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Preface

Nanostructured materials have appeared in nature since the beginning of time. The
driving force toward the use of nanomaterials is that they offer new properties or
enhanced properties that are unobtainable with traditional bulk materials. Along with
lightweight, high strength-to-weight features and small size, new properties are
emerging because of the very high surface area-to-mass ratios present. These ratios
determine where surface atomic and molecular interactions become critical. A
definition of nanomaterials is when at least one phase dimension is on the order of 1
to 100 nm. Single linear polymer molecules are nanomaterials since the diameter of a
single chain is within this range. Thus, efforts are underway to synthesize single-chain
molecular conductors of electrons, light and self-assembled catalysts, and nanocom-
posites. Metal-containing polymers are at the heart of many of these efforts. The cur-
rent volume reviews several important areas involved in the nanorevolution.
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xv

Most traditional macromolecules are composed of less than 10 elements (mainly C,
H, N, O, S, P, C1, F), whereas metal and semi-metal-containing polymers allow prop-
erties that can be gained through the inclusion of nearly 100 additional elements.
Macromolecules containing metal and metal-like elements are widespread in nature
with metalloenzymes supplying a number of essential physiological functions includ-
ing respiration, photosynthesis, energy transfer, and metal ion storage.

Polysiloxanes (silicones) are one of the most studied classes of polymers. They
exhibit a variety of useful properties not common to non-metal-containing macro-
molecules. They are characterized by combinations of chemical, mechanical, elec-
trical, and other properties that, when taken together, are not found in any other
commercially available class of materials. The initial footprints on the moon were
made by polysiloxanes. Polysiloxanes are currently sold as high-performance caulks,
lubricants, antifoaming agents, window gaskets, O-rings, contact lens, and numerous
and variable human biological implants and prosthetics, to mention just a few of
their applications.

The variety of macromolecules containing metal and metal-like elements is
extremely large, not only because of the large number of metallic and metalloid ele-
ments, but also because of the diversity of available oxidation states, the use of com-
binations of different metals, the ability to include a plethora of organic moieties, and
so on. The appearance of new macromolecules containing metal and metal-like ele-
ments has been enormous since the early 1950s, with the number increasing explo-
sively since the early 1990s. These new macromolecules represent marriages among
many disciplines, including chemistry, biochemistry, materials science, engineering,
biomedical science, and physics. These materials also form bridges between ceram-
ics, organic, inorganic, natural and synthetic, alloys, and metallic materials. As a
result, new materials with specially designated properties have been made as com-
posites, single- and multiple-site catalysts, biologically active/inert materials, smart
materials, nanomaterials, and materials with superior conducting, nonlinear optical,
tensile strength, flame retardant, chemical inertness, superior solvent resistance,
thermal stability, solvent resistant, and other properties.

There also exist a variety of syntheses, stabilities, and characteristics, which are
unique to each particular material. Further, macromolecules containing metal and
metal-like elements can be produced in a variety of geometries, including linear, two-
dimensional, three-dimensional, dendritic, and star arrays.

In this book series, macromolecules containing metal and metal-like elements
will be defined as large structures where the metal and metalloid atoms are (largely)
covalently bonded into the macromolecular network within or pendant to the polymer
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backbone. This includes various coordination polymers where combinations of ionic,
sigma-, and pi-bonding interactions are present. Organometallic macromolecules are
materials that contain both organic and metal components. For the purposes of this
series, we will define metal-like elements to include both the metalloids as well as
materials that are metal-like in at least one important physical characteristic such as
electrical conductance. Thus the term includes macromolecules containing boron, sil-
icon, germanium, arsenic, and antimony as well as materials such as poly(sulfur
nitride), conducting carbon nanotubes, polyphosphazenes, and polyacetylenes.

The metal and metalloid-containing macromolecules that are covered in this
series will be essential materials for the twenty-first century. The first volume is an
overview of the discovery and development of these substances. Succeeding vol-
umes will focus on thematic reviews of areas included within the scope of metallic
and metalloid-containing macromolecules.

Alaa S. Abd-El-Aziz
Charles E. Carraher Jr.
Charles U. Pittman Jr.

Martel Zeldin
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I. INTRODUCTION

When transition metal cations from the d-block of the Periodic Table coordi-
nate to ligands in the sidegroup of a polymer and modify the thermal response of a
macromolecular complex, the enhancement in the glass-transition temperature (Tg)
can be explained by focusing on ligand field stabilization1 of the metal d-electrons.
The methodology to identify attractive coordination complexes and predict relative
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increases in Tg is described in terms of the local symmetry of the complex, molecular
orbital energies, and the d-electron configuration.2 Interelectronic repulsion is
considered for pseudo-octahedral d6 and d7 complexes in the glassy state when there
is ambiguity in the order in which the d-orbitals are populated. Ligand field stabi-
lization energies are calculated for simple octahedral geometries and 5-coordinate
complexes with reduced symmetry, such as square pyramidal, trigonal bipyramidal,
and pentagonal planar, in molybdenum hexacarbonyl complexes with poly(viny-
lamine) above and below the glass-transition temperature. If pseudo-octahedral tran-
sition metal complexes bridge two different macromolecules in the glassy state via
coordination crosslinks, then 5-coordinate complexes with one surviving metal–
polymer bond above Tg represent reasonable geometries in the molten state. This
model of thermochemical synergy in macromolecule–metal complexes with no
adjustable parameters considers the glass transition as an endothermic process in
which sufficient thermal energy must be supplied to dissociate intermolecular
bridges or coordination crosslinks and produce coordinatively unsaturated molten state
complexes. The enhancement in Tg correlates well with the difference between ligand
field stabilization energies in the glassy and molten states for Ru2� (d6), Co2� (d7), and
Ni2� (d8) complexes with either poly(4-vinylpyridine) or poly(L-histidine).2 Larger rel-
ative increases in Tg are measured in complexes with the synthetic poly(α-amino acid)
relative to those with poly(4-vinylpyridine). Poly(vinylamine) complexes with cobalt
chloride hexahydrate3 and several lanthanide trichloride hydrates4,5 exhibit some of the
largest increases in the glass-transition temperature that have been measured to date.

II. METHODOLOGY OF TRANSITION METAL
COORDINATION IN POLYMERIC COMPLEXES

A. Polymeric Coordination Complexes with d-Block 
Salts that Exhibit an Increase in Tg

It is well known that organic plasticizers decrease a polymer’s glass-transition
temperature,6 as described by previous researchers via entropy continuity, volume con-
tinuity, free volume concepts,7 and the conformational entropy description8 of Tg when
flexible diluents are employed. The glass-transition temperature is depressed more at
higher diluent concentrations until phase separation occurs. Hence inexpensive brittle
polymers can be used in applications that require more flexible and compliant
materials if miscible plasticizers are available to lower the glass-transition tempera-
ture. When additives increase a polymer’s Tg, explanations are based on the existence
of specific interactions and the formation of molecular complexes or nanoclusters,
because one does not typically employ diluents with glass-transition temperatures
that are higher than that of the undiluted polymer. Complexation between amor-
phous polymers and transition metal salts are operative in organic–inorganic hybrids
that exhibit enhanced glass-transition temperatures relative to Tg of the undiluted
polymer.9 Chain mobility is hindered when transition metals coordinate to favorable
ligands in the polymer’s sidegroup via acid–base interactions. Coordination pendant

4 Nanocluster Assemblies and Molecular Orbital Interactions

Vol-7-Abd-El-Aziz-ch01.qxd  10/4/05  3:09 PM  Page 4



groups form when p-orbitals of the ligand with comparable energy and the same
symmetry properties as d-orbitals of the metal form σ-bonds. If one functional side-
group in the polymer occupies a vacant site in the first-shell coordination sphere of
the metal center, then Tg increases by 10–30�C relative to the undiluted polymer.10

This occurs, for example, in poly(4-vinylpyridine) complexes with zinc acetate dihy-
drate.10,11 Coordination crosslinks occur when the transition metal forms σ-bonds
with at least two functional sidegroups on different polymer chains.3 These interac-
tions should produce mobility restricting nanoclusters in the polymeric matrix.
Figure 1 illustrates two modes of complexation between macromolecules and metal
cations, denoted by M; intrachain coordination (upper left) vs. interchain coordina-
tion (lower left). Mixed-mode coordination is illustrated on the right side of the
figure.

Methodology of Transition Metal Coordination in Polymeric Complexes 5

Figure 1 Intrachain vs. interchain coordination of metal centers to functional sidegroups 
in linear polymers.

It seems reasonable that the glass-transition temperature should experience larger
enhancements when a single metal center coordinates to more functional sidegroups
in several different polymer chains,3 analogous to multifunctional crosslinking agents.
The overall objectives of this chapter are to estimate differences between electronic
energies of dn configurations for macromolecule–metal complexes in the glassy and
molten states, and correlate these d-electron energy differences with enhancements
in the glass-transition temperature.

B. Chemical Bonding, Coordination, and 
Transition Metal Compatibilization

Divalent late transition metals like cobalt (d7), nickel (d8), and copper (d9) in
the first row of the d-block can use five 3d orbitals, one 4s orbital, and three 4p
orbitals to form 4-, 5-, or 6-coordinate complexes.12 As a general rule, if there are N
ligands in the first-shell coordination sphere of a transition metal complex, then there
should be N bonding molecular orbitals, N anti-bonding molecular orbitals, and 9-N
nonbonding molecular orbitals.12 Exceptions to this rule occur in some square–planar
complexes in which three orbitals with the same symmetry properties overlap and
form chemical bonds.13 Usually, some coordination sites in the first-shell of the
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metal center are occupied by neutral ligands such as waters of hydration, acetonitrile,
benzonitrile, or carbon monoxide (i.e., C�O). Anionic ligands in rather close prox-
imity to the metal cation are required for charge neutrality. Pyridine ligands in
poly(4-vinylpyridine), and copolymers that contain 4-vinylpyridine repeat units,
coordinate to divalent zinc, copper, nickel, cobalt, and ruthenium.9,11 Alkene ligands
in the mainchain or sidegroup of diene polymers, such as polybutadiene and poly-
isoprene, coordinate to palladium(II) and platinum(II), but not nickel(II).14–17 The
imidazole ring in the histidine sidegroup of the synthetic poly(α-amino acid),
poly(L-histidine), coordinates to divalent cobalt, nickel, copper, ruthenium, and pal-
ladium.18,19 One of the most attractive applications of this technology is transition
metal compatibilization of polymers that are immiscible in the absence of the inor-
ganic component. Complexation will induce miscibility if the transition metal cen-
ter acts as a bridge between two dissimilar chains by coordinating to appropriate
ligands in the sidegroup of both polymers. This has been demonstrated for copoly-
mer blends9,11 of styrene/4-vinylpyridine and 4-vinylpyridine/butylmethacrylate.
The proposed structure of this miscible ternary system is illustrated in Figure 2.
Nickel acetate tetrahydrate and cobalt chloride hexahydrate function as transition
metal compatibilizers and produce miscible 4-vinylpyridine copolymer blends.
Dichlorobis(acetonitrile) palladium(II) compatibilizes diene polymer blends, such as
atactic 1,2-polybutadiene with atactic 3,4-polyisoprene15 and 1,2-polybutadiene with
cis-polybutadiene20 via high-temperature palladium-catalyzed chemical crosslink-
ing. Palladium(II) also compatibilizes 3,4-polyisoprene and (1) lightly sulfonated
polystyrene, with or without Zn2� neutralization of the sulfonic acid groups;21 and
(2) random copolymers of ethylene and methacrylic acid.21 Tetrakis(triphenylphos-
phine)palladium(0) compatibilizes 1,2-polybutadiene with poly(4-bromostyrene)22

via a macromolecular analog of the Heck reaction (e.g., oxidative addition followed
by olefin coordination, migratory insertion, and β-hydrogen elimination).23

i. Ligand Field Stabilization Energy Description of the Enhancement 
in Tg for Polymeric Complexes with Transition Metals

When transition metals coordinate to ligands in the mainchain or sidegroup of
amorphous polymers and modify the thermal response of a macromolecular complex,
the enhancement in Tg is based on the well-known correlation of lattice enthalpies of
hexa–aqua transition metal complexes from the first row of the d-block with octahe-
dral ligand field stabilization energies if these complexes exhibit high-spin, weak-
field electronic configurations.12,24 In complexes with octahedral or tetrahedral
symmetry, if the energy difference between two nondegenerate metal-based d-orbitals
is smaller than the repulsive energy that electrons experience when they are paired
with opposite spin in the same orbital, then the electronic configuration is described
as high-spin in a weak ligand field.12 If one considers the increasingly exothermic
enthalpy of formation12,24 of divalent hexa–aqua transition metal complexes (i.e.,
M2�(H2O)6) as a function of the number of d-electrons from calcium (d0) to zinc
(d10), then the additional exothermic effect relative to linear trends from Ca2� to
Mn2� and Mn2� to Zn2� (Fig. 3) correlates with the stabilization of metal d-electrons
for octahedral complexes in the first row of the d-block that exhibit weak-field

6 Nanocluster Assemblies and Molecular Orbital Interactions
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Figure 3 Hydration enthalpies of divalent hexa–aqua metal complexes from the first row of
the d-block12 as a function of the number of d-electrons from Ca2� to Zn2�. Both dashed
lines illustrate linear trends when weak-field ligand field stabilization energies are subtracted
from the experimental hydration enthalpies.

electronic configurations. These empirical correlations between thermodynamic prop-
erties and d-electron energies of octahedral complexes provide support for analyzing
Tg enhancements in macromolecule–metal complexes via ligand field–induced sta-
bilization of metal d-electrons. Furthermore, this stabilization must be larger for
complexes in the glassy state relative to the corresponding molten state complexes to
realize metal-induced increases in the glass-transition temperature with respect to Tg

of the undiluted polymer.1,9 The approach described below deviates considerably
from well-known free-volume and conformational entropy models of the glass tran-
sition. Energetic stabilization of metal d-electrons due to the presence of the ligands
is invoked to explain relative increases in Tg when transition metal complexes coor-
dinate to polar sidegroups in amorphous polymers. The absolute magnitude of Tg

and the discontinuity in specific heat ∆Cp at the glass-transition temperature are not
predicted by these energetic ligand field stabilization models.

ii. Energetic Ligand Field Models and the Methodology 
of Transition Metal Coordination

The methodology to identify attractive coordination complexes and predict
increases in Tg is described in terms of the local symmetry of the complex, energies
of the five metal-based atomic d-orbitals when ligands surround the metal center,
and the d-electron configuration. The glass transition occurs when sufficient ther-
mal energy is supplied to dissociate a coordination crosslink or bridge between two
different polymer chains. If nearby low-molecular-weight neutral ligands, such as
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Methodology of Transition Metal Coordination in Polymeric Complexes 9

Table 1 Summary of Molecular Point Groups and Coordination Numbers for Transition
Metal Complexes

Coordination
Number Point Group Symmetry (structural formula; acronym)

3, ML3 facial trivacant (C3v), trigonal planar (D3h), T-shaped (C2v)
4, ML4 or MX2L2 tetrahedral (ML4; Td), trigonal pyramid (ML4; C3v), square 

planar (ML4; C4v), trans-square-planar (MX2L2; D2h),
cis-square-planar (MX2L2; C2v)

5, ML5 square pyramid (C4v), trigonal bipyramid (D3h), pentagonal 
planar (D5h)

6, ML6 octahedral (Oh), hexagonal planar ( D6h), pentagonal 
pyramid (C5v)

7, ML7 heptagonal planar (D7h), pentagonal bipyramid (D5h), hexagonal 
pyramid (C6v)

8, ML8 cubic (Oh), square antiprism (D4d), octagonal planar (D8h),
hexagonal bipyramid (D6h)

10, ML10 pentagonal antiprism (D5d)
12, ML12 icosahedral (Ih)

M, metal; L, ligand; X, anionic ligand.

waters of hydration (i.e., lattice waters), acetonitrile, benzonitrile, or carbon monoxide,
do not occupy the vacant site in the coordination sphere of the transition metal when a
polar sidegroup in the polymer is removed from the first shell, then the molten state
complex exhibits reduced symmetry relative to the complex below Tg. Detailed calcula-
tions are considered for octahedral complexes in the glassy state and 5-coordinate
complexes in the molten state. Differences between electronic energies of a dn con-
figuration for polymeric complexes in the glassy and molten states are used to pre-
dict relative increases in Tg. Then these predictions based on ligand field stabilization
energies are compared with experimental results in an attempt to establish universal
trends. In general, one associates the following coordination numbers to complexes
which exhibit point group symmetries that are summarized in Table 1.

