc− ligands in 
these compounds acts as both a bi-donor and a bridging group 
(totally tri-donor) in μ3-μ1:μ2 coordination mode, where two 
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oxygen atoms of the carboxylate group bidentately coordinate 
to a lead(II) ion, creating a four-membered chelate ring. Nano-
particles of compounds [Pb

2
(4-pyc)

2
I

2
(H

2
O)]

n
 and [Pb(3-pyc)I]

n
 

were prepared by sonochemical method. Th e SEM photograph 
shows that the compounds [Pb

2
(4-pyc)

2
I

2
(H

2
O)]

n
 and [Pb(3-pyc)

I]
n
 are nano-fi ber and nano-particles, respectively.

6.5 Tetra-donor Coordination 

6.5.1  Chelating, Bridging (μ3–μ1: μ2: μ1) Mode 

6.5.1.1 One-Dimensional Coordination Polymers 

Th e acetate anions in the compounds [Pb(phen)(OAc)(O
2
NO)] 

[63] and [Pb(phen)(OAc)(O
2
ClO

2
)] [64] act as a tetradonor 

ligands with both chelating and bridging (μ3–μ1: μ2: μ1) mode. 
In compound [Pb(phen)(OAc)(O

2
NO)] the Pb(II) atom has an 

asymmetrical eight coordination and the arrangement of ligands 
suggests a hemidirected geometry.

(a)

a

a

Pb
Cl
O
C
N

b

c

(b)

Figure 6.6 (a) View of the right-handed helical chain in [PbCl(N,N -

diacetate imidazolium)]
n
 and (b) a space-fi lling model showing the open 

rectangular nano-channels in the individual framework of compound 

[PbCl(N,N -diacetate imidazolium)]
n
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6.5.1.2 Two-Dimensional Coordination Polymers 

Th e structure of {[Pb(μ-OAc)(μ-ebp)](ClO
4
)}

n
 [65] consists of 

[Pb(μ-OAc)(μ-ebp)]+ cations and ClO
4

− anions. Th e cationic 
complex is a two-dimensional framework, in which Pb(II) 
atoms are bridged by both OAc− and ebp ligands as illustrated 
in Figure 6.7.

Th e carboxylate moiety of the OAc− ligand acts as both bidentate 
and bridging group (totally tetra-donor) where the two oxygen 
atoms of the carboxylate group bidentately coordinate to Pb(II) 
atoms, creating a four-membered chelate ring, and one of them 
also bridges two adjacent Pb(II) atoms, yielding an one-dimen-
sional chain. Th ese one-dimensional chains are further linked by 
the ebp ligands and thus creating a two-dimensional coordina-
tion polymer (Figure 6.7). Although ClO

4
− anions act as a coun-

ter-ion, it also makes weak interactions with the Pb(II) center. 
Th e arrangement of the ligands exhibits hemidirected geometry, 
and the coordination gap around the Pb(II) ion is possibly occu-
pied by an active lone pair of electrons. 

a

c

C

N

O

Cl

Pb

Figure 6.7 Fragment of the two-dimensional layer in {[Pb(μ-OAc)(μ-ebp)]

(ClO
4
)}

n
 viewed along the b-axis.
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6.5.1.3 Th ree-Dimensional Coordination Polymers

Compounds [Pb
9
(L-2H)

3
(ClO

4
)

6
(OH)

6
] {L:calix[4]diquinone 

bis(acid); sac, saccharinate; trz, 1,2,4-triazole} [66], [Pb(H
2
O)

(μ-OAc)(μ-sac)]
n
 [67] and [Pb

2
(trz)

2
(OAc)(NO

2
)]

n
 form three-

dimensional coordination polymers. In compound [Pb
9
(L-

2H)
3
(ClO

4
)

6
(OH)

6
] there are three independent lead(II) atoms in 

the its structure. Th e lead(II) atom is ten or eleven coordinate and 
the [Pb

9
(L-2H)

3
(ClO

4
)

6
(OH)

6
] trimer contains a small channel 

around the 3-fold axis fi lled with disordered solvent molecules. In 
addition there is a much larger channel that is relatively free from 
signifi cant electron density though the presence of highly mobile 
and thus disordered solvent molecules cannot be ruled out.

6.6  Nano Lead(II) Coordination 
Polymers

Th e sonochemical method has been used for preparation of nano-
scale lead(II) coordination polymers. Sonochemistry is the research 
area in which molecules undergo a reaction due to the application of 
powerful ultrasound radiation (20 kHz–10 MHz) [68]. Ultrasound 
induces chemical or physical changes during cavitation, a phenom-
enon involving the formation, growth, and instantaneously implo-
sive collapse of bubbles in a liquid, which can generate local hot 
spots having temperatures of roughly 5000 °C, pressures of about 
500 atm, and a lifetime of a few microseconds [69]. Th ese extreme 
conditions can drive chemical reactions, but they can also promote 
the formation of nano-sized particles, mostly by the instantaneous 
formation of a plethora of crystallization nuclei [69, 70]. Th is has 
been widely used to fabricate nano-sized particles of a variety of 
compounds, and in recent years many kinds of nano-sized materi-
als have been prepared by this method [71–76].

Nano-structures of two new Pb(II) three-dimensional coor-
dination polymers, [Pb

2
(4-pyc)

2
I

2
(H

2
O)]

n
 (1),{4-Hpyc = 

4-pyridinecarboxilic acid} and [Pb(3-pyc)I]
n
 (2), {3-Hpyc = 3-pyr-

idinecarboxilic acid} were synthesized by sonochemical method. 
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Th e new nano-structures were characterized by scanning elec-
tron microscopy, X-ray powder diff raction, IR spectroscopy and 
elemental analyses. Th e thermal stability of compounds 1 and 2 
both their bulk and nano-size were studied by thermal gravimet-
ric and diff erential thermal analyses and compared. PbO block-
structures were obtainedby calcination of the nano-structures 
of compounds 1 and 2 at 400 °C. Th e compounds 1 and 2 were 
obtained by reaction of 4-pyridinecarboxylate (4-pyc-) or 3-pyri-
dinecarboxylate (3-pyc-) and sodium iodide with lead(II) acetate 
trihydrate in water. Single crystalline material was obtained using 
a heat gradient applied to an aqueous solution of the reagents (the 
‘‘branched tube method”) and nano-structured particles were 
prepared by ultrasonication of the aqueous solution. 

Th e carboxylate moiety of the ‘‘pyc” ligand in compounds 1 and 
2 acts as both a bidentate and a bridging group (totally triden-
tate) in a μ-1,3 mode, where two oxygen atoms of the carboxylate 
group bidentately coordinate to a lead(II) ion, creating a four-
membered chelate ring. One of them also bridges two adjacent 
lead(II) ions, yielding a three-dimensional coordination polymer. 
Th e coordination number in 1 is seven and each lead atom is 
coordinated by three oxygen atoms of 4-pyc– ligands, one oxygen 
atom of water molecule, one nitrogen atoms of 4-pyc– anion and 
two iodide atoms (Figure 6.8a). In compound 2 also the Pb(II) 
atoms are bridged by the 3-pyc– and I– anions. Th e coordination 
number in 2 is also seven and each lead atom is coordinated by 
three oxygen atoms of 3-pyc– ligands, one nitrogen atoms of 3- 
pyc– anions and three iodide atoms (Figure 6.8b). 

Th e SEM photographs show that the compounds 1 and 2 have 
nano-fi ber (Figure 6.9) and nano- particles (Figure 6.10) mor-
phologies, respectively. For further investigation have been used 
other solvents such as methanol, acetonitrile, dichloromethane, 
benzene and chloroform by the sonochemical process, but the 
particle sizes of compounds were not completely good [77].

In compound {[Pb(bpacb)(OAc)].DMF}
n
, {Hbpacb: 3,5-bis[(4-

pyridylamino)carbonyl]benzoic acid] }the Pb(II) atoms are in the 
hemidirected geometry. One of oxygen atoms from bpacb- ligand 



Lead(II) Coordination Polymers 115

(a)

(b)

Figure 6.8 A fragment of the three-dimensional polymer and showing Pb---I 

interactions (a) in compound (1) and (b) in compound (2).

Figure 6.9 SEM photographs of [Pb
2
(4-pyc)

2
I

2
(H

2
O)]

n
 (1) nano-fi bers.
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is a bridging (μ2) and connects lead(II) atoms to each other. Th e 
polymeric structure has large pores that consist of DMF as guest 
molecules and the hydrogen bonding is the important interaction 
for DMF stability in pores. Oxygen atoms of DMF molecule and 
acetate anion connect to amidic nitrogen of terminal pyridine rings 
of ligand bpacb− by hydrogen bonding (O···N–H) (Figure 6.11a). 
Th e nano-sized compound {[Pb(bpacb)(OAc)].DMF}

n
 is prepared 

by ultrasonic irradiation and characterized by powder XRD and 
SEM. Th e average size of the particles is 60 nm (Figure 6.11b) [78]. 

Also nanobelts of a lead(II) coordination polymer in [Pb(3-pyc)
2
]

n
, 

are synthesized by a sonochemical method with average size 
of  about 90 nm (Figure  6.12b). Th e carboxylate moiety of the 
3-pyc− ligand acts in chelating (μ2) mode, where two oxygen atoms 
of the carboxylate group bidentately coordinate to a lead(II) ion, 
creating a four-membered chelate rings (Figure 6.12a) [79].

In [Pb(2-pyc)(N
3
)(H

2
O)]

n
 [80] the lead(II) ion is coordinatedby 

2-pyc−, water and N
3

− ligand and coordination number in this 
complex is six. Th e building blocks of [Pb

2
(μ-H

2
O)

2
] are bridged 

by the N
3

− and 2-pyc− anions and each lead(II) atom is coordinated 

Figure 6.10 SEM photographs of [Pb(3-pyc)I]
n
 (2) nano-particles [77].
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(a)

(b)

Figure 6.11 (a) A perspective view of the packing down the b-axis in 

compound {[Pb(bpacb)(OAc)]·DMF}
n
, showing the free DMF molecules 

lying in the pores and (b) SEM image of nano-sized compound {[Pb(bpacb)

(OAc)]·DMF}
n 
[78].

(a)

(b)

Figure 6.12 (a) Depiction of three-dimensional network in compound [Pb(3-

pyc)
2
]

n
 and (b) SEM photograph of compound [Pb(3-pyc)

2
]

n
 nanobelts [79].
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by three oxygen atoms of 2-pyc− ligands, two water molecules and 
three nitrogen atoms of azide anions. Th e carboxylate moiety of 
the 2-pyc− ligand acts as a bridging group where two oxygen atoms 
of the carboxylate group bidentately coordinate to a lead(II) ion, 
creating a four-membered chelate ring (Figure 6.13a). One of them 
also bridges two adjacent lead(II) ions. Th ere is not any vacant site 
on lead(II) environment and the X–Pb–X angle shows that the 
coordination sphere of the lead(II) is holodirected. Nanostructure 
of compound [Pb(2-pyc)(N

3
)(H

2
O)]

n
 is prepared by sonochemical 

method and the SEM shows that it is composed of rods with size of 
about 80 nm, with all rods arranged so that they form a strawberry 
network (Figure 6.13b).

Two isostructure lead(II) complexes, [Pb
2
(2-pyc)

2
(I)

2
]

n
 and [Pb

2
(2-

pyc)
2
(Br)

2
]

n
 [81], are synthesized by a sonochemical method and 

produce the nano-sized coordination polymers. Th e average size 
of the particles is around 98 and 95 nm for compounds [Pb

2
(2-

pyc)
2
(I)

2
]

n
 and [Pb

2
(2-pyc)

2
(Br)

2
]

n
, respectively. Th e carboxylate 

moiety of the pyc− ligand in these compounds acts as both a bi-
donor and a bridging group (totally tri-donor) in a μ

2
-μ2:μ1 mode 

(Figures 6.14 and 6.15).

(a)

(b)

Figure 6.13 (a) Fragment of the two-dimensional polymer in [Pb(2 pyc)(N
3
)

(H
2
O)]

n
 and (b) SEM photograph of compound [Pb(2-pyc)(N

3
)(H

2
O)]

n
 nano-

strawberry [80].
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Reaction of 1,6-bis(2-pyridyl)-2,5-diaza-1,5-hexadiene (2-bpdbe) 
and lead(II) nitrate lead to the formation of a new lead(II) complex 
[Pb

2
(μ-2-bpdbe)

2
(NO

3
)

4
]

n
. single crystalline material was obtained 

using a thermal gradient. Determination of the structure of 1 by 
X-ray crystallography showed the Pb(II) ion to be coordinated by 

(a)

(b)

Figure 6.14 (a) A two-dimensional packing of compound [Pb
2
(2-pyc)

2
(I)

2
]

n
 

and (b) SEM photograph of compound [Pb
2
(2-pyc)

2
(I)

2
]

n
 nano-wires [81].

(a)

(b)

Figure 6.15 (a) A two-dimensional packing of compound [Pb
2
(2-pyc)

2
(Br)

2
]

n
 

and (b) SEM photograph of compound [Pb
2
(2-pyc)

2
(Br)

2
]

n
 nano-rods [81].
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nitrate and 1,6-bis(2-pyridyl)-2,5-diaza-1,5-hexadiene ligands. Th e 
structure consists of Pb(II) units coordinated by NO

3
– and 2-bpdbe 

ligands that form infi nite layers as illustrated (Figure 6.16). Th is is an 
eight- coordinate complex with a PbO

4
N

4
 chromophore. Th e struc-

ture is considered a coordination polymer of Pb(II) of linear chains 
that run parallel to the c-axis, with a building block of [Pb

2
(NO

3
)

2
]

n
. 

Th e X–Pb–Y angles suggest a hole in the coordination sphere 
of the Pb(II) ion due to a stereo-chemically active lone pair. Th e 
Pb(II) ion, thus, has a hemidirected geometry as is observed for 
Pb(II) with high coordination numbers (9–10) [82]. Th e activity 
of the lone pair in the coordination sphere of Pb atoms in [Pb

2
(μ-

2-bpdbe)
2
(NO

3
)

4
]

n
 is probably due to the presence of eight hard 

donor O and N atoms. 

Nano-sized [Pb
2
(μ-2-bpdbe)

2
(NO

3
)

4
]

n
 was obtained by ultrasonic 

irradiation in a MeOH solution. An SEM micrograph shows a 
broad distribution of the particle size, the average size of the par-
ticles is 40 nm, which is in agreement with that observed by scan-
ning electron microscopy, as shown in Figure 6.17 [83].

In other report, 3-bpdh and Pb(NO
3
)

2
 lead to the formation of a new 

lead(II) 2D coordination polymer, [Pb
2
(3-bpdh)(μ-NO

3
)

3
(NO

3
)]

n
. 

Single crystalline material was obtained using a slow evaporation. 

Figure 6.16 3-D supramolecular compound [Pb
2
(μ-2-bpdbe)

2
(NO

3
)

4
]

n
 

formed by π-π stacking and weak hydrogen-bonding.
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Figure 6.17 SEM photograph of compound [Pb
2
(μ-2-bpdbe)

2
(NO

3
)

4
]

n
 nano-

powder produced by the sonochemical method.

Single crystal X-ray diff raction analysis reveals that the lead(II) 
ion is coordinated by four nitrate anions and one neutral 3-bpdh 
molecule, and results in a nine-coordinate complex with a PbO

8
N 

chromophore. Although the coordination geometry around lead 
is irregular, presumably associated with steric constraints arising 
from the shape of the ligands, it is best described as a distorted 
mono-capped pentagonal prism. On the other hand, the structure 
may be considered a coordination polymer of lead(II) consisting 
of one-dimensional linear chains running parallel to th c axis, 
with a building block of [Pb

2
(μ-NO

3
)

3
(NO

3
)]

n
 (Figure 6.18). 

Nano-sized [Pb
2
(3-bpdh)(μ-NO

3
)

3
(NO

3
)]

n
 was obtained by 

 ultrasonic irradiation in a water solution. Th e SEM image 
(Figure 6.19) shows a broad distribution of the particle size with 
an average particle size of 95 nm [84].

Figure 6.18 Showing the 2D structure of [Pb
2
(3-bpdh)(μ-NO

3
)

3
(NO

3
)]

n
.
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6.7 Conclusion

Lead(II), with its large radius, fl exible coordination environ-
ment and various stereo-chemical activities, provides unique 
opportunities for formation of unusual network topologies with 
interesting properties. Lead(II) compounds are a potential class 
of functional materials and ideal systems for investigation of 
structure–property relationships. Th e largest class of coordina-
tion polymers is those containing carboxylate ligands and until 
now a variety of hybrid materials with diff erent dimensions has 
been designed with the use of carboxylate groups. Th e carbox-
ylate group due to its rich coordination modes usually binds 
either a mono-donor, a bi-donor, a tri-donor or a tetra-donor 
to a metal ion and lead(II) forms discrete, one-, two- and three-
dimensional coordination polymers. Also lead(II) can form one-, 
two- and three-dimensional coordination polymer via second-
ary interactions such as, hydrogen-bonding, π–π stacking inter-
actions and non-covalent bonding. Th e diff erent coordination 
modes of carboxylate groups increase the strength and stability 
of the resulting architectures. Carboxylate groups in the lead(II) 
coordination polymers have been coordinated in binding modes 
ranging from μ1, bridging (μ2–μ1: μ1), chelating (μ2), bridging (μ

2
–

μ2), bridging (μ
3
–μ1: μ2), chelating, bridging (μ

2
–μ2: μ1) to chelat-

ing, bridging (μ
3
–μ1: μ2: μ1) and chelating, bridging (μ

4
–μ2: μ2). So, 

the researchers found that carboxylate groups in many of lead(II) 
coordination polymers form more than one type of coordination 

Figure 6.19 SEM photographs of [Pb
2
(3-bpdh)(μ-NO

3
)

3
(NO

3
)]

n
 

nanoparticles produced sonochemically.



Lead(II) Coordination Polymers 123

mode and among all of these modes maximum number belonged 
to chelating (μ2) mode.
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7
Th allium(I) Coordination 
Polymers

7.1  Introduction to Th allium(I) 
Coordination Polymers

Th allium, when compared with the remainder of the group 13 
elements, shows a preference for the oxidation state +1. Th is has 
been attributed to the eff ect of the inert pair of electrons which 
is generally used in introductory textbooks to explain the ten-
dency of the heavier main group elements to adopt oxidation 
numbers that are two less than the respective group number. 
Th is phenomenon which could also be observed in Pb2+ and Bi3+ 
[1–6], Originates from a combination of shell structure eff ects 
and relativity. Owing to the relativistic downshift  in energy of the 
6s orbital, Tl does indeed favor the oxidation state +1 over +3. 
Moreover [7], Tl might be regarded as a relativistic alkali metal 
because Tl chemistry parallels that of the alkali metals in many 
ways [8] and the well-known toxicity of thallium compounds may 
also be associated with the high affi  nity for sulfur functions and 
the non-reversibility of the complexation reactions as compared 

Main Group Metal Coordination Polymers: Structures and Nanostructures. 
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to the action of alkali cations [9]. Specially thallium(I) compounds 
are similar in structure and chemical properties to potassium and 
silver salts [10]. In modern coordination chemistry the role of 
most metals as clustering centers for ligands appears to be pre-
dictable and the coordination number and coordination geom-
etry can be extrapolated for most of the common metal/ligand 
combinations with quite high certainty.

Although this is generally true, the situation is surprisingly dif-
fi cult for main group metals in their low oxidation states in which 
they are assigned lone pairs of electrons [11]. Although such a 
pair of s electrons beyond a completed shell is always stereo active 
with an obvious gap in TlI coordination sphere in the thallium(I) 
complexes with lower coordination number (three to fi ve), this 
activity cannot be predicted in complexes with higher coordina-
tion number (six to twelve) [12]. Th allium(I) has atomic, ionic, 
covalent and van der waals radii of 1.70 < r(Tl) < 1.90, 1.47, 1.55 
and 1.96 Å, respectively [13, 14]. Owing to the relativistically con-
tracted valence shell and the low electrical charge, the Tl+ cation 
is intermediate between standard hard and soft  character and has 
affi  nity for both hard and soft  donor atoms, like oxygen and sul-
fur, or chloride and iodide, and so forth [11].

Th e design and construction of supramolecular arrays utilizing 
non-covalent bonding of tectons would be called supramolecular 
synthesis. Th us, the supramolecular synthesis successfully exploits 
hydrogen bonding and other types of non-covalent interactions, 
in building supramolecular systems such as intermolecular coor-
dination bonds, which leads to formation of coordination poly-
mers, polyhapto, metallophilic or agostic interactions.

In contrast to transition-metal arene complexes, arene π- complexes 
of monovalent p-block metals are rather scarce [15]. TlI also forms 
π-complexes with aromatic hydrocarbons [16] as fi rst demonstrated 
for the anionic cyclopentadienyl ligands in 1957, and in 1985 for 
neutral arenes [11], but structural reports on thallium(I) arene com-
plexes have only appeared in the literature in the last 20 years. It 
was not until 1985 that Schmidbaur isolated the fi rst structurally 
characterized Tl(I) arene complex, with Tl. . .π(centroid) distances 
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between 2.94 and 3.03 Å [17]. Th e reported Tl. . .C separations range 
is 3.20–4.00 Å in recent reported species [11, 18] and the sum of the 
van der Walls radii of carbon and Tl atoms is 3.66 Å [14]. Th e M–M 
bonded clusters, in which the metal ion has a +1 oxidation state and 
weakly interacting ns2 lone pairs, are of particular interest due to the 
nature of the bonding and the unusual optical properties that can be 
produced by M–M interactions, in particular those in thallium(I) 
centers [19]. Th e strength of this interaction is generally considered 
to be of a magnitude similar to that of a typical hydrogen bond [20]. 
Recent ab initio calculations on thallocene dimers suggest energy 
minima with Tl· · ·Tl distances slightly under 4 Å and interaction 
strengths of the order 10 kJ/mol [21]. Th ough positioning in a struc-
tural analysis of a H so close to the heavy Tl atom may not be given 
too much credibility, however M· · ·H interactions have recently 
reported [20, 22–24]. Th is interaction is observed when the H atoms 
situated above the proposed site on the lone pair of Tl are oriented 
such that they might be thought to be forming a Tl–L

p
· · ·H–C– (L

p
 

= lone pair) as a weak hydrogen bond [22] or Tl· · ·H–C–as agostic 
interactions with distances smaller than 3.30 Å [25].