C. Well-Defined Low-Molecular-Weight Transition 
Metal Complexes that Increase Tg

The x-ray crystallography literature is useful to locate previously published crystal
structures of attractive low-molecular-weight d-block metal complexes. Information
about coordination numbers and the molecular point groups, summarized in Table 2, is
useful (1) to postulate possible ligand substitution schemes that involve weakly bound
lattice waters, acetonitrile, or carbon monoxide; (2) to adopt the same symmetry for the
complex that forms between polymer and metal center in the glassy state; and (3) to cal-
culate ligand field splittings and the corresponding ligand field stabilization energies.
Table 2 summarizes molecular point groups, coordination numbers, and the number of
weakly bound neutral ligands that can be displaced for several late transition metal com-
plexes on the right side of the d-block.
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D. Attractive Polymeric Ligands

Polymers with functional groups that coordinate to transition metal complexes
represent an important design criterion for glass-transition temperature enhancement.
Reactive blending is based on the fact that selected functional groups in the main-
chain or sidegroup of the polymer are stronger bases than the original weakly bound
neutral ligands in the coordination sphere of the transition metal. Hence, these ligands
in the polymer will displace neutral ligands such as waters of hydration, carbonyls
(i.e., C�O), acetonitriles, and benzonitriles. In most cases, weak-base neutral lig-
ands are displaced by strong-base polymeric ligands that are also neutral. In less fre-
quent situations, polymeric ligands cleave the dihalide bridge in a dimeric transition
metal complex25 and coordinate to the vacant site after cleavage. The hard and soft
acid–base theory26,27 is useful for selecting proper combinations of polymeric lig-
ands and transition metals that have an affinity for each other.

E. Identifying Attractive Interactions via Hard 
and Soft Acids and Bases

One possible set of guidelines for acid–base interactions follows concepts
from hard and soft acid–base theory to identify the hardness of the metal center as
an acid and the hardness of the ligands, including important functional groups in the
polymer, as bases. Frontier orbital energy differences between the highest occupied
and lowest unoccupied molecular orbitals are small and perturbations in the electronic
distribution occur rather easily, yielding covalent bonds for soft acid–base pairs.12 In

10 Nanocluster Assemblies and Molecular Orbital Interactions

Table 2 Transition Metal Complexes that Increase the Glass-Transition Temperature 
of Functional Polymers

Number
Structural Formula Molecular of weakly
(including neutral Point bound

ligands in the Group Coordination neutral 
Metal Complex first shell) (pseudo) Number ligands

Cobalt chloride CoCl2(H2O)6 octahedral 6 4
Nickel chloride NiCl2(H2O)6 octahedral 6 4
Copper chloride CuCl2(H2O)2 tetrahedral 4 2
Zinc chloride ZnCl2 polymeric
Nickel acetate Ni(OOCH3)2(H2O)4 octahedral 6 4
Zinc acetate Zn(OOCH3)2(H2O)2 tetrahedral 4 2
Dichlorotricarbonyl- [RuCl2(CO)3]2 octahedral 6 3 and a 

ruthenium(II) vacant site
Dichlorobis(aceto- PdCl2(CH3CN)2 square planar 4 2
nitrile)palladium(II)
Dichlorobis(benzo-

nitrile)platinum(II) PtCl2(C6H5CN)2 square planar 4 2
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contrast, when the frontier molecular orbital energy differences are large, it is
difficult to perturb the electronic distribution, and ionic bonding dominates in hard
acid–base pairs.12 There is an affinity between acids and bases with the same
classification.26,27 If there is a mismatch in hardness between the metal center and a
neutral ligand, then this metal–ligand bond should be the focus of a potential dis-
placement reaction. Basic functional groups in the polymer with the same hardness
classification as the metal could displace a ligand of dissimilar hardness. Waters of
hydration (i.e., lattice waters) are neutral hard bases. Hence if the low-molecular-
weight metal complex contains lattice waters in the first-shell coordination sphere of
a soft or borderline acidic metal center, then soft or borderline basic ligands in the
sidegroup of the polymer might displace these hard bases. Hardness classifications
for various acids and bases12,26,27 are summarized in Table 3.

F. Displacement of Weak Neutral Bases in the First-Shell
Coordination Sphere by Stronger Bases

One should consider all of the basic ligands in the coordination sphere of the
low-molecular-weight metal complex, as well as potential basic ligands in the main-
chain or sidegroup of the polymer, and rank the strengths of these bases using the
pKA/pKB scale. The pKA scale, which summarizes the strengths of acids and bases,
is completely independent of the hardness classification discussed in the previous
section (Table 3). At 25�C, the equilibrium constant for the following reaction;

HA(aqueous) � H2O(liquid) ⇔ H3O
� � A�

is defined by KA;

KA �

and pKA � �log KA � log {KA
�1}. Stronger acids HA have a greater tendency to

donate H� to H2O and generate H3O
� and A�; and they exhibit larger values of KA,

smaller values of KA
�1, and smaller values of pKA. The acidity constant for H2O is

[H3O
�][A�]

��
[HA][H2O]

Methodology of Transition Metal Coordination in Polymeric Complexes 11

Table 3 Hard, Soft, and Borderline Classifications for Acids and Bases12,26,27

Acids

Hard H�, Li�, Na�, K�, Mg2�, Ca2�, Mn2�, Cr3�, Fe3�, Co3�

Borderline Fe2�, Co2�, Ni2�, Cu2�, Zn2�, Rh3�, Ir3�, Ru2�, Os2�

Soft Cu�, Ag�, Au�, Pd2�, Cd2�, Pt2�, zero-valent metal atoms

Bases

Hard F�, Cl�, OH�, H2O, NH3, RNH2, NO3
�, O2�

Borderline NO2
�, Br�, N2, C5H5N, C6H5NH2

Soft H�, I�, CN�, C�O, C6H6, PR3, P(OR)3
R represents an alkyl group, like CH3 or C2H5
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10�14 at 25�C,12 which corresponds to the equilibrium constant for the previous reac-
tion when HA(aqueous) is replaced by H2O. Hence

H2O(aqueous) � H2O(liquid) ⇔ H3O
� � OH�

with

KA � KW � � 10�14

If one adds the previous two reactions, in which reactants and products in the first
reaction are reversed, then

H3O
� � A� ⇔ HA(aqueous) � H2O(liquid)

with

�
K
1

A
� �

The net reaction is

H2O(liquid) � A� ⇔ HA (aqueous) � OH�

where the equilibrium constant for this reaction is defined by KB, and pKB � �log KB.
Hence

KB � � �

Stronger bases A� can extract H� from H2O more readily to generate HA and
OH�; and they exhibit larger values of KB, smaller values of KB

�1, and smaller val-
ues of pKB. Furthermore

log KB � �14 � log KA

or

pKA � pKB � 14

The pKA of water as an acid is 14, and its conjugate base (the hydroxyl anion, OH�)
has a pKB of 0.12 The pKB of water as a base is 14, and its conjugate acid (the hydro-
nium cation, H3O

�) has a pKA of 0.12 pKA and pKB sum to 14 for an acid/conjugate-
base pair. Acidity and basicity increase, respectively, when pKA and pKB decrease.
When an acid is stronger than the hydronium cation, pKA is negative. When a base 
is stronger than the hydroxyl anion, pKB is negative. Acidity constants for several
acid/conjugate-base pairs in aqueous solution at 25�C are provided in Table 4.12,28

If the polymer contains functional groups that are stronger bases than some of
the neutral ligands chemically bound to the metal center, then these weak basic ligands

10�14

�
KA

[H3O
�][OH�]

��
[H2O]2

[HA][H2O]
��
[H3O

�][A�]
[HA][OH�]
��
[H2O][A�]

[HA][H2O]
��
[H3O

�][A�]

[H3O
�][OH�]

��
[H2O]2

12 Nanocluster Assemblies and Molecular Orbital Interactions
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that occupy sites in the coordination sphere are susceptible to displacement reactions.
When weak bases are displaced by stronger bases, the metal–ligand σ-bonds that form
are stronger than those that are dissociated, and this type of ligand exchange corre-
sponds to an exothermic reaction. Consequently, some of the ligand-based bonding
molecular orbitals are stabilized (i.e., lowered in energy) after ligand displacement
occurs, and the metal–ligand σ-antibonding eg orbitals are destabilized12 in systems
with local octahedral symmetry. This increases the ligand field splitting.

i. Anionic Ligands Are the Last Ones that Should Be 
Displaced to the Second Shell

Weak basic neutral ligands with a different hardness classification than the
metal center are most susceptible to displacement reactions. If all of the lattice
waters (i.e., hard bases) and some of the weak base chloride anions (i.e., hard bases)
in a divalent metal chloride hydrate are displaced by strong-base polymeric ligands,
then the following ligand exchange reaction is possible

M2�Cl2(H2O)4 � (4 � y)[Polymer] ⇒ M2�Cl2�y[Polymer]4�y � ( y)Cl� � 4H2O

where 0 < y � 2, and the displaced anionic ligands reside in the second shell. One
should not propose a scheme that displaces anionic ligands in the coordination
sphere of a cationic metal center unless all of the neutral basic ligands have already
been displaced and the displacing ligand in the polymer is a strong base. If anionic
ligands are displaced, then they must reside in the second shell. For example, cobalt
chloride hexahydrate, CoCl2(H2O)6, forms complexes with poly(vinylamine) when the
lone pair of electrons on the amino nitrogen displaces all four waters of hydration in the
first shell.3,29 It is also possible that amino nitrogens displace one or both of the anionic
chlorides to the second shell.30–32 Hence, cobalt(II) acts as a multifunctional bridge
between several amino sidegroups. This structure, which forms via self-assembly, is

Methodology of Transition Metal Coordination in Polymeric Complexes 13

Table 4 Acidity Constants for Acid (HA) / Conjugate-Base (A�) Pairs in
Aqueous Solution at 25�C12,28

Acid HA A� pKA

Hydriodic HI I� �11
Hydrobromic HBr Br� �9
Hydrochloric HCl Cl� �7
Phenol super-acid C6H5OH2

� C6H5OH �6.4
Ether super-acids R1R2OH� R1OR2 �3.5
Hydronium H3O

� H2O 0
Hydrofluoric HF F� 3.45
Carboxylic RCOOH RCOO� 4–5
Pyridinium C6H5N

�H C6H5N 5.25
Cyanide HCN CN� 9.3
Ammonium N�H4 NH3 9.25
Tertiary ammonium R3N

�H NR3 10–11
Secondary ammonium R2N

�H2 R2NH 11
Primary ammonium RN�H3 RNH2 10–11
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postulated to explain the unusually large increase in Tg for these cobalt(II) com-
plexes (i.e., 45�C per mol% salt, up to 3 mol% Co2�) relative to the undiluted poly-
mer.3,5,29 Contrary to some of the results discussed in Section VI for complexes with
poly(4-vinylpyridine) and poly(L-histidine), which are much weaker bases (i.e., by four
or five orders of magnitude since pKA is a logarithmic scale) than poly(vinylamine),
Co2� performs exceptionally well with poly(vinylamine) due to its ability to coordinate
several amino groups, as described by the previous ligand substitution reaction. This is
not possible for dichlorotricarbonylruthenium(II), {RuCl2(C�O)3}2, because it is
increasingly difficult for amino sidegroups in poly(vinylamine) to displace more than
one carbonyl ligand in the ruthenium complex after cleaving the dichloride bridge.25,33

Hence, CoCl2(H2O)6 is superior to {RuCl2(C�O)3}2 from the viewpoint of enhancing
the glass-transition temperature of poly(vinylamine),5,29 based on a reduction in chain
mobility and the formation of nanoscale clusters when NH2 sidegroups occupy sites in
the coordination sphere of Co2� vs. Ru2�, where Co2� contains weak-base lattice
waters and Ru2� contains C�O ligands.

G. Complexes with the Same Local Symmetry Above 
and Below the Glass Transition

If Tg of the polymeric complex is higher than Tg of the undiluted polymer, then
one postulates that the glass transition occurs when sufficient thermal energy is pro-
vided to remove N or N�1 ligands in the sidegroup of the polymer from the first-
shell coordination sphere of the transition metal center.3 Hence one ligand in the
polymer could survive this dissociation process if only N�1 ligands are removed.
Now, the transition metal complex represents a bulky coordination pendant group.
The N�1 vacant sites in the coordination sphere of the metal could be occupied by
neutral basic ligands that were displaced originally by polymeric ligands, if this
process seems reasonable. In other words, displaced C�O ligands that bubble out of
solution or sublime should not be used to fill vacant sites, but waters of hydration
that have not volatilized are available.

i. Complexes with Reduced Symmetry Above Tg

The displacement reaction on the previous page simulates the glass transition
process by preserving ligand arrangements and geometries of macromolecule-metal
complexes above and below the second-order phase transition. If ligands that were
displaced originally are not available to occupy vacant sites when metal–polymer 
σ-bonds are dissociated, then it might seem reasonable to postulate a decrease in
coordination number for coordinatively unsaturated complexes2 that survive above
Tg. This approach is adopted for zero-valent molybdenum hexacarbonyl complexes
as described below, because displaced C�O ligands are not available to occupy
vacant sites above Tg. When geometric perturbations occur, as macromolecule–
metal complexes transform from glasses to highly viscous liquids, ligand field sta-
bilization energies (LFSEs) for the state of lower symmetry above the glass-transition
temperature require more complex methods of analysis in comparison with LFSE cal-
culations for octahedral and tetrahedral geometries. LFSE calculations for 5-coordinate

14 Nanocluster Assemblies and Molecular Orbital Interactions
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transition metal complexes in the molten state are discussed below in significant
detail. All of the possible five-coordinate geometries in Table 1 should be considered
if the glass transition corresponds to the dissociation of one polymeric sidegroup
from the coordination sphere of a macromolecule–metal complex with pseudo-
octahedral symmetry in the glassy state. Similarly, all possible three-coordinate
geometries should be considered when pseudo-tetrahedral macromolecule–metal
complexes are heated into the molten state, and Tg is described by the formation of
a three-coordinate complex as one ligand in the sidegroup of a functional polymer
is removed from the coordination sphere of the metal center. When the geometry of
the complex is not pseudo-octahedral or pseudo-tetrahedral, the five d-orbitals of the
metal do not split into a triply degenerate set denoted by t2g and a doubly degener-
ate set denoted by eg, based on the symmetry properties of these d-orbitals.34 Hence
the ligand field splitting does not represent the energy difference between any two
orbitals at different energy. If ∆0� 10 Dq represents the octahedral ligand field split-
ting, or the energy difference between eg and t2g metal-based molecular orbitals in
complexes with local octahedral symmetry,12 then there are several examples where
the energy difference between two adjacent nondegenerate d-orbitals in ML5 com-
plexes is much less than 10 Dq. Consequently, it is not uncommon for the pairing
energy that characterizes interelectronic repulsion to be larger than the energy
difference between two adjacent nondegenerate d-orbitals. This scenario produces
the so-called high-spin population of metal d-orbitals, because electrons would
rather populate vacant orbitals at slightly higher energy instead of occupying
orbitals at lower energy that already contain one electron.

H. Consideration of Interelectronic Repulsion and 
Ligand Field Splitting When There is Ambiguity 
in the d-Electron Configuration

Quantum-chemical group contribution methods and tabulated parameters are
available to estimate the ligand field splitting (i.e., ∆0 or ∆T) for transition metal com-
plexes with local octahedral Oh or tetrahedral Td symmetry.24,34,35 Detailed calcula-
tions of the energy difference between metal-based molecular orbitals for ML6 and
ML4 complexes are summarized below. It is also possible to estimate the Racah inter-
electronic repulsion energy, B � B0(1 � hk), in the presence of an octahedral arrange-
ment of ligands if B0 is known for the free metal ion (i.e., see Table 5). The parameters
h and k are characteristic of the ligand and metal, respectively. The Racah interelec-
tronic repulsion energy B is inversely proportional to the effective radius of the d-
electron cloud on the metal. When ligands interact with the metal and form a
complex, expansion of the d-electron cloud occurs, which is known as the
nephelauxetic (i.e., cloud expansion) effect.12 As a consequence of the delocalization
of metal d-electrons over the ligands, interelectronic repulsion is weaker and the
Racah B parameter is reduced in magnitude relative to the free metal ion. These con-
siderations are important when there is ambiguity in the electronic configuration and
the ligand field stabilization energy for dn complexes. For example, octahedral d7

complexes exhibit a low-spin {t2g}
6{eg}

1 ground state (Table 13), with six paired

Methodology of Transition Metal Coordination in Polymeric Complexes 15
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electrons occupying the triply degenerate t2g orbitals at lower energy and one elec-
tron occupying a higher energy doubly degenerate eg orbital, when12

∆0/B � {∆0 /B}critical

A high-spin {t2g}
5{eg}

2 ground state is preferred (Table 13), with five electrons
occupying the triply degenerate orbitals at lower energy and two unpaired electrons
occupying the doubly degenerate higher energy orbitals, when12

∆0/B � {∆0/B}critical

In other words, in the presence of ligands that are classified as strong bases with
large pKAs or small pKBs, and strong π-acceptors at the top of the spectrochemical
series, heavy-metal octahedral complexes exhibit large energy differences between
t2g and eg metal-based molecular orbitals. Hence the ligand field splitting is large,
metal d-electron density is delocalized significantly over these basic ligands such
that the Racah interelectronic repulsion energy is reduced, and the low-spin elec-
tronic configuration is favored, especially for complexes with heavy-metal centers
from the second and third rows of the d-block that contain C�O ligands. For transi-
tion metal complexes with tetrahedral symmetry, the five degenerate d-orbitals of the
metal split into a doubly degenerate set with e-symmetry at lower energy and a triply
degenerate set with t2-symmetry at higher energy.12 The energy difference between
these electronic orbitals is approximately twofold smaller for tetrahedral complexes
relative to octahedral complexes. Now, for d7 complexes with 7 d-electrons and tetra-
hedral symmetry, there is no ambiguity in the electronic configuration because four
paired electrons populate the doubly degenerate e-orbitals at lower energy and three
unpaired electrons populate the triply degenerate t2 orbitals at higher energy, {e}4{t2}

3,
irrespective of the ligand field strength. For octahedral complexes, one should use
Jørgensen’s “group contribution” methodology24,34,35 to estimate the ratio of the lig-
and field splitting ∆0 (i.e., the energy difference between eg and t2g metal-based
molecular orbitals) to the reduced Racah interelectronic repulsion energy B, as dis-
cussed below, and inspect the appropriate Tanabe-Sugano diagram,12 which summa-
rizes electronic states and d-d transitions for dn complexes with octahedral
symmetry. A summary of the critical values of ∆0/B on the horizontal axes of the
Tanabe-Sugano diagrams for dn complexes is provided below, where n�4, 5, 6, 7. A
crossover occurs in the electronic ground state from high-spin to low-spin when the
ligand field splitting ∆0 matches and, subsequently, exceeds the pairing energy for
interelectronic repulsion. The pairing energy is defined by B{∆0/B}critical when two
d-electrons with opposite spin occupy the same molecular orbital.

Number of d-Electrons {∆0/B}critical

4 27
5 28
6 20
7 22

16 Nanocluster Assemblies and Molecular Orbital Interactions
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As mentioned earlier in this chapter, pseudo-octahedral d7 cobalt(II) chloride complexes
with poly(vinylamine) induce significant increases in the polymer’s glass-transition
temperature.3,5 Quantum-chemical group contribution predictions for six-coordinate
Co2� complexes with anionic chloride ligands, lattice waters, and methyl amine as a
model ligand for the amino sidegroup of poly(vinylamine) yield estimates3 of ∆0/B
between 11 and 14. Hence the d-electron configuration in these pseudo-octahedral d7

complexes is {t2g}
5{eg}

2 for a weak ligand field because ∆0/B is less than the criti-
cal value of 22, as expected for complexes from the first row of the d-block that do
not contain C�O ligands. If a complex exhibits tetrahedral symmetry, one should
proceed with calculations based on tabulated parameters for octahedral geometries and
reduce the octahedral ligand field splitting, ∆0, by a factor of �

4
9� (i.e., ∆T ≈ 0.45 ∆0).

12,35

It seems reasonable that tetrahedral complexes with four ligands in the first-shell
coordination sphere of the transition metal will not expand the d-electron cloud as
much as six ligands with octahedral symmetry. Consequently, tetrahedral complexes
should experience a smaller reduction in the Racah interelectronic repulsion energy
B from its value for the free transition metal ion. For example, divalent cobalt tetra-
chloride [CoCl4]

2� exhibits an experimental Racah parameter B � 730 cm�1, based
on an analysis of its electronic spectrum.35 Quantum-chemical group contribution pre-
dictions of the corresponding octahedral complex [CoCl6]

4� suggest that B ≈ 580 cm�1.
Since the free-ion interelectronic repulsion energy35 B0 for Co2� is 1120 cm�1,
B � 730 cm�1 for the tetrahedral complex [CoCl4]

2� represents a 72% reduction in
B0 relative to the octahedral complex. In general, estimates of B in the presence of
ligands for complexes with Td symmetry are not as straightforward as estimates
of the tetrahedral ligand field splitting (i.e., the energy difference between t2 and
e metal-based molecular orbitals)

∆T � (4/9) ∆0

The Tanabe-Sugano diagram for a dn complex with tetrahedral symmetry is equiva-
lent to the Tanabe-Sugano diagram for a d10�n complex with octahedral symmetry.
The important questions that must be considered are: (i) What molecular orbital does
the fourth metal d-electron populate in complexes with octahedral symmetry?; and
(ii) What orbital does the third metal d-electron populate in complexes with tetrahe-
dral symmetry? The answers are: (i) the d-orbital at lower energy is populated and
electron pairing occurs when

∆0/B � {∆0/ B}critical

which corresponds to the strong-field, low-spin situation; and (ii) the d-orbital at
higher energy is populated, with spin-correlation for all of these unpaired electrons,
when

∆0/ B � {∆0/B}critical

which corresponds to the weak-field, high-spin case.

Methodology of Transition Metal Coordination in Polymeric Complexes 17
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III. JØRGENSEN’S PARAMETRIC REPRESENTATION
OF LIGAND FIELD SPLITTING AND
INTERELECTRONIC REPULSION

For several ML6 complexes with true octahedral symmetry, it is possible to
estimate electronic properties empirically that agree quite well with data from elec-
tronic spectroscopy, based on the information in Table 5.24,34,45 For example, one pre-
dicts the octahedral ligand field splitting (i.e., ∆0 � 10 Dq), or the energy difference
between the triply degenerate t2g metal-based molecular orbitals at lower energy and
the higher energy doubly degenerate eg antibonding metal-based molecular orbitals,
and the Racah interelectronic repulsion energy B, for ML6 complexes with six iden-
tical monodentate ligands as follows 24,34,35

∆0 � 10 Dq � fg [103 cm�1]

B � B0(1 � hk)

where g and k are characteristic of the metal, f and h are unique to the six ligands, and
B0 describes the interelectronic repulsion energy of the free metal ion in the absence
of the ligand field. The metal-based g-factor provides the strongest influence on ∆0.

As described below, the rule of average environments is invoked to predict elec-
tronic properties of mixed-ligand complexes with pseudo-octahedral symmetry.24,35

The concept of the magnitude of a cubic ligand field is appropriate for complexes that
exhibit approximate cubic symmetry.35 For example, if χk represents a normalized

18 Nanocluster Assemblies and Molecular Orbital Interactions

Table 5 Jørgensen’s Parameters for Ligand Field Splittings and Interelectronic Repulsion 
in Octahedral ML6 Complexes24,34,35

Metal Ion g k B0 (cm�1) Ligands f h

Mn2� 8.0–8.5 0.07 960 Br� 0.72–0.76 2.3
Ni2� 8.7–8.9 0.12 1080 Cl� 0.78–0.80 2.0
Co2� 9.0–9.3 0.24 1120 F� 0.90 0.8
Fe2� 10.0 1060 (NH2)2CO 0.91–0.92 1.2
Cu2� 12.0 1240 CH3COO� 0.94–0.96
Fe3� 14.0 0.24 H2O 1.00 1.0
Cr3� 17.0–17.4 0.21 1030 CH3NH2 1.17
Co3� 18.2–19.0 0.35 CH3CN 1.22
Ru2� 20 620 C5H5N 1.23–1.25
Ti3� 20.3 NH3 1.25 1.4
Mn3� 21 1140 Histidine 1.32

CN� 1.7 2.0
Mn4� 23 0.5 C�O 5–8
Mo3� 24.0–24.6 0.15
Rh3� 27.0 0.3
Ir3� 32 0.3
Pt4� 36 0.5
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weighting factor for the fraction of Lk-type ligands in a pseudo-octahedral complex,
then the octahedral ligand field splitting of these mixed-ligand complexes is pre-
dicted as follows;

∆0 (MLALBLC) � �
k�A,B,C

χk ∆0(ML6)k

where ∆0(ML6)k represents the octahedral ligand field splitting of an ML6 complex,
with six identical monodentate Lk-type ligands that can be predicted using the
parameters in Table 5. For mixed-ligand complexes with pseudo-tetrahedral symme-
try, one can (1) predict octahedral ligand field splittings for ML6 complexes with six
identical Lk-type ligands using parameters in Table 5, (2) scale each of these predic-
tions for ∆0(ML6)k by 0.45 to obtain ∆T(ML4)k for complexes with true tetrahedral
symmetry, and (3) use the following equation to predict pseudo-tetrahedral ligand
field splittings for mixed-ligand complexes.

∆T (MLALBLC) � �
4
9

� �
n�A,B,C

χn ∆0(ML6)n

where χn represents a normalized weighting factor for the fraction of Ln-type ligands
in these pseudo-tetrahedral complexes.

A. Polymeric Complexes with Enhanced 
Glass-Transition Temperatures

Inorganic models of the glass-transition process, based on a consideration of
ligand field splittings and LFSEs for dn complexes with specific geometries and coor-
dination numbers, predict an increase in Tg if metal d-electrons are stabilized when
complexes form in solution and persist in the glassy state. If there is no change in
local symmetry of metal complexes in the glassy and molten states, simply a change
in ligand environment when ligand exchange occurs to simulate the glass-transition
process, then metal d-electrons experience destabilization when N or N�1 poly-
meric ligands are removed from the coordination sphere of the transition metal via
thermal energy and the original ligands of weaker basicity occupy these vacant sites
in the first shell. Hence these ligand displacement reactions that simulate the glass-
transition process are endothermic because stronger metal-ligand σ-bonds are disso-
ciated and weaker ones reform. If the molten state is described better by a reduction
in symmetry of the metal complex relative to the glassy state, then dissociation of at
least one ligand in the sidegroup of the polymer from the first-shell coordination
sphere of the metal center is also an endothermic process, based on metal-ligand
bond energies or destabilization of metal d-electrons in the molten state complex of
reduced symmetry. All of these models, described qualitatively above and investi-
gated quantitatively below, are consistent with the fact that Tg is enhanced by most
transition metal salts investigated to date.

Jørgensen’s Parametric Representation of Ligand Field Splitting 19
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B. Polymeric Complexes with Reduced 
Glass-Transition Temperatures

Ligand field models predict a decrease in Tg if metal d-electrons are stabi-
lized when N or N-1 polymeric ligands of similar hardness are removed from the
coordination sphere of the transition metal via the addition of thermal energy and
the original ligands of stronger basicity, but different hardness, occupy these
vacant sites in the molten state. Under these conditions, ligand displacement reac-
tions that simulate the glass transition process are “exothermic” because weaker
metal-ligand σ-bonds are dissociated and stronger ones reform. Transition metal
salts can decrease the glass-transition temperature, and stabilization of metal d-
electrons in the molten state provides an energetic explanation for this phenome-
non, even though the glass transition process is generically endothermic. For example,
Co2�, Ni2�, Cu2� and Zn2� chlorides decrease the glass-transition temperature of
poly(L-lysine)hydrobromide,19,36 because the presence of bromide counterions that
neutralize quaternary lysine sidegroups [i.e., (CH2)4N�H3] at neutral pHs pre-
cludes any complexation between these divalent metal cations and the amino nitro-
gen lone pair.

C. Other Considerations

It is helpful to use the 18-electron rule23 as a standard for estimating the rates
of ligand substitution reactions in organometallic complexes with carbon-containing
ligands, like C�O, acetate, acetonitrile, etc. Complexes that are coordinatively sat-
urated with a total of 18 metal d-electrons and ligand electrons in the frontier
orbitals usually follow a dissociative mechanism of ligand exchange that is inher-
ently slow.23 Transition states are described by lower coordination number,12 relative
to reactants or products, when substitution proceeds by a dissociative mechanism.
Coordinatively unsaturated complexes with less than 18 electrons are labile, and the
associative mechanism of ligand substitution is much faster, relative to the dissocia-
tive mechanism of ligand exchange. Transition states are described by higher coor-
dination numbers, relative to reactants or products, when substitution proceeds by an
associative mechanism.12,23

IV. PSEUDO-OCTAHEDRAL d8 NICKEL COMPLEXES
WITH POLY(4-VINYLPYRIDINE)

A. Ligand Field Stabilization Energies

Nickel acetate tetrahydrate forms coordination complexes with poly(4-vinylpyri-
dine) (P4VP) and increases the glass-transition temperature of this amorphous polymer
by 102�C when the Ni2� concentration is ≈ 36 mol%. The complete concentration
dependence of the effect of Ni2� on P4VP’s Tg is summarized in Table 6.1

20 Nanocluster Assemblies and Molecular Orbital Interactions
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The formalism outlined above is employed to analyze Tg enhancement when the
local symmetry about Ni2� does not change as complexes are heated through the
second-order phase transition. The energy difference between the t2g and eg metal-
based molecular orbitals in octahedral ML6 complexes with six identical monoden-
tate ligands can be predicted via Jørgensen’s parameters,34,35 listed in Table 5.
Pyridine is a physically realistic model that captures the electronic characteristics of
pyridine sidegroups in the polymer, but it cannot reproduce the correct steric hin-
drance due to the chain backbone. Analysis of Tg enhancement based on structurally
simple model compounds is consistent with the energetic description of the glass-
transition process in this chapter, whereas an entropic model of Tg modification that
does not consider steric hindrance as ligands in the polymer’s sidegroup coordinate
to the metal center is not acceptable. One predicts ligand field splittings for the 
6-coordinate nickel acetate anion [Ni(CH3COO)6]

4�, the hexa-aqua nickel cation
[Ni(H2O)6]

2�, and the 6-coordinate nickel pyridine cation [Ni(C5H5N)6]
2�, some of

which agree with spectroscopic data.

Ni2� Complex Ligand Field Splitting (cm�1)
[Ni(CH3COO)6]

4� 8,544
[Ni(H2O)6]

2� 8,900
[Ni(C5H5N)6]

2� 11,125

The rule of average environments24,35 is subsequently invoked, which states that
“when all ligands coordinate to a metal center in monodentate fashion, the ligand
field splitting for a pseudo-octahedral mixed-ligand complex is obtained from a
weighted average of the splittings calculated for each of the mono-ligand 6-coordi-
nate complexes separately.” Hence, group-contribution quantum-chemical empiri-
cism is employed to predict the octahedral ligand field splitting for nickel acetate
tetrahydrate, nickel acetate trihydrate coordinated to one pyridine sidegroup, and
nickel acetate dihydrate coordinated to two pyridine sidegroups. The latter complex
[i.e., Ni(CH3 · COO)2(H2O)2(C5H5N)2] represents a “coordination crosslink” where

Pseudo-Octahedral d8 Nickel Complexes with Poly(4-Vinylpyridine) 21

Table 6 Effect of Nickel Acetate Tetrahydrate on the Glass Transition 
Temperature of Poly(4-vinylpyridine)

Mole Fraction Glass-Transition Tg,complex�Tg,P4VP

Nickel Acetate Temperature (�C) (�C)

0.000 149 0
0.055 175 26
0.110 201 52
0.219 227 78
0.359 251 102
0.528 189 40
0.771 171 22
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nickel acetate forms metal-ligand σ-bonds with pyridine sidegroups on two different
macromolecular chains. One estimates the pseudo-octahedral ligand field splitting
∆0 for these three mixed-ligand complexes via the parameters in Table 5:

Ni2� Complex Ligand Field Splitting (cm�1)
Ni(CH3COO)2(H2O)4 8781
Ni(CH3COO)2(H2O)3(C5H5N) 9152
Ni(CH3COO)2(H2O)2(C5H5N)2 9523

LFSEs are based on the electronic energy level separation between the t2g and eg

metal-based molecular orbitals and the d-electron configuration of a transition metal
complex. When metal d-electrons are influenced by the Coulombic ligand-field
potential appropriate to an octahedral distribution of electron donors around the
metal center,24,35 the five metal d-orbitals split into a triply degenerate set of molec-
ular orbitals, denoted by dxy, dyz, and dzx with t2g symmetry, that are at lower energy
relative to the doubly degenerate pair denoted by dx2�y2 and dz2 with eg symmetry.
These molecular orbitals with eg symmetry have lobes that are directed along the
metal-ligand bond axis and are of the correct symmetry to participate in metal–
ligand σ-bonding. The three degenerate orbitals with t2g symmetry at lower energy
have lobes that are directed to each side of the metal-ligand bond axis, and are of
the correct symmetry to participate in metal–ligand π-bonds. The ground state elec-
tronic configuration of a d8 octahedral complex is {t2g}

6{eg}
2, which does not

depend on the strength of the ligand field or the ratio of the ligand field splitting ∆0

to the Racah interelectronic repulsion energy. Quantum mechanical calculations
based on zero-order perturbation theory allow one to determine the energies of the
t2g and eg metal-based molecular orbitals. Relative to the five degenerate atomic 
d-orbitals of the free metal cation, the t2g orbitals are 0.4∆0 lower in energy, and 
the eg orbitals are 0.6∆0 higher in energy.12,35 Hence the ligand field stabilization
energy is 120% of ∆0 when six metal d-electrons are spin-paired in the t2g molecu-
lar orbitals and the remaining two unpaired electrons populate the eg orbitals for 
an octahedral d8 complex that does not distort to tetragonal or square-planar geome-
tries. Since 1 cm�1 (i.e., wavenumber) corresponds to 11.963 J/mol, calculations 
of the ligand field splittings given above yield an LFSE for Ni(CH3COO)2 ·
(H2O)2(C5H5N)2 that is 5.3 kJ/mol larger than the LFSE of Ni(CH3COO)2(H2O)3·
(C5H5N).