In this part we summarize three types of thallium(I) supramolec-
ular compounds: thallium(I) coordination polymers, thallium(I) 
compounds aggregate from secondary interactions and fi nally 
thallium(I) polymeric compounds obtained from Tl–M (M = Pt, 
Au or Ni) bonds. Also we take distances that fall within the sum of 
the covalent or ionic radii, as primary bond and distances falling 
within the sum of the van der waals radii or near it, as second-
ary interactions, in addition we consider much attention in Tl···C, 
Tl···Tl and Tl···H secondary interactions due to role of these inter-
actions in aggregate TlI supramolecular compounds. Scheme 7.1 
shows the fi gures of some complex ligands which are used to fab-
ricate thallium(I) supramolecular compounds. 

7.2 Th allium(I) Coordination Polymers

Coordination polymers are a very important topic of modern 
solid-state chemistry. Especially porous compounds like MOF-5 



134 Main Group Metal Coordination Polymers

[26], MIL-53 [27] or HKUST-1 [28] have attracted a lot of atten-
tion due to their potential as heterogeneous catalysts or adsorbents 
for gases like hydrogen. Besides porosity there are also attractive 
aspects of non-porous coordination polymers, e.g. magnetic, 
luminescent, vaporochromism or conducting properties to name 

Scheme 7.1 Shows the fi gures of some complex ligands which used in 

fabricate thallium(I) supramolecular compounds. In L5 and L6 hydrogen 

atoms omitted for clarity. (Continued)
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Scheme 7.1 Continued.
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a few [29–31]. Coordination polymers off er signifi cant advantages 
over conventional molecular compounds due to very low solubil-
ity in conventional organic solvents and water, and much higher 
thermal stability. Th ey have also several applications in sensors, 
organic light emitting diodes (OLED) and full-colored LCD dis-
plays [32]. In this section we classifi ed coordination polymers on 
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the basis of their dimensions and secondary interactions in the TlI 
coordination sphere. Tl(I)–ligand bonding is generally divided 
into two types, primary and secondary. Primary bonding is said 
to exist if the Tl–X (X = hetero atom) bond distance falls within 
the sum of the covalent or ionic radii. Secondary bonding occurs 
if the Tl–X (X = hetero atom) bond distance falls within the sum 
of the van der Waals radii [32].

7.2.1  One-Dimensional Coordination 
Polymers with Secondary Interactions 
in TlI Coordination Sphere

In thallium(I) 2-amino-3-methyl-benzoate (Tl[C
8
H

8
NO

2
]) [11] 

the anion is chelating the metal atom to form a wedge-like four-
membered ring. Th ese fundamental units aggregate to give dimers, 
the geometry also suggests intramolecular hydrogen bonding. 
Complexation of the metal atom through four oxygen atoms in 
a small quadrant of the coordination sphere is supplemented 
by a weak polyhapto contact with Tl. . .π(centroid) distance of 
3.230(11) Å. In the dinuclear units of [HAnthAnthOTl(H2O)

0:5
] 

[9], the thallium ions accommodate one nitrogen and four oxy-
gen atoms of the anions in their coordination sphere and in addi-
tion entertain weak Tl-arene contacts forming 3D supramolecular 
networks. Relatively short contacts of three carbon atoms with TlI 
ion have 3.47, 3.59 and 3.47 Å distances. Th e water molecules are 
not involved in metal complexation, but contribute to a network 
of hydrogen bonding. In compounds catena-[bis(μ

3
 - salicylato)

dithallium(I)] [33] and catena-[bis(μ
3
-4-aminosalicylato)dithal-

lium(I)] [33], adjacent units are held together by secondary Tl–
O

3
 interactions, resulting in stair-like, infi nite one-dimensional 

polymers. Th e Tl+ ion is in a distorted square pyramidal geometry, 
with the four oxygen atoms in the basal plane and the stereoactive 
lone pair occupying the apex position of the pyramid, in a hydro-
phobic environment provided by two neighboring phenyl groups 
with O

4
Tl· · ·2μ6-C

6
 coordination environment. In catena-[bis(μ

3
 

salicylato)dithallium(I)] the distance between the planes of the 
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phenyl rings and the Tl+ cation is 3.29 Å and in catena-[bis(μ
3
-4-

aminosalicylato)dithallium(I)] the distance between the planes of 
the phenyl rings and the Tl+ cation are 3.31 and 3.68 Å. In addi-
tion to the strong intramolecular hydrogen bond, weak hydrogen 
bonds are also formed between the amino protons and O

2
 atoms 

of adjacent units, resulting in a 3D supramolecular compound. 
Compound catena-[bis(μ

3
 salicylato)dithallium(I)] was obtained 

from H
2
O with empirical formula of (C

7
H

5
O

3
Tl)

2 
crystallizing in 

the monoclinic system with P2
1
/n space group.

One-dimensional polymeric chains in [Tl(Tbz)]
∞
 [34], comprise 

a zigzag array of Tl and S atoms (Figure 7.1a). Th e full coordina-
tion sphere of the Tl ion is shown in Figure 7.1b. Th e vacant coor-
dination sites on Tl interact (albeit weakly) with the π-systems of 
benzothiazole units in neighboring ligands with S4Tl· · ·2μ6–C

6
 

Figure 7.1 (a) A view of a section of the infi nite polymeric chain in 

[Tl(Tbz)]
∞
 emphasising the zigzag –Tl–S–Tl– arrangement. (b) Th e thallium 

coordination sphere in TlTbz.
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coordination sphere. In one case the interaction is approximately 
symmetrical, whereas in the other the metal is placed signifi cantly 
‘off -center’ with respect to the ring. In the solid-state Tl[PhTtt-Bu] 
[35] forms a one-dimensional coordination polymer. Each thal-
lium ion is coordinated to three sulfur donors and a phenyl ring in 
an μ6-mode that may be described roughly as a three-legged piano 
stool coordination environment. Th e Tl· · ·C distances range is 
from 3.272(8) to 3.446(8) Å.

7.2.2  One-Dimensional Coordination 
Polymers without Secondary 
Interactions in TlI Coordination 
Sphere

Tl[trans-Ru(DMeOPrPE)
2
Cl

2
]PF

6
 [32] is a 1D coordination poly-

mer in which the Tl(I) centers have an unusual slightly distorted 
octahedral TlO

4
Cl

2
 coordination geometry with a stereochemi-

cally active 6s2 lone pair. Th e formation of product is solvent and 
temperature dependent. Complex Tl(18-crown-6)[H{ONC(CN)
C(O)C

6
H

5
}

2
] [36] exists as a hybrid coordination/H-bonded one-

dimensional polymer with eight-coordinate thallium. Th e poly-
meric chain can be formally described to consist of macrocyclic 
cations Tl(18-crown-6), oximate anions (bco)− and oxime mol-
ecules H(bco). Complex hydrogen oximate anions H(bco)

2
− that 

possess a centrosymmetric structure with two (bco) fragments 
being symmetry equivalents. 

7.2.3  Two-Dimensional Coordination 
Polymers with Secondary Interactions 
in TlI Coordination Sphere

In 2D coordination polymer of Tl(m-Nbs) [37], both Tl(I) cat-
ion and the sulfonate group display high coordinating ability: one 
thallium(I) cation is surrounded by nine oxygen atoms and one 
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sulfonate anion is coordinated to six diff erent thallium(I) cat-
ions. Th e Tl/O distances are at long end of the range for Tl(I)–O 
distances, suggesting a predominantly ionic character for metal–
ligand bonding in this complex. Th is might be interpreted as an 
indication that the 6s2 lone pair of thallium ion is not stereochem-
ically active. Th e crystal structure can be viewed as consisting of 
inorganic and organic layers (Figure 7.2). Th e organic layers are 
formed by m-Nbs− anions arranged in columnar stacks along the 
z-axis. Th e sulfonate groups are situated outside these layers and 
directed towards the inorganic layers within which they interact 
with the Tl+ cations. Besides the ionic and stacking interactions, 
the packing is stabilized by the C–H/O hydrogen bonds. A rel-
atively short contact between Tl(I) cation and aromatic proton 
H(2) equal to 3.05 Å and thalophilic interactions at a distance of 
3.857(1) Å also deserves attention, resulting in O

9
Tl· · ·TlH coor-

dination sphere.

In Tl(Ohyo), the coordination polyhedron around the TlI can 
be described as a distorted dodecahedron; the eight Tl–O bonds 
are divided into sets of six short and two long, the latter lying at 
one side of the TlI ion which show the lone pair electrons are ste-
reoactive. Th e oxalohydroxamate groups comprise a hydrogen-
bonded, two-dimensional ligand layer; layers of this type are, in 
turn, interlinked by the aforementioned strong hydrogen bonds 
to form a three-dimensional supramolecular network.

Figure 7.2  Packing diagram of Tl(m-Nbs) [37], as viewed along the y-axis, 

of the stackedm-nitrobenzenesulfonate anions arranged in columns along the 

z-axis.
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Th e main structural unit of the polynuclear thallium complex 
with dialkyldithiocarbamates is the centrosymmetric binuclear 
molecule Tl

2
{S

2
CN(CH

2
)

6
}

2
]

n
 [38] (Tl· · ·Tl 3.6776 Å) involv-

ing two bridging ligands. Both thallium atom simultaneously 
coordinate all four S atoms of two dithio ligands. Th e geom-
etry of the dimer can be represented by a tetragonal bipyramid 
with four equatorial S atoms and the thallium atoms as its ver-
tices. Th e geometry of the seven-membered heterocyclic frag-
ments –N(CH

2
)

6
– can be approximately represented as a “twist 

chair”. Th e complexing metal in structure Tl
2
{S

2
CN(CH

2
)

6
}

2
]

n
 

becomes coordinatively saturated via additional coordination of 
the S atoms of adjacent dimeric molecules. Th us, each binuclear 
fragment is united with two neighbors through pairs of additional 
Tl–S bonds and the resulting zigzag polymer chain is aligned with 
the crystallogaphic z-axis. In turn, polymer chains are united into 
a layer through additional coordination by each Tl atom and an 
S atom in an adjacent chain. Th e distance between the closest Tl 
atoms in adjacent chains is 3.7264 Å. Th e thallium atom has two 
agostic interactions with two hydrogen atoms too, thus attaining 
the total coordination sphere of S

6
Tl· · ·H

2
Tl

2
.

7.2.4  Two-Dimensional Coordination 
Polymers without Secondary 
Interactions in TlI Coordination 
Sphere

[Tl(μ-DNB)]
n
 [39] is a novel two dimensional polymer with 

eight-coordinate Tl atoms. Each DNB− anion is octadentate 
connecting eight TlI ions. Th e carboxylate group of the DNB− 
ligand is both bidentate chelating, and bridging. One of the 
nitro groups of this ligand has chelating and the other nitro 
group has only bridging coordination behavior. Structural 
determination of {Tl[(H)phthalate)]}

n
 [40] shows the formation 

of two-dimensional coordination polymer. Th e coordination 
number of the Tl

I
 ion is six with the coordination environment 

of TlO
6
. Th e arrangement of the O atoms  suggests a gap in the 
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coordination geometry around the thallium atom in compound 
{Tl[(H)phthalate)]}

n
, due to a stereochemically ‘active’ electron 

lone pair of TlI.

Th e layer structure of Tl
2
[Ag{N(SO

2
Me)

2
}

3
] [41], displays 

two unprecedented characteristics; one (MeSO
2
)

2
N− ion that 

strongly deviates from the C
2
-symmetric standard conforma-

tion of this species and approximates to mirror symmetry and 
a tris(dimesylamido)argentate anion featuring a trigonal planar 
AgN

3
 core. Th e independent thallium ions are coordinated by 

the complex anions to form monolayer substructures, in which 
Tl(I) attains an O

6
 and Tl(2) an O

5
 environment; the monolayers 

are associated into bilayers via one independent set of Tl(2)–O 
bonds that concomitantly raise the coordination number for 
Tl(2) to six. Th e two-dimensional Ag–N/Tl–O bonding system 
is reinforced by a three-dimensional network of weak C–H· · ·O 
hydrogen bonds.

7.2.5  Th ree-Dimensional Coordination 
Polymers with Secondary Interactions 
in TlI Coordination Sphere

Tl(4-np) [42] and [Tl(2,4-dnp)] [43] have approximately simi-
lar ligands, they show diff erent structural motifs. Th e structure 
of Tl(4-np) is based on a tetranuclear cubane motif with TlO

3
 

coordination sphere. Tl· · ·Tl interactions within the cube are 
3.858(2)  Å and [Tl(O-phenoxide)]

4
 units linked into a three-

dimensional network by further Tl· · ·O–nitro interactions from 
adjacent units. Th e crystal structure of [Tl(2,4-dnp)] shows a three 
dimensional polymer as a result of bridging 2,4-dnp ligands. In 
[Tl(2,4-dnp)], the Tl atoms have TlO

2
 coordination sphere with 

weak thallophilic interactions (3.740 Å), π–π-stacking interac-
tions between the parallel aromatic rings also exist. [Tl

4
(μ

8
-SB)

2
]

n
 [44], another compound with phenolic group, is a novel three-

dimensional coordination polymer involving the tetranuclear 
cubic cage nodes as a result of bridging “SB

2
−” ligands with basic 

repeating [Tl
4
(μ

8
-SB)

2
] units. Th ere are four thallium atoms with 
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diff erent coordination spheres (Tl1O
4
, O

4
Tl2· · ·Tl

2
, O

4
Tl3· · ·Tl 

and O
3
Tl4· · ·Tl) in the cubic cage. Th ese thallium atoms contain 

an irregular coordination sphere with stereochemically active 
lone pair and thallium–thallium interactions.

[K
2
Tl(μ-succinate)(μ-NO

3
)]

n
 [45] with mixes succinate and 

nitrate ligands, shows two types of K+-ions with coordination 
numbers of seven and eight and one Tl+- ion with a coordination 
number of fi ve. Two hydrogen atoms of succinate situated 3.26 Å 
above the proposed site on the lone pair of TlI is oriented in such 
a way that it might be forming a weak Tl–Lp· · ·H–C hydrogen 
bond or agostic interaction, thus attaining a coordination envi-
ronment of O

5
Tl· · ·H

2
.

7.2.6  Th ree-Dimensional Coordination 
Polymers without Secondary 
Interactions in TlI Coordination 
Sphere

CSB2− ligand in compound [Tl
2
(μ

10
-CSB)]

n
 [46] is similar to SB2− 

but with caboxylate donor groups instead of phenolate group. In 
[Tl

2
(μ

10
-CSB)]

n
 the thallium atoms have an irregular coordina-

tion sphere containing a stereochemically active lone pair with 
TlO

5
 coordination environment. Th ere are two known forms of 

[Tl(picrate)] [47], showing approximately similar coordination 
environments for the thallium atoms but the ‘high temperature’, 
yellow form has a bond to the phenoxide oxygen atom which 
is 0.2 Å shorter than the equivalent bond in the ‘low tempera-
ture’, red form. Th e yellow polymorph of [Tl(picrate)] has TlO

9
 

and the red polymorph of [Tl(picrate)] has O
11

Tl· · ·C coordina-
tion sphere with Tl· · ·C distance of 3.463 Å, fi nally resulting 
in a 3D coordination polymer with inactive lone pair in both 
polymorphs. Transition from the red to the yellow polymorph 
occurs in the solid state only at 400 K and above, but the yel-
low polymorph does not transform to red, neither on heat-
ing nor on cooling. Addition of a small amount of solvent to 
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the system accelerates the transformations in both directions. 
In Tl{ONC(CN)

2
} [48], the thallium(I) center has four shorter 

bonds than the sum of the ionic radii bonds (three with N and 
one with O atoms) and three longer electrostatic (ionic) con-
tacts with the anion. Th e 6s2 lone pair is stereoactive, and the 
coordination polyhedron is best described as a distorted square 
pyramid. Th e ONC(CN)

2
− anion in this complex is planar and in 

the nitroso form.

Compound Tl{ONC(CN)
2
} at 293 K exhibited structured metal-

based red photoluminescence in the range of 690–800  nm that 
depends on the excitation wavelengths. An assignment of a metal-
to-ligand charge transfer (MLCT) state from Tl(I) to π* of the 
ONC(CN)

2
− anion is very likely since thallium is known to form a 

stable Tl(III) oxidation state. 

[T1(SC
6
H

5
)] [49], is built up by the two novel structure units; 

[Tl
7
(SC

6
H

5
)

6
]+ and [Tl

5
(SC

6
H

5
)

6
]− with six diff erent TlI ions as 

Tl1, Tl2, Tl5 with TlS
1
 coordination sphere, Tl3 and Tl4 with 

TlS
3
 coordination sphere and fi nally Tl6 with TlS4 coordination 

sphere, resulting in a 3D coordination polymer with stereoactive 
electron lone pair.

7.3  Nano Th allium(I) Coordination 
Polymers

A new thallium(I) two-dimensional supramolecular polymer, 
[Tl

6
(biphO)

4
(biphOH)

4
(NO

3
)

2
]

n
, biphOH = 4-hydroxy biphenyl, 

has been synthesized and characterized by elemental analyzes 
and IR spectroscopy. Compound [Tl

6
(biphO)

4
(biphOH)

4
(NO

3
)

2
]

n
 

was structurally characterized by single-crystal X-ray diff raction 
and in addition to three types of TlI ions has secondary Tl…π 
interactions. Two diff erent Tl

2
O

3
 nano-structures have been pre-

pared by direct calcination of [Tl
6
(biphO)

4
(biphOH)

4
(NO

3
)

2
]

n
 

at two diff erent temperatures. Th ese Tl
2
O

3
 nano-structures were 

characterized by scanning electron microscopy, X-ray powder dif-
fraction (XRD) and IR spectroscopy.
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Determination of the structure of this compound by X-ray crystal-
lography showed that the compound has three types of Tl+ ions. In 
addition to NO

3
– anion, Tl atoms in [Tl

6
(biphO)

4
(biphOH)

4
(NO

3
)

2
]

n
 

are coordinated with protonated and deprotonated phenolic oxygen 
atoms. Th us we could consider Tl1O

3
, Tl2O

1
 and Tl3O

3
 coordina-

tion sphere for them. In addition to short Tl…O bonds, Tl1 and Tl3 
atoms in [Tl

6
(biphO)

4
(biphOH)

4
(NO

3
)

2
]

n
 have two weak interac-

tions with oxygen atoms of phenolic ligands. Existence of these strong 
and weak Tl…O interactions in [Tl

6
(biphO)

4
(biphOH)

4
(NO

3
)

2
]

n
, 

result in formation of two-dimensional supramolecular network 
in crystallographic bc plane. Another secondary interaction in 
[Tl

6
(biphO)

4
(biphOH)

4
(NO

3
)

2
]

n
 is the intra-plane hydrogen bond-

ing network which does not increase dimension of this polymer 
from 2D to 3D network (Figure 7.3).

Nano-structures of Tl
2
O

3
 have been generated by direct calcina-

tions at 430 and 570 oC. Th e fi nal product upon thermal decom-
position of compound [Tl

6
(biphO)

4
(biphOH)

4
(NO

3
)

2
]

n
, based on 

their IR spectrum and XRD pattern is Tl
2
O

3
. Sharp diff raction 

peaks in PXRD indicate good crystallinity of Tl
2
O

3
 nanostruc-

tures prepared and the broadening of the peaks indicated that the 
particles were of nanometer scale in agreement with that observed 
from SEM images (Figure 7.4) [50].

Two thallium(I) coordination polymers, [Tl(3-np)]
n
 and 

[Tl(2,4-dnp)]
n
, 3-np−=3 nitrophenoxide and 2,4- dnp−=2,4-

dinitrophenoxide, have been synthesized and characterized by 

Figure 7.3 Side view of formation H-bonding network along the 2D 

supramolecular polymer of [Tl
6
(biphO)

4
(biphOH)

4
(NO

3
)

2
]

n
.
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elemental analyses and IR spectroscopy. Flower-like nano struc-
ture and nano-powders thallium(III) oxide, Tl

2
O

3
, have been 

prepared by direct thermal decomposition of two diff erent Tl(I) 
coordination polymers, [Tl(3-np)]

n
 and [Tl(2,4-dnp)]

n
. Th e nano-

materials were characterized by scanning electron microscopy, 
X-ray powder diff raction (XRD) and IR spectroscopy. Th e thermal 
stability of nano-structure Tl

2
O

3
 was studied by thermal gravimet-

ric and diff erential thermal analyses and showed that there is no 
reportable loss of weight in the TGA curves that proves the exis-
tence of thallium(III) oxide. Th is study demonstrates that coordi-
nation polymers may be suitable precursors for the preparation of 
nanoscale materials with diff erent and interesting morphologies.

Reaction either of 3-nitrophenoxide (3-np−) or 2,4-dinitrophenox-
ide (2,4-dnp−) ligands with thallium(I) nitrate provided powdered 
materials analyzing as [Tl(3-np)]n and [Tl(2,4-dnp)]

n
, respectively. 

Th e structure of compounds [Tl(3-np)]
n
 and [Tl(2,4-dnp)]

n
 were 

reported in [43] and in the solid state are threedimensional poly-
mers and crystallize in the triclinic with space group P21/c and 

(a)

(b)

Figure 7.4 SEM micrograph of Tl
2
O

3
 nano-structures produced by direct 

calcination of compound [Tl
6
(biphO)

4
(biphOH)

4
(NO

3
)

2
]

n
 at a) 430 °C and b) 

570 °C, respectively.
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monoclinic with space group Pī, respectively [43]. Nano-structures 
of Tl

2
O

3
 have been generated by thermal decomposition of com-

pounds [Tl(3-np)]
n
 and [Tl(2,4-dnp)]

n
. Th e fi nal product upon 

calcination of compounds [Tl(3-np)]
n
 and [Tl(2,4- dnp)]

n
 at 600 

°C, based on their IR, XRD patterns and TGA/DTA analyses, in 
two cases is Tl

2
O

3
. Th e XRD patterns of Tl

2
O

3 
nano-structures aft er 

calcination of compounds [Tl(3-np)]
n
 and [Tl(2,4-dnp)]

n
 are quite 

the same and in agreement with the typical structure Tl
2
O

3
 diff rac-

tion (JCPDS No. 33-1404). Sharp diff raction peaks indicate good 
crystallinity of Tl

2
O

3
 nano-structures prepared from compounds 

[Tl(3-np)]
n
 and [Tl(2,4-dnp)]

n
. Th e broadening of the peaks indi-

cated that the particles were of nanometer scale (Figure 7.5).

Figure 7.6 shows SEM images of fl ower-like and nano-powder 
Tl

2
O

3
 nano-structures produced by calcination of compounds 

Figure 7.5 X-ray powder diff raction pattern of Tl
2
O

3
 aft er calcination of 

compounds [Tl(3-np)]
n
 and [Tl(2,4-dnp)]

n
.
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Figure 7.6 SEM photographs of Tl
2
O

3
 nano-structure produced by 

calcination of compound (a) [Tl(3-np)]
n
 and (b) [Tl(2,4-dnp)]

n
.
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[Tl(3-np)]
n
 and [Tl(2,4-dnp)]

n
, respectively. Th e morphology and 

size of the particles are diff erent in the two samples obtained by 
two diff erent polymers. Th is point shows the infl uence of crystal 
packing of coordination polymers upon morphology and size of 
nano-materials produced from their calcinations [51].

7.4 Conclusion

TlI favors to form neutral species with anionic ligands. One-
dimensional polymers constitute a great portion of thallium(I) supra-
molecular compounds and two and three-dimensional polymers are 
less common. Th is may be related to existence of a vacant site on 
thallium(I) environment and hemidirected coordination sphere of 
TlI ion due to the stereochemical activity of its lone pair (however 
the stereochemical activity of the lone pair was also observed in 2D 
and 3D supramolecular compounds) and eff ects which relate to 
structure, size and rigidity of ligands. In addition thallium(I) usually 
favors the formation of Tl· · ·Tl, Tl· · ·C, Tl· · ·H secondary interac-
tions especially through the stereochemically active lone pair indi-
cating that thallium(I) ions act as both a Lewis acid and a Lewis base.
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8
Bismuth(III) Coordination 
Polymers

8.1  Introduction to Bismuth 
Coordination Polymers

Bismuth has two major oxidation states (Bi(III) with ionic radii 
of 1.03 and 1.17 Å for CN 6 and 8, respectively and Bi(V) with 
an ionic radius of 0.76 Å for CN 6), with the trivalent being the 
most common and stable form. Pentavalent bismuth is a pow-
erful oxidant in aqueous solutions with a Bi(V)/Bi(III) potential 
of E° =  2.03  V. Bi(III) readily hydrolyzes in aqueous solutions 
(pKa = 1.51) and has a high affi  nity to both oxygen and nitro-
gen ligands [1, 2]. However, it prefers to coordinate to thiolate 
groups (–SR) when thiol containing ligands such as cysteine 
and glutathione are available [3–5]. Corresponding to its vari-
ous coordination numbers from 3 to 10 [6, 7], the structures of 
Bi(III) compounds are irregular, from pyramidal (CN: 3), octa-
hedral (CN: 6, [Bi

6
O

4
OH)

4
]6+) [8], bicapped trigonal prism (CN: 

8, [Bi(HEDTA)].2H
2
O) [9] and square antiprism [10, 11] to tri-

capped trigonal prism (CN: 9, [Bi(OH
2
)

9
](CF

3
SO

3
)

3
) [12]. Most 
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of the Bi(V) complexes are fi ve-coordinated [13], although Bi(V) 
in triarylbismuthate complexes such as Ar

3
Bi(HCO

2
)

2
 (where 

Ar = Ph, p-Tol) [14], are six-coordinated. Almost all of Bi(V) 
complexes are very unstable in aqueous media except a recently 
reported seven-coordinated Bi(V) tropolonato complex, tri(aryl)
tropolonatobismuth(V). Th e stability of this Bi(V) complex may 
be attributed to the steric shielding of the bismuth ion [15]. In 
some Bi(V) complexes such as BiR

3
(O

2
CR’)

2
, synthesized via 

the reaction of BiR
3
Cl

2
 with Ag(O

2
CR’), the Bi(V) centre shows 

interesting unusual stereoselectivity towards the chiral ligand 
R*CO

2
−. BiR

3
(O

2
CR’)

2
 can be used as building units for the assem-

bly of extended structures via hydrogen-bonding. So, because of 
unstable complexes in aqueous media for Bi(V) we discuss only 
bismuth(III) coordination polymers here.

Compounds of Bi(III) have received increased interest recently 
due to their multiple applications in diverse areas including med-
icine, materials, organic synthesis, and catalysis. Even though bis-
muth is a p-block element, it is one of the more metallic of that 
part of the periodic table and forms stable complexes with amino-
polycarboxylate (APC) and polyaminopolycarboxylate (PAPC) 
ligands. In this part, the Bi(III) complexes with APC and PAPC 
ligands are systematized by the number of nitrogen atoms of the 
ligands in mono-, di- and polyaminopolycarboxylates.

According to Pearson’s hard–soft  acid–base theory, Bi(III) is a 
borderline metal ion, but it has a high affi  nity for multidentate 
ligands containing O and N donor atoms. Hence, anions of ami-
nopolycarboxylic and polyaminopolycarboxylic acids are highly 
versatile ligands towards Bi(III). Th e stability constants of these 
Bi(III) APC and PAPC complexes are usually very high: e.g. 
K

BiL
 of Bi(edta)− was reported and is 26.7, while that of Bi(dota)− 

reaches an even higher value of 30.3. As result, these complexes 
are stable and can be isolated even at low pH. Although Bi(III) has 
a strong tendency to hydrolyze, in the presence of these strongly 
chelating ligands it is stabilized up to pH 10. Increasing the num-
ber of donor atoms of the ligands and the number of chelating 
rings formed usually results in higher stability of the complexes. 
Th e high number of donor atoms of the ligands and of chelating 
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rings are not always refl ected in high values of the stability con-
stants; other factors that should be considered are the charge of 
the ligand, the preorganization, and the steric effi  ciency in which 
the ligand surrounds the Bi(III) ion to form a cage-like structure. 
A signifi cant increase in complex stability is observed in Bi(III)–
cdta compared to Bi(III)–edta complex. Th e cyclohexyl moiety 
leads to a conformation in which the donor atoms are held in 
optimized positions for complex formation. As a result, a four 
order increase in the stability constant is observed.

Th e increasing interest in Bi(III) APC and PAPC complexes has 
ensued as a result of a variety of factors:

i. bismuth(III) complexes with aminopolycarboxylate 
and polyaminopolycarboxylate ligands have found 
many applications in analytical chemistry, including 
complexometric titrations.

ii. 212Bi and 213Bi radioisotopes are among the most 
promising candidates for radio immunotherapy. 
Medical chelation therapy requires chelate ligands 
forming radiometal complexes of high stability 
in vivo for the period of time the agent is in the body.

iii. APC and PAPC ligands are used as  chelate agents 
in diff erent processes for preparation of metallic bis-
muth nanoparticles, and other high-tech materials, 
such as bismuth oxide or chalcogenide materials.

iv. bismuth(III) heterometallic APC and PAPC complexes 
are attractive as single-source molecular precursors to 
mixed oxide systems with promising properties.

For some of these applications all that is necessary is an APC or 
PAPC ligand that will bind Bi(III) strongly to form highly sta-
bilized structures; however, for biomedical applications, other 
factors, such as kinetic inertness and biocompatibility play an 
important role, too. Another important factor is the structure of 
the complex. For instance, involving water or other additional 
ligands in the coordination sphere, as well as the formation of 
polynuclear species could infl uence the utility of the specifi c 
complexes.
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8.2  Bismuth(III) Complexes with 
Monoaminopoly Carboxylate 

8.2.1  Bi(III) Complexes with Iminodiacetate 
Ligands 

Bismuth(III) in solution and in the solid state forms stable com-
plexes with anions of iminodiacetic acid. Th e complexation of 
Bi(III) with ida2− has been studied spectrophotometrically. In the 
pH range 0.6–2 the formation of a 1:1 Bi–ida {H

2
ida Iminodiacetic 

acid} complex was proposed. However in solid state only the 1:2 
complex was isolated, namely Bi(Hida)(ida), which has a poor 
solubility in water (0.2 g in 100 g of H

2
O at 90 °C). Th e compound 

can be recrystallized from its aqueous solutions, which are slightly 
acidic (pH 5). Bi(Hida)(ida) proved to be stable in air and does not 
lose weight upon heating to 200 °C. At 220 °C the complex starts to 
decompose, giving rise ultimately to Bi

2
O

3
 by 480 °C. IR spectro-

scopic data suggest a polymeric structure of Bi(Hida)(ida), involv-
ing Bi–O bridging bonds. Th e X-ray structure determination of 
Bi(Hida)(ida) confi rmed the IR data. In the polymeric chain struc-
ture of [Bi(Hida)(ida)] each Bi atom is coordinated by one N atom 
and two carboxylate O atoms of the ida2−–ligand, four O donor 
atoms of the Hida− bridging ligands, each of them being also coor-
dinated to three other bismuth atoms. Additionally, Bi(III) forms 
a bridging bond with the O atom of ida2−-ligand of the neighbor 
unit. Bi(III) has a distorted octa-coordinate environment.

8.2.2  Bi(III) Complexes with 
Nitrilotriacetate 

Complexation of Bi(III) with anions of H
3
nta {H

3
nta: Nitrilotriacetic 

acid} in solution has been investigated by several diff erent meth-
ods. Potentiometric titration of Bi(III) with H

3
nta in aqueous 

solution showed that two types of complexes are formed, but no 
stability constants were determined. Reaction of bismuth(III) 
perchlorate and H

3
nta has been monitored by means of UV spec-

troscopy. Ershova et al. studied the interaction of [BiCl
6
]3− with 
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nitrilotriacetic acid by potentiometry in a large pH range. Th e for-
mation constants of the mixed ligand complex [Bi(Hnta)

2
Cl

2
]3− and 

a deprotonated [Bi(nta)
2
]3− complex were reported to be 14.9 and 

27.6. Both 1:1 and 1:2 Bi(III)–nta complexes have been isolated in 
solid state. Bi(nta).2H

2
O was obtained by interaction of equimo-

lar quantities of Bi(OH)
3 
and H

3
nta and by reaction of (BiO)

2
CO

3
 

and H
3
nta. Complexes of the general formula M

3
[Bi(nta)

2
].nH

2
O 

(M+ =Li+, Na+, K+, Rb+,Cs+,NH
4

+, and guanidinium CH
6
N

3
+) 

were isolated by dissolution of equimolar quantities of Bi(OH)3 
and H3nta, and addition of MOH to achieve pH 5. Complexes 
M

2
[Bi(nta)(Hnta)].H2O (M+ =K+, NH

4
+), containing both nta and 

Hnta ligands have also been obtained. Th ese complexes proved 
to be isostructural. Examples of other mixed-ligand Bi(III)–nta 
complexes include Bi(nta).3tu and (NH

4
)

4
[Bi(nta)

2
(NCS)].H

2
O. 

Th e reaction of [Bi(nta)(H
2
O)

2
], H

3
nta and KOH at pH 5 results 

in formation of K
2
[Bi(nta)(Hnta)].H

2
O. In the crystal structure 

of this mixed ligand complex the H atom in the Hnta2− ligand is 
localized on the N atom. Th e Bi atom is coordinated by the nta3− 
ligand in a tetradentate–chelate mode and by three betaine Hnta2− 
ligands. In its turn, each Hnta2− ligand represents a hexadentate 
bridge between three bismuth atoms. Th e CN of the Bi atom in 
K

2
[Bi(nta)(Hnta)].H

2
O is equal to 7 + 3. When the reaction of 

Bi(OH)
3
:H

3
nta (ratio 1:2) and ammonia is performed in the pres-

ence of NH
4
NCS, (NH4)

4
[Bi(nta)

2
(NCS)].H

2
O is obtained. Th e 

crystal structure of this mixed-ligand complex is formed by NH
4

+ 
cations [Bi(nta)

2
(NCS)]4− complex anions and H

2
O molecules. In 

the [Bi(nta)
2
(NCS)]4− anions, the two nta3− ligands exhibit a tetra-

dentate–chelate mode (N + 3O), each using the N donor atom and 
three O atoms of the acetate groups. Th e NCS-ligand is involved in 
coordination to the Bi atom through the N atom (Bi–N 2.71(1)Å), 
which is close to the Bi–N bond lengths in Rb[Bi(NCS)

4
].

8.2.3  Bi(III) Complexes with 
2-hydroxyethyliminodiacetate 

Th e reaction of Bi3+ with anions of H
3
heida {H

3
heida: 

β-Hydroxyethyliminodiacetic acid} has been investigated by 
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means of spectrophotometry and shows a 1:1 stoichiometry of the 
complex with the formation constant equal to 14.82 ± 0.03 [16]. 
Th e same value for the stability constant was reported in [17]. 
Th e reaction of [BiCl

6
]3− with equimolar amounts of H

3
heida was 

studied by means of potentiometry [18]. It was established that 
at pH 2.2–3.48 no complexation occurs, while at pH > 3.48 the 
precipitation of BiOCl was observed. Interaction of [BiCl

6
]3− with 

excess H
3
heida, however, led to the formation of both 1:1 and 1:2 

complexes. Th e stability constants of [Bi(H
2
heida)(Hheida)Cl

2
]2− 

and [Bi(Hheida)
2
]− are reported to be 18.7 (pH 2.0–4.5) and 24.3 

(pH 6.0–9.0).

Th e hydroxyethyl group of the Hheida2−-ion can be deprotonated 
under certain conditions, leading to heida3− ions. Th e interaction 
of Bi(OH)

3
 with H

3
heida in aqueous solution for both 1:1 and 

1:2 ratios leads to Bi(heida).2H
2
O [19,  20]. It should be noted 

that this complex is highly soluble in the presence of H
3
heida. 

Reaction of two equivalents of H
3
heida with Bi(OH)

3
 in the 

presence of some alkali metal, ammonium or guanidinium cat-
ions leads to the formation of well-soluble MBi(Hheida)

2
·nH

2
O, 

where M+ =  Na+ [88], K+, Rb+, Cs+, NH
4

+ or CH
6
N

3
+ [20], n = 

1–3, as well as (CH
6
N

3
)

2
Bi(Hheida)(heida).3H

2
O [20]. (CH

6
N

3
)

Bi(Hheida)
2
.H

2
O was obtained as a fi rst fraction from the solu-

tion, which resulted from dissolution of guanidinium carbonate 
in a mixture of Bi(OH)

3
–H

3
heida in 1:2 ratio. Th e second frac-

tion that precipitated from the solution was (CH
6
N

3
)

2
Bi(Hheida)

(heida).3H
2
O.

[Bi(heida)(H
2
O)].H

2
O has a polymeric structure [21]. The dis-

torted bicapped trigonal prismatic environment for bismuth 
involves two O atoms of deprotonated acetate groups, one 
O atom of the deprotonated hydroxyethyl group, the nitrogen 
atom, one water molecule O atom, and three carboxylate O 
atoms of the neighboring complexes. In [Bi(heida)(H

2
O)].H

2
O 

the heida3− ligand exhibits a tetradentate–chelate (N + 3O) and 
a triply-bridging (3O) function. The Bi polyhedra are united 
in dimers (Bi· · ·Bi’ = 3.83 Å) by means of the bridging O atom 
of the hydroxyethyl group. The dimers are connected in layers 
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(Bi· · ·Bi” = 5.14 Å) by both oxygen atoms of the two acetate 
groups of the neighboring complexes.

8.2.4  Bi(III) Complexes with 
Pyridinedicarboxylate Ligands 

Bismuth(III) complexes with aromatic nitrogen-donor car-
boxylate ligands include 2,3-, 2,5-, and 2,6-pyridinedicarbox-
ylates. Postel and co-workers [22, 23] studied the reaction of 
Bi

2
O

3 
and 2,3-, 2,5-, and 2,6-pyridinedicarboxylic acids (H

2
L) 

in aqueous solution and, based on elemental analysis and IR 
spectra, proposed the same Bi(HL)

2
(OH) composition for all 

three complexes. When Bi
2
O

3
 is reacted with pyridine-2,6- 

dicarboxylic acid (H
2
pydc) in water at refl ux, with subse-

quent recrystallization of the product from DMSO, a dimeric 
complex [Bi(2,6-Hpydc)(2,6-pydc)(DMSO)]

2
 is formed. Th e 

compound is not soluble in common organic solvents, but is 
soluble in hot DMF and DMSO. In the dimeric structure of 
[Bi(2,6- Hpydc)(2,6-pydc)(DMSO)]

2
, two bismuth atoms are 

connected by bridging carboxylic groups of the dipicolinate 
ions [23]. Each bismuth center is surrounded by four oxygen 
atoms and two nitrogen atoms of the dipicolinate ions, a bridg-
ing oxygen atom from the neighboring complex and one oxy-
gen atom of a DMSO molecule (Bi–O 2.209(8)–2.507(6)  Å; 
Bi–N 2.418(9) and 2.481(9)  Å; Bi–Obridging = 2.577(4)  Å, 
Bi–ODMSO 2.613(6) Å). Reaction of a solution of bismuth(III) 
subnitrate Bi

5
O(OH)

9
(NO

3
)

4
 in HCl with pyridine-2,6-dicar-

boxylic acid in the presence of pyridine-2,6-diamine results in 
formation of [{BiCl(H

2
O)(pydc)}

2
]

n
 [24]. Th e structure of this 

compound is composed of dimers, linked into an infi nite sys-
tem by means of bridging carboxylate groups. Bismuth has a 
distorted pentagonal bipyramidal environment, in which the 
equatorial plane contains the three donor atoms of a pydc2− 

ligand, the oxygen donor atom of a water molecule and the 
Bi

2
O

2
 ring, while the axial sites are occupied by an oxygen atom 

of the neighboring pydc2− ligand, and by a chlorine atom (Bi–O 
2.365(3)–2.633(3)Å; Bi–N 2.384(4)Å; Bi–Cl = 2.562(1)Å).
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8.3  Bismuth(III) Complexes with 
Diaminopolycarboxylate Ligands 

Bismuth complexes with anions of ethylenediaminetetra-
acetic acid (H

4
edta) are far the most widely investigated of the 

 diaminopolycarboxylates because the acid and its disodium salt are 
readily available and form stable complexes with the bismuth(III) 
ion in aqueous solutions. As a result, there is a substantial litera-
ture dealing with the study of bismuth(III) ethylenediaminetetra-
acetates while the data concerning other diaminopolycarboxylatob
ismuthates(III) are more limited.

8.3.1  Bi(III) Complexes with 
Ethylenediaminetetraacetate

Due to the large volume of data, Bi(III) complexes with edta will 
be further subdivided according to the charge, nature and com-
position of the outer-sphere cation and the presence of addi-
tional ligands in the coordination sphere of Bi(III) (mixed-ligand 
complexes).

8.3.1.1  Protonated Bi(III) Ethylenediaminetetraacetate 
Complexes

Bismuth(III) forms stable complexes with edta4− and thiswas 
demonstrated by means of several methods: spectrophotometry, 
potentiometry, polarography, as well as by IR and NMR spec-
troscopy. Bhat and Krishna Iyer [25] investigated the reaction of 
Bi(III) with H

4
edta spectrophotometrically and by means of pH-

metric titrations, the stability constant of the [Bi(edta)]− complex 
was 26.47. Th e complexation reaction of Bi(III) and edta4− has 
been also studied spectrophotometrically [26]. In the pH range 
0.6–1.4, the formation of the 1:1 protonated complex [Bi(Hedta)] 
has been proposed, while at pH 1.5–10 the [Bi(edta)]− exists. At 
higher pH the hydrolysis occurs with the formation of bismuth 
hydroxide. Th e stability constants of the protonated and anionic 
complex were 17.73 and 25.68, respectively. Th e polarimetric 
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studies showed, however, slightly higher values, 27.93 [27], and 
27.94 [28]. In solid state Bi(III) forms with edta two types of com-
plexes: protonated neutral [Bi(Hedta)] and deprotonated anionic 
[Bi(edta)]− species. Synthesis of an acidic complex formulated as 
Bi(Hedta) was reported by Brintzinger and Munkelt as early as in 
1948 [29]. Bhat and Krishna Iyer reported the synthesis of the same 
acidic complex, but based on the results of the elemental analysis it 
was formulated as Bi(Hedta).H

2
O. Th e same authors investigated 

the thermal stability of this complex in an atmosphere of air and 
nitrogen [30]. Th e IR spectrum of Bi(Hedta).H

2
O showed that 

all four acetate groups are coordinated to Bi, and Hedta3− may be 
functioning as a hexadentate ligand [31].

8.3.1.2  Bi(III) Ethylenediaminetetraacetate Complexes with 
Alkali Metal and Ammonium Cations 

Th e carboxylate proton in [Bi(Hedta)] has a signifi cant acidity, 
the aqueous solutions showing a pH~2. Reactions of aqueous 
solutions of [Bi(Hedta)] and alkali metal or ammonium carbon-
ates M

2
CO

3
 have been investigated for diff erent molar ratios 

and at diff erent pH (from 2.5 to 9). In the range of pH 6−9, the 
corresponding salts, MBi(edta).nH

2
O (where n = 4 for M+ =Li+; 

n  =  3 for M+ =Na+, K+ and Rb+ and n = 1 for Cs+ and NH
4

+), 
can be isolated [101]. Reacting aqueous [Bi(Hedta)] with M

2
CO

3
 

in molar ratios from 0.25:1.0 to 0.5:1.0 at pH 3–4, complexes of 
the general formula MBi

2
(Hedta)(edta).nH

2
O (n = 2 for M+ = K+, 

Rb+, NH
4

+ and n = 3 for M+ = Cs+) were synthesized [32]. Th e 
same complexes can be obtained by mixing aqueous MCl and 
[Bi(Hedta)].2H

2
O in molar ratios from 1:1 to 5:1 at pH≈3 or by 

addition of a diluted solution of hydrochloric acid to a solution of 
MBi(edta).nH

2
O until pH≈3 is reached. Th e complexes crystal-

lize from concentrated solution and are slightly soluble in water. 
Addition of corresponding K+, Rb+, Cs+ or NH

4
+ carbonates or 

hydroxides to the aqueous MBi
2
(Hedta)(edta).nH

2
O and adjust-

ment of pH to 6–8 leads to MBi(edta).nH
2
O. Th e following alkali 

metal and ammonium ethylenediaminetetraacetatobismuthat
es(III) have been structurally characterized: Li[Bi(edta)]·4H

2
O 

[33], Na[Bi(edta)]·3H
2
O [34], Rb[Bi(edta)]·3H

2
O [35], 
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Cs[Bi(edta)]·H
2
O, and NH

4
[Bi(edta)]·H

2
O. Th e crystal struc-

ture of Li[Bi(edta)]·4H
2
O contains hydrated Li(H

2
O)

2
+ cations, 

complex [Bi(edta)]− anions, and water molecules of crystalliza-
tion. Th e Li(H

2
O)

2
+ cations link the [Bi(edta)]− anions in poly-

meric chains via two carbonyl oxygen atoms. Th e coordination 
environment of Bi(III) contains four oxygen and two nitrogen 
atoms of the edta4− ligand and two O atoms from two neigh-
boring [Bi(edta)]− anions. In Na[Bi(edta)]·3H

2
O the bismuth 

coordination environment can be presented as square anti-
prismatic and includes two nitrogen atoms (Bi–N 2.491(9) and 
2.497(8)Å), four oxygen atoms of carboxylate groups (Bi–O che-
late 2.324(8), 2.331(8), 2.362(8), and 2.525(8)Å), and two oxygen 
atoms of neighboring complexes (Bi–O bridging 2.637(8) and 
2.843(8)Å).Th e latter results in the formation of layers. Th e Na+ 
cation has an octahedral coordination environment, formed by 
three O atoms of water molecules and three O atoms of edta. In 
the crystal structure of Na[Bi(edta)]·3H

2
O the complex anions 

[Bi(edta)]− are joined in layers by means of oxygen atoms. Th e 
polymeric layers are connected by cyclic carboxylate dimers. Th e 
3D structure is completed by dimers between two Na+ cations 
(Na· · ·Na distance is 3.92(1)Å) connected by two bridging water 
molecules. Crystal structures of isostructural K[Bi(edta)]·3H

2
O 

and Rb[Bi(edta)]·3H
2
O contain octa-coordinate Bi(III) with 

bonding to six edta4− donor atoms and two bridging carboxylate 
oxygen atoms of the neighboring complexes. By means of this 
bridging [Bi(edta)]− anions the complexes are joined into poly-
meric layers. Th e crystal structure of Cs[Bi(edta)]·H

2
O contains 

two types of Cs+ cations with an occupancy factor of 0.5, poly-
meric [Bi(edta)]

n
n− anions, and lattice water molecules.