B. Coordination Crosslinks vs. Coordination 
Pendant Groups

Empirical quantum-chemical predictions summarized above from classic inor-
ganic chemistry and ligand field theory are correlated with macroscopic enhancements
in the glass-transition temperature for Ni(II) complexes with poly(4-vinylpyridine).
The 102�C enhancement in Tg of P4VP occurs when the metal/pyridine-ligand con-
centration ratio is approximately 1:2 on a molar basis. It is postulated that thermal

22 Nanocluster Assemblies and Molecular Orbital Interactions
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synergy (i.e., the enhancement in Tg) is a consequence of coordination crosslinking
where the nickel cation forms metal–ligand bonds with two pyridine nitrogen lone
pairs on different macromolecular chains.1 This coordination complex is modeled by
Ni(CH3COO)2(H2O)2(C5H5N)2 and the proposed molecular structure is illustrated in
Figure 4, based on the following facts:

1. The crystal structure of undiluted nickel acetate tetrahydrate is pseudo-
octahedral.37,38

2. Six-coordinate d8 nickel complexes are strongly favored from an equilibrium
viewpoint when good donor ligands such as pyridine are present,39 even though
the macromolecule–metal complex is completely amorphous.

3. Nickel(II) and pyridine are classified as a borderline acid–base pair, whereas lat-
tice waters in the first shell of nickel acetate tetrahydrate are hard bases.

4. Stronger metal-ligand σ-bonding occurs when pyridines replace weak-base
waters of hydration in the coordination sphere of Ni(II).

5. Coordination crosslinks were proposed, but not necessarily defined, by Agnew 40,41

in the 1970s for transition metal complexes of nickel(II) chloride with poly(4-
vinylpyridine).

Pseudo-Octahedral d8 Nickel Complexes with Poly(4-Vinylpyridine) 23
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Figure 4 Molecular model of nickel acetate dihydrate coordinated to two pyridine
sidegroups in P4VP illustrating the concept of coordination crosslinks. This model is
adopted from the geometry of nickel acetate tetrahydrate, based on its crystal structure.37,38

It is proposed that pyridine sidegroups in the polymer displace weak-base waters of
hydration in the coordination sphere of the divalent nickel cation.
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The onset of translational and rotational motion of the chain backbone in P4VP is
severely restricted until enough thermal energy is supplied to dissociate one nickel-
pyridine bond for each metal center that is coordinated to two pyridine ligands from
different macromolecular chains and induce the glass–rubber transition. The struc-
ture of the proposed pseudo-octahedral model compound in the molten state is
Ni(CH3COO)2(H2O)3(C5H5N), because coordination of each metal center to one
pyridine nitrogen lone pair only increases the size of the sidegroup in P4VP, similar
to a para-substituent on the phenyl ring of polystyrene. It is interesting that a t-butyl
[�C(CH3)3] sidegroup in the para-position of the styrene ring increases the glass-
transition temperature of polystyrene42,43 by approximately 30�C. This is compara-
ble to the Tg enhancement of P4VP by nickel acetate for the “equimolar” complex,
identified in Table 6 at a Ni2� mole fraction of 0.528, where each nickel cation hypo-
thetically coordinates to one pyridine ligand and the thermal synergy is ≈40�C. On
an absolute basis, the thermal energy required to dissociate coordination crosslinks
and induce the glass–rubber transition is estimated by RTg,complex, where R is the gas
constant and Tg,complex is concentration dependent. Relative to the undiluted polymer
or the polymer attached to a bulky nickel acetate trihydrate pendant group, the ther-
mal energy required to remove one pyridine ligand from the coordination sphere of
the nickel cation on a molar basis and disrupt coordination crosslinks is estimated
by1,9,11

R{Tg,complex � Tg,undiluted polymer}

No effort is made to account for the concentration-dependent effect on the glass-
transition temperature of P4VP due to nickel acetate trihydrate pendant groups
coordinated to the lone pair of electrons on nitrogen in the pyridine ring. This
“bulky sidegroup effect” becomes more important when the nickel concentration
exceeds 33 mol% and approaches 50 mol%.

C. Ligand Field Model of the Glass Transition 
in Macromolecule–Metal Complexes

A simple coordination-interaction model is formulated that accounts for the
disruption of coordination crosslinks and includes LFSEs for model complexes in
the glassy and molten states. Both metal complexes have the same local symmetry
(i.e., pseudo-octahedral) above and below the glass-transition temperature;

Ni(CH3COO)2(H2O)2(C5H5N )2 � H2O

⇒ Ni(CH3COO)2(H2O)3(C5H5N ) � C5H5N

The energetics of this ligand substitution scheme are endothermic because pyridine
is a stronger base than water by approximately five orders of magnitude (see Table 4),
and the metal complex on the left has an estimated LFSE that is 5.3 kJ/mol larger than
that for the complex on the right of the above reaction (i.e., ∆(LFSE) � LFSEglass �
LFSEliquid ≈ 5.3 kJ/mol). Free water and pyridine are included for completeness in the
ligand exchange process, but they are excluded from energetic considerations. When
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the disruption of metal–ligand bonds, instead of the stabilization of metal d-electrons,
is correlated with Tg enhancement, the energetics of each species in the proposed lig-
and displacement reaction is considered. The endothermic nature of the ligand
exchange process, illustrated above, is consistent with the facts that energy must be
supplied to disrupt coordination crosslinks and that the glass-transition temperature
of P4VP/Ni2� complexes is enhanced relative to Tg of undiluted P4VP. The energy
input required to remove a pyridine ligand from the coordination sphere of the nickel
cation and achieve the rubbery state is comparable to the enhancement in Tg. Pyridine
and P4VP are electronically similar when nickel(II) coordination to the nitrogen lone
pair is considered, but there is a significant amount of steric hindrance due to the chain
backbone that is not captured by pyridine when coordination occurs. The concentra-
tion dependence of the coordination interaction is adopted from the Flory-Huggins
lattice theory44 for nonideal mixing energetics of polymer/small-molecule blends
with (1) RTχ replaced by ∆(LFSE) and (2) the polymer segment (i.e., volume) frac-
tion replaced by the mole fraction of the repeat unit. The difference between the use
of mole fraction vs. volume fraction for the concentration dependence of nonideal
mixing energetics is equivalent to the difference between the Margules and van Laar
models45,46 for the excess free energy of mixing. In this respect, the proposed model
matches the characteristics of the Margules formulation. Hence with the aid of lig-
and field stabilization, Tg enhancement via metal complexation is estimated from the
following energetic equality

R{Tg,complex � Tg,undiluted polymer} � β[∆(LFSE)]ζ(1�ζ)

where ζ represents mole fraction. The empirical parameter β is included in the pre-
vious equation to account for at least three possible scenarios that have been over-
looked by the simple energetic model:

1. Ligand field splitting calculations appropriate to small-molecule crystalline
coordination complexes34,35 have been adopted to predict stabilization energies for
amorphous polymer/metal–salt blends. It is not possible for nickel acetate to coordi-
nate to an amorphous polymer, like P4VP, with long-range crystallographic order and
true octahedral symmetry. Distortions to tetragonal and square-planar geometries are
not uncommon in d8 complexes to lower the energy of the electronic configuration.12

Hence β accounts for amorphous imperfections and the possibility that distortions to
lower symmetry might occur.

2. When nickel coordinates to two pyridine ligands, there is no guarantee that
these ligands reside on different macromolecular chains, producing effective crosslinks.
Intramolecular loops form if both ligands originate from the same chain, and Tg should
not increase much, if at all, due to ineffective crosslinks. Hence β accounts for the frac-
tion of effective intermolecular coordination crosslinks.

3. Nickel acetate trihydrate pendant groups in the para-position of the pyridine
ring could affect the glass transition temperature of P4VP. If this type of coordination
occurs for nickel acetate concentrations below 35 mol%, then this effect is contained
in the parameter β.

Pseudo-Octahedral d8 Nickel Complexes with Poly(4-Vinylpyridine) 25
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The linear least squares calculation of β is 0.7 for P4VP/Ni2� complexes with
pseudo-octahedral symmetry and ∆(LFSE) ≈ 5.3 kJ/mol. This suggests that the experi-
mentally measured enhancement in Tg represents 70% of predictions based on the
octahedral ligand field model. If nickel complexes with poly(4-vinylpyridine) exhibit
tetrahedral coordination above and below Tg, then the electronic configuration of
eight metal d-electrons in the molecular orbitals of the complex12 is {e}4{t2}

4, tetra-
hedral ligand field splittings are 4/9 as large as the corresponding octahedral ligand
field splittings,12,35 LFSE for the electronic configuration {e}4{t2}

4 is 80% of the
tetrahedral ligand field splitting,12 and ∆(LFSE) is 2.4 kJ/mol for the disruption of
coordination crosslinks without a reduction in local symmetry1 above Tg. If tetrahe-
dral parameters for nickel acetate coordinated to either one or two pyridine ligands
are employed in the energetic model of Tg enhancement, then the linear least squares
calculation1 of β is 1.6 to generate agreement between prediction and experimental
glass-transition temperature data. This is physically unrealistic because crystal field
coordination parameters should not underestimate bonding in the amorphous phase
by approximately 60%.

D. Linear Least Squares Analysis of ∆(LFSE) via the
Concentration Dependence of Tg in P4VP/Ni2�

Complexes, Subject to the Constraint that β � 1

In light of the glass-transition data for nickel acetate tetrahydrate and P4VP
(Table 6), linear least squares analysis of the energetic ligand field model of Tg

enhancement provides insight about the required magnitude of the ligand field sta-
bilization energy parameter [i.e., ∆(LFSE)] for macromolecule–metal complexes of
arbitrary geometry. Begin by constructing the square of the difference between the
actual Tg enhancement data in Table 6 and predictions using the energetic expres-
sion on the previous page that includes ∆(LFSE). Using the first five data points in
Table 6, one obtains:

Minimization function ��
5

i�1

{R(∆Tg)i � β[∆(LFSE)]ζi(1 � ζi)}
2

Since the maximum glass-transition temperature of P4VP occurs at a nickel acetate
mole fraction of ≈0.36, whereas the Margules concentration dependence of Tg in the
ligand field model is symmetric and predicts maximum enhancement at ζ� 0.50, the
optimum value of β in the previous equation was based on the first five data points
in Table 6. Optimization proceeds as follows:

�
d
d
β
� (Minimization function) �

�2 �
5

i�1

{R(∆Tg)i � β[∆(LFSE)]ζi(1 � ζi)} [∆(LFSE)]ζi(1 � ζi) � 0

�
5

i�1

{R(∆Tg)i � β[∆(LFSE)]ζi(1 � ζi)}ζi(1 � ζi) � 0
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When ligand field stabilization energies for glassy and molten state complexes are
predicted using the methodologies described in this chapter, one calculates the best
value of β to match experimental data.

β �

As mentioned above, it seems reasonable that β should not exceed unity if crystal
field coordination parameters do not underestimate metal–ligand bonding in the
amorphous phase. This restriction on β allows one to identify the minimum value of
∆(LFSE) for complexes with arbitrary geometry and coordination number. Based
solely on experimental data and the proposed concentration dependence of glass
transition temperature enhancement,

∆(LFSE) 	

Tg enhancement data for nickel acetate complexes with P4VP require that ligand field
stabilization energy differences above and below Tg, ∆(LFSE), must be greater than
3.8 kJ/mol for physically realistic predictions via the energetic ligand field model.
This linear least squares analysis precludes tetrahedral coordination of Ni2� to pyri-
dine sidegroups in P4VP, where ∆(LFSE) was predicted to be 2.4 kJ/mol.

V. d6 MOLYBDENUM CARBONYL COMPLEXES 
WITH POLY(VINYLAMINE) THAT EXHIBIT
REDUCED SYMMETRY ABOVE THE 
GLASS-TRANSITION TEMPERATURE

A. Experimental Results

Chromium (3d6), molybdenum (4d6), and tungsten (5d6) hexacarbonyls form
coordination complexes47– 49 with acrylonitrile and poly(acrylonitrile), PAN. The
nitrogen lone pair in the acrylonitrile sidegroup (i.e., –C�N:) displaces a carbonyl
ligand47 and occupies an octahedral site in the coordination sphere of the transition
metal. Metal(C�O)5(CH2CHC�N:) and Metal(C�O)4(CH2CHC�N:)2 have been
prepared47 from the corresponding acetonitrile complexes, Metal(C�O)5(CH3C�N:)
and Metal(C�O)4(CH3C�N:)2. Formation of these acetonitrile complexes from
zero-valent coordinatively saturated d6 hexacarbonyls was accelerated photochemi-
cally (i.e., to eject carbon monoxide ligands) because displacement of C�O by 
acetonitrile proceeds via a dissociative mechanism where the intermediate complex

�5

i�1
R(
Tg)i�i (1 � �i)

���
�5

i�1
{�i (1 � �i)}

2

�5

i�1
R(
Tg)i�i(1��i)

���

(LFSE)�5

i�1
{�i(1��i)}

2
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is five-coordinate. In light of these results, the analysis below focuses on poly-
(vinylamine), PVAm, complexes with d6 molybdenum hexacarbonyl to stimulate
experimental investigations of these materials that have not been prepared in the
laboratory to date. If two C�O ligands are displaced from the coordination sphere
of molybdenum and the metal bridges amino sidegroups on two different PVAm
chains via the lone pair on nitrogen, then Mo(C�O)4(PVAm)2 represents a coor-
dinatively crosslinked pseudo-octahedral complex with considerably less mobil-
ity than the undiluted polymer. This glassy structure is postulated below Tg, and it
is analyzed via ligand field models that exhibit reduced symmetry in the molten
state.

B. Ligand Field Splitting Parameters for
Molybdenum Hexacarbonyl

Low-spin d6 octahedral complexes of molybdenum exhibit ligand field stabi-
lization energies that are 240% of the corresponding octahedral ligand field split-
ting.12 The strong-field nature of heavy-metal centers from the second row of the
d-block and π-acceptor carbonyl ligands at the top of the spectrochemical series
force all six metal d-electrons to populate the lower energy triply degenerate t2g

molecular orbitals in complexes with local octahedral symmetry. The experimental
ligand field splitting for molybdenum hexacarbonyl50,51 is 32,150 cm�1. This data
point allows one to bracket an acceptable range of Jørgensen’s g-factor for molyb-
denum in the zero-valent oxidation state, because34,35

fC�Og
Mo(0) � 32.150

with units of 103 wavenumbers, based on quantum-chemical group contribution esti-
mates of the octahedral ligand field splitting when all six monodentate ligands are
identical. Since C�O is the strongest π-acceptor in the spectrochemical series of
ligands, its f-factor must be larger than that for cyanide anions, CN�, which has a
value of 1.7, as listed in Table 5. Hence, the g-factor for Mo(0) is

g
Mo(0) ��

3
f
2

C

.

�

15

O

0
� �18.9

Further consideration of the octahedral ligand field splitting for manganese hexacar-
bonyl in the �1 oxidation state50,51 (i.e., ∆0� 41,650 cm�1) and Jørgensen’s g-factors
for Mn2�, Mn3�, and Mn4� (i.e., 8.5, 21, 23, respectively; Table 5) allow one to esti-
mate the f-factor for C�O between 5 and 8. The g-factor for Mn1� must be less than
8.5, yielding a reasonable estimate of the g-factor for Mo(0) between 4 and 6.5 to
reproduce experimental ligand field splittings for Mo(C�O)6 and {Mn(C�O)6}

1�.
These estimates of ligand field splitting parameters (i.e., f- and g-factors), not included
in Jørgensen’s database, are consistent with the fact that ∆0 is smaller when the metal
center is in a lower oxidation state and the effective nuclear charge experienced by
the ligands (i.e., �Ze) is smaller.
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C. Ligand Field Stabilization for Complexes of
Molybdenum Hexacarbonyl and Poly(vinylamine) 
in the Glassy State

Six metal d-electrons in zero-valent molybdenum complexes with local octahe-
dral symmetry adopt a strong-field electronic configuration given by {t2g}

6. This cor-
responds to an energetic stabilization12,35 of 2.4∆0 because each t2g metal-based
molecular orbital is stabilized by 0.4∆0 relative to the five degenerate d-atomic orbitals
of Mo(0). Methylamine, with an f-factor of 1.17 (Table 5), is employed in model cal-
culations as a “small-molecule” analog of the polymer that provides a reasonable esti-
mate of electronic interactions between Mo(0) and poly(vinylamine), but it cannot
capture the true steric hindrance imposed by the chain backbone when coordination
occurs. Hence one should not replace the polymer by methylamine and expect to inter-
pret Tg enhancement via an entropic model, because entropy, steric hindrance, and the
number of amino sidegroups that occupy sites in the first-shell coordination sphere of
Mo(0) are strongly coupled. The following complexes are of interest when poly(viny-
lamine) displaces carbonyl ligands, possibly with photochemical assistance, in the
coordination sphere of molybdenum; Mo(C�O)x(CH3NH2)6�x, where x 	 4. Based on
the rule of average environments discussed above,24,35 the LFSE for pseudo-octahedral
complexes with x C�O ligands and (6�x) methylamine ligands is

LFSE(T � Tg) � 2.4gMo(0)��
6
x

�fC�O � �1� �
6
x

�� fCH3NH2� (11.96) �
m
k
o
J
l

�

D. Quantum Mechanical Model Parameters and 
Trigonal Bipyramid 5-Coordinate d6 Complexes 
of Molybdenum Hexacarbonyl and Poly(vinylamine) 
with D3h Symmetry Above Tg

Models are required to estimate the relative energies of the five d-orbitals in
the molten state before ligand field stabilizations can be calculated for 5-coordinate
complexes. These energies are expressed in terms of the parameters Dq and Cp,34

where 10 Dq represents the corresponding octahedral ligand field splitting ∆0. In
terms of atomic parameters for octahedral complexes where six point charges, each
one of magnitude �ze, are placed a distance L from the metal center with effective
nuclear charge �Ze, Dq and Cp are defined as follows:34

Dq � �

In these expressions, 〈r n〉 represents the average (i.e., expectation value) of r n with
respect to the radial part of the d-electron wavefunctions, r is the radius of the elec-
tron cloud about the metal center, and L is the metal–ligand bond distance. There are
five 3d-orbital wavefunctions, and each one exhibits a different spherical harmonic
expression in terms of polar angle � and azimuthal angle ϕ in spherical coordinates.