8.3.1.3  Bi(III) Ethylenediaminetetraacetate Complexes with 
Divalent Metal Cations 

Ethylenediaminetetraacetatobismuthates(III) with divalent 
metal cations of the general formula M{Bi(edta)}

2
·nH

2
O (where 

M(II) = Mg(II), Ca(II), Sr(II), Ba(II), Ni(II), Co(II), Cu(II), 
Zn(II), Cd(II), n = 2–9) were also described. Th e preparative 
methods include reaction of [Bi(Hedta)] with the appropriate 



Bismuth(III) Coordination Polymers 163

carbonates or basic metal carbonates in aqueous solutions or 
via exchange reactions of Ba{Bi(edta)}

2
 with corresponding 

divalent metal sulphates. Polymeric motifs have been found 
in crystal structures of all characterized complexes of this type: 
Ca[Bi(edta)]

2
·9H

2
O, Ba[Bi

2
(edta)

2
(H

2
O)]·H

2
O and in isostruc-

tural complexes Co[Bi(edta)]
2
·9H

2
O, Ni[Bi(edta)]

2
·9H

2
O, and 

Cu[Bi(edta)]
2
·9H

2
O. Th e corresponding cobalt, nickel and cop-

per complexes, M[Bi(edta)]
2
·9H

2
O, are isostructural. Th e edta4− 

ligand exhibits a hexadentate–chelate (4O + 2N) and di-bridging 
function (2O). By means of two chelate oxygen atoms the square 
antiprismatic polyhedra of bismuth(III) form centrosymmetric 
dimers. Th e dimers are further connected by means of double 
bridges in polymeric chains. Th e Ba[Bi

2
(edta)

2
(H

2
O)]·H

2
O crys-

tals are triclinic, in which two crystallographically independent 
[Bi(edta)]− complexes and the coordination water molecule form 
tetranuclear associates. Th e environments of two independent 
bismuth atoms (CN = 8) are similar, and their polyhedra can be 
described as distorted dodecahedra. A coordinated water mol-
ecule serves as a bridge between the two Bi centers.

8.3.1.4  Bi(III) Ethylenediaminetetraacetate Complexes with 
Protonated Organic Base Cations

Synthesis and characterization of several Bi(III)–edta complexes 
with some protonated organic base cations (guanidinium, amino-
guanidinium, ethylenediammonium, β-alaninium, and thiosemi-
carbazidium) have been reported. Th e guanidinium salt (CH

6
N

3
)

Bi(edta)·H
2
O was obtained by reaction of BiF

3
 and H

4
edta, with 

subsequent addition of guanidinium carbonate to achieve a neu-
tral or slightly basic pH. Th e same compound can be isolated 
by reaction of aqueous solutions of [Bi(Hedta)] with guanidin-
ium carbonate or guanidinium chloride. Th e corresponding Bi–
edta complex with aminoguanidinium (CH

7
N

4
)Bi(edta), can be 

obtained similarly, but it contains no water molecules. (CH
6
N

3
)

[Bi(edta)(H
2
O)] was the fi rst structurally characterized Bi–edta 

complex. Rhombic crystals of (CH
6
N

3
)[Bi(edta)(H

2
O)] are built 

by (CH
6
N

3
)+ cations and [Bi(edta)(H

2
O)]− anions. Th e coordina-

tion polyhedron around the metal may be described as a distorted 
square antiprism with a hexadentate edta ligand.
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8.3.1.5  Bi(III) Ethylenediaminetetraacetates with Metal 
Complex Cations 

In recent years, a number of Bi(III)–edta complexes, containing as 
counter-ion transition metal complex cations have been obtained 
and characterized. Th e Co(III)–Bi(III) complexes [Co(NH

3
)

4
(CO

3
)]

[Bi(edta)]·3H
2
O and [Co(NH

3
)

4
(C

2
O

4
)][Bi(edta)]·3H

2
O were iso-

lated from aqueous solutions of Na[Bi(edta)]·3H
2
O in the pres-

ence of [Co(NH
3
)

4
(CO

3
)]+ and [Co(NH

3
)

4
(C

2
O

4
)]+ salts. Both 

complexes have a polymeric structure. Th e bismuth polyhedral 
in the two complexes was described as square antiprismatic. Th e 
Bi–O and Bi–N bond lengths are quite similar for the two com-
plexes. Trans-[Co(NH

3
)

4
(NO

2
)

2
][Bi(edta)(H

2
O)]·2H

2
O was pre-

pared by reaction of aqueous trans-[Co(NH
3
)

4
(NO

2
)

2
]

2
(SO

4
) 

and Ba[Bi(edta)]
2
. Th e same method was used to obtain 

[Co(NH
3
)

5
(NCS)][Bi(edta)]

2
·4H

2
O. Trans-[Co(NH

3
)

4
 (NO

2
)

2
]

[Bi(edta)(H
2
O)]·2H

2
O contains eight-coordinated Bi, bonded to 

an edta4− ligand (2N + 4O), and further, to complete the eight-
coordination, awater molecule and an carbonyl oxygen of a carbox-
ylate group of the neighboring unit to form dimers. Antsyshkina 
and co-workers obtained [Co(NH

3
)

2
(ala)

2
] [Bi(edta)(H

2
O)]·5H

2
O 

by reaction of [Co(NH
3
)

2
(ala)

2
]Cl or [Co(NH

3
)

2
(ala)

2
]ClO

4
 and 

Na[Bi(edta)]·3H
2
O in aqueous solutions. A particular feature of 

this complex is that practically all bond distances between Bi(III) 
and carboxylate oxygen atoms are equal (Bi–O 2.41–2.47 Å). Th e 
bond distances to the bridging oxygen atom and water molecule 
are  longer, 2.68 and 2.73 Å, respectively. Th e structure is formed by 
cationic Co(III) complexes and polymeric [Bi(edta)(H

2
O)]− anions. 

A heterobimetallic cation–anion Cu(II)–Bi(III) ethylenediamine-
tetraacetate complex [Cu(Hssa)(H

2
O)][Bi(edta)(H

2
O)]·3.88H

2
O 

(Hssa = monodeprotonated anion of salicylaldehyde semicarba-
zone) was synthesized and structurally investigated. Th e structure 
is built by complex cations [Cu(Hssa)(H

2
O)]+, centrosymmetric 

dimeric complex anions [Bi(edta)(H
2
O)]

2
2−, and lattice water mol-

ecules. By means of the coordination bonds between Cu atoms 
and carbonylic oxygen atoms of the edta4− ligands of the dimeric 
anion (Cu–O(8) 2.016(1)Å), complex cations [Cu(Hssa)(H

2
O)]+, 

two by two, are bonded with dimeric complex anions [Bi(edta)
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(H
2
O)]

2
2−, resulting in tetranuclear units, which are linked by 

hydrogen bonds in a 3D framework.

8.3.1.6  Mixed-Ligand Bi(III) Ethylenediaminetetraacetate 
Complexes 

Th e formation of mixed-ligand complexes [Bi(edta)X]− 

(X(monodentate ligand), Br−, I−, SCN−, NO
2

−, S
2
O

3
2−, SO

3
2−, OH− 

and tu) have been investigated by means of potentiometry, IR, 
and NMR analyses. Th e reaction of [BiCl

6
]3− with H

4
edta in aque-

ous solutions was studied by potentiometry and the formation in 
the range 1.72 < pH< 3.03 of a mixed ligand complex [Bi(Hedta)
Cl

2
]2− (log β = 19.44) was presumed. According to the same 

authors, at 3.03 < pH< 7.25 the complex [Bi(Hedta)Cl]− domi-
nated (log β = 23.69), while between pH 7.25 and 9 the hydroxo-
complex is dominant (log β = 31.20). At pH > 9, decomposition 
of the complex and sedimentation of Bi(OH)

3
 was observed. 

Th e formation of mixed-ligand Bi(edta)–thiourea (tu) com-
plexes was fi rst detected in aqueous solutions. Later, a variety of 
Bi(III) mixed-ligand complexes containing edta4− and thiourea 
were isolated and structurally characterized, namely [Bi(Hedta)
(tu)

2
], Li[Bi(edta)(tu)

2
]·5.5H

2
O [36], M[Bi(edta)(tu)

2
] (M=NH4, 

K, Rb) [37, 38], Cs[Bi(edta)(tu)
2
]·3H

2
O [37], (CH

7
N

4
)[Bi(edta)

(tu)
2
]·2.5H

2
O [38], and (CH

7
N

4
)[Bi(edta)(tu)(H

2
O)]·2H

2
O [38]. 

[Bi(Hedta)(tu)
2
] has been prepared by reaction of aqueous 

[Bi(Hedta)]·2H
2
O and tu in the molar ratio 1:3 and crystallization 

by slow evaporation of the obtained solution. M[Bi(edta)(tu)
2
] 

and M[Bi(edta)(tu)
2
]·nH

2
O complexes were obtained by reaction 

of aqueous M[Bi(edta)]·nH
2
O and tu in a 1:2 ratio. Th e complexes 

were isolated by slow evaporation of the resulting solutions in the 
dark. Th e reaction of [Bi(Hedta)]·2H

2
O with aminoguanidinium 

hydrogenocarbonate (CH
7
N

4
)HCO

3
 and thiourea in 1:1:1 ratio 

at pH 3 results in formation of (CH
7
N

4
)[Bi(edta)]. For a ratio of 

the starting reagents 1:2:2 or 1:2:3 two complexes can be isolated, 
namely (CH

7
N

4
)[Bi(edta)(tu)

2
]·2.5H

2
O and (CH

7
N

4
)[Bi(edta)(tu)

(H
2
O)]·2H

2
O. In the isostructural complexes K[Bi(edta)(tu)

2
] and 

Rb[Bi(edta)(tu)
2
] Bi(III) has a distorted square antiprismatic envi-

ronment composed of six donor atoms of edta4− and two S atoms 
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of two thiourea molecules . In spite of evidence of the existence of 
multiple mixed-ligand ethylenediaminetetraacetatobismuthates 
(III) with acido-ligands in solution, in solid state the structures of 
only three complexes have been reported: (CH

7
N

4
)

2
[Bi(edta)Cl] 

[39], [Co(NH
3
)

5
(NCS)]

2
[(edta)Bi(μ-C

2
O

4
)Bi(edta)]·12H

2
O [40], 

and [NdBi(edta)(NO
3
)

2
(H

2
O)

7.22
]

n
 [41].

8.3.2  Bi(III) Complexes with other than 
edta4− diaminopolycarboxylate 
Ligands 

Bismuth(III) complexes with other than edta4− diaminopolycar-
boxylate ligands have been much less studied than correspond-
ing Bi(III)–edta complexes. Th e stability constant of the Bi(III) 
complex with anions of N,N-hydrazinediacetic acid (H

2
hzda) 

was reported to be 12.50. Ethylenediamine-N,N'-diacetic acid 
(H

2
edda) forms a more stable complex with bismuth(III), log 

K= 18.20±0.03. Th e complexation reaction of Bi(III) with N-(2- 
hydroxyethyl)ethylenediaminetriacetic acid (H

4
hedta) has been 

studied spectrophotometrically. Th e acid was proposed for use 
in the UV spectrophotometric determination of Bi(III) at 360 
nm. Th e selectivity of the determination is reported to be higher 
than that of H

4
edta or 1,2- diaminocyclohexanetetraacetic acid 

(H
4
cdta). In the crystal structure of [Bi(Hcdta)]·5H

2
O there are 

two crystallographically independent [Bi(Hcdta)] molecules. 
Th e Bi atom is surrounded by eight donor atoms of the ligand 
in a square antiprismatic environment. (Hcdta)− anion acts as 
a hexadentate ligand towards one Bi atom, the remaining two 
coordination positions being occupied by two O atoms of the 
neighboring complexes. Two acetate groups of Hcdta− are mono-
dentate, while the other two act as bridging groups, generating 
dimers. Centrosymmetric dimers formed by Bi(1) and Bi(2) are 
bridged by oxygen atoms and form polymeric ribbons.

Th e reaction of Bi
2
O

3
 with pyrazine-2,3-dicarboxylic acid (H

2
pzdc) 

produces a solid, which has a very low solubility in common organic 
solvents. Postel and co-workers suggested a {Bi(pzdc)(OH)}

n
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stoichiometry for this product, mainly based on IR data. Later, 
Devillers and co-workers obtained the same compound by react-
ing nitric acid solutions of Bi(NO

3
)

3
 with the corresponding acid in 

1:1.5 ratio, but found the actual stoichiometry was diff erent, {Bi(2,3- 
Hpzdc)

2
OH}, as supported by elemental analysis. However, when a 

1:3 ratio of the reagents is used, the product is Bi(2,3-Hpzdc)
3
·2H

2
O 

[42]. Th e existence of protonated carboxylic groups is supported 
by the presence of a strong band at 1723 cm−1 in the IR spectrum, 
attributable to the carboxyl group stretching vibrations, correlated 
with the broad signal at 13.24 ppm in the 1H NMR spectrum. Th e 
actual CN of Bi(III) may be probably higher than 6. When heated in 
air or nitrogen both Bi(2,3-Hpzdc)

3
·2H

2
O and Bi

2
(3,5-dcp)

2
·4H

2
O 

are converted into α-Bi
2
O

3
 at moderate temperatures (451 and 

385 °C, respectively). Th ese complexes were proposed as precur-
sors for bismuth-based oxides. No Bi(III) pyrazine- or pyrazole-
dicarboxylates have been structurally characterized.

8.4  Bismuth Complexes with 
Polyaminopolycarboxylate Ligands 

8.4.1  Bi(III) Complexes with 
Diethylenetriaminepentaacetate 
Ligands and its Analogues 

Bi(III) forms stable complexes with the anions of diethylenetri-
aminepentaacetic acid (H

5
dtpa); however, the reported stability 

constants are quite diff erent. X-ray study of [Bi(H
2
dtpa)]·2H

2
O 

[43] showed the H
2
dtpa3− ligand coordinating in a heptadentate 

fashion to one Bi atom by means of its three nitrogen donors, 
three oxygen atoms of the deprotonated carboxylic groups, and 
the carbonyl oxygen atom of one protonated carboxylic group. 
In addition, the Bi atom forms a bridging bond with a carbonylic 
oxygen atom of the neighboring complex. Th e coordination poly-
hedron around the Bi atom is intermediate between a square anti-
prism and bicapped trigonal prism. Th e Bi–N and Bi–O bonds 
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in [Bi(H
2
dtpa)]·2H

2
O are in the range 2.449(3)–2.723(4)Å and 

2.290(3)–2.699(3)Å, respectively. Interestingly, the bridging bond 
Bi–O(2) is shorter than one of the chelate Bi–O bonds. By means 
of the Bi–O(2) bridging bond, the [Bi(H

2
dtpa)]·2H

2
O complexes 

form polymeric chains.

Interaction of Bi(H
2
dtpa)·2H

2
O and ammonium or alkali metal 

carbonates in equivalent quantities led to the formation of the 
compounds M[Bi(Hdtpa)]·5H

2
O (M+ = Na+, K+, Rb+, and NH

4
+). 

Th e crystal structure of the potassium salt was reported and 
was found to consist of K+ cations [Bi(Hdtpa)(H

2
O)]− anions 

and water molecules [44]. Nine-coordination geometry of Bi in 
the complex anion is imposed by three nitrogen donors (Bi–N 
2.489(7)–2.669(2)Å), four oxygen atoms of deprotonated acetate 
groups (Bi–O 2.362(8)–2.568(8)Å), the carbonyl oxygen atom of 
the protonated carboxylate group (2.734(8)Å), and the oxygen 
atom of a coordinated water molecule (Bi–Ow 2.749(8)Å).

8.4.2  Bi(III) Complexes with 
Triethylenetetraaminehexaacetate 
Ligands 

Anions of triethylenetetraaminehexaacetic acid (H
6
ttha) poten-

tially can be decadentate ligands and can form both mononuclear 
and binuclear complexes with metal ions. Th e complexation reac-
tion of Bi(III) with H

6
ttha has been studied spectro photometrically 

and the stability constant of the protonated 1:1 complex was 
reported to be 22.59 ± 0.01. Yingst and Martell [45] studied the 
potentio metric equilibrium in the Bi(III)–ttha system and sug-
gested the formation of only 1:1 complexes, in contrast with 
Ln(III) and Ga(III), that can form both 1:1 and 2:1 complexes in 
aqueous solutions. In the solid state, however, both 1:1 and 2:1 
Bi(III)–H

6
ttha complexes have been isolated: [Bi(H

3
ttha)]·2.5H

2
O 

and Bi
2
(ttha)·3.5H

2
O, respectively [46]. Two Ln–Bi heterobime-

tallic H
6
ttha complexes, LaBi(ttha) and PrBi(ttha) were synthe-

sized and proved to be useful precursors for Bi–Ln mixed oxide 
systems. Th e TGA investigation of the mono and heterometallic 
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Bi–ttha complexes showed the occurrence of three successive 
steps, corresponding to dehydration, ligand pyrolysis and the 
fi nal evolution of CO

2
 leading to the oxide or mixedoxide sys-

tem. Dehydration starts at 60–85 °C and ends between 120 and 
190 °C. Th e ligand pyrolysis starts around 270–280 °C resulting 
in carbonate-type compounds. Th e fi nal decomposition tem-
peratures range between 375 and 570 °C, while the fi nal pyrol-
ysis products are Bi

2
O

3
 in the case of monometallic complexes 

or BiLaO
3
 and BiPrIII

1−x
PrIV

x
O

3+0,5x
 in the case of corresponding 

Bi–Ln heterodimetallic complexes. Crystal structures of two 
Bi–ttha complexes are reported: [Bi(H

3
ttha)]·3H

2
O [47] and 

(CH
6
N

3
)

2
[Bi(Httha)]·4H

2
O [48]. It seemed plausible that increas-

ing the number of donor atoms of the ligand would increase 
the CN of Bi(III). Indeed, in both of the two crystallographi-
cally independent [Bi(H

3
ttha)] complexes of [Bi(H

3
ttha)]·3H

2
O, 

Bi(III) has a CN= 10, and its coordination polyhedron may be 
best described as a bicapped square antiprism. Th e H

3
ttha3− ligand 

is decadentate, using for coordination its four nitrogen and six 
oxygen donors. Th e main diff erence between the complexes 1A 
and 1B is the length of Bi–O(1) bond, 2.694(7) versus 2.912(7)Å. 
In contrast, in (CH

6
N

3
)

2
[Bi(Httha)]·4H

2
O [48], the bismuth atom 

adopts a nine-coordinate environment formed by four nitro-
gen and fi ve oxygen atoms of the Httha5− ligand. Th e protonated 
carboxylic group does not participate in coordination, the cor-
responding C–O bonds are quite indicative of this (1.18 Å for C 
O, and 1.32  Å for C–OH bond). Th e coordination polyhedron 
in (CH

6
N

3
)

2
[Bi(Httha)]·4H

2
O can be best described as a mono-

capped square antiprism. Th e Bi–O bond lengths vary from 
2.327(6) to 2.560(6)Å, while Bi–N bonds are very similar, from 
2.619(7) to 2.688(8)Å. 

8.4.3  Bi(III) Complexes with Macrocyclic 
Polyaminopolycarboxylate Ligands

Complexes of bismuth with anions of macrocyclic polyami-
nopolycarboxylic acids were shown to be kinetically inert [49]. 
Bismuth complexes with anions of H

3
nota, H

4
dota, and H4teta 
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were isolated in solid state as white powders. Th eir aqueous solu-
tions showUVspectra absorption bands at 285, 305, and 323 nm, 
respectively.

Complexes of Bi(III) with two cyclen derivatives were 
reported, NaBi(dota)·H

2
O and Bi(dota–Bu), where H

4
dota = 

1,4,7,10-tetraazacyclodo decane–1,4,7,10-tetraacetic acid and 
H

3
dota–Bu = 10-[2,3-dihydroxy-(1-hydroxymethyl) propyl]-

1,4,7,10-tetraazacyclododecane-1,4,7,-triacetic acid. Th e stability 
constants determined with the study of the equilibria between 
Bi(III) and free acids, are very high, logK= 30.3 for [Bi(dota)]−, 
and 26.8 for [Bi(dota–Bu)], respectively. Th e X-ray structure of 
Na[Bi(dota)]·H

2
O showed that the ligand coordinated in an octa-

dentate fashion. Th e Bi atom is deeply located in the cage formed 
by the nitrogen and oxygen donors; this is in accordance with the 
high thermodynamic stability of the complex.

8.5 Applications

Bismuth(III) complexes with APC and PAPC ligands have 
attracted signifi cant interest due to a wide range of applications, 
from pharmaceuticals to high-tech materials. Nowadays it is com-
monly accepted that of all heavy metals, bismuth has one of the 
greatest potential for applications, from medicine to materials. Its 
compounds are less toxic than those of other heavy metals, and 
some of them are therapeutically useful. Bismuth isotopes emit-
ting α-particles have been investigated for potential use as radio- 
therapeutic agents for the treatment of cancer [50–56]. A number 
of polyaminopolycarboxylate ligands have been considered for 
bismuth radioisotope chelation.

8.6  Nano Bismuth(III) Coordination 
Polymers

A novel bismuth (III) nano coordination polymer, {[Bi(pcih)
(NO

3
)

2
]·MeOH}

n
, (“pcih” is 2-pyridinecarbaldehyde isonicoti-

noylhydrazoneate) were synthesized by a sonochemical method. 
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Th e new nano-structure was characterized by transmission elec-
tron microscopy (TEM), scanning electron microscopy (SEM), 
X-ray powder diff raction, elemental analyses and IR spectros-
copy. Single crystalline material was obtained using a heat gra-
dient applied to a solution of the reagents. Compound 1 was 
structurally characterized by single crystal X-ray diff raction. Th e 
determination of the structure by single crystal X-ray crystallog-
raphy shows that the complex forms a zig–zag one dimensional 
polymer in the solid state and the coordination number of BiIII 
ions is seven, (BiN

3
O

4
), with three N-donor and one O-donor 

atoms from two “pcih” and three O-donors from nitrate anions. 
It has a hemidirected coordination sphere. Th e supramolecular 
features in these complexes are guided and controlled by weak 
directional intermolecular interactions. Th e chains interact with 
each other through π–π stacking interactions creating a 3D frame-
work (Figure 8.1). Aft er thermolysis of 1 at 230 °C with oleic acid, 
pure phase nano-sized bismuth(III) oxide was produced. Th e 
morphology and size of the prepared Bi

2
O

3
 samples were further 

observed using SEM [57].

A new nanostructured Bi(III) supramolecular compound, {[Bi
2
(4,4 -

Hbipy)
1.678

(4,4 -Hbipy)
0.322

(μ-I)
2
I

5.678
] (4,4 -bipy)},4,4 -bipy = 4,4 -bipyr-

idine} was synthesized by a sonochemical method. Th e nano-structure 
of {[Bi

2
(4,4 -Hbipy)

1.678
(4,4 -Hbipy)

0.322
(μ-I)

2
I

5.678
] (4,4 -bipy)} was 

investigated using scanning electron microscopy, powder X-ray powder 
diff raction (XRD), IR spectroscopy and elemental analysis, and the crys-
tal structure of compound {[Bi

2
(4,4 -Hbipy)

1.678
(4,4 -Hbipy)

0.322
(μ-I)

2

Figure 8.1 Ortep diagram of compound 1 and TEM of nano structure of 1.
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I
5.678

] (4,4 -bipy)} was determined by single-crystal X-ray diff raction. 
Th e thermal stability of bulk compound {[Bi

2
(4,4 -Hbipy)

1.678
(4,4 -

Hbipy)
0.322

(μ-I)
2
I

5.678
] (4,4 -bipy)} and of nano sized particles was studied 

by thermal gravimetric (TG) and diff erential thermal analyses (DTA). 
Bi

2
O

3
 and BiI

3 
nano-structures were obtained by calcinations of nano-

structures of compound {[Bi
2
(4,4 -Hbipy)

1.678
(4,4 -Hbipy)

0.322
(μ-I)

2

I
5.678

] (4,4 -bipy)} at 400 °C under air and nitrogen atmospheres, respec-
tively [58].

Th e coordination complex was obtained by reaction between 4,4 -
bipy and bismuth(III) iodide in methanol. Single crystalline mate-
rial was obtained using a heat gradient applied to a solution of the 
reagents (the ‘‘branched tube method”), nanostructured particles 
were prepared by ultrasonication of the methanolic solution. Th e 
new bismuth(III) compound is an air-stable and high-melting 
solid that is soluble in e.g. DMSO.

Th e average size of the particles prepared via the  sonochemical 
method was found to be around 115 nm, which is in agreement 
with the value obtained from the SEM images (Figure 8.2). Also 
has been investigated the use of other solvents such as water, ace-
tonitrile, dichloromethane, benzene and chloroform) in the sono-
chemical procedure, but the particle sizes obtained were not in 
the nano scale.

Figure 8.2 SEM photographs of nano {Bi
2
(4,4 -Hbipy)(μ-I)

2
I

6
].(4,4 -bipy)}
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Th ermal decomposition of the nanosized particles of {Bi
2
(4,4 -

Hbipy)(μ-I)
2
I

6
].(4,4 -bipy)} in either air or nitrogen produced 

Bi
2
O

3
 nanorods and BiI

3
 nanowires, respectively. Figures 8.3a and 

8.3b shows the SEM images of nanorods Bi
2
O

3
 and nanowires BiI

3
 

obtained from calcination of compound {Bi
2
(4,4 -Hbipy)(μ-I)

2
I

6
].

(4,4 -bipy)} under air and nitrogen atomsphere, respectively. Th e 
morphology and size of the structures obtained by two diff erent 
methods are diff erent [58].

In other work, has been described a simple sonochemical prepa-
ration of nano-structured particles of a new Bi(III) supramolecu-
lar compound, {Bi

2
(μ-4,4 -bipy)Cl

10
] .2(4,4 -Hbipy).(4,4 -H

2
bipy) 

.2H
2
O} 4,4 -bipy = 4,4 -bipyridine} and its use for preparation of 

nano-particles of a-Bi
2
O

3
 too.

Th e single crystals of {Bi
2
(μ-4,4 -bipy)Cl

10
] .2(4,4 -Hbipy).

(4,4 -H
2
bipy) .2H

2
O} were analyzed by X-ray diff raction 

(Figure  8.4).Th e molecular structure of the complex is built by 
one [Bi

2
(μ-4,4 -bipy)Cl

10
]4– anion, two singly protonated 4,4 -

Hbipy+ cations and one doubly protonated 4,4 -H
2
bipy2+ cation 

and two H
2
O molecules. Th e 4,4 -bipy ligand in the dinuclear 

anionic complex is linking the two Bi atoms with each other 
which have  a slightly distorted octahedral BiCl

5
N coordination 

environment [59].

Th e average size of the particles prepared via the sonochemical 
method was found to be around 90 nm, which is in agreement with 
the value obtained from the SEM images (Figure 8.5). Th ermal 

Figure 8.3 SEM photographs of (a) Bi
2
O

3
 nanorods and (b) BiI

3
 nanowires.

(a) (b)
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decomposition of the nano-sized particles of {Bi
2
(μ-4,4 -bipy)

Cl
10

] .2(4,4 -Hbipy).(4,4 -H
2
bipy) .2H

2
O} in air produced Bi

2
O

3.
 

Figure 4.12 shows the SEM images of nanostructured Bi
2
O

3
 obtained 

from calcinations of compound {Bi
2
(μ-4,4 -bipy)Cl

10
] .2(4,4 -Hbipy).

(4,4 -H
2
bipy) .2H

2
O} under air atmosphere. It is interesting that the 

Figure 8.4 A fragment of the one-dimensional supramolecular {Bi
2
(μ-4,4 -

bipy)Cl
10

]·2(4,4 -Hbipy)·(4,4 -H
2
bipy)·2H

2
O}

Figure 8.5 SEM photographs of {Bi
2
(μ-4,4 -bipy)Cl

10
] .2(4,4 -Hbipy).

(4,4 -H
2
bipy) nano-particles.
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calcination of the normal-sized crystals of compound {Bi
2
(μ-4,4 -

bipy)Cl
10

] .2(4,4 -Hbipy).(4,4 -H
2
bipy) .2H

2
O} produces Bi

2
O

3
 but 

the particle sizes were not at nano-scale (Figure 8.6) [59].

8.7 Conclusion 

Bi(III) is a borderline metal ion with a preferential interaction 
with ligands bearing soft  donor groups [60,  61]. Nevertheless, 
APC and PAPC ligands bearing both hard carboxylate groups 
and soft  amine groups, form thermodynamically very stable com-
plexes with this metal ion. Th us, despite the strong hydrolysis 
undergone by Bi(III) in aqueous media, multidentate APC and 
PAPC ligands effi  ciently stabilize it under physiological and even 
higher pH conditions. Th is allows the use of some of these ligands 
as carrier molecules for 212/213Bi isotopes for radiotherapy [61]. In 
spite of the large interest shown in the coordination properties 
of these ligands and the attention paid in recent years to the pos-
sible involvement of Bi(III) complexes in anti-cancer radiothera-
pies, studies dealing with formation equilibria of Bi(III) PAC and 

Figure 8.6 SEM photographs of Bi
2
O

3
 nano-particles.
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PAPC complexes are still rare. A greater deal of research directed 
towards the formation equilibria of similar complexes with higher 
stability invivo and lower cytotoxicity would be greatly desirable. 
Th e next step would probably be the optimization of the bio-
compatibility through the design of new ligands. APC and PAPC 
ligands show a high affi  nity to Bi(III), usually exhibiting the max-
imum denticity. A range of diff erent arrangements have been 
found, from monomeric to polymeric, the presence of bridging 
carboxylate groups being a common structural feature. Th ere is 
a great potential for bismuth(III) heterometallic APC and PAPC 
complexes as single-source molecular precursors in the prepara-
tion of mixed-oxide materials. Th eir remarkable air and mois-
ture stability makes these systems particularly attractive from the 
technological point of view. On the other hand, it would be of 
great interest to attempt to introduce other metals and to produce 
other stoichiometries in Bi(III) APC and PAPC heterometallic 
complexes. By virtue of their high versatility, some of them may 
fi nd a place in developing new materials, especially with regard to 
nanoscale applications. By varying the stability and the structure 
of the precursors, one may expect to infl uence the quality of the 
fi nal materials. In conclusion, Bi(III) APC and PAPC complexes 
are essential for 212/213Bi use in nuclear medicine, but much is to be 
done to improve the biocompatibility and in vivo stability of the 
complexes. Heterometallic Bi(III) APC and PAPC complexes are 
promising precursors for a range of bulk oxide materials, however 
little work has been reported on their use in nanomaterial synthe-
sis. Due to their high stability and diversity of the coordination 
architectures, the potential of Bi(III) APC and PAPC complexes 
is yet to be realized.
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9
Main Group Metal 
Coordination Chemistry

9.1 Introduction

Porous compounds have attracted the attention of chemists, 
physicists and materials scientists due to scientifi c interest in the 
creation of nanometer-sized spaces and the observation of novel 
phenomena therein. Commercial interest includes their appli-
cation in separation, storage, and heterogeneous catalysis. Until 
the mid-1990s, there were basically two types of porous materi-
als, namely, inorganic and carbon-based materials. In the case of 
microporous inorganic solids, the largest two subclasses are the 
aluminosilicates and aluminophosphates. Zeolites are 3D crystal-
line, hydrated alkaline or alkaline earth aluminosilicates with the 
general formula M

x/n
n+[(AlO

2
)

x
(SiO

2
)

y
]x−.wH

2
O [1,  2]. Th e acti-

vated carbons have a high open porosity and high  specifi c surface 
area, but have a disordered structure, the essential feature of which 
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is a twisted network of defective hexagonal carbon layers, cross-
linked by aliphatic bridging groups. On the other hand, porous 
coordination polymers (PCPs), beyond the scope of the former 
two porous materials have recently appeared. Th ese porous coor-
dination polymers have an infi nite network with backbones con-
structed by metal ions as connectors and ligands as linkers, and 
form a family of “inorganic and organic hybrid polymers” [3–9], 
which are also called porous metal-organic frameworks (MOFs). 
Th e structural integrity of the building units, which can be main-
tained throughout the reactions, allows for their use as modules 
in the assembly of extended structures.

Th e defi nition of coordination chemistry in this chapter is the 
formation of a discrete new entity (complex, adduct) formed 
as a result of a Lewis acid–base (acceptor–donor, charge trans-
fer) interaction between two species, with the formation of  a 
new dative bond. Th is chapter will focus on the complexes of 
main group compounds with donor and acceptor atoms from 
Groups 13 to 18. Whilst it might be thought that “the only dif-
ference between a covalent bond and a dative bond is where you 
think the electrons come from”. Haaland has presented an ele-
gant distinction between covalent and dative bonding based on 
the nature of the fragments formed when the relevant bond is 
broken either heterolytically or homolytically [10]. Rupture of 
a dative bond (such as in the ammonia borane complex) yields 
either two species without net charge or spin (H

3
N and BH

3
), or 

two species with both net charge and net spin (H
3
N•+ and BH

3
•−). 

In contrast, rupture of the covalent bond in the isoelectronic H
3
C 

CH
3
 yields either species with net spin (H

3
C•) or species with 

net charge (H
3
C+ and H

3
C−). As the minimum energy rupture 

in either dative or covalent bonding will yield neutral species, 
this indicates that dative bond rupture proceeds heterolytically, 
whilst covalent bond rupture proceeds homolytically. Main 
group coordination chemistry involving dative bond formation 
is commonly carried out in solution or the gas phase, and this 
approach has resulted in the spectroscopic and structural charac-
terization of many diff erent types and examples of coordination 
complexes [11].
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9.2 Group 12

Mercury(II) and cadmium(II) and have been known for many 
years, although the development of the chemistry of corresponding 
zinc complexes is more recent.Th eir chemistry was oft en included 
in reviews on transition metal. However, since the M(II) complexes 
contain d10 metal centers they also fi t within the main group coor-
dination polymers that they are discussed in former chapters.

9.3 Group 13

Th ere has been a recent renaissance of interest in Group 13 chem-
istry, of which cryochemistry, and in particular matrix isolation 
has played an important role. Th is includes the identifi cation of 
 gallane [12,  13], alane [14, 15], indane [16], thallium hydrides 
[17], as well as boranes [18]. Th ere is a substantial body of work 
on Group 13 chemistry, much of it has been reviewed, with some 
containing more matrix work [19] than others [20–23]. As out-
lined in the introduction the emphasis of this chapter is on the 
complexes/adducts formed between two molecules via a coor-
dinate/dative bond rather than compound formation following 
reaction or elimination. Th e fi rst examples will involve halides, 
before considering hydride and methyl complexes of the Group 
13 elements. Boron and aluminium halides are textbook exam-
ples of Lewisacids, much studied and widely used industrially. 
Gallium(III) and indium(III) halides function similarly, although 
their uses are muchless widespread, whilst the Lewis acidity of 
thallium(III) is verylimited.

9.3.1 Boron

Phosphine–borane adducts were the subject of two compre-
hensive reviews in 2010 [24, 25], and hence we restrict discus-
sion to adducts of the boron halides BX

3
(X = F, Cl, Br or I). Th e 

synthesis of X
3
B–PR

3
 adducts dates back over 100 years, with 

much experimental work carried out in the 1960–1980 period. 
In the process of adduct formation, the trigonal planar BX

3
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unitis converted into a pyramidal fragment (an endothermic 
process variously described as the deformation or reorganisa-
tion energy) and the Lewis acid–Lewis base bond forms (an exo-
thermic process). Boron halide adducts made in the gas phase or 
isolated in low temperature matrices have been reviewed, along 
with the relevant computational modelling [26]. Boron tri-
halides form 1:1 complexes with phosphine and arsine ligands, 
usually made by combination of the constituents in an inertsol-
vent; hexane, benzene or toluene are the most commonly used, 
or sometimes in the absence of a solvent [27–34]. Th e PR

3 
or 

AsR
3
 (where R is a simple alkyl or aryl group) complexes are 

stable molecular monomers that have attracted a good deal of 
spectroscopic study, especially by IR/Raman and multinuclear 
NMR (1H,13C,11B,31P{1H}) methods in general the data are unex-
ceptional and the trends with changing X or ER

3
 are systematic 

[35, 36]. Adducts with PX
3
(X = Cl, Br or I) are also known; these 

are less stable than PR
3
 complexes and have markedly longer 

P–B bonds. Trivinylphosphine forms [BX
3
{P(CH = CH

2
)

3
}] (X = 

Cl, Br or I) by direct reaction with BX
3
 at low temperatures, but 

the corresponding reaction of [BF
3
(OEt

2
)] and P(CH = CH

2
)

3 

gave polymeric materials. Th e only structurally characterised 
BF

3
–phosphine complex is [BF

3
(PEt

3
)], which is stable at room 

temperature, but which has a long B–P bond. Th e secondary 
phosphine adducts [BX

3
(PHtBu

2
)](X = Cl or Br) are unstable in 

air and convert to the phosphine oxides [BX
3
(OPHtBu

2
)], whilst 

LiN(SiMe
3
)

2
 caused deprotonation to form[{BX

2
(PtBu

2
)}

2
]. Th e 

silyl-phosphine and -arsine complexes[BX
3
{E(SiMe

3
)

3
}] (X = Cl, 

Br or I; E = P or As) were made by com-bination of the con-
stituents at low temperatures, but at higher temperatures Si–E 
cleavage occurs to give [{BX

2
(E(SiMe

3
)

2
)}

2
] which can be made 

directly from the appropriate boron halide and Li[E(SiMe
3
)

2
].

9.3.2 Aluminium

Th ere are considerable similarities between adducts formed by 
AlX

3
(X = Cl, Br or I) and those of BX

3
 already discussed, but also 

some notable diff erences. Whilst tetrahedral four coordination 
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is still the norm, fi ve- or six-coordination is found in some alu-
minium complexes. Very few complexes (none with soft  donors) 
are known for AlF

3
, which unlike the molecular BF

3
 is an inert 

fl uorine-bridged polymer [37]. Monodentate ER
3
 adducts of 

AlR
3

 (R  = alkyl) have been thoroughly investigated, but detailed 
 studies of complexes of AlX

3
 are surprisingly rare and complexes 

with bi- and poly-dentates have received very limited study. 
Anionic mixed-donor poly dentates containing—PR

2
 groups are 

better known. Stibine and even bismuthine complexes have been 
obtained with tri-alkyl aluminiums. In addition to their inherent 
interest, several series of adducts have been explored as precur-
sors for MOCVD (metal organic chemical vapour deposition) 
of the III–V materials AlE (E = P − Bi), which are direct band 
gap semi-conductors,whilst other aluminium-phosphine adducts 
have been isolated  (sometimes serendipitously) from catalytic 
systems that have been activated with alkyl aluminiums. Th ere 
is also a large amount of chemistry on aluminium dimers with 
ER

2
− bridges which fall out-side the scope of the present article; 

again the driving force for much of this work was reagents for 
the production of III–V semiconductors. Th e various energy con-
tributions to the formation of X

3
Al–ER

3
 adducts follow closely 

from those discussed under boron above. Th e theoretical inves-
tigations have shown that whilst bond dissociation energies may 
be larger for aluminium than for the corresponding boron com-
plex, this is a result of less energy needed to convert the planar 
AlX

3
 fragment to the pyramidal shape, rather than to inherently 

stronger donor-acceptor bonds. An overview of the data indi-
cates that despite some anomalies, the conclusion of decreasing 
Lewis acid strength is in the order AlCl

3 
> AlBr

3 
> AlI

3
, and also 

an order AlCl
3 

> AlBr
3 

> GaCl
3 

> GaBr
3
 [38]. Note these are the 

reverse of that observed for boron halides, although more struc-
tural data on series of boron halide phosphine/arsine adducts 
are desirable  to support the conclusions. Th e calculations are 
performed for gas phase molecules and do not take into account 
other (usually small) energy terms such as solvation or lattice 
energies. However, such small terms can result in signifi cant 
eff ects, which may complicate or even obscure the underlying 
trends. For example, it has been proposed that some apparently 
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anomalous results in the experimental data from some solid alu-
minium adducts could be ascribed to solidstate eff ects such as 
H-bonding or intermolecular packing [38]. A large number of 
adducts of aluminium alkyls with phosphine ligands have been 
prepared; all appear to contain four-coordinate aluminium and 
are usually very moisture- and air- sensitive, although much less 
pyrophoric than the parent aluminium alkyls. In contrast to the 
aluminium halide complexes, there are di-, tri- and tetra-phos-
phine adducts of aluminium alkyls, although again all contain 
only one phosphorus bound to each aluminium [39–41]. Usually 
the AlR

3
 and the phosphine are simply mixed in an inert solvent, 

but other routes have been described, for example, AliBu
2
H and 

the diphosphine dioxide, Ph
2
P(O)CH

2
CH

2
P(O)Ph

2
, produced 

[(AliBu
3
)

2
(μ-Ph

2
PCH

2
CH

2
PPh

2
)] by a sequence of reduction and 

rearrangement reactions. [Al
2
Me

3
Cl

3
] and Ph

2
PCH

2
PPh

2 
gave the 

scram bled product [(AlCl
2
Me)(AlCl

3
)(μ-Ph

2
PCH

2
PPh

2
)]. For 

[AlMe
3
(PR

3
)] (R

3
= Me

3
, Et

3
, Ph

3
, Me

2
Ph, MePh

2
, (CH

2
CH

2
CN)

3
, 

Cy
3
,tBu

3
, (o-tolyl)

3 
etc.) the coordination shift s(Δ) in the 31P NMR 

spectra are positive for small phosphines, but become negative as 
the steric bulk increases, attributed to an increase in the repulsive 
interaction of the phosphine substituents with the methyl groups 
on the small aluminium centre.

9.3.3 Gallium

Currently the complexes of gallium(I) and gallium(II) are limited 
to a few examples, but a large number of gallium(III) complexes 
have been reported. Gallium(III) halide and alkyl complexes 
show close resemblance to those of aluminium, but signifi cant 
diff erences to the indium complexes. Gallium(III) has essentially 
the same covalent radius as aluminium(III) (1.25 Å), although the 
gallium compounds are oft en rather weaker Lewis acids. Th ere is 
limited modelling work on the Lewis acidity of gallium systems, 
but it is likely that the key factors identifi ed for boron and alu-
minium are also operating in the gallium systems. As discussed 
for aluminium, other factors sometimes complicate inter-preta-
tion of Lewis acidity based upon bond length data, but it seems 
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clear in the case of gallium(III) that, apart from a few anoma-
lies, the data indicate an order with halide Cl > Br > I. Analogous 
to the aluminium system, GaF

3
 is an inert polymer and no soft  

donor complexes are known. For neutral phosphines and arsines, 
the gallium(III) overwhelmingly favours distorted tetrahedral 
four-coordination, and six-coordination is achieved only in some 
chelating diphosphine adducts. Five- and six-coordination does 
occur in some complexes of anionic hybrid ligands. A fair number 
of [GaX

3
(ER

3
)] complexes were obtained pre-1975, althoughX-

ray structural data were not obtained in that period.