L2〈r2〉
�〈r4〉

7 Cp
�
12 Dq

Zze2〈r4〉
�6L5
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However, the radial part of each 3d-orbital wavefunction ρ (r) is the same, as 
given by12

ρ(r) � �
9�

1
3�0�
�	 


3/2

��
2
3
Z
a0

r
��

2
exp�� �

3
Z
a
r

0
��

where a0 � 0.529 Å is the Bohr radius and Z represents the atomic number. The sec-
ond and fourth moments (i.e., expectation values) of the radial part of the 3d-orbital
wavefunctions are defined by 

〈r n〉 �

with n � 2,4. Hence, 〈rn〉 increases (i.e., n � 0) when the d-electron cloud experi-
ences more delocalization due to the ligands as a consequence of the nephelauxetic
effect. A similar conclusion is based on the radial part of the 4d-orbital wavefunc-
tions. The following d-orbital energy levels are available for trigonal bipyramid com-
plexes34 when 7 Cp/12 Dq � 1:

d-orbital Energy (Dq)
z2 �6.21
xy �0.035

x2 � y2 �0.035
xz �3.14
yz �3.14

When six metal d-electrons populate these orbitals, z2 at highest energy remains vacant
because the energy difference between z2 and xz or yz is greater than 93% of the cor-
responding octahedral ligand field splitting, which should exceed the pairing energy
that characterizes interelectronic repulsion. Hence pairing occurs in xz and yz, while z2

is unoccupied. This is reasonable for heavy metals like Mo with π-acceptor carbonyl
ligands and large ∆0 that produce a strong-field electronic configuration given by:

[d6]: {xz}2{yz}2{xy}1{x2 � y2}1 D3h symmetry w/ 7 Cp/12 Dq � 1

Stabilization of the metal d-electrons is predicted to be, LFSE ≈ 1.25∆0.
The following d-orbital energy levels are available for trigonal bipyramid com-

plexes34 when 7 Cp/12 Dq � 2, corresponding to less d-electron delocalization by the
surrounding ligands.

d-orbital Energy (Dq)
z2 �7.07
xy �0.82

x2 � y2 �0.82
xz �2.72
yz �2.72

∫ ∞
r�0rn{
(r)}2r2dr
��

∫
∞

r�0{
(r)}
2
r 2dr

Z
�a0
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When six metal d-electrons populate these orbitals, z2 at highest energy remains
vacant because the energy difference between z2 and xz or yz is greater than 97% of
the corresponding octahedral ligand field splitting. Once again, spin-pairing occurs
in xz and yz, while z2 is unoccupied. The strong-field electronic configuration is

[d6]: {xz}2{yz}2{xy}1{x2 � y2}1 D3h symmetry w/ 7 Cp/12 Dq � 2

which also corresponds to a stability factor given by LFSE ≈ 1.25∆0.

E. Square Pyramid 5-Coordinate d6 Complexes of
Molybdenum Hexacarbonyl and Poly(vinylamine) 
with C4v Symmetry Above Tg

The methodology of identifying the d-electron configuration and LFSE in the
previous section is repeated here for complexes with square pyramid geometry. Now
there could be ambiguity in the order that six metal d-electrons populate the molecu-
lar orbitals of the complex. Low-spin and high-spin configurations are considered.
The following d-orbital energy levels are available34 when 7 Cp/12 Dq � 1:

d-orbital Energy (Dq)
x2 � y2 �7.43

z2 �2.57
xy �2.57
xz �3.715
yz �3.715

The x2 � y2 d-orbital at highest energy remains vacant because the energy difference
between x2 � y2 and xz or yz is greater than 110% of the corresponding octahedral
ligand field splitting. Hence electrons are spin paired in xz and yz. The energy
difference between z2 and xy is 51% of ∆0, so z2 and xy each contain one electron for
a high-spin configuration, whereas z2 is vacant at low-spin. The low-spin electronic
configuration is given by:

low-spin [d6]: {xz}2{yz}2{xy}2 C4v symmetry w/ 7 Cp/12 Dq � 1

with LFSE � 2.0∆0 If the electronic configuration is high-spin with x2 � y2 vacant,
then one obtains

high-spin [d6]: {xz}2{yz}2{xy}1{z2}1 C4v symmetry w/ 7 Cp/12 Dq �1

This corresponds to LFSE � 1.49∆0.
d-Orbital energy levels are provided below for square pyramid complexes34

when 7 Cp/12 Dq � 2, which corresponds to less electron delocalization by the sur-
rounding ligands such that the fourth moment of the radial part of the d-electron
wavefunctions decreases more rapidly than the second moment.
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d-orbital Energy (Dq)
x2 � y2 �9.14

z2 �0.86
xy �0.86
xz �4.57
yz �4.57

Now, the x2 � y2 d-orbital at highest energy undoubtedly remains vacant because the
energy difference between x2 � y2 and xz or yz is greater than 137% of the corre-
sponding octahedral ligand field splitting. The energy difference between z2 and xy
is less than 20% of ∆0, so each of these d-orbitals should contain one electron. Hence
the electronic configuration is

[d6]: {xz}2{yz}2{xy}1{z2}1 C4v symmetry w/ 7 Cp/12 Dq � 2

with LFSE � 1.83∆0.

F. Pentagonal Planar 5-Coordinate d6 Complexes of
Molybdenum Hexacarbonyl and Poly(vinylamine) 
with D5h Symmetry Above Tg

The third possible 5-coordinate geometry in the molten state is pentagonal pla-
nar, and the d-orbital energy levels are provided below34 when 7 Cp/12 Dq �1.

d-orbital Energy (Dq)
x2 � y2 �4.825

xy �4.825
z2 �1.07
xz �4.29
yz �4.29

The energy difference between xy or x2 � y2 and xz or yz is slightly greater than 90%
of the corresponding octahedral ligand field splitting, so spin-pairing in xz and yz is
considered. Since xy or x2 � y2 and z2 are separated by ≈59% of ∆0, spin-pairing in
z2 is considered, also. The strong-field d-electron configuration is

low-spin [d6]: {xz}2{yz}2{z2}2 D5h symmetry w/ 7 Cp/12 Dq �1

with LFSE � 1.93∆0.
d-Orbital energy levels are summarized below for pentagonal planar com-

plexes34 when 7 Cp/12 Dq � 2;

d-orbital Energy (Dq)
x2 � y2 �9.10

xy �9.10
z2 �5.35
xz �6.42
yz �6.42
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Once again, spin-pairing should occur in yz, xz, and z2. The highest energy d-orbitals
(i.e., x2 � y2 and xy) remain vacant because they are ≈1.55∆0 above the lowest energy 
d-orbitals. Most important, they are ≈1.45∆0 above z2. The strong-field configuration is

low-spin [d6]: {xz}2{yz}2{z2}2 D5h symmetry w/ 7 Cp/12 Dq � 2

and the largest LFSE of all possible scenarios discussed above is 3.64∆0.

G. Ligand Field Stabilization of 5-Coordinate 
d6 Complexes of Molybdenum Hexacarbonyl and
Poly(vinylamine) Above Tg

When sufficient thermal energy is supplied to dissociate at least one metal–
nitrogen chemical bond in the glassy complex Mo(C�O)4(CH3NH2)2, this coordi-
natively saturated crosslinked structure reverts to a 5-coordinate complex above the
glass-transition temperature. The ligand dissociation reaction is

Mo(C�O)4 (CH3NH2)2 ⇒ Mo(C�O)4 (CH3NH2) � CH3NH2

Force field calculations favor a square pyramid geometry in the molten state, where the
lone remaining amino ligand could occupy a site in the equatorial plane or at the apical
position of the square pyramid. In either case, the rule of average environments24,35 is
invoked to predict 10 Dq for the 5-coordinate complex above Tg, Mo(C�O)4(CH3NH2).

∆0� 10 Dq � g
Mo

(0)��
5
x

� fC�0� �1� �
5
x

�� fCH3NH2�(11.96) �
m
k
o
J
l

�

where x � 4. The previous three sections summarized d-electron configurations and
LFSEs for 5-coordinate heavy-metal d6 complexes with D3h, C4v, and D5h symmetry. In
each case, LFSE is expressed in terms of Dq, and Jørgensen’s quantum-chemical group
contribution method of estimating this parameter for mixed-ligand complexes is useful.
Even though force field calculations favor a square pyramid geometry in the molten
state after one amino functional group in the sidechain of poly(vinylamine) is removed
from the first shell of molybdenum, LFSE is estimated by considering all possible 
5-coordinate geometries and d6 electronic configurations described above. Equal weight-
ing factors for complexes with different symmetry and spin state are employed to calcu-
late an average LFSE above the glass-transition temperature, as summarized in Table 7.

d6 Molybdenum Carbonyl Complexes with Poly(vinylamine) 33

Table 7 LFSEs for 5-Coordinate d6 Complexes in the Molten State

5-coordinate geometry d6 electronic structure 7 Cp/12 Dq LFSE

D3h, trigonal bipyramid {xz}2 {yz}2 {xy}1 {x2�y2}1 1 1.25∆0
D3h, trigonal bipyramid {xz}2 {yz}2 {xy}1 {x2�y2}1 2 1.25∆0
C4v, square pyramid low-spin; {xz}2 {yz}2 {xy}2 1 2.00∆0
C4v, square pyramid high-spin; {xz}2 {yz}2 {xy}1 {z2}1 1 1.49∆0
C4v, square pyramid high-spin; {xz}2 {yz}2 {xy}1 {z2}1 2 1.83∆0
D5h, pentagonal planar low-spin; {xz}2 {yz}2 {z2}2 1 1.93∆0
D5h, pentagonal planar low-spin; {xz}2 {yz}2 {z2}2 2 3.64∆0

Average LFSE(T >Tg) 1.9∆0
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The difference between ligand field stabilization energies above and below the glass-
transition temperature, in which coordinatively unsaturated molten state complexes
exhibit reduced symmetry relative to 6-coordinate complexes in the glassy state, is
calculated as follows:

∆(LFSE) � LFSE(T � Tg) � LFSE(T � Tg)

� g
Mo(0)�2.4��

6
x

� fC�0� 	1 � �
6
x

�
 fCH3NH2�
� 1.9��

5
x

� fC �0� 	1 � �
5
x

�
 fCH3NH2��(11.96) �
m
k
o
J
l

�

with x � 4 when zero-valent heavy-metal centers, such as Mo(0) coordinate to four
C�O ligands and two amino sidegroups in poly(vinylamine) below the glass-transition
temperature. One predicts that ∆(LFSE) ≈ 58 kJ/mol when the g-factor of Mo(0) is
≈5, and the f-factors for C�O and CH3NH2 are ≈6 and 1.17, respectively. Hence the
difference between LFSEs above and below Tg for molybdenum hexacarbonyl com-
plexes with poly(vinylamine) is predicted to be an order of magnitude larger than
∆(LFSE) ≈5.3 kJ/mol for pseudo-octahedral nickel acetate complexes with poly(4-
vinylpyridine). Since the stabilization of metal d-electrons for Mo(C�O)4(CH3NH2)2

is significantly larger than Mo(C�O)4(CH3NH2), this should translate into dramatic
enhancements in the glass-transition temperature of heavy-metal carbonyl com-
plexes with amorphous polymers that contain strongly basic functional sidegroups,
but experimental data are not available for Mo(C�O)6 and poly(vinylamine) to ver-
ify these predictions. Experimental results described below for ruthenium carbonyl
complexes with either poly(4-vinylpyridine) or poly(L-histidine) are consistent with
the proposed ligand field stabilization models with reduced symmetry above the
glass-transition temperature.

VI. COBALT, NICKEL, AND RUTHENIUM
COMPLEXES WITH POLY(4-VINYLPYRIDINE)
AND POLY(L-HISTIDINE) THAT EXHIBIT
REDUCED SYMMETRY IN THE MOLTEN STATE

A. Polymeric Coordination Complexes with d-Block Salts

Unlike the well-known phenomenon of plasticization,6 transition metal salts
typically increase the glass-transition temperature of polymers that contain attrac-
tive ligands in the sidegroup.11 A plausible mechanism discussed previously in this
chapter involves acid–base interactions between the metal center and appropriate
functional groups in the polymer via ligand exchange. Whereas plasticizers interact
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weakly with the polymer via van der Waals forces and enhance the fractional free
volume of the binary mixture,7 metal-ligand σ-bonds form between transition
metals and favorable functional groups in the macromolecule. Since coordination
numbers between four and six are most common in d-block complexes,39 as sum-
marized in Table 2, opportunities exist for basic ligands in the sidegroup of the
polymer to occupy sites in the first-shell coordination sphere of an acidic metal cen-
ter. The concept of coordination crosslinks is realized when functional groups from
more than one chain occupy sites in the first-shell of a single metal center.1 This
type of structure exhibits reduced mobility in the vicinity of these thermoreversible
crosslinks, which is consistent with an increase in the glass transition temperature.
Multifunctional metal centers that coordinate to basic ligands in several different
chains3 could be responsible for the formation of nanoclusters with significant
reduction in chain mobility and dramatic increases in Tg. This has been observed
recently in polymeric complexes with several lanthanide trichloride hydrates from
lanthanum to lutetium in the first-row of the f-block,4,5 but ligand field splitting
energies of lanthanide complexes (i.e., ≈ 100 cm�1 ≈ 1.2 kJ/mol)52 are much too
small to provide the dominant contribution to Tg enhancement. In addition to
exhibiting increased glass transition temperatures, macromolecule-metal com-
plexes could form gels during preparation in dilute solution.4,53,54 When gelation
occurs in aqueous media, applications for water purification, drug release and
artificial muscles become attractive.55 If gels are sensitive to variations in pH, tem-
perature, or electric field strength, then it might be possible to exploit these molec-
ular gates and use them for controlled release of encapsulated molecules with a
specific target. Of particular interest in this chapter, the methodology for producing
and analyzing macromolecule-metal complexes with significantly enhanced glass-
transition temperatures is under investigation from an energetic viewpoint that con-
siders the stabilization of metal d-electrons1,9. A systematic study of Tg enhancement
in poly(4-vinylpyridine) and poly(L-histidine) via ruthenium(II), cobalt(II), and
nickel(II) is employed to extend the methodology outlined above for molybdenum
hexacarbonyl complexes with poly(vinylamine) and to compare predictions with
experimental data. Poly(4-vinylpyridine) and poly(L-histidine) contain nitrogen
lone pairs in either the pyridine sidegroup9,10 or the imidazole ring of the histidine
sidegroup18 that form σ-bonds with appropriate d-orbitals of the transition metal
cation. Ruthenium(II), cobalt(II), and nickel(II) enhance the glass-transition temper-
atures of these polymers (Figs. 5 and 6). Following the same theme from previous
sections of this chapter, transition metal induced enhancements of Tg in selected
amorphous polymers are correlated with LFSE differences between complexes in the
glassy and molten states. The ligand field model outlined above for molybdenum
hexacarbonyl complexes with poly(vinylamine) considers a reduction in symmetry
and a decrease in coordination number of the metal center in the molten state above
Tg, due to dissociation of a ligand in the polymer’s sidegroup from the first-shell coor-
dination sphere. Since the glassy state is described by complexes with local tetrahe-
dral or octahedral symmetry, geometric distortions of 3-coordinate and 5-coordinate
polymer–metal complexes in the molten state are considered in the analyses below.
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Figure 5 Effect of cobalt chloride hexahydrate, nickel acetate tetrahydrate, and
dichlorotricarbonylruthenium(II) on the glass-transition temperature of poly(4-
vinylpyridine). The polymer’s molecular weight is 2 � 105 daltons.
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Figure 6 Effect of CoCl2(H2O)6, NiCl2(H2O)6, and {RuCl2(CO)3}2 on the glass-
transition temperature of poly(L-histidine). The polymer’s molecular weight is 1.5–5.0 � 104

daltons.
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B. Ruthenium d6 Complexes

Ruthenium(II) is an attractive d-block metal cation for Tg enhancement because
strong-field low-spin d6 metal centers with pseudo-octahedral symmetry exhibit
large ligand field splittings and stabilization energies.12 Ru2� is classified as a bor-
derline acid26,27 which exhibits an affinity for borderline bases, like pyridine ligands
in the sidegroup of poly(4-vinylpyridine). Reactions of a particular ruthenium dimer
(i.e., {RuCl2(C�O)3}2) with both stoichiometric and excess amounts of pyridine
are well documented.25,33,56 In both cases, the dichloride bridge is cleaved and
either one or two pyridine ligands coordinate to each metal center forming com-
plexes with pseudo-octahedral symmetry. The first pyridine ligand occupies the vacant
site generated from cleavage of the dichloride bridge. The second pyridine ligand
displaces carbon monoxide in the coordination sphere of the metal.25 Vibrational
spectroscopic studies of [RuCl2(C�O)3]2 in the vicinity of 1900–2200 cm�1

fingerprint the infrared absorptions of C�O that are sensitive to σ-donation and π
back-donation.25,57,58 Electron-rich metal centers backbond to π-acceptor ligands
like C�O and shift the vibrational absorption frequencies of carbon monoxide to
lower energy.12 This process is described by the Dewar-Chatt model of chemical
bonding in transition metal complexes,12 where metal-based t2g molecular orbitals
in systems with local octahedral symmetry donate electron density to the antibond-
ing π* orbitals of carbon monoxide. These antibonding orbitals have larger ampli-
tude on the less electronegative atom of C�O, and this carbon atom participates in
σ-bonding with the metal center. Hence the orbital energy levels are similar, prox-
imity is satisfied, and the wave functions of interest have the correct symmetry for
t2g-π* molecular orbital overlap to achieve metal-to-ligand flow of electron density
into the antibonding orbital of C�O that weakens its infrared (i.e., triple-bond)
stretching frequency.12 Solid-state carbon-13 NMR spectroscopic data reveal that
heteronuclear spin diffusion between 1H in poly(4-vinylpyridine) and the carbonyl
13C nuclei of [RuCl2(C�O)3]2 is operative.9,11 This observation of intermolecular
polarization transfer, after the establishment of a magnetization gradient, is consis-
tent with molecular dispersion at the nanoscale level (i.e., dipolar distances between
1H and 13C that correspond to tenths of a nanometer, or a few angstroms) and sub-
sequent complexation of two dissimilar components.