Gallium(I) and gallium(II) complexes are very rare, but recent 
results have demonstrated possible entry routes into this area. Th e 
fi rst example, [Ga

8
I

8
(PEt

3
)

6
] was obtained by condensing “GaI”, 

PEt
3
 and toluene vapour at 77 K and cautiously allowing the mix-

ture to thaw. Th e structure reveals a planar Ga
8
 ring with two gal-

liums bridged by iodides, and the remaining six gallium centres 
coordinated to terminal iodide and PEt

3
 groups. Th e formation of 

a Ga
8
 ring contrasts with the Al

4
 ring discussed above; although 

the reasons for the diff erence are not completely clear, both ste-
ric and electronic factors seem to be involved. More conventional 
syntheses from [Ga(PhMe)

2
][Al{OC(CF

3
)

3
}

4
] and PPh

3 
or PtBu

3 

in C
6
H

4
F

2 
gave  [Ga(PPh

3
)

3
][Al{OC(CF

3
)

3
}

4
] and [Ga(PtBu

3
)

2
]

[Al{OC(CF
3
)

3
}

4
], respectively. Several examples of formally 

Ga(II) compounds with unbridged Ga–Ga bonds have been 
prepared. Ultrasonication of Ga and I

2
 in toluene, followed by 

addition of PEt
3
 at −78 °C gave two com-pounds, [Ga

2
I

4
(PEt

3
)

2
] 

and [Ga
3
I

5
(PEt

3
)

3
]. Complexes of halogallanes are also known 

[42, 43]. Synthesis routes involve redistribution between 
[GaCl

3
(PCy

3
)] and[GaH

3
(PCy

3
)], which gives [GaHCl

2
(PCy

3
)] 

and [GaH
2
Cl(PCy

3
)], and reaction of [GaH

3
(PR

3
)] or Li[GaH

4
] 

and PR
3 

with HCl. Direct substitution of the phosphine into 
[Ga

2
H

2
Cl

4
] is also possible.  Trialkylgallium adducts are known 

for all ER
3
(E = P, As, Sb or Bi) donor types and as expected gener-

ally resemble the aluminium analogues. Th e syntheses are straight 
forward involving combining the GaR

3 
with ER

3 
either in a hydro-

carbon or without a solvent. Triarylgallium examples are fewer 
but generally similar]. Di- and poly-phosphine adducts are also 
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known and all contain only a single phosphorus donor bonded to 
each gallium centre. Th e adducts with involatile phosphines have 
been used to store the GaR

3
, and since the GaR

3 
is liberated on 

heating in vacuo, this also aff ords a means of purifying the GaR
3 

for electronic materials applications [44].

9.3.4 Indium

Th e main similarity between the pnictogen complexes of indium 
and its lighter analogues, aluminium and gallium, is that the 
vast majority of the complexes contain the M(III) oxidation 
state, with very few examples of In(I) and In(II) complexes. 
For In(III), complexes with halide and alkyl co-ligands are 
common, in addition to some mixed donor bi- and multiden-
tate ligands. Th e major diff erences are that In(III) has a signifi -
cantly larger covalent radius of 1.50 Å, compared to 1.25 Å for 
Al and Ga, and that four-coordinationis no longer dominant, 
with many examples of fi ve- and six-coordinate complexes 
established. Indium is also a weaker Lewis acid. Studies showed 
that with monodentate phosphines, complexes of the type 
[InX

3
(PR

3
)

2
] were readily formed, and there were some reports 

of [InX
3
(PR

3
)] and [InX

3
(PR

3
)

3
]. Th ere were also some com-

plexes with diphosphines and diarsines whose structures were 
unclear, and in contrast tothe lighter Group 13 metals, com-
plexes of oxoanions such as[In(PR

3
)

4
][ClO

4
]

3
. For indium(III) 

halides there are well established examples of four- coordinate 
[InX

3
(PR

3
)] [45–47] and fi ve-coordinate trigonal bipyramidal 

trans-[InX
3
(PR

3
)

2
] [45, 47] complexes. Th ere are also reports 

ofsome six- coordinate [InX
3
(PR

3
)

3
] species, but these lose PR

3
 

very easily and there seem to be no crystallographically authen-
ticated cases with monodentate phosphines, although six-coor-
dination is well established with diphosphines. Indium(III) 
complexes with various anionic chelating ligands incorporating 
alkoxide, thiolate or amido donor groups in addition to neu-
tral Group 15 donor ligands are generally similar to the gallium 
analogues. Th ese include Ph

2
ECH

2
CHRO− and Ph

2
ECH

2
CHRS− 

(E = P, Sb or Bi), which form adducts with IniPr
2 

groups, and 
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PPh
2
(o-C

6
H

3
R(OH)) and PPh(o-C

6
H

3
R(OH))

2
 which coordi-

nate in various modes via the phosphino groups and phenolate 
anions [48]. Adducts of tertiary phosphines with indium(III) 
thiolates are formed from [In(p-R C

6
H

4
S)

3
] and the phosphine, 

and are of type [In(p-R C
6
H

4
S)

3
(PR

3
)] (R = H, Me, F; R = Cy, 

Et, Ph), being monomeric (distorted tetrahedral) in both solu-
tion and the solid state [49]. Similar complexes made from 
[InH

3
(PCy

3
)]and R

2
S

2
 were described above. Electrochemical 

dissolution of an indium anode in MeCN solutions of phosphi-
nothiols including o-Ph

2
PC

6
H

4
SH and 2-Ph

2
P-6-Me

3
Si-C

6
H

3
SH, 

gave six-coordinate (P
3
S

3
-coordinated) complexes containing 

the corresponding phos-phinothiolate [50]. 

9.3.5 Th allium

Th e Th allium coordination polymers have been discussed in for-
mer chapters.

9.4 Group 14

9.4.1 Silicon

Silicon studies in the 1960s reported [SiX
4
(PMe

3
)

2
] (X = Cl or 

Br),believed to be trans isomers from their vibrational spectra 
and from a low precision X-ray determination of the geometry 
of the chloride complex. Recent attempts to isolate phosphine or 
diphosphine complexes of SiF

4
 have been unsuccessful, and 19F 

and 31P{1H} NMR studies showed no evidence for complex for-
mation between the constituents in CH

2
Cl

2
 solution down to 190 

K [51]. Old reports of [SiF
4
(PMe

3
)

n
] (n = 1 or 2) formed at low tem-

peratures in the absence of solvent, and identifi ed by their Raman 
spectra, are not necessarily contradicted by the NMR results, since 
the experimental conditions are diff erent, and these would merit 
reinvestigation. Very recently the trans-[SiX

4
(PMe

3
)

2
] (X = Cl or 

Br) have been re-examined. Th ey are readily isolated by combina-
tion of the constituents in CH

2
Cl

2
, and although very sensitive to 
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water, are otherwise stable complexes. Th e structures show both 
to be trans isomers with little diff erence in the Si–P distances (X = 
Cl: 2.3483(3)Å, X = Br: 2.359(2)Å) and the NMR data show no 
signifi cant dissociation in solution in CH

2
Cl

2
 at ambient tempera-

tures. Attempts to prepare complexes with PPh
3
 were unsuccess-

ful, probably due to the weaker donor power, and signifi cantly, 
no reaction was observed with bulky but very strong σ-donor 
phosphines like PBz

3
, PCy

3 
or PtBu

3
; the latter cases are consistent 

with the instability predicted for fi ve-coordinate[SiX
4
(PR

3
)], and 

these phosphines are too large to achieve six-coordination on the 
small silicon centre. No reaction occurred with AsMe

3
, which is 

only slightly larger than PMe
3
,  suggesting that here the (assumed) 

weaker Si–As bond does not compensate for the deformation 
energy. A range of diphosphine complexes cis-[SiX

4
(L–L)] (X = Cl 

or Br; L–L = Me
2
P(CH

2
)

2
PMe

2
, Et

2
P(CH

2
)

2
PEt

2 
or o-C

6
H

4
(PMe

2
)

2
) 

was isolated and all characterised by X-ray structure determina-
tions and multinuclear NMR spectroscopy.

9.4.2 Germanium

Germanium Work reported pre-1975 described a series 
of [GeI

2
(PR

3
)] complexes and two  examples with GeCl

4
, 

[GeCl
4
(PMe

3
)

n
] (n = 1 or 2). In marked contrast to the failure of 

SiF
4
 to form phosphine complexes, gaseous GeF

4
, or more con-

veniently, [GeF
4
(MeCN)

2
], react readily with PPh

3 
or PMe

3 
to 

form white solids, trans-[GeF
4
(PR

3
)

2
], whilst the diphosphines 

R
2
P(CH

2
)

2
PR

2 
(R = Me, Et, Cy or Ph) and o-C

6
H

4
(PR

2
)

2 
(R = Me 

or Ph) aff ord  cis-[GeF
4
(diphosphine)]. X-Ray crystal structures of 

two examples [GeF
4
{Ph

2
P(CH

2
)

2
PPh

2
}] (Figure 9.1) and [GeF

4
{o-

C
6
H

4
(PMe

2
)

2
}] were determined, and detailed NMR and vibra-

tional spectroscopic data reported. Th e coordination shift s in the 
31P{1H} NMR spectra are again erratic,with both high and low 
frequency shift s being observed in diff erent systems. 

Attempts to characterise arsine complexes of GeF
4 

were unsuc-
cessful; although white solids were isolated with AsMe

3 
oro-

C
6
H

4
(AsMe

2
)

2
, these were very unstable and not identifi ed. Th e 

reactions of GeCl
4 

and GeBr
4 

with phosphine ligands proved to 
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be very sensitive to the reaction conditions, and a clear picture of 
the chemistry has emerged only recently. Th e reaction of GeCl

4 

with PMe
3 
in the absence of a solvent was reported to give trans-

[GeCl
4
(PMe

3
)

2
] identifi ed by vibrational spectroscopy, which on 

reaction with excess GeCl
4 

gave fi ve-coordinate [GeCl
4
(PMe

3
)]. 

However, reaction of PtBu
3 

or PiPr
3
with GeX

4
(X = Cl or Br) 

formed [PR
3
X][GeX

3
] (which have the elemental composition 

“GeX
4
(PR

3
)”), and this was confi rmed by a  structure determi-

nation of [PiPr
3
Br][GeBr

3
]. Reactions of AsMe

3
 or AsEt

3
 with 

GeCl
4
 produced trans-GeCl

4
(AsR

3
)

2
], both confi rmed by X-ray 

crystal structures; in solution over several days these decompose 
forming AsR

3
Cl

2
. No reaction was found between GeCl

4
 and 

o-C
6
H

4
(AsMe

2
)

2
. Th e successful isolation of [GeCl

4
(AsR

3
)

2
],  in 

contrast to the transient formation of the corresponding phos-
phines, is readily attributed to the much greater reducing power 
of the phosphines. Comparison of the chemistry of SiX

4
 and GeX

4
 

with tertiary phosphines and arsines reveals unexpectedly great 
diff erences.

Figure 9.1 View of the structure of [GeF
4
{Ph

2
P(CH

2
)

2
PPh

2
}].

P2

P1

F1

Ge1

F3

F2

F4
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9.4.3 Tin

Th e tin(IV) coordination chemistry of halides and organometallic 
species is well developed, and the main types of pnictogen ligand 
complexes, based upon six-coordination, such as [SnX

4
(PR

3
)

2
], 

[SnR
2
X

2
(PR

3
)

2
] or their diphosphine analogues, were discussed in 

previous articles. Early work mostly used microanalysis and vibra-
tional spectroscopy as the characterisation techniques and there 
were also several studies using 119Sn Mössbauer spectroscopy. In 
recent work, multinuclear NMR and X-ray crystallography have 
taken over as the major characterisation techniques. In contrast, 
tin(II) chemistry of neutral Group15 ligands has received surpris-
ingly little eff ort, given the extensive work on tin chemistry in 
general. SnF

4
 is an inert polymer, but by reacting [SnF

4
(MeCN)

2
] 

with the appropriate phosphine in CH
2
Cl

2
, trans-[SnF

4
(PR

3
)

2
] 

(R = Me or Cy) and cis-[SnF
4
(diphosphine)] (diphosphine = 

R
2
P(CH

2
)

2
PR

2
, R = Me, Et, Ph or Cy; o-C

6
H

4
(PR

2
)

2
, R = Me or 

Ph) were obtained. Th e products are white, moisture sensitive 
solids, which are also dioxygen sensitive in solution. Th e other 
three tin(IV) halides, SnX

4
(X = Cl, Br or I), are tetrahedral mono-

mers, and synthesis of their phosphine or arsine complexes (there 
are no reports of stibines) mostly involve mixing the SnX

4 
with 

the ligand under anhydrous conditions and an inert atmosphere 
in CH

2
Cl

2
, hexane, benzene etc. For tertiary phosphines the six-

coordinate trans-[SnX
4
(PR

3
)

2
] are the usual solid products, exem-

plifi ed by those of PMe
3
, PEt

3
, PPh

3
, PMe

2
Ph and PnBu

3
. AsPh

3
 

complexes of both 1:1 and 2:1 stoichiometry have been reported. 
Interestingly, Mahon et al. determined the X-ray structures of 
[SnX

4
(AsPh

3
)

2
], fi nding that the chloride was the expected six-

coordinate trans isomer, but the bromide was trigonal bipyrami-
dal [SnBr

4
(AsPh

3
)] with a second uncoordinated AsPh

3 
group in 

the lattice interacting with the axial Br group (Figure 9.2). A dif-
ferent synthetic approach involved the reaction of tin powder with 
PR

3
X

2 
(R =nPr, X = I; R

3
= Ph, Ph

2
Me or PhMe

2
, X = Br or I) in 

diethyl ether, which produced the fi rst structurally authenticated 
phosphine adduct of tin(IV) iodide, trans-[SnI

4
(PnPr

3
)

2
], and cis/

trans mixtures for [SnBr
4
(PR

3
)

2
] identifi ed by a combination of 

vibrational and Mössbauer spectroscopy.
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9.4.4 Lead

Th e lead coordination polymers have been discussed in former 
chapters.

9.5 Group 15

9.5.1 Phosphorus

Phosphorus Apart from the work on phosphenium compounds 
referred to above; there has been little new work on phospho-
rus halide complexes. Th e structure of the 1:1 adduct between 
PBr

3
 and PMe

3
 consists two square pyramidal units linked in to 

a dimer by very asymmetric bromine bridges [(PMe
3
)PBr

2
(μ-

Br)
2
PBr

2
(PMe

3
)]with P − Br

terminal
= 2.424(2), 2.250(2) Å and P − 

Br
bridge

= 2.677(2),3.327(2) Å.

9.5.2 Arsenic

Both AsMe
3
 and AsEt

3
 form only 1:1adducts with AsCl

3
, which 

are dimeric, but without any evidence for longer contacts. 

Br2

As1

As2
Sn1 Br4

Br3
Br1

Figure 9.2 View of the structure of [SnBr
4
(AsPh

3
)].AsPh

3
.
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Diphosphines or diarsines also form 1:1 adducts with arsenic(III) 
halides, including [AsX

3
{o-C

6
H

4
(AsMe

2
)

2
}] (X = Cl, Br or I) 

and [AsCl
3
{o-C

6
H

4
(PR

2
)

2
}] (R = Ph or Me). Th e [AsX

3
{o-

C
6
H

4
(AsMe

2
)

2
}] (X = Br or I) have dimeric structures based upon 

edge-shared bi-octahedra, with distorted environments about the 
central arsenics; there isno vacant vertex which could be occupied 
by the arsenic (on AsX

3
) lone pair, but distortions in the bond 

lengths and angles suggest the lone pair may be localised in the 
direction of one AsX

3
 triangular face. Th e [AsCl

3
{o-C

6
H

4
(PPh

2
)

2
}] 

decomposes in CDCl
3
 solution to give a mixture of species includ-

ing the chlorinated diphosphine (based on 31P{1H} NMR evidence). 
Arsenic(III) iodide is reduced by Ph

2
P(CH

2
)

2
PPh

2 
to the arsenium 

cation [As{Ph
2
P(CH

2
)

2
PPh

2
}]I and the cation has been structurally 

authenticated in [As{Ph
2
P(CH

2
)

2
PPh

2
}][As

2
I

7
{Ph

2
P(CH

2
)

2
PPh

2
}]

[52]. Th e triarsine MeC(CH
2
AsMe

2
)

3 
forms 1:1 adducts with AsX

3 

of unknown structure.

9.5.3 Antimony

Complexes of antimony(III) halides are mostly six-
coordinate,with distorted octahedral antimony. An exception 
is the dimeric[Sb

2
I

4
(μ-I)

2
(PMe

3
)

2
].thf which has fi ve-coordinate 

antimony centres with anti-disposed PMe
3
 groups axial, weakly 

associated into polymer chains via long Sb–I contacts [53]. In 
[SbCl

3
(AsEt

3
)] the antimony has a disphenoidal shape with equa-

torial AsEt
3
(alternatively described as trigonal bipyramidal with 

a vacant equatorial vertex) with these units linked via long Sb–
Cl bonds into zig-zag chains[54]. In contrast, the yellow crystals 
formed from SbBr

3
 and PEt

3
 in thf solution, seemingly the prod-

uct of adventitious hydrolysis, were found to be the anionic 
[PEt

3
H][Sb

2
Br

7
(PEt

3
)

2
] with discrete confacial bioctahedral anions 

[55]. Th e reactions of SbX
3
 and SbR

3
 typically result in scram-

bling to give SbR
3−n

X
n
, but stibine adducts of antimony halides 

include the structurally characterised [SbI
3
(SbMe

3
)(thf)],which 

is a centrosymmetric dimer with two iodide bridges  [56], and 
[SbI

2
Me(SbMe

3
)] [57], which has a trans-trigonal bipyramidal 

shape with a vacant equatorial vertex for the (Sb)SbI
2
Me unit.
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9.5.4 Bismuth

Th e complexes of bismuth(III) halides  generally follow the pattern 
established for antimony, although they are rather more stable and 
the structures less distorted. BiBr

3
 reacts with neat PMe

3
 to form 

[BiBr
3
(PMe

3
)

2
]; crystals obtained from CH

2
Cl

2
 solution show that 

the structure is dimeric [Br
2 
(PMe

3
)

2
Bi(μ-Br)

2
BiBr

2
(PMe

3
)

2
] [58]. 

Th e corresponding reaction with PMe
2
Ph in thf gave crystals of 

the mixed phosphine-phosphine oxide complex[{BiBr
3
(PMe

2
Ph)

(OPMe
2
Ph)}

2
],  presumably due to air-oxidation. Th e structure is 

similar to that of the PMe
3
 complex, with the phosphine oxides 

occupying axial positions on each bismuth [58]. Th e complexes 
formed in these systems are very sensitive to small changes in 
the reaction  conditions. Th us reaction of BiBr

3
 and PMe

3
 in thf 

solution, followed by  crystallisation of the product from MeCN/
Et

2
O gave [PMe

3
H][Bi

2
Br

7
(PMe

3
)

2
] [59]. Th e anion has a planar 

Bi
2
Br

6 
core with one PMe

3
 group on each bismuth arranged anti, 

the anions being assembled into zig-zag chains by single bromide 
bridges trans to PMe

3
. Th e iodide complex[PMe

3
H][Bi

2
I

7
(PMe

3
)

2
] 

(although not structurally characterised) appears to be similar, but 
the corresponding reaction between BiI

3 
and PEt

3 
in thf solution 

gave crystals of [PEt
4
]

4
[Bi

6
I

22
] [59]. It is unclear how the [PEt

4
]+ 

cation is formed. Th e product from BiBr
3 
and PEt

3 
in thf is diff er-

ent again,  forming a cubane tetramer [Bi
4
Br

12
(PEt

3
)

4
] (Figure 9.3) 

[53] which is clearly related to the [Bi
4
Br

16
]4− anion, with one ter-

minal bromide on each bismuth replaced by a phosphine. 

Th e geometry about the bismuth centres is close to octahedral 
and the Bi–Br and Bi–P bond lengths are unexceptional, apart 
from Bi–Br

transP
 which are signifi cantly longer ( 0.2 Å) than Bi–

Br
transBr

. A mononuclear cis-octahedral anion is present in [PPh
4
]

[BiI
4
(PMe

2
Ph)

2
], formed from [PPh

4
]I, BiI

3 
and PMe

2
Ph in 

MeNO
2
 solution [55]. Th e d(Bi–I) are  little diff erent whether cis 

or trans to P (with  an average length of 3.048  Å), but d(Bi–P) 
are long at 2.981(2) and 3.005(2)Å, and there are signifi cant angle 
distortions–the axial <I–Bi–I is 157.1°  (bent towards the phos-
phines) and the <P–Bi–P is 112.3°, which was discussed in terms 
of lone-pair activity.
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9.6 Group 16

Selenium(IV) and tellurium(IV) halides are reduced by phos-
phines; the complex mixture of products formed depends upon 
the reaction conditions, but the primary reaction is the forma-
tion of halo phosphorus(V) cations [PR

3
X]+ and selenium ortel-

lurium anions, sometimes along with elemental Se or Te [60]. In 
the presence of air and moisture, the major products with TeX

4
 

are protonated phosphine oxide salts of halo tellurates(IV) [61]. 
Careful bromination of phosphine selenides aff ords [(R

3
P)SeBr

2
] 

R = NMe
2
, NEt

2
, Cy, iPr, tBu) which have T-shaped geometries at 

Se (10e− systems) and are formally phosphine complexes of SeBr
2
 

[62, 63]. However, iodination of R
3
PSe produces the charge trans-

fer complexes R
3
PSe–I–I [64, 65]. Th ere are similar complexes 

of both types derived from diphosphine diselenides, but the ini-
tial products of reaction of R

3
PSe with Cl

2
 or SO

2
Cl

2
 eliminate 

elemental selenium below room temperature forming R
3
PCl

2
. 

Br1

Br2

Br6

Br5

P2

Br3

Br4
Bi1

Bi2

P1

Figure 9.3 View of the structure of [Bi
4
Br

12
(PEt

3
)

4
] redrawn from Ref. [53].
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Et
3
PTe reacts with SO

2
Cl

2 
or I

2 
to form [(Et

3
P)TeX

2
] (X = Cl or I), 

and [(Et
3
P)TeBr

2
] was formed from [(Et

3
P)TeCl

2
] and Me

3
SiBr 

[66]. All have T-shaped structures at Te with weak halogen bridges 
giving centrosymmetric dimer units. Although they cannot be 
made directly from selenium or tellurium halides, complexes 
of Ph

2
E(CH

2
) (E = P or As) of the type [M{Ph

2
E(CH

2
)

2
EPh

2
}]

[O
3
SCF

3
]

2
, which are Group 16 analogues of triphosphenium 

complexes, can be made by ligand exchange from the diazabu-
tadiene complexes[ML

2
][O

3
SCF

3
]

2
(L = R

2
diazabutadiene, where 

R = cyclohexyl or 2,6-diisopropylphenyl) [67].
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10
S-block Coordination 
Polymers (Group 1)

10.1 Introduction

Th e coordination chemistry of groups 1 and 2 metal compounds 
with organic ligands in the widest sense has been, until relatively 
recently, largely unknown compared to transition metal coordi-
nation networks. Th is is true despite the fact that many s-block 
metal–organic compounds are already of commercial important. 
Th us, pharmaceuticals, dyes, and pigments typically use alkali 
and/or alkaline earth metal cations in preference to transition or 
lanthanide metal ions because most of them have the advantage 
of being non-toxic, cheap and soluble in aqueous media. 