C. Cobalt d7 Complexes

Cobalt chloride hexahydrate was used to generate transition metal complexes with
amino, pyridine and imidazole ligands in the sidegroup of poly(vinylamine),3,29 poly(4-
vinylpyridine),9,11 and poly(L-histidine),18 respectively. Two independent x-ray crystallo-
graphic studies59,60 have deduced a pseudo-octahedral geometry for CoCl2 ·
(H2O)6, with two chloride anions and four equatorial lattice waters in the first-shell coor-
dination sphere of Co2�. The two remaining waters of hydration are free, but they reside
near the apical chlorides and form hydrogen bonds with these anions.61 Several 6-coor-
dinate Co2� complexes with multiple nitrogen-containing ligands have been prepared
and characterized.30–32 These coordination compounds support the concept that multiple
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ligands in the sidegroup of nitrogen-containing polymers could displace lattice waters
and occupy sites in the coordination sphere of Co2�, which is a borderline acid.26,27

D. Nickel d8 Complexes

Nickel(II) complexes are useful to induce synergistic Tg response in amor-
phous polymers with nitrogen-containing ligands in the sidegroup. The hexahydrates
of nickel chloride and cobalt chloride adopt the same coordination number and lig-
and arrangement.62 Nickel acetate tetrahydrate exhibits a pseudo-octahedral geome-
try in the solid state with four equatorial lattice waters and two apical monodentate
acetate ligands.37,38 In the most favorable situation, pseudo-octahedral Ni2� forms
metal-ligand σ-bonds with nitrogen lone pairs in two different macromolecular
chains. Six-coordinate d8 nickel complexes are strongly favored from an equilibrium
viewpoint when good donor ligands are present.39 Five-coordinate square pyramid
and trigonal bipyramid complexes, and 4-coordinate tetrahedral and square planar
complexes are also common.39 Physically realistic mechanisms by which nickel
acetate tetrahydrate and nickel chloride hexahydrate enhance the glass-transition
temperatures of poly(4-vinylpyridine)1,9,11 and poly(L-histidine),18 respectively, are
discussed below.

E. d-Orbital Energies for Five-Coordinate 
Complexes above Tg

i. Trigonal Bipyramid dn Complexes with D3h Symmetry
Electronic energies relative to the five degenerate d-orbitals of the free metal

ion, dn configurations (i.e., n � 6,7,8), and ligand field stabilization energies are sum-
marized in Table 8 for trigonal bipyramid complexes when Cp/Dq is either 1.71 or
3.43.34 If each d-orbital contains one electron, then the total electronic energy is
exactly the same as that for the free metal ion, and there is no net stabilization due
to the ligand field. One arrives at the same conclusion for d10 complexes that contain
divalent zinc, because each d-orbital contains a pair of electrons with opposite spin.
Stabilization is prevalent when there is a larger population of electrons in lower
energy orbitals. In a weak ligand field, electrons occupy vacant orbitals whenever
possible, instead of pairing with opposite spin in lower energy orbitals. This pro-
duces less ligand field stabilization. In a strong ligand field, it is more probable that
two electrons with opposite spin will be paired at lower energy, instead of occupying
vacant higher energy orbitals. In general, larger ligand field stabilization energies
are possible in a strong ligand field. The z2 orbital in trigonal bipyramid complexes
with 6, 7 or 8 metal d-electrons remains vacant in a strong ligand field because the
energy difference between z2 and xz or yz is 93% (i.e., Cp/Dq � 1.71) to 97% (i.e.,
Cp/Dq � 3.43) of the octahedral ligand field splitting. Electronic configurations of
d6, d7, and d8 complexes are provided in Table 8 for weak and strong ligand fields.
Once Dq is measured or predicted, the information in Table 8 is useful to estimate
the energetic stabilization of metal d-electrons for coordinatively unsaturated trigo-
nal bipyramid complexes in the molten state.
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Table 8 Electronic Energy Calculations for 5-Coordinate Trigonal Bipyramid Complexes
with D3h Symmetry34

d-Orbital energies (units of Dq)

7 Cp/12 Dq dxz dyz dxy dx2�y2 dz2

1 �3.14 �3.14 �0.035 �0.035 �6.21
2 �2.72 �2.72 �0.815 �0.815 �7.07

d-electron configurations and ligand field stabilization energies

# of d- Ligand Field d-Electron LFSE
Electrons 7 Cp/12 Dq Strength Configuration (Dq)

6 1 weak {xz}2 {yz}1 {xy}1 {x2�y2}1 {z2}1 3.14
6 2 weak {xz}2 {yz}1 {xy}1 {x2�y2}1 {z2}1 2.72
6 1 strong {xz}2 {yz}2 {xy}1 {x2�y2}1 12.51
6 2 strong {xz}2 {yz}2 {xy}1 {x2�y2}1 12.51

7 1 weak {xz}2 {yz}2 {xy}1 {x2�y2}1 {z2}1 6.28
7 2 weak {xz}2 {yz}2 {xy}1 {x2�y2}1 {z2}1 5.44
7 1 strong {xz}2 {yz}2 {xy}2 {x2�y2}1 12.46
7 2 strong {xz}2 {yz}2 {xy}2 {x2�y2}1 13.33

8 1 weak {xz}2 {yz}2 {xy}2 {x2�y2}1 {z2}1 6.25
8 2 weak {xz}2 {yz}2 {xy}2 {x2�y2}1 {z2}1 6.26
8 1 strong {xz}2 {yz}2 {xy}2 {x2�y2}2 12.42
8 2 strong {xz}2 {yz}2 {xy}2 {x2�y2}2 14.14

ii. Square Pyramid dn Complexes with C4v Symmetry
When all bond angles are 90�, energies of the five d-orbitals for square

pyramid complexes34 are summarized in Table 9, where an energy of zero is
assigned to the degenerate orbitals of the free metal ion. The x2�y 2 d-orbital
remains vacant for all complexes that contain eight electrons or less, when the lig-
and field is strong. For d6 complexes with 7 Cp/12 Dq �1 in a strong ligand field,
z2 is vacant because the energy difference between z 2 and xy is more than 51% of
the octahedral ligand field splitting. The d-electron configurations in Table 9 con-
sider 5-coordinate complexes with 6, 7 or 8 metal d-electrons. LFSE predictions in
the far right column of the table are useful for analyzing molten state complexes
with reduced symmetry.

iii. Pentagonal Planar dn Complexes with D5h Symmetry
These 5-coordinate complexes exhibit d-orbital energies34 summarized in

Table 10. In the presence of a strong ligand field, d6 complexes do not populate 
xy or x2�y2. There is no difference between weak field and strong field d8

complexes because the two orbitals at highest energy are degenerate. LFSE pre-
dictions for these 5-coordinate complexes are summarized in the far right column
of Table 10.
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Table 9 Electronic Energy Calculations for 5-Coordinate Square Pyramid Complexes 
with C4v Symmetry34

d-Orbital Energies (units of Dq)

7 Cp/12 Dq dxz dyz dxy dz2 dx2�y2

1 �3.715 �3.715 �2.57 �2.57 �7.43
2 �4.57 �4.57 �0.86 �0.86 �9.14

d-Electron Configurations and Ligand Field Stabilization Energies

Number of Ligand Field d-Electron LFSE 
d-Electrons 7 Cp/12 Dq Strength Configuration (Dq)

6 1 weak {xz}2 {yz}1 {xy}1 {z2}1 {x2�y2}1 3.72
6 2 weak {xz}2 {yz}1 {xy}1 {z2}1 {x2�y2}1 4.57
6 1 strong {xz}2 {yz}2 {xy}2 20.00
6 2 strong {xz}2 {yz}2 {xy}1 {z2}1 18.28

7 1 weak {xz}2 {yz}2 {xy}1 {z2}1 {x2�y2}1 7.43
7 2 weak {xz}2 {yz}2 {xy}1 {z2}1 {x2�y2}1 9.14
7 1 strong {xz}2 {yz}2 {xy}2 {z2}1 17.43
7 2 strong {xz}2 {yz}2 {xy}2 {z2}1 19.14

8 1 weak {xz}2 {yz}2 {xy}2 {z2}1 {x2�y2}1 10.00
8 2 weak {xz}2 {yz}2 {xy}2 {z2}1 {x2�y2}1 10.00
8 1 strong {xz}2 {yz}2 {xy}2 {z2}2 14.86
8 2 strong {xz}2 {yz}2 {xy}2 {z2}2 18.28

Table 10 Electronic Energy Calculations for 5-Coordinate Pentagonal Planar 
Complexes with D5h Symmetry34

d-Orbital Energies (units of Dq)

7 Cp/12 Dq dxz dyz dz2 dxy dx2�y2

1 �4.29 �4.29 �1.07 �4.825 �4.825
2 �6.42 �6.42 �5.35 �9.10 �9.10

d-electron configurations and ligand field stabilization energies

Number of Ligand Field d-Electron LFSE 
d-Electrons 7 Cp/12 Dq Strength Configuration (Dq)

6 1 weak {xz}2 {yz}1 {z2}1 {xy}1 {x2�y2}1 4.29
6 2 weak {xz}2 {yz}1 {z2}1 {xy}1 {x2�y2}1 6.42
6 1 strong {xz}2 {yz}2 {z2}2 19.30
6 2 strong {xz}2 {yz}2 {z2}2 36.38

7 1 weak {xz}2 {yz}2 {z2}1 {xy}1 {x2�y2}1 8.58
7 2 weak {xz}2 {yz}2 {z2}1 {xy}1 {x2�y2}1 12.84
7 1 strong {xz}2 {yz}2 {z2}2 {xy}1 14.48
7 2 strong {xz}2 {yz}2 {z2}2 {xy}1 27.28

8 1 weak,strong {xz}2 {yz}2 {z2}2 {xy}1 {x2�y2}1 9.65
8 2 weak,strong {xz}2 {yz}2 {z2}2 {xy}1 {x2�y2}1 18.19
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F. Summary of LFSE Calculations for 
5-Coordinate dn Complexes

Ligand field stabilization energies for all possible 5-coordinate geometries of a
dn complex in either weak or strong fields are averaged with equal weighting factors.
These results are summarized in Table 11. For d6, d7, and d8 complexes, the depend-
ence of LFSE on the number of d-electrons follows opposite trends for weak and
strong ligand fields. In other words, LFSE increases from d6 to d8 for weak-field
configurations, whereas LFSE decreases from d6 to d8 for strong-field configurations.
All calculations are presented in units of Dq, where the corresponding octahedral lig-
and field splitting is given by 10Dq. Parametric estimates of Dq are summarized in
the following section for pseudo-octahedral mixed ligand complexes with two poly-
meric ligands in the glassy state, and 5-coordinate mixed ligand complexes with one
polymeric ligand in the molten state, above the glass transition temperature.

Cobalt, Nickel, and Ruthenium Complexes with Reduced Symmetry 41

Table 11 Averaged Ligand Field Stabilization Energies for 
5-Coordinate dn-Complexes

Number of d-electrons Ligand Field Strength LFSE (Dq)

d6 weak 4.14
d6 strong 19.83

d7 weak 8.29
d7 strong 17.35

d8 weak 10.06
d8 strong 14.59

G. Stabilization of Metal d-Electrons in 
Mixed-Ligand Complexes

The following generic ligand dissociation reaction is proposed to analyze the
onset of Tg in macromolecule-metal complexes with enhanced glass-transition tem-
peratures relative to the undiluted polymers:

M2�(LA)2 (LB)2 (LC)2 ⇒ M2�(LA)2 (LB)2 LC � LC

where M2� is either Ru2�, Co2� or Ni2�; LA is either Cl� or CH3COO�; LB is either H2O
or C�O; and LC is the nitrogen lone pair in the sidegroup of either poly(4-vinylpyri-
dine) or poly(L-histidine). Reactive blending in dilute solution places two sidegroups
from these polar polymers in the coordination sphere of a single metal center. After sol-
vent evaporation, 6-coordinate glassy complexes are modeled via the structure on 
the left side of the previous dissociation reaction. LFSEs, based on the information in
Table 11 and Table 13, are computed in Table 12 for the appropriate 6-coordinate and
5-coordinate complexes with 6, 7, or 8 d-electrons that simulate the glassy and molten
states. Bold numbers with asterisks in the far right column of Table 12 identify the most
probable LFSE, based on strength of the ligand field and the number of d-electrons.
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The rule of average environments24,35 was invoked to calculate 10 Dq for mixed lig-
and complexes that are 6-coordinate below Tg and 5-coordinate above Tg. The aver-
aging was performed as follows. For 6-coordinate complexes with three different
types of ligands, denoted by M2�(LA)2(LB)2(LC)2, one predicts 10 Dq (kJ/mol) via
Jørgensen’s parameters:24,34,35

{10 Dq}6�coordinate ��
11.

6
963
� g

M 2�{2f (LA) � 2f (LB) � 2f (LC)}

For 5-coordinate complexes with three different types of ligands, denoted by
M2�(LA)2 (LB)2(LC), Jørgensen’s prediction of 10 Dq (kJ/mol) is24,34,35

{10 Dq}5�coordinate ��
11.

5
963
� g

M 2�{2f (LA) � 2f (LB) � f (LC)}

where anionic, neutral, and polymeric ligands are denoted by LA, LB, and LC, respec-
tively. An average Jørgensen f-factor of 6.0 was employed for C�O in
{RuCl2(C�O)3}2, which is consistent with the fact that C�O is the strongest 
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Table 12 Ligand Field Stabilization Energies for Macromolecule–Metal Complexes above
(i.e., 5-coordinate) and below (i.e., 6-coordinate) the Glass-Transition Temperature

10 Dq Ligand field LFSE
(kJ/mol) strength (kJ/mol)

d6 complexes
RuCl2(CO)2[P4VP]2 640 weak 4 Dq � 256

strong 24 Dq � 1536*
RuCl2(CO)2[P4VP] 709 weak 4.14 Dq � 294

strong 19.83 Dq � 1406*
RuCl2(CO)2[PHIS]2 647 weak 4 Dq � 259

strong 24 Dq � 1553*
RuCl2(CO)2[PHIS] 713 weak 4.14 Dq � 295

strong 19.83 Dq � 1414*

d7 complexes
CoCl2(H2O)2[P4VP]2 111 weak 8 Dq � 88.9*

strong 18 Dq � 200
CoCl2(H2O)2[P4VP] 106 weak 8.29 Dq � 88.0*

strong 17.35 Dq � 184
CoCl2(H2O)2[PHIS]2 114 weak 8 Dq� 91.3*

strong 18 Dq � 205
CoCl2(H2O)2[PHIS] 108 weak 8.29 Dq � 89.4*

strong 17.35 Dq � 187

d8 complexes
Ni(CH3COO)2(H2O)2[P4VP]2 112 weak 12 Dq � 134*

strong 12 Dq � 134
Ni(CH3COO)2(H2O)2[P4VP] 108 weak 10.06 Dq � 109*

strong 14.59 Dq � 158
NiCl2(H2O)2[PHIS]2 109 weak 12 Dq � 131*

strong 12 Dq � 131
NiCl2(H2O)2[PHIS] 103 weak 10.06 Dq � 104*

strong 14.59 Dq � 150
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π-acceptor in the spectrochemical series.12,35 The f-factor for imidazole in poly(L-
histidine) was determined from an empirical correlation between Brønsted ionization
equilibrium constants12,28 (i.e., pKB � 14 � pKA) and Jørgensen’s f-factors24,34,35 for
three anionic ligands (i.e., Br�, Cl�, CN�) and two neutral ligands (i.e., H2O and
C5H5N). f-Factors and pKAs for these five ligands are included in Tables 4 and 5.
The following third-order polynomial was used to match these five data pairs for 
f vs. pKB with a correlation coefficient better than 0.999, and estimate the Jørgensen
f-factor for six monodentate imidazole ligands, which is within the range of the
dataset.

f � 2.61 � 2.51 � 10�1 pKB �1.31 � 10�2 pK 2
B � 2.52 � 10�4 pK 3

B

Agreement between this empirical correlation and the five data points for three
anionic and two neutral ligands, mentioned above, is shown in Figure 7. Since the
Brønsted ionization equilibrium constant for the imidazole ring63 in histidine is
pKB � 8.0, the Jørgensen f-factor for imidazole is estimated to be 1.32.
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Figure 7 Empirical correlation between Jørgensen f-factors for prediction of octahedral
ligand field splittings and Brønsted ionization equilibrium constants (i.e., pKB) in aqueous
solution at 25�C.

H. Consideration of Interelectronic Repulsion and ∆0 When
There is Ambiguity in the d-Electron Configuration 
for Complexes with Pseudo-Octahedral Symmetry

There is ambiguity in the electronic configuration for d6 and d7 octahedral
complexes, due to the strength of the ligand field. Table 13 summarizes information
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about d-orbital energies; B0 for Ru2�, Co2�, and Ni2�; crossover (i.e., electron pair-
ing) energies for weak and strong ligand fields in terms of {∆0/B}critical; weak-field and
strong-field electronic configurations; and the corresponding LFSEs for d6, d7, and d8

complexes with local octahedral symmetry. For Ru2� in the second row of the d-block,
the large g-factor (i.e., 20), the extremely large f-factor for C�O, and the small value
of B0 (620 cm�1)24,35 suggest that strong field electronic configurations are most prob-
able for these heavy metal d6 complexes because ∆0/B is invariably greater than the
weak-field/strong-field crossover12,24 at {∆0/B}critical ≈ 20. Hence spin pairing occurs in
dxy, dyz, and dxz, whereas the z2 and x2 � y2 d-orbitals are vacant, corresponding to
LFSE � 24 Dq. For Co2� in the first row of the d-block, a much smaller g-factor (i.e.,
≈9.2) and a large value of B0 (i.e., 1120 cm�1),24,35 with no carbonyl ligands, argue
in favor of weak-field electronic configurations with ∆0/B less than the crossover12,24

at 22. Now, the higher energy d-orbitals (i.e., z2 and x2 � y2) contain one electron
each, and LFSE is 8 Dq. There is no ambiguity in electronic configuration for d8

Ni2� complexes with local octahedral symmetry. However, ligand field strength, or
∆0/B, influences the electronic configuration for 5-coordinate d8 complexes. Since B0

and Jørgensen’s g-factor for Ni2� are similar to those for Co2� (see Table 5), and no
carbonyl ligands occupy sites in the first-shell of Ni2� for the complexes of interest in
this chapter, it is reasonable to adopt weak-field electronic configurations for
Ni(CH3COO)2(H2O)2[P4VP] and NiCl2(H2O)2[PHIS] in the molten state.

I. Correlation Between Tg Enhancement and the 
Difference Between Ligand Field Stabilization 
Energies in the Glassy and Molten States

LFSEs are calculated in Table 12 for macromolecule–metal complexes in the
glassy and molten states. Based on consideration of interelectronic repulsion in the
previous section, asterisks and bold face type in Table 12 identify the most probable
LFSEs for 5- and 6-coordinate complexes of Ru2� (strong field), Co2� (weak field),
and Ni2� (weak field). When the appropriate ligand field strength is considered in
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Table 13 Racah Interelectronic Repulsion Energies for Free Metal Cations,
Weak- /Strong-Field Crossover Energies, d-Electron Configurations and
LFSEs for Pseudo-Octahedral dn Complexesa

B0 d-Electron LFSE
(cm�1) {∆0/ B} Configuration (Dq)

d6 complexes
Ru2� 620 � 20 {t2g}

4{eg}
2 4

� 20 {t2g}
6 24

d7 complexes
Co2� 1120 � 22 {t2g}

5{eg}
2 8

� 22 {t2g}
6{eg}

1 18
d8 complexes

Ni2� 1080 — {t2g}
6{eg}

2 12
axy, yz, and xz d-orbitals (denoted by t2g) are degenerate at �4 Dq; z2 and x2 � y2 d-

orbitals (denoted by eg) are degenerate at �6 Dq
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Table 12, LFSEs are larger for glassy 6-coordinate complexes than they are for 5-
coordinate complexes above Tg. More stabilization of metal d-electrons due to geome-
try and the surrounding ligands in the glassy state is consistent with the fact that these
complexes exhibit thermochemical synergy with respect to Tg, upon removal of one lig-
and in the polymer’s sidegroup from the first-shell coordination sphere of the metal cen-
ter. This is analogous to the fact that larger LFSEs for {M(H2O)6}

2� yield more
exothermic hydration enthalpies relative to linear trends from Ca2� to Mn2� to Zn2� for
divalent hexa–aqua metal complexes from the first row of the d-block12,24 (Fig. 3).
Furthermore, when one lattice water is removed from these hexa–aqua complexes, the
logarithm of the kinetic rate constant for this process, or the free energy of activation
from the 6-coordinate complex to the transition state, is correlated34 empirically with
the difference between LFSEs (i.e., units of Dq) of octahedral ML6 and square pyram-
idal ML5, without any geometric perturbations of the 5-coordinate complex. In this dis-
cussion of Tg enhancement, Dq is estimated for 5- and 6-coordinate mixed-ligand
complexes above and below the glass-transition temperature. Then the difference
between LFSEs (i.e., ∆LFSE, units of kJ/mol) in the glassy and molten states is corre-
lated with the increase in Tg for poly(4-vinylpyridine) and poly(L-histidine) complexes
that contain 1 mol% Ru2 �, Co2�, and Ni2�. These results are presented in Figure 8.
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Figure 8 Correlation between Tg enhancement at 1 mol% metal cation and 
differences between LFSE in the glassy and molten states for Co2�, Ni2�, and Ru2�

complexes with poly(4-vinylpyridine) and poly(L-histidine).

The reduction in chain mobility and the increase in Tg is more pronounced when the
first trace of metal cation is present. There is further enhancement of Tg at higher
concentrations of metal cations, but the relative increase in Tg is not as significant
as the initial effect. Most Tg-composition behavior, experimental or theoretical, is
nonlinear. Ligand field analysis is correlated with the initial slope of Tg vs. composition,
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in the range from 0 to 1 mol% metal cation. Without adjustable parameters that might
account for differences in complexation efficiency between pyridine and imidazole, it
is not possible to generate a universal correlation for Tg enhancement, based on the
six complexes that were analyzed in this section. Nevertheless, a priori calculations
of this nature, together with a reasonable model for the onset of Tg, are useful to iden-
tify macromolecule–metal complexes that exhibit thermochemical synergy.

J. Tetrahedral Co2� Complexes Below Tg and
3-Coordinate Complexes in the Molten State

An alternate viewpoint of macromolecule–metal complexes with Co2� is pre-
sented, in this section, when two ligands in the sidegroup of the polymer occupy sites
in the first-shell coordination sphere of the metal center below Tg. CoCl2(H2O)6 is
pink and the anhydrous salt is blue.59,61 Cobalt chloride adopts a tetrahedral geome-
try in ethanol with a characteristic blue color.61 X-ray diffraction data on dark blue
crystals of dichlorobis(4-vinylpyridine)cobalt(II) suggest that the structure of this 4-
coordinate pseudo-tetrahedral complex contains two 4-vinylpyridine ligands and no
waters of hydration.64–66 These studies are significant because they demonstrate that
the borderline acid Co2� sheds its four hard-base lattice waters in favor of two bor-
derline-base pyridine ligands. Tetrahedral symmetry of the metal center is a common
occurrence for d7 Co2� complexes.39 If geometric perturbations occur during prepa-
ration of complexes with poly(4-vinylpyridine) in ethanol, then octahedral
CoCl2(H2O)6 might revert to tetrahedral coordination with two pyridine ligands and
two anionic chloride ligands. If this 4-coordinate structure persists in the glassy
state, then the onset of Tg might occur when one pyridine ligand in the sidegroup of
the polymer is removed from the coordination sphere of Co2� due to the addition of
thermal energy. Now the coordinatively unsaturated molten state complex above Tg

is 3-coordinate, and the possibilities range from facial trivacant (i.e., nonplanar),
where all bond angles are 90�, to trigonal planar, where all bond angles are 120�
(Table 1). The following scheme represents a model for the glass-transition process
in Co2� complexes with poly(4-vinylpyridine) that have been prepared from ethanol:

CoCl2(P4VP)2 ⇒ CoCl2(P4VP) � P4VP

Stabilization energies for metal d-electrons above and below Tg, based on this ligand
dissociation reaction are presented in Table 14. Weak-field electronic configurations
are favored for 4-coordinate and 3-coordinate d7 metal complexes from the first-row
of the d-block, with no carbonyl ligands. One predicts that LFSE for 4-coordinate
tetrahedral Co2� complexes with poly(4-vinylpyridine) below Tg is larger than LFSE
for the corresponding 3-coordinate complex in the molten state by 5.8 kJ/mol. Since
these complexes were prepared in ethanol, the horizontal coordinate [i.e., ∆(LFSE)]
of the empirical correlation for P4VP/Co2� complexes in Figure 8 was changed from
0.9 kJ/mol (Table 12) to 5.8 kJ/mol (Table 14). Previous analysis9,11 of P4VP/Co2�

complexes that were assumed to be pseudo-tetrahedral above and below Tg yielded
LFSEs which are 3.7 kJ/mol larger in the glassy state [i.e., CoCl2(P4VP)2] relative to
the molten state [i.e., CoCl2(P4VP)(H2O)].
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Table 14 Electronic Energy Calculations for 3-Coordinate (i.e., C3v & D3h) and 
4-Coordinate (i.e., Td) d

7 Co2� Complexes34

d-Orbital energies (Dq) for facial trivacant complexes with C3v symmetry
(all bond angles are 90�)

7 Cp/12 Dq dxz dyz dxy dx2�y2 dz2

1,2 �2.00 �2.00 �2.00 �3.00 �3.00

d-Orbital energies (Dq) for trigonal planar complexes with D3h symmetry

7 Cp/12 Dq dxz dyz dz2 dxy dx2�y2

1 �2.57 �2.57 �0.65 �2.895 �2.895
2 �3.85 �3.85 �3.21 �5.46 �5.46

d-Orbital energies (Dq) for tetrahedral complexes with Td symmetry

7 Cp/12 Dq dx2�y2 dz2 dxy dyz dxz

1,2 �2.67 �2.67 �1.78 �1.78 �1.78

LFSEs for 3- and 4-coordinate d7 complexes

Ligand Field d-Electron LFSE
Symmetry 7 Cp/12 Dq Strength Configuration (Dq)

C3v 1,2 weak {xz}2{yz}2{xy}1{x2 �y2}1{z2}1 4.00
D3h 1 weak {xz}2{yz}2{z2}1{xy}1{x2 �y2}1 5.14
D3h 2 weak {xz}2{yz}2{z2}1{xy}1{x2� y2}1 7.69

Average LFSE for 3-coordinate complexes 5.21

Td 1,2 weak {x2 � y2}2 {z2}2 {xy}1 {yz}1 {xz}1 5.34

10 Dq LFSE
d7 Complexes State (kJ/mol) (kJ/mol)

CoCl2[P4VP]2 glass 111.7 5.34 Dq � 59.7
CoCl2[P4VP] molten 103.5 5.21 Dq � 53.9
CoCl2[PHIS]2 glass 116.1 5.34 Dq � 62.0
CoCl2[PHIS] molten 106.4 5.21 Dq � 55.4

Predictions for Co2� complexes with poly(L-histidine), based on the ligand dissociation
reaction in this section, reveal that LFSE for pseudo-tetrahedral complexes in the glassy
state is 6.6 kJ/mol larger than that for 3-coordinate complexes in the molten state.
However, these poly(L-histidine)/metal complexes were prepared in aqueous solution18

and lattice waters should be retained in the glassy state structure. Pseudo-octahedral
glassy complexes that revert to 5-coordinate complexes via the onset of Tg represent a
better model, so ∆(LFSE) of 1.9 kJ/mol from Table 12 is employed on the horizontal
axis of Figure 8 for poly(L-histidine)/Co2� instead of 6.6 kJ/mol calculated in Table 14.
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VII. TOTAL ENERGETIC REQUIREMENTS TO
INDUCE THE GLASS TRANSITION VIA
CONSIDERATION OF THE FIRST-SHELL
COORDINATION SPHERE IN TRANSITION
METAL AND LANTHANIDE COMPLEXES

A. Density Functional Estimates of Metal–Ligand 
Bond Dissociation Energies

Instead of focusing on the strength of one metal–ligand bond and the corre-
sponding LFSE that represents only a small fraction of the total bond energy,
modifications in the glass-transition temperature can be correlated with the difference
between the total energetics of all reactants and products in a proposed ligand disso-
ciation scheme. Molecular engineering design focuses on all of the metal–ligand
bonds that involve basic functional groups in the polymer, because these weak links
determine whether the material can withstand larger forces before failure occurs and
higher temperatures before viscous flow or thermal degradation. Density functional
methods67–69 are useful to simulate the energetics of the glass-transition process.
Even though most schemes in this chapter focus on the dissociation of one metal–
ligand chemical bond, the energetics of all reactants and products consider molecular
orbital overlap that is sensitive to coordination number and geometry of the complex.
A plausible strategy is described below for zero-valent d6 transition metal hexacar-
bonyl complexes [i.e., M(C�O)6] with poly(vinylamine), where amino sidegroups
in the polymer displace C�O in the first-shell coordination sphere of the metal via
assistance from UV radiation.47 Heating these hybrid organic–inorganic materials
above the glass-transition temperature dissociates metal/polymer–ligand σ-bonds
and produces coordinatively unsaturated complexes of lower symmetry in the 
molten state.

Initially, one estimates the first C�O single bond dissociation energy for
transition-metal hexacarbonyls M(C�O)6 with true octahedral symmetry. Since all
of the ligands are equivalent, there is no difference between removing equatorial vs.
apical ligands, as there is with 5-coordinate square pyramid complexes. One C�O
ligand can be removed from a hexacarbonyl complex by restricting one of the metal–
carbon bond distances to be ≈10 Å. The total electronic energy of the original hexacar-
bonyl complex is compared with that of the distorted complex in which the stretched
metal–carbon bond length is ≈10 Å. The difference between the total electronic energy
of the original and distorted complexes is the first metal–carbon single bond disso-
ciation energy. Since these calculations force the 5-coordinate (i.e., distorted) com-
plex to be square pyramidal, it should be instructive to compare the total electronic
energies of the complexes in 1, 3, and 4 below to establish the best methodology for
quantitative predictions of the first metal-C�O single bond dissociation energy:

1. M(C�O)6 vs. square pyramid M(C�O)5 with one C�O ligand occupying the
sixth octahedral site at M-C�O single bond distances of 8, 10, and 12 Å.

2. Square pyramid vs. trigonal bipyramid M(C�O)5, for application in 3 and 4,
below.
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3. M(C�O)6 vs. square pyramid M(C�O)5 and C�O, where the energies of
M(C�O)5 and C�O are calculated separately.

4. M(C�O)6 vs. trigonal bipyramid M(C�O)5 and C�O, where the energies of
M(C�O)5 and C�O are calculated separately.

Results from 1, 3, and 4 above should be compared with experimental C�O single
bond dissociation energies for zero-valent d6 metal hexacarbonyls [i.e., M(C�O)6].

Zero-Valent d6 Hexacarbonyl First C�O Bond Dissociation Energy69

Cr(C�O)6 162 kJ/mol
Mo(C�O)6 126 kJ/mol
W(C�O)6 166 kJ/mol

The method of choice that provides the best match with experimental data is
employed in the following section.