While systematic studies to construct transition metal–organic 
frameworks (MOFs) are frequent in the current literature, due 
to the oft en well-defi ned coordination numbers of the metal 
ions, they are still sparse for s-block elements. Due to the span of 

Main Group Metal Coordination Polymers: Structures and Nanostructures. 
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coordination numbers possible for alkali and  alkaline earth metal 
ions, control over the fi nal structure is a challenge, and many 
results are obtained by  serendipity. In this chapter, classifi ed for 
the group 1 metal ions as well as for donor atoms in the organic 
ligands, mainly focusing on the classical O-, N, and S-donors, 
but also including aromatic rings as donor ligands. Th us, will be 
dedicated to alkali metal  compounds with polymeric structures, 
starting with organic O-donor ligands, followed by examples with 
N-donor, C-donor, and S-donor ligands. 

10.2  Group 1(Alkali) Metal 
Coordination Polymers 

10.2.1 Neutral Oxygen Donor Ligands 

Ethers in general (THF, Et
2
O, etc.) are among the most frequently 

used solvents for alkali metal compounds. Th ey are usually polar 
enough to dissolve group 1 compounds with ionic character 
because they are able to coordinate to the metal ions.

By acting as “chemical scissors” on alkali metal salts, they are able 
to stabilize structural fragments of these compounds by acting as 
neutral donor ligands where coordination is needed. Such solvent 
adducts are frequent at the molecular level, but not always identi-
fi ed when of polymer character due to the poorer solubility of the 
latter. One example is LiBH

4
, forming diff erent one-dimensional 

ether adducts which can be isolated and characterized as 1D struc-
tures in the solid state, i.e. LiBH

4
(OEt

2
) and LiBH

4
(OMetBu) [1].

Instead of monodentate ethers, cyclic polyethers can also be 
used to stabilize low-dimensional structures of alkali metal salts. 
Since the pioneering discovery of crown ethers and cryptands by 
Pedersen, Cram and Lehn, coordination compounds based on 
these ligands have been studied in considerable detail. Crown 
ethers with four to six oxygen atoms are in principle predestined 
for building one- dimensional channel structures. Much eff ort 
has been made to obtain such structures for ion conductivity. 
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However, most syntheses lead to structures in which the alkali 
metal ions are (i) coordinated by the crown ether and (ii) bridged 
by water molecules to yield a one-dimensional (1D) zig-zag struc-
ture without alignment of the crown ether molecules. Only few 
examples are known from the literature, in which the crown 
ether ligands are also perfectly stacked to form a channel system. 
One of these is [Na (DB

18
C

6
)(μ-OH)][Na (DB

18
C

6
)(μ-H

2
O)]I

3
 

(Figure 10.1) [2]. Th ese systems do show transport properties for 
ions as well as water molecules [2], and could therefore be inter-
esting for solid-state batteries.

Going from molecular ligands such as these crown ethers to 1D 
polyether such as PEO (polyethylene oxide), polymer electrolytes of 
group 1 metal ions are obtained, fi nding applications in ion recharge-
able (lithium ion for instance) batteries. Th eir exact solid-state struc-
ture is not well known, but some studies on lithium, sodium and 
potassium reveal the coordination of the PEO ligand to the metal 
ions. Almost independently from the anions, the polyether oxygen 
atoms wrap around the alkali cations to form single or double heli-
cal structures with the metal ions in the center of a channel-like 
feature [3]. Th e mobility of lithium ions was studied by mole cular 
dynamics simulations, where experimental and calculated X-ray dif-
fractograms are compared for a good fi t [4]. Other polyelecctrolytes 

Figure 10.1 1D structure obtained within crown ether ligands.

C

O

Na



208 Main Group Metal Coordination Polymers

derived from PEO, such as polyether poly(urethane)urea have been 
studied in a similar context [5].

10.2.2 Anionic Oxygen Donor Ligands

So far, we have looked at inorganic salts or clusters of alkali metal 
ions to which neutral oxygen donor ligands are coordinated, and 
which possess 1D, 2D or 3D structures. Th is chapter will now deal 
with organic, anionic ligands with a negative charge on the oxy-
gen atom. Th e fi rst examples to cite here are alkoxides, aryloxides 
and carboxylates. 

10.2.2.1 Alkoxides and Aryloxides 

One of the best known polymers of alkali alk- and aryloxides, 
MOR, are of course the methoxides and simple phenoxides which 
form insoluble compounds based on chain or sheet structures 
[6–12]. Structures can be tuned as a function of the steric demand 
of R, and thus, the larger R, the more aggregates (0-dimensional) 
are obtained [13].

Aryloxides can form coordination polymer compounds as well, 
and, additionally to the metal– oxygen interaction, the aromatic 
group can participate in the coordination to the metal ion. Th is 
is especially the case for the heavier and thus soft er alkali met-
als, such as Rb or Cs [14]. Alkali metal salts of organic acids are 
numerous, and very oft en not well characterized in the solid state. 
Th e presence of two oxygen atoms in the acid function leads to 
a stronger  bridging function than for alkoxides, resulting more 
typically in the formation of layered structures [15–18]. Th e 
use of cyclic polyphenols, like calixarenes, allows isolating one-
dimensional coordination polymer compounds in which the cat-
ions can even be mobile similar to biological ion channels. One 
such example is given in [K(calix[8]arene-H)(THF)

4
(H

2
O)

7
] [19].

10.2.2.2 Carboxylates 

Combining the anionic carboxylate groups with neutral N-donor 
sites within one ligand, such as the 3,5-pyridinedicarboxylate 
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(3,5-pdc), the dimensionality of such polymers can be increased 
into a 3D-network, as exemplifi ed in [Na

2
(3,5-pdc)(H

2
O)

4
], in 

which additional H-bonding occurs [20].

Upon addition of a further coordinating anion, the layers of 
Na-acetate for instance can be cross-linked into a three dimen-
sional porous network with channels in which the solvent mol-
ecules can be found [21].

10.2.2.3 Sulfonates and Nitro-derivatives 

Apart from aryl-, alkoxides and acid derivatives, sulfonates are 
an important class of oxygen donor ligands to alkali metal ions. 
A ligand combining  sulfonate groups and aryloxide groups is 
Orange G, a synthetic azo dye used in histology in many stain-
ing formulations. One diffi  culty in examining sulfonated dyes 
is that they exhibit generally poor crystal growth properties, 
making single-crystal diff raction studies diffi  cult. An excep-
tion is the disulfonated  naphthalene-based dye Orange G, 
7-hydroxy-8- (phenylazo)-1,3-naphthalenedisulfonic acid, the 
salts of which are found to grow as robust crystals [22]. Th e 
s-block metal salts of the Orange G  dianion (Og) can be cat-
egorized into three structural classes related to those previously 
proposed for simple monosulfonated azo dyes. All of the struc-
tures feature alternate organic/inorganic layering, but whereas 
the Mg, Ca, and Li complexes are solvent-separated ion-pair 
species, the Sr and Ba complexes form simple discrete mole-
cules based on metal sulfonate binding bonding, and the heavy 
alkali metal complexes utilize a variety of MO interactions to 
form two- and three dimensional coordination networks. Th ese 
structural diff erences are rationalized in terms of simple prop-
erties of the metals (charge, size, and electronegativity) and the 
steric demands of the arylsulfonate groups. Th is is summarised 
by saying that the most electronegative metals favor M–OH

2
 

bond formation and hence solvent- separated ion-pair struc-
tures, whereas the most electropositive metals form higher-
connectivity complexes with more M–O

3
S bond formation. 

Th us, the sodium derivative forms a two-dimensional extended 
structure, involving the sulfonate groups as well as the keto 
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O-atom in the coordination of the metal ions as well as bridg-
ing water molecules.

10.2.2.4 Amino Acids

Alkali metal derivatives of amino acids, which would combine 
the acid donor group with the amine function. Derivatives, such 
as the total-kill herbicide glyphosate [N-(phosphonomethyl)gly-
cine = H

3
L], possess low mammalian toxicity, are relatively quickly 

degraded in the soil and are usually dealt with in form of alkali metal 
salts. For the sodium salts, three diff erent solvates of the monoso-
dium  compounds have been isolated, namely Na(H

2
L).0.5H

2
O, 

sodium glyphosate monohydrate Na(H
2
L).H

2
O, sodium glypho-

sate dihydrate Na(H
2
L).2H

2
O, together with a disodium glypho-

sate nonahydrate Na
2
(HL).9H

2
O [23]. Th e fi rst two compounds 

are both polymeric and based on dimeric repeating units with six 
coordinate sodium ions, while the disodium salt is based on both 
discrete octahedral [Na(HL)(H

2
O)

5
]− anionic complex units with 

the unidentate glyphosate ligand bonded via a carboxylate oxy-
gen, together with a cationic [Na

2
(H

2
O)

8
]– ribbon polymer. For the 

larger cations potassium and rubidium of the alkali metal series, the 
same ligand is used, but with an increased coordination number 
of seven to yield water-free three-dimensional compounds with a 
more regular structure than the sodium compound [24]. In con-
trast, the Cs-compound features anion monolayers that intercalate 
planar zig-zag chains of cations (Cs…Cs alternatingly 422.5 and 
487.5 pm, Cs…Cs…Cs135.7°), whereby each chain is surrounded 
and coordinated by four anion stacks and each anion stack con-
nects two cation chains. All structures exhibit close C–H…A inter-
anion contacts consistent with weak hydrogen bonding [24].

10.2.2.5 Mixed O- and N-donors 

Polydentate ligands with anionic O-donors and neutral N-donors 
can be obtained by integration of a cyano-function in an appropri-
ate position into anionic O-donors. Th us, 4-cyanosubstituted ary-
loxides, such as (4-NC-2,6-tBu

2
-C

6
H

2
OLi), lead to the formation 

of 1D chains via single metal ions stabilized by THF or pyridine 
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ligands [25]. Instead of using single metal ions as nodes, small 
cluster or aggregate units can also be interconnected into chains, 
sheets or three dimensional motifs. As an example, lithium deriv-
atives with α-cyanophosphonates, [(RO)

2
P(O)CHCNLi] (R = Et, 

iPr), and (organo)sulfonyl- acetonitriles, (RSO
2
CHCNLi), as quasi 

linear bidentate ligands, tend to form 2D-layered structures by 
linking Li

2
O

2
-units, respectively eight-membered ring dimmers 

(SO
2
Li)

2
, into sheets [26].

10.2.3 N-donor Ligands 

Given the fact that alkali metal ions are generally considered as 
rather hard cations, they interact preferably with oxygen donor 
atoms rather than nitrogen atoms. However, when oxygen donors 
are not available in suffi  cient quantity to satisfy the coordination 
of the metal ions, nitrogen atoms are also involved in metal ion 
coordination. Th is is the case in the tripodal, pyridyl-substituted 
tris(pyrazolyl)borate ligands [27]. Whereas the water-rich potas-
sium derivative of this ligand type yields a dimeric structure, the 
compound with only one water mole cule in the potassium coor-
dination sphere leads to a one-dimensional coordination polymer 
network, in which two of the three arms of the tripodal ligand 
act as bridging ligands towards two neighbor metal ions. Pure 
nitrogen donation is rare, as shown in the example of the toluene-
soluble potassium salt of the [(2,6- iPr

2
C

6
H

3
)NC(Me)C(H)C(Me)

N(2,6−iPr
2
C

6
H

3
)]-ion, in which the aromatic rings complete the 

coordination sphere of the potassium ion by metal–aromatic 
interactions. Th is kind of interaction is fi nally responsible for the 
1D-extension of the structure in the solid state (Figure 10.2) [28]. 
Similarly, cyano- cyclopentadienyl (CpCN) anions are ideal to 
combine nitrogen and aromatic ring interactions with alkali metal 
ions, such as in CpCNM, M=K, Cs [29].

10.2.4 Carbon Donor Ligands

The larger alkali metal ions are softer than the smaller ones, 
and accept more easily aromatic coordination. This has been 
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shown in the zig-zag-arranged structures of the solid state 
structures of CpM-compounds for the heavier alkali metal ions 
[30, 31]. Substituted phenyl rings with small and noncoordi-
nating side-groups maintain such a chain-structure in the solid 
state [32].

Th e derived calcium compound is a THF adduct and by the way a 
monomer. In combination with phosphor donor atoms which are 
linked to a cyclopentadienyl-ligand and additional THF, a new1D 
structure can be stabilized, as for instance in the solid-state com-
pound [(THF)K(C

5
H

4
CH

2
CH

2
PPh

2
)] [33].

Single metal–carbon bonds with more σ-character can be enforced 
with carbanions carrying large substituents like phosphine and 
borane rests [34]. Th e related potassium compound yields then a 
complicated sheet structure in which additional K–H bonds seem 
to stabilize the structure.
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Figure 10.2 1D structure of K[(2,6-iPr
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10.2.5 Sulfur Donor Ligands

Alkali metal coordination polymers with solely sulfur atoms as 
donors, have not been reported in the  literature so far. However, 
as shown in some of the previous examples, the combination of 
diff erent donor types allows the selective coordination of dif-
ferent metal ions to diff erent donor sites, as anticipated from 
Pearson’s hard-soft  acid–base theory. Th us, the Janus scor-
pionate ligand [HB(mtda)

3
−] (mtda = mercaptothiadiazolyl) 

contains both sulfur and nitrogen atoms. Th is feature can be 
exploited for the controlled construction of homo- and hetero-
metallic (hard-soft ) alkali metal coordination polymers [35]. 
Remarkably, in the case of sodium, coordination polymers with 
both acentric (with NaS

3
N

3
H kernels) and centric (with alternat-

ing NaN
6
 and NaS

6
H

2
 kernels) chains are found in the same crys-

tal (where the centricity is defi ned by the relative orientations of 
the BH-bonds of the ligands along the  lattice). For the homo-
metallic potassium congener, the larger cation size, compared 
to sodium, induced signifi cant distortions and favored a polar 
arrangement of ligands in the resulting coordination polymer 
chain. An examination of the solid-state structure of the mixed 
alkali metal salt system revealed that synergistic binding of 
smaller sodium cations to the nitrogen portion and of the larger 
potassium cations to the sulfur portion of the ligand minimizes 
the ligand distortions relative to the homometallic coordina-
tion polymer counterparts, a design feature of the ligand that 
likely assists in thermodynamically driving the self-assembly of 
the heterometallic chains. Th e similarity of the solution analyti-
cal data regardless of the cation indicates that the salts are likely 
dissociated in solution rather than maintaining their solid-state 
polymeric  structures. Th iophosphonates combine the coordina-
tion of sulfur atoms with the one of oxygen donors, within the 
same ligand. Th us, the ligand [ArP(OtBu)S

2
]− (Ar = 4-anisyl) 

may coordinate with both donor atoms to alkali metal ions in 
ethereal solvents to yield mostly one- dimensional coordination 
polymer compounds [36].
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10.3 Conclusion

Summarizing the situation for alkali metal ions containing coor-
dination polymer structures, even though a large number of mate-
rials are used as their group 1 metal salts, the structures of the 
latter are oft en not investigated in detail, ignoring the cations as 
simple “spectator” ions. However, this is an issue worth investi-
gating in order to better understand the properties of these solid-
state compounds. Few of the examples mentioned above have 
been investigated in this respect, and fi rst recent results show that 
a certain design in the construction of alkali metal coordination 
polymer structures can be achieved by a) using (rigid) bridging 
ligands with two or more coordination sites, and/or b) template 
molecules to generate voids in the solid state structures, and/or c) 
the use of alkali metal aggregates as nodes of a low-dimensional 
network to yield porous materials with large cavities.

Synthesis or autoclave techniques for groups 1 coordination 
polymers are employed, microwave and solid-state synthesis are 
still scarce for these kinds of networks. Applications in many, 
very diff erent fi elds are possible, and therefore such investiga-
tions should be continued.
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11
S-block Coordination 
Polymers (Group 2)

11.1 Introduction

S-block cations should not be ignored as simple “spectator” ions 
when it comes to properties which depend on the solid-state 
structure and the intermolecular interactions. Th is is especially 
relevant in pharmaceutical industry where one salt might be pre-
ferred over others for practical as well as commercial purposes. 
Th erefore, understanding the changes of material properties 
caused by changing the s-block metal ion is based on consid-
eration of the fundamental properties such as charge, size, and 
electronegativity of these cations and their infl uence on the 
nature of the resultant solid-state structure. Furthermore, the 
chemistry of group 1/2 metal ions is not limited to the classical 
ionic behavior as known from aqueous media, but may exhibit a 
more covalent character similar to transition metal compounds 
when polar organic solvents are used.
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With the aid of modern X-ray diff raction techniques, a vari-
ety of molecular and polymeric structures can be elucidated. 
Coordination polymer networks are made mainly from neu-
tral or anionic ligands (linkers) with at least two donor sites 
which coordinate to metal ions or aggregates (nodes) also with 
at least two acceptor sites, so that at least a one-dimensional 
arrangement is possible. Depending on the number of donor 
atoms and their orientation in the linker, and on the coordina-
tion number of the node, diff erent one (1D)-, two (2D)- and 
three (3D)-dimensional constructs are accessible.

In this chapter, classifi ed for the group 2 metal ions well as 
for donor atoms in the organic ligands, mainly focusing on 
the classical O-, N, and S-donors, but also including aromatic 
rings as donor ligands. Th us, will be dedicated to alkali metal 
compounds with polymeric structures, starting with organic 
O-donor ligands, followed by examples with N-donor, C-donor, 
and S-donor ligands. 

11.2  Group 2(Alkaline Earth) Metal 
Coordination Polymers 

Passing from groups 1 to 2 metal ions, the charge density of the 
cations increases. Also, many alkaline earth metal compounds are 
hygroscopic. For these reasons, many of the species studies have 
focused on the use of aspartate, glutamate, orontate, or pyroglu-
tamate ligands as careful investigation of the  calcium or magne-
sium binding sites on proteins has shown that the acidic groups of 
l-aspartic acid and l- glutamic acid are the key anchoring positions 
for these ions. On the other hand, barium and strontium are con-
sidered as trace elements in the body.

Strontium is rated nontoxic, and traces of it appear to be essential, 
though the reason for this is not yet known. Barium causes typi-
cal heavy metal poisoning even at low concentrations if soluble 
compounds are applied. Barium and strontium metals have been 
known as antagonists for potassium and calcium, respectively.
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In the process of binding to various sites, the ions compete with 
other common metal ions, some of which are antagonists through 
a diff erent  specifi city. Th is specifi city is predominantly governed 
by the charge and size of the cation, as well as by the resulting 
eff ective coordination number and geometry. An improved 
understanding of the function of biological cations is thus to be 
expected from a detailed study of the coordinating properties of 
the metals competing with various ligating groups.

11.2.1 Neutral Oxygen Donor Ligands 

Similar to alkali metal ions, group 2 metal compounds can be 
treated with for instance neutral oxygen donor ligands to “cut 
out” fragments from the three-dimensional salt structure. Th is 
has been exemplifi ed in the studies on alkaline earth metal 
iodides, which are still quite soluble in organic solvents which 
may act also as coordinating ligands. In these cases, it is impor-
tant to control the quantity of water present, as water is a sol-
ventable to dissociate the mainly ionic bonds in alkaline earth 
metal salts [1–6]. Th us, it has been shown that one- dimensional 
coordination polymer compounds can be obtained with low con-
centrations of THF, used as chemical scissors to yield [BaI

2
(thf)

3
] 

(Figure 11.1) [7].

Other neutral solvents are however able to cleave the cation–anion 
contacts and to coordinate  the  cations completely, leaving the 

Figure 11.1 1D structure of [BaI
2
(thf)

3
].

I

Ba

O(thf )
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anions out of the fi rst co ordination sphere of the cation. Water is 
such a solvent, and thus, can replace one or both anions from the 
fi rst coordination of the cation. As  cation- coordinated water is 
a hydrogen bond donor ligand, low- dimensional polymer struc-
tures can be designed as a function of the number of coordinating 
water molecules [8]. As an example, the H-bonded one-dimen-
sional polymer [Ca(H

2
O)

2
(diglyme)

2
](μ-I)

2
 is cited [8–12].

11.2.2 Anionic Oxygen Donor Ligands

11.2.2.1 Beta-diketonates

Beta-diketonates of alkaline earth metal ions received prominent 
attention when High-T

c
 superconductors were discovered. One 

synthesis of such oxide materials is via metal organic chemical 
vapor deposition (MOCVD) or the sol–gel technique. For the 
fi rst technique, volatile species are necessary. It turned out that 
beta-alkoxides are well suited, because they form cluster-like 
compounds in which the alkaline earth metal ions are surrounded 
by the organic ligands and turn out to be volatile at relatively low 
temperatures. From this property, the reader may deduce that 
these compounds do not form coordination polymer network. 
However, some cases are known, for which polymer structures 
are obtained. Th us, beryllium, the smallest of the alkaline earth 
metal ions, has a low coordination number of four, which in the 
case of bis-beta-diketones leads to a one-dimensional chain struc-
ture [13].

11.2.2.2 Alkoxides

Another group of alkaline earth metal compounds studied in 
the same context are the alkoxides. Unless multifunctional alco-
hols’ and sterically crowded alkyl or aryl groups are employed 
these compounds are generally polymeric insoluble solids, 
which are poorly characterized from a structural point of view. 
Th e reactions of these compounds with small molecules such as 
CO

2
 and SO

2
 have been relatively neglected although organo-

magnesium compounds are known to react with SO
2
 to give 
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sulfi nic acids aft er hydrolysis, while calcium oxide is used to 
scrub fl ue gases and for the desulfurisation of iron ores. In con-
trast, the corresponding reactions of the class ‘b’ or soft  metal 
alkoxides of palladium, platinum and rhodium with SO

2
 have 

been investigated in more detail. Structural studies of these 
complexes reveal, as expected, S-coordinated SO

2
 moieties. 

Th us, the reaction of SO
2
(g) with a suspension of [M(OMe)

2
], 

(M =Mg and Ca) in methanol yields the crystalline compounds, 
[M(O

2
SOMe)

2
(MeOH)

2
], (M = Mg, Ca). Th e insertion reaction 

is of high yield and the X-ray crystal structure of the second 
complex reveals that it is a chain polymer with eight-coordi-
nated Ca-ions and the methylsulfi to anions acting as both che-
lating and bridging ligands.

11.2.2.3 Carboxylates

Carboxylates were also among the species investigated as pre-
cursors for oxide materials, using sol–gel techniques. However, 
many of these precursors may lead to the formation of mixed 
alkaline earth metal  carboxylates and oxides. Dicarboxylates 
have found a large fi eld of application in the construction of 
coordination polymer arrays, especially the more rigid ligands, 
as they are useful building blocks for porous networks with metal 
ions throughout the periodic system [14]. A semi-rigid ligand, 
benzene-1,4-dioxylacetate, L, leads to the three-dimensional 
coordination polymer networks [M(L)H

2
O], M = Ca, Sr,Ba [15]. 

Both Ca(L)H
2
O and Sr(L)H

2
O crystallize in the monoclinic space 

group P2
1
/c while Ba(L)H

2
O in the monoclinic space group P2

1
. 

As determined by X-ray single-crystal analysis, in these com-
pounds each metal ion is coordinated by eight O atoms: four 
from diff erent carboxylate groups, two from one carboxyl-
ate group, one from the ether oxygen and one from one water 
molecule. Each ligand coordinates to fi ve alkaline earth metal 
ions through one of its ether oxygen atoms and two carboxyl-
ate groups adopting novel bridging coordination modes to give 
rise to a 3D network. Th e luminescence analysis shows that the 
Ca- and Sr-compounds exhibit fl uorescence in the solid state at 
room temperature.
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Th e slightly more rigid zwitterionic 1,3-bis(carboxy methyl)-
imidazolium forms with SrCO

3
 in water a two-dimensional 

structure between the layers of which are found sheets of water 
molecules intercalated [16].

Th e very rigid 2,6-naphthalenedicarboxylate (ndc) reacts in a 
solvothermal process with magnesium nitrate in either water 
or DMF [17]. Whereas in the presence of water molecules pre-
ferred coordination of H

2
O and dmf in [Mg(dmf)

2
(H

2
O)

4
]ndc 

hinders the formation of extended three-dimensional networks, 
a porous network structure is obtained in the absence of water 
to yield the three-dimensional metal–organic framework of 
[Mg

3
(ndc)

3
(dmf)

4
]. A  systematic study of larger fl at aromatic 

ligands with two carboxylic groups and beryllium and magne-
sium ions lead to a large number of diff erent metal organic frame-
works with good hydrogen absorption properties [18].

11.2.2.4 Phosphonates 

Polyphosphonates are also used extensively in an array of indus-
trial applications such as chemical water  treatment, oilfi eld 
drilling, minerals processing, corrosion control, and metal com-
plexation and sequestration. Metal phosphonates commonly 
form pillaredlayered inorganic–organic hybrid materials and 
microporous solids. Th eir properties can be useful for intercala-
tion, catalysis, sorption, and ion exchange. One example is the 
aminotris(methylenephosphonic) acid (H

6
AMP). At low pH, 

this ligand loses two protons, with all phosphonate groups being 
deprotonated while the amino function carries a proton. Th is 
ligand can react easily with the alkaline earth metal cations Mg, 
Ca, Sr, and Ba. Mg[HN(CH

2
PO

3
H)

3
(H

2
O)

3
] forms zig-zag chains 

in which the Mg-ions are bridged by two of the three phospho-
nate groups. Th e third phosphonate group is non-coordinated and 
involved in hydrogen bonding. A three-dimensional (3D) polymer 
is obtained with strontium, having the composition [Sr(H

4
AMP)]. 

Th e Sr-atoms are seven-coordinate, with fi ve monohapto and one 
chelating AMP ligands. In the 3D barium polymer, [Ba(H

4
AMP)

(H
2
O)], the two crystallographi cally independent Ba-ions are 9- 

and 10- coordinated by phosphonate and H
2
O oxygen atoms.
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11.2.2.5 Sulfonates

In terms of anionic oxygen donor ligands to alkaline earth metal 
ions in polymeric scaff olds, the sulfonates have been quite well 
studied. Th us, a family of organosulfonates has been reported by 
Cote et al. [19]. Th ey have developed new solids, which, in con-
trast to more typical crystal engineering approaches, are sustained 
by the assembly of building blocks that are coordinatively adapt-
able rather than rigid in their bonding preferences. Th e ligand, 
4,5-dihydroxy benzene-1,3-disulfonate, L, progressively evolves 
from a 0D, 1D, 2D, to a 3D microporous network with the Group 
2 cations Mg2+, Ca2+, Sr2+, and Ba2+.

11.2.3 Mixed N- and O-donors 

Self-assembly is an increasingly viable method for the quick and effi  -
cient construction of large mole cular architectures. Porphyrins are 
particularly suitable building blocks for non-covalent synthesis due 
to their attractive photophysical, spectroscopic, geometrical, catalytic, 
and synthetic properties [20]. Furthermore, the magnesium complex 
of porphyrin is responsible for photosynthesis. Th us, a mixture of 1:1 
magnesium dicatechol porphyrin MgL and pyridine-3-boronic acid 
self-assembles into a one- dimensional coordination polymer. Th e 
boronic acid acts as N- and O-donor in a bridging function towards 
two magnesium cations. Another group of simultaneous N- and 
O-donating ligands of biological importance are the amino acids. 
A series of calcium α- aminocarboxylates was prepared by refl uxing 
aqueous solutions/suspensions of calcium hydroxide and the respec-
tive α-amino acid [21]. Th e colorless, crystalline hydrates Ca(gly)

2
.

H
2
O, Ca(ala)

2
.3H

2
O, Ca(val)

2
.H

2
O, Ca(leu)

2
.3H

2
O, Ca(met)

2
.nH

2
O 

(n = 2), and Ca(pro)
2
.H

2
O have been isolated in yields between 29 

and 67% (gly =  glycinate, ala = rac-alaninate, val = rac- valinate, leu = 
rac-leucinate, met = rac- methioninate, pro = rac-prolinate).

11.2.4 N-donor Ligands

Neutral N-donor ligands are, just as neutral O-donors, able to sta-
bilize low-dimensional coordination polymers of alkaline earth 
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metal salts. Th e polymer structures are generated in most cases by 
bridging halides, while the N-donor molecules step in as terminal 
ligands to reduce dimensionality of the initial polymer structure 
[22]. Even though that 4,4 -bipyridine is a widely used ligand in 
transition metal ion coordination, examples with alkali and alka-
line earth metal ions are rather scarce due to the general prefer-
ence of block s elements towards oxygen. Complete elimination of 
oxygen donors leads however to alkaline earth metal compounds, 
in which the metal ions are entirely coordinated by N-atoms. Th is 
is especially true for the larger metal ions, as they have a lower 
charge density and are soft er than their smaller homologues. 
However,  steric bulk of the ligand needs to be suffi  cient to stabi-
lize the coordination. Monoanionic heteroallylic ligand systems 
[R–N–E–N–R]−(E = Si(R

2
), S(R

2
) or S(R), C(R), and P(R

2
)) are 

versatile chelating substituents both in main group and transi-
tion metal chemistry as they provide suffi  cient steric demand and 
solubility to the products [23]. Th eir  application is only limited by 
the rigid bite of the ligands as the N–N distance cannot be tuned 
to the various radii of diff erent metals. Th e NP(R

2
)N− chelate in 

classical amino iminophosphoranates is extended by additional 
coordination sites in the organic substituents (e.g., 2-pyridyl (Py) 
instead of phenyl (Ph)). Py

2
P{N(H)SiMe

3
}(NSiMe

3
) is the starting 

material for a new class of complexes as the deprotonated ligand 
contains along with the NPN-chelate the pyridyl ring nitrogen 
atoms to generate a side selective Janus face ligand. In [(THF)
Sr{Py

2
P(NSiMe

3
)

2
}

2
] and [(4,4 -bipy)Ba{Py

2
P(NSiMe

3
)

2
}

2
] both 

pyridyl rings are involved in metal coordination but only one 
imido nitrogen atom. Hence, the classical NP(Ph

2
)N− chelating 

ligand is converted into a NP(Py
2
)N− tripodal ligand. Whereas 

the strontium compound is a zero-dimensional compound due 
to its smaller radius and terminal THF-coordination, the bridging 
bipyridine ligand in the barium compound allows the formation 
of a one-dimensional coordination polymer.

11.2.5 Carbon Donor Ligands

As discussed for the alkali metal ions, the larger alkaline earth 
metal ions also have an increased tendency to interact with 
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aromatic -systems when available. A general reaction pathway 
to such metal–organic compounds is the use of the alkali-organic 
compound and its reaction with alkaline earth metal halides 
under elimination of alkali halide in an organic solvent. Th us, 
indenyl (Ind) and its derivative, bis  isopropylindenyl (Ind2i) 
react as potassium salts with alkaline earth metal iodides to yield 
[(Ind)

2
M(thf)

n
] (M= Ca, Sr, Ba; n = 1 for Sr and Ba; n = 2 for Ca) 

and [(Ind2i)
2
M(thf)

n
] (n = 1 for Ca; n = 2 for Sr and Ba) under KI 

elimination [24]. All complexes are air-sensitive solids, and while 
the calcium and barium compounds are monomeric, the stron-
tium complex is an infi nite coordination polymer, [(Ind)

2
Sr(thf)], 

with both terminal (Sr–C) 2.94 Å (av)) and bridging (Sr–C) 3.07 Å 
(av)) indenyl ligands.

Such a trans-metallation, using alkali reagents and alkaline 
earth metal halides in order to eliminate alkali iodide seems 
however not always successful [25]. Th us, the generation of 
[1,2,4-tris(trimethylsilyl)-cyclopentadienyl]metal iodides (Cp

3
Si)

MI(thf)
n
(M = Ca, n = 1; M = Sr, Ba, n = 2) are isolated from the 

1:1 reaction of K[Cp
3
Si] and MI

2
 in THF, but the yields range from 

very good (79%) when M = Ca to poor (26%) when M = Ba. In the 
case of M = Sr, Ba, substantial amounts of K[Cp

3
Si] are recover-

able at the end of the reaction. No redistribution of (Cp
3
Si)MI(thf)

n
 

into (Cp
3
Si)

2
M and MI

2
(thf)

n
 is observed in either THF or aromatic 

solvents at room temperature. Both (Cp
3
Si)CaI(thf) and (Cp

3
Si)

SrI(thf)
2
  crystallize from THF/toluene as iodide-bridged dimers, 

while the organobarium complex (Cp
3
Si)BaI(thf)

2
 crystallizes from 

THF/toluene as a coordination polymer containing both linear 
and near- linear (177.8°) Ba–I–Ba links in a zig-zag motif; this is an 
unprecedented arrangement for bridging iodide ligands.

11.2.6 Sulfur Donor Ligands

Combination of carboxylate groups with sulfur donor groups such 
as thiols, additional coordination of sulfur to the cations may be 
observed in the case of the correct design of the ligand. Treating alka-
line earth metal chlorides with the ligand 2-mercaptobenzoic acid, 
extended polymer structures [Ca(DTBB)(H

2
O)

2
.0.5(C

2
H

5
OH)], 
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[Sr(DTBB)(H
2
O)

2
.0.5(C

2
H

5
OH)], and [Ba

2
(DTBB)

2
(H

2
O)

2
.0.5H

2
O] 

are obtained, in which the ligand under thiol oxidation to form 
2,2ʹ-dithiobis(benzoic acid) (H

2
DTBB) as a bridging ligand [26]. 

Th e calcium and strontium coordination polymers are isomor-
phous with the DTBB ligands acting as hexadentate ligands.

Both compounds have a channel structure in which solvent etha-
nol molecules are included. In the  barium compound, a complex 
three-dimensional coordination polymer where both the carbox-
ylate and the sulfur groups of the DTBB ligands (which are hepta- 
and octadentate) coordinate to the metal is observed.

11.3 Conclusion

Th e alkaline earth metal ions have received more attention, prob-
ably due to the research on group 2 metal containing precursors 
for oxide as well as biomimetic materials. In terms of networks 
and nodes, moving from group 1 to 2 metals halves the number 
of nodes and so decreases connectivity for the same ligand types.

For both, alkali and alkaline earth metal MOFs, the presence of water 
molecules in the coordination sphere of the metal ions strongly 
infl uences the fi nal structures. Water molecules are highly attracted 
to s-block ions, and are small enough to coordinate easily to any of 
the metal ions. Th is is due to the fact that groups 1 and 2 metal ions 
usually are able to rapidly exchange their neutral ligands in solution, 
and that, if water is present, the latter may then oft en bind to the 
metal ions in a stronger fashion than another neutral ligand.

All in all, the formation of metal–organic frameworks (MOFs) 
with alkali and alkaline earth metal ions has not been exhaus-
tively investigated. Whereas mostly solution synthesis or auto-
clave techniques for groups 1 and 2 coordination polymers are 
employed, microwave and solid-state synthesis are still scarce 
for these kinds of networks. Additionally, applications in many, 
very diff erent fi elds are possible, and therefore such investigations 
should be continued.
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Glossary

Coordination number: the number of atoms or ions immedi-
ately surrounding a central atom in a complex or crystal.

Coordinate covalent bond: A  coordinate covalent bond,  also 
known as a dative bond or coordinate bond is a kind of 2-center, 
2-electron covalent bond in which the two electrons derive from 
the same atom. Th e bonding of metal ions to ligands involves this 
kind of interaction.

π-π stacking interactions: In chemistry, pi stacking (also called 
π–π stacking) refers to attractive, noncovalent interactions 
between aromatic rings, since they contain pi bonds. 

Crystal engineering: Crystal engineering is the design and syn-
thesis of molecular solid state structures with desired properties, 
based on an understanding and use of intermolecular interactions. 
Th e two main strategies currently in use for crystal engineering 
are based on hydrogen bonding and coordination bonding. Th ese 
may be understood with key concepts such as the supramolecu-
lar synthon and the secondary building unit.

SBUs: Secondary Building Blocks, Subunits of a MOF

Metal–organic frameworks: (MOFs) are compounds consisting 
of metal ions or clusters coordinated to organic ligands to form 
one-, two-, or three-dimensional structures. Th ey are a subclass 

Main Group Metal Coordination Polymers: Structures and Nanostructures. 
Ali Morsali and Lida Hashemi. © 2017 Scrivener Publishing LLC. 

Published 2017 by John Wiley & Sons, Inc. 
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of coordination polymers, with the special feature that they are 
oft en porous.

Chelating agent: A chelating agent  is a substance whose mole-
cules can form several bonds to a single metal ion. In other words, 
a chelating agent is a multidentate ligand. An example of a sim-
ple chelating agent is ethylenediamine.

Photo excitation: is the photoelectrochemical process of electron 
excitation by photon absorption, when the energy of the photon 
is too low to cause photoionization. Th e absorption of the photon 
takes place in accordance with Planck’s quantum theory.

Luminescence: Luminescence is emission of light by a substance 
not resulting from heat; it is thus a form of cold-body radiation. It 
can be caused by chemical reactions, electrical energy, subatomic 
motions, or stress on a crystal. 

Fluorescence: is the emission of light by a substance that has 
absorbed light or other electromagnetic radiation. It is a form 
of luminescence. In most cases, the emitted light has a longer 
wavelength, and therefore lower energy, than the absorbed 
radiation.

Spin crossover: (SCO), sometimes referred to as  spin tran-
sition  or  spin equilibrium  behavior, is a phenomenon that 
occurs in some metal  complexes wherein the  spin state of the 
complex changes due to external stimuli such as a variation 
of temperature, pressure,  light irradiation or an influence of a 
magnetic field.

Magnetic susceptibility: (χ
M

), is the degree of magnetization of 
a material in response to an applied magnetic fi eld. If magnetic 
susceptibility  is positive then the material can be paramagnetic, 
ferromagnetic, ferrimagnetic, or antiferromagnetic.

Critical temperature: (Tc), the critical temperature of a substance 
is the temperature at and above which vapor of the substance can-
not be liquefi ed, no matter how much pressure is applied.
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SCM: Single chain magnets, Single-chain magnets are molecular 
spin chains displaying slow relaxation of the magnetisation on a 
macroscopic time scale.

Non-linear optical: (NLO), is the branch of optics that describes 
the behaviour of light in nonlinear media, that is, media in which 
the polarization P responds nonlinearly to the electric fi eld E of 
the light. Th is nonlinearity is typically only observed at very high 
light intensities such as provided by pulsed lasers.

Second-harmonic generation: (also called  frequency dou-
bling  or abbreviated  SHG) is a  nonlinear optical  process, in 
which photons with the same frequency interacting with a non-
linear material are eff ectively «combined» to generate new pho-
tons with twice the energy, and therefore twice the frequency and 
half the  wavelength  of the initial photons. Second harmonic 
generation, as an even-order nonlinear  optical eff ect, is only 
allowed in media without inversion symmetry. It is a special case 
of sum frequency generation and is the inverse of half-harmonic 
generation.

Conformational isomers:  is a form of stereoisomerism in which 
the isomers can be interconverted exclusively by rotations about 
formally single bonds (refer to fi gure on single bond rotation). 
Such  isomers  are generally referred to as  conformational iso-
mers or conformers and, specifi cally, as rotamers.

Stereochemistry: a subdiscipline of  chemistry, involves the 
study of the relative spatial arrangement of atoms that form the 
structure of  molecules  and their manipulation. An important 
branch of stereochemistry is the study of  chiral  molecules. Th e 
study of stereochemistry focuses on stereoisomers and spans the 
entire spectrum of  organic,  inorganic,  biological,  physical  and 
especially supramolecular chemistry. 

Nanostructure: is a structure of intermediate size between micro-
scopic  and  molecular  structures. Nanostructural detail 
is microstructure at nanoscale.
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Sonochemistry: In  chemistry, the study of  sonochemistry  is 
concerned with understanding the eff ect of ultrasound in form-
ing  acoustic cavitation  in liquids, resulting in the initiation or 
enhancement of the chemical activity in the solution. Th erefore, 
the chemical eff ects of ultrasound do not come from a direct 
interaction of the ultrasonic sound wave with the molecules 
in the solution. Th e simplest explanation for this is that sound 
waves propagating through a liquid at ultrasonic frequencies 
do so with a wavelength that is signifi cantly longer than that of 
the bond length between atoms in the molecule. Th erefore, the 
sound wave cannot aff ect that vibrational energy of the bond, 
and can therefore not directly increase the internal energy of a 
molecule. Instead, sonochemistry arises from acoustic cavitation: 
the formation, growth, and implosive collapse of bubbles in a liq-
uid. Th e collapse of these bubbles is an almost adiabatic process, 
thereby resulting in the massive build-up of energy inside the 
bubble, resulting in extremely high temperatures and pressures in 
a microscopic region of the sonicated liquid.

Scanning electron microscopy: (SEM) is a type of  electron 
microscope that produces images of a sample by scanning it with 
a focused beam of electrons. Th e electrons interact with atoms in 
the sample, producing various signals that contain information 
about the sample’s surface topography and composition. Th e elec-
tron beam is generally scanned in a raster scan pattern, and the 
beam›s position is combined with the detected signal to produce 
an image. SEM can achieve resolution better than 1 nanometer. 
Specimens can be observed in high vacuum, in low vacuum, in 
wet conditions (in environmental SEM), and at a wide range of 
cryogenic or elevated temperatures.

Metal-to-ligand charge transfer (MLCT) and Ligandto metal 
charge transfer (LMCT): In  inorganic chemistry, most charge-
transfer complexes involve electron transfer between metal 
atoms and ligands. Th e charge-transfer bands of transition metal 
complexes result from shift  of charge density between  molecu-
lar orbitals (MO) that are predominantly metal in character and 
those that are predominantly ligand in character. If the transfer 
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occurs from the MO with ligand-like character to the metal-
like one, the complex is called a ligand-to-metal charge-transfer 
(LMCT) complex. If the electronic charge shift s from the MO 
with metal-like character to the ligand-like one, the complex is 
called a metal-to-ligand charge-transfer (MLCT) complex. Th us, 
a MLCT results in oxidation of the metal center, whereas a LMCT 
results in the reduction of the metal center.  Resonance Raman 
spectroscopy is also a powerful technique to assign and character-
ize charge-transfer bands in these complexes.

Cambridge Structural Database: (CSD)   is both a repository 
and a validated and curated resource for the three-dimensional 
structural data of  molecules  generally containing at least  car-
bon and hydrogen, comprising a wide range of organic, metal-
organic  and  organometallic  molecules. Th e specifi c entries are 
complementary to the other  crystallographic databases  such as 
the PDB, ICSD and PDF. Th e data, typically obtained by X-ray 
crystallography  and less frequently by  neutron diff raction, and 
submitted by  crystallographers  and  chemists  from around the 
world, are freely accessible (as deposited by authors) on the 
Internet via the CSD›s parent organization›s website (CCDC, 
Repository). Th e CSD is overseen by the not-for-profi t incor-
porated company called the  Cambridge Crystallographic Data 
Centre, CCDC.

Bridging ligand: In coordination chemistry, a bridging ligand is 
a  ligand  that connects two or more atoms, usually metal ions.
[1]  Th e ligand may be atomic or polyatomic. Virtually all com-
plex organic compounds can serve as bridging ligands, so the 
term is usually restricted to small ligands such as pseudohalides 
or to ligands that are specifi cally designed to link two metals. In 
naming a complex wherein a single atom bridges two metals, the 
bridging ligand is preceded by the Greek character ‹mu›, μ, with 
a subscript number denoting the number of metals bound to the 
bridging ligand. μ

2
  is oft en denoted simply as μ. When describ-

ing coordination complexes care should be taken not to confuse 
μ with η (‹eta›), which relates to hapticity. Ligands that are not 
bridging, are called terminal ligands
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Organic light emitting diodes: (OLED) is a  light-emitting 
diode  (LED) in which the  emissive  electroluminescent  layer is 
a film of  organic compound  that emits light in response to an 
electric current. This layer of organic semiconductor is situated 
between two electrodes; typically, at least one of these electrodes 
is transparent. OLEDs are used to create digital displaysin devices 
such as television screens, computer monitors, portable systems 
such as  mobile phones,  handheld game consoles  and  PDAs. A 
major area of research is the development of white OLED devices 
for use in solid-state lighting applications.

Chemical vapor deposition: (CVD) is a chemical process used 
to produce high quality, high-performance, solid materials. 
Th e process is oft en used in the  semiconductor industry  to 
produce  thin fi lms. In typical CVD, the  wafer  (substrate) is 
exposed to one or more  volatile  precursors, which  react  and/
or decompose on the substrate surface to produce the desired 
deposit. Frequently, volatile  by-products  are also produced, 
which are removed by gas fl ow through the reaction cham-
ber. Microfabrication  processes widely use CVD to deposit 
materials in various forms, including:  monocrystalline,  poly-
crystalline,  amorphous, and  epitaxial. Th ese materials 
include:  silicon (SiO

2
, germanium, carbide, nitride, oxynitride), 

carbon (fi ber,  nanofi bers,  nanotubes,  diamond  and  gra-
phene), fl uorocarbons, fi laments, tungsten, titanium nitride and 
various high-k dielectrics.
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