B. The Energetics of Ligand Dissociation Reactions in
Model Systems; Comparison with Experimental Tg
Enhancements for d-Block and f-Block Complexes

Energy-minimized conformations from molecular mechanics are useful to
estimate the energetics of metal–ligand bond dissociation. A plausible thermal dis-
sociation reaction for generic zero-valent metal carbonyl complexes that corre-
sponds to the onset of the glass transition is

M(C�O)4 [Polymer]2 ⇒ M (C�O)4 [Polymer] � Polymer

The complex on the left side of the previous reaction simulates coordination
crosslinks, where ligands in the sidegroup of the polymer occupy apical or equato-
rial sites in the first shell, and the complex on the right side represents a coordina-
tion pendant group. Typical models for the polymer in the previous dissociation
reaction are as follows

Polymer Model compounds
poly(vinylamine), PVAm methyl amine, CH3NH2

poly(4-vinylpyridine), P4VP pyridine, C5H5N
poly(L-histidine), PHIS imidazole, C3H4N2

These model compounds provide reasonable estimates of the ligands’ electronic
characteristics, as required for an energetic description of the glass-transition process.
At the present time, any connection between the density functional calculations sum-
marized above and experimental Tg-enhancement data is empirical. It is necessary to
establish a quantitative link between the formation of mobility-restricting nanoclus-
ters in the coordination sphere of the metal center and the efficiency of Tg enhance-
ment, where the latter is summarized in Table 15 for several polymer/metal–complex
combinations.
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VIII. SUMMARY

Stabilization of metal d-electrons has been employed previously to explain
thermodynamic12,24 and kinetic34 data for 6-coordinate hexa–aqua divalent transition
metal complexes from the first-row of the d-block. Kinetic data34 for the dissociation
of one lattice water from M2�(H2O)6 were analyzed by postulating a 5-coordinate
square pyramidal product [i.e., M2�(H2O)5] that was not allowed to distort. The
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Table 15 Enhancement in Tg (�C) per mol% Metal Cation (0–1 mol%) for Several
Macromolecule–Metal Complexesa

d-block complexes P4VP PVAm PHIS PLYS

Mg(CH3COO)2(H2O)4 0
Ca(CH3COO)2(H2O) 0
Ni(CH3COO)2(H2O)4 5.2 17
Cu(CH3COO)2(H2O)2 1.0
Zn(CH3COO)2(H2O)2 1.3
Zn(CH3[CH2]10COO)2 �6.2*
CoCl2(H2O)6 3.4 45 15 �4.6*
NiCl2(H2O)6 30 �5.4*
CuCl2(H2O)2 2.8 �1.1*
ZnCl2 3 �6.2*
{RuCl2(C�O)3}2 10 25 69
PdCl2(CH3C�N)2 17

Lanthanide complexes Tg (@ 0.5 mol% Ln3� w/ PVAm), �C

LaCl3(H2O)6 [Xe]4f0 104
CeCl3(H2O)x [Xe]4f1 102
PrCl3(H2O)7 [Xe]4f2 102
NdCl3(H2O)6 [Xe]4f3 103
SmCl3(H2O)6 [Xe]4f5 74
EuCl3(H2O)6 [Xe]4f6 79
GdCl3(H2O)x [Xe]4f7 60
TbCl3(H2O)6 [Xe]4f 8 110
DyCl3(H2O)6 [Xe]4f 9 107
HoCl3(H2O)6 [Xe]4f10 105
ErCl3(H2O)x [Xe]4f11 74
TmCl3(H2O)7 [Xe]4f12 112
YbCl3(H2O)6 [Xe]4f13 106
LuCl3(H2O)6 [Xe]4f14 112

Polymers MW (daltons) Tg (�C), undiluted

poly(4-vinylpyridine), P4VP 2 � 105 145
poly(vinylamine), PVAm 2.3 � 104 57
poly(L-histidine), PHIS 1.5�5.0 � 104 169
poly(L-lysine)hydrobromide, PLYS 2 � 105 178

a *, polymer/metal–salt mixtures that exhibit a decrease in Tg.
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methodology employed herein allows for geometric distortions in the molten state 
to model the glass-transition process in macromolecule–metal complexes with
enhanced Tgs. By focusing on weakly basic ligands with a different hardness
classification than the metal center, ligand exchange in the first-shell coordination
sphere of d-block cations was invoked to couple at least two different chains via
coordination crosslinks. Molybdenum hexacarbonyl complexes with poly(viny-
lamine) have been analyzed using ligand field models, with the hope that experi-
mental data will follow. For complexes based on dichlorotricarbonylruthenium(II) at
low metal cation concentrations, group theory analysis of previous infrared data70

yields a glassy state structure where two sidegroups from the polymer occupy sites
in the first shell of Ru2�. Dissociation of one of these metal–polymer chemical bonds
at high temperature produces a 5-coordinate complex with reduced symmetry in the
molten state. LFSE differences between 6-coordinate glassy complexes and 5-coor-
dinate molten complexes have been correlated with the enhancement in Tg for Ru2�,
Co2�, and Ni2� complexes with poly(L-histidine). For similar complexes with poly(4-
vinylpyridine), Ru2� and Ni2� are considered to be pseudo-octahedral below Tg and
5-coordinate above Tg, but the corresponding Co2� complexes prepared from
ethanol are considered to be pseudo-tetrahedral below Tg and 3-coordinate above 
Tg. At 1 mol% of the d-block metal cations, there is much more enhancement in 
the glass transition of poly(L-histidine), relative to that for poly(4-vinylpyridine).
Adjustable parameters were not introduced to develop a correlation between 
Tg,complex� Tg,undiluted polymer, due to self-assembled nanoclusters, and the difference
between ligand field stabilization energies below and above Tg. The model predicts
thermochemical synergy for six different macromolecule-metal complexes.
However, universality of the correlation has not been demonstrated for these six
complexes, even though the basicity of the important functional group in the poly-
mer’s sidechain influences predictions of LFSEs via Jørgensen’s quantum-chemical
group contribution method.
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I. INTRODUCTION

Composite materials are composed of two or more phases of (mostly) different
chemical compositions, by which the combination of the two phases and interface
phenomena result in new properties of the composite compared to its individual con-
stituents. An example is fiber-reinforced organic polymers. Classical composite mate-
rials have distinct phase boundaries between different macroscopic phases.

The basic idea behind the development of inorganic–organic hybrid materials is
similar: If the dimensions of the one or both phases making up the composite material
are reduced in size down to the nanometer scale or even the molecular level, a syner-
getic combination of the properties typical of each of the constituents is still expected.
It is rather obvious, however, that the materials properties of such “nanocomposites”
will be different from that of classical composites, since many properties correlate
with the phase dimension. Since molecular building blocks are now used for the con-
struction of the material instead of macroscopic pieces of matter, the interface (or
interphase) between the constituents will clearly play a different role.

When organic and inorganic building blocks are combined, so-called
inorganic–organic hybrid materials are obtained. Modification of the kind and pro-
portions of their constituents allows, in principle, a deliberate tailoring of properties
between purely inorganic and purely organic materials. This contribution focuses on
a subclass of nanocomposite materials, in which one phase is an organic polymer and
that will, therefore, be named inorganic–organic hybrid polymers.

One class of inorganic–organic hybrid materials are those in which the organic
component is just entrapped in an inorganic host, or vice versa. Examples include
inorganic–organic hybrid polymers with interpenetrating but otherwise noncon-
nected networks, polymers filled with inorganic particles, or layered inorganic com-
pounds intercalated by organic polymers. In the second class of inorganic–organic
hybrid materials, the constituents are connected with each other by strong covalent
or ionic bonds. Although the preparation of these materials usually requires some
efforts to establish the chemical link, for example, the development of special precur-
sors, the bonding between the two components overcomes problems of macrophase or
microphase separation or leaching and allows materials development strategies sim-
ilar to those for block copolymers in organic polymer chemistry.

The most versatile method for the preparation of the second class of inorganic–
organic hybrid polymers is sol-gel processing of molecular precursors of the general
composition (RO)nM–X–A1 with a hydrolyzable group (RO)nM, and a polymeriz-
able organic group A connected by some inert spacer X. In alkoxysilane chemistry,
methacryloxypropyl(trialkoxy)silane, (RO)3Si(CH2)3OC(O)CMe�CH2, or vinyl-
trimethoxysilane, (MeO)3SiCH�CH2, are most often used for this purpose, but
alkoxysilanes with more than one polymerizable group in the organic substituent
were also developed.2 For the functionalization of metal alkoxides several types of
unsaturated organic ligands were used, such as the anions of ß-diketones (allylace-
toacetone or 2-(methacryloyloxy)ethyl acetoacetone), carboxylic acids (methacrylic
acid, acrylic acid or methacrylamidosalicylic acid), or chelating alcohols (cis-but-2-ene-
1,4-diol or 3-allyloxypropane-1,2-diol, isoeugenol).3 The issue of what compositions
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and structures these metal derivatives could have will be discussed below. In prac-
tice, the functional organic compounds are reacted with the metal alkoxide in situ,
and the subsequent reactions are mostly carried out without isolation of the organi-
cally substituted metal alkoxide derivative. The precursors are first reacted with
water in the presence of the parent alkoxide M(OR)n�1 (to achieve a higher inorganic
crosslinking density). After sol–gel processing (i.e., formation of the inorganic net-
work) the organic groups A are polymerized or crosslinked to form oligomeric or poly-
meric organic structures. Organic comonomers may be added to extend the organic
structures.

A special challenge of increasing importance is to tailor not only the compo-
sition of hybrid materials but also their structural features, especially to control the
mutual arrangement of the inorganic and organic building blocks. This goal is more
easily reached when the formation of the organic and the inorganic extended struc-
tures is done at different times in clearly separated reaction steps. The first option is
to use compounds of the type [(RO)nM]xY, in which Y is a pre-formed organic group
or polymer chain linking two (x � 2) or more (x � 2) metal alkoxide units [M(OR)n].
For example, organic groups of variable length (e.g., saturated or unsaturated hydro-
carbon chains, or polyaryls) substituted with Si(OR)3 groups at both ends, or poly-
mers with grafted Si(OR)3 groups were used.4

The inorganic counterpart of this method is to use preformed inorganic struc-
tures with polymerizable organic groups.5 Polymer chemists are using inorganic par-
ticles for the reinforcement of organic polymers. The dimensions of the filler particles
are typically in the upper nanometer to micron range. They may be substituted by
reactive organic groups to provide strong chemical interactions with the polymer
matrix.6 As pointed out above, different properties can be expected, when the size of
the inorganic particles is reduced to the nanometer scale. Most obviously, the poly-
mers stay transparent because of the small size of the particles. More important,
however, is that novel properties can be achieved by using intrinsic physical proper-
ties of nanoparticles (e.g., quantum dots or single domain particles) and the high
interphase area between the particles and the organic matrix.

The smallest and structurally best defined nanoparticles are molecular inor-
ganic clusters, which have a defined stoichiometry, size, and shape and can be pre-
pared by bottom-up approaches from molecular compounds. The term cluster is used
in this article for polynuclear metal compounds with a three-dimensional (3D) shape.
Molecular clusters need to be stabilized by surface groups, which can be terminal
groups (O�, OH, OR, SR, Cl, etc.) or multidentate organic or inorganic ligands. Since
all or nearly all metal atoms of molecular clusters are surface atoms, clusters have the
highest possible portion of surface groups. When these groups are provided with
some functionality to bind to a polymer matrix, the largest possible interphase region
between the inorganic nanoparticles and the organic matrix is achieved.

This concept requires the preparation of molecular clusters covered by reactive
organic groups that are capable of binding to organic polymers. The discussion in this
article is restricted to metal oxo clusters; however, the concept is rather general.

The only metal oxo cluster type previously investigated in some detail as a
constituent of inorganic–organic hybrid polymers are the polyhedral oligomeric
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silsesquioxanes, [RSiO3/2]n (POSS), or spherosilicates, [ROSiO3/2]n,
7 mostly the

cubic octamers, R8Si8O12 or (RO)8Si8O12. These compounds can be considered
the smallest possible piece of silica (eight corner-sharing tetrahedra in the case of
the octamers) wrapped by organic groups R. The groups R can be used for crosslink-
ing or polymerization reactions. For example, hybrid polymers were prepared by
polymerization of (RSiMe2O)8 · Si8O12 or R8Si8O12 when the organic substituent R
contained unsaturated or epoxy groups.8 It is worth mentioning at this point that such
inorganic–organic hybrid polymers have the same overall chemical composition as
the corresponding polymers reinforced by glass fibers. It is rather obvious, however,
that the nanocomposite has different macroscopic properties from the classical com-
posites.

The crosslinking density in the hybrid polymers based on octa-substituted sil-
icate clusters is high because of the large number of reactive groups on the cluster
surface. Recently, a new type of POSS-based hybrid polymers has gained much
interest in which POSS molecules are just appended to thermoplastic resins, such as
polyolefins, polyepoxides, or polyurethanes.9,10 The development of these materials
was made possible by the straightforward synthesis of monofunctional derivatives of
the type RR�7Si8O12, with only one polymerizable group (R), which are then used as
comonomers in polymerization reactions.7,9

The interesting properties of POSS-reinforced polymers have widened the view
on what is conceivable with other inorganic clusters, considering the wealth of such
compounds in terms of composition, structures and properties. Apart of the property
enhancements observed for POSS-reinforced polymers, interesting catalytic, mag-
netic, or electric properties can be additionally expected if transition metal based
clusters are employed. The development of the corresponding hybrid materials is just
beginning. This is mainly due to the lack of suitable organically modified transition
metal oxide clusters (OMTOC) as the transition metal equivalents to the POSS. This
chapter is aimed at discussion some general concepts, based on our own work, rather
being a comprehensive overview on what is known.

II. SYNTHESIS OF ORGANICALLY MODIFIED
TRANSITION METAL OXIDE CLUSTERS

A key issue in the preparation of OMTOC is the stable attachment of suitable
organic groups to the surface metal atoms of the clusters. Linkage of organic groups
via metal–carbon bonds is not possible, because these bonds—unlike silicon–carbon
bonds—are not hydrolytically stable. Bonding can be achieved, however, via biden-
tate or multidentate (chelating or bridging) ligands, such as carboxylates, sulfonates,
phosphonates, and ß-diketonates. These groups may carry organic functionalities,
such as polymerizable double bonds.1,11

OMTOC can be prepared by two strategies. The organic groups can either be
grafted to a preformed cluster (postsynthesis modification method) or introduced
during the cluster synthesis (in situ method).
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A. Postsynthesis Modification of Pre-Formed 
Metal Oxide Clusters

A huge variety of neutral or, more often, charged metal oxo clusters is known,
and there are established routes for their preparation. Therefore, it appears to be an
obvious approach to modify the surface groups of available clusters. However, this
method is not very general. The reason is that this method requires reactive surface
groups, such as O�, OH, Cl or OR, as well as the simultaneous balancing of charges
and co-ordination numbers on substitution of these groups. Substitution can therefore
be expected to proceed without major difficulties only if both the number of the occu-
pied coordination sites and the charges of the entering ligands are the same as those
of the leaving groups. Alternatively, bridging groups may change their coordination
mode (e.g., bridging OR or OH to terminal, µ3 oxygens to µ2 oxygens) or metals may
change their coordination number to make additional coordination sites available.

For example, when Ti16O16(OEt)32 was reacted with small proportions of car-
boxylic acids, a fraction of the bridging OEt groups was replaced by bridging car-
boxylate groups; the resulting cluster was not structurally characterized. For higher
carboxylate: Ti proportions, the cluster was degraded.12 However, the presence of
bridging alkoxo ligands does not guarantee that substitution by bidentate ligands will
take place. Reaction of Ti7O4(OEt)20 with benzoic acid resulted in the formation 
of the new cluster Ti6O4(OEt)14(OOCPh)2 with concomitant major rearrangement of
the cluster core, despite the presence of bridging OR groups in the starting cluster.13

A rare example in which the general structure of an oxo alkoxo cluster was preserved
on substitution of alkoxo ligands by carboxylates was found when Ti3O(OPri)10 or
Ti3O(OPri)9(OMe) was converted to Ti3O(OPri)8(OOCPh)2 by reaction with benzoic
acid.14

A variation of the postsynthesis modification method makes use of silane cou-
pling agents that are reacted with nucleophilic terminal oxo groups at the cluster sur-
face. There are only few examples because not too many oxometallate clusters have
sufficiently nucleophilic oxo groups. The heterotungstate cluster [SiW11O39]

8� was
derivatized by reaction with various organotrichloro- or organotriethoxysilanes
RSiX3 (X � Cl or OR�) with polymerizable groups R.15 The obtained anionic clusters
have the composition [SiW11O35(O5Si2R2)]

4�. The clusters [SiW10O32(O5Si2R2)]
4�

and [SiW10O32(O8Si4R4)]
4� (R � vinyl or 3-methacryloxypropyl) were similarly pre-

pared from [SiW10O36]
8�.16 The unsaturated organic groups were thus attached to the

cluster core via W-O-Si-C linkages. In a formal sense, four surface –O� groups are
replaced by the bridging [R2Si2O5]

4� or [R4Si4O8]
4� units, respectively. Both the 

overall charge of the ligands and the number of occupied coordination sites are thus
preserved, and no rearrangement of the clusters is necessary to accommodate the
organosiloxyl groups.

B. In Situ Modification

Carboxylic acids, mainly acetic acid, are used in sol-gel chemistry to moder-
ate the reactivity of metal alkoxides.17 It was noted rather early that clusters of the
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general composition MaOb(OH/OR)c(OOCR�)d may be obtained instead of the antic-
ipated substituted alkoxo derivatives M(OR)x�n(OOCR�)n. One of the earliest struc-
turally characterized examples is Ti6O4(OR)8(OOCMe)8, obtained by reaction of
Ti(OR)4 with acetic acid.18 Although the mechanism of the reaction has not been elu-
cidated, the formation of this and related clusters can be explained by the following
sequence of reactions. In the first step of the reaction, one or more alkoxide ligands
are substituted by carboxylate groups to give M(OR)x�n(OOCR�)n (Eq. 1). The thus
liberated alcohol then undergoes an esterification reaction in which water is pro-
duced along with the ester (Eq. 2).19 The in situ generated water serves to hydrolyze
all or part of the remaining alkoxide groups and is the source of oxo or hydroxo
groups in the clusters (Eq. 3). The slow production of water allows a controlled
growth of the carboxylate-substituted oxometallate clusters. The advantage of this
process is that the cluster growth is self-limiting because the reaction is based on
three interwoven reactions (i.e. two alcohol-producing reactions—equations 1 and
3—and two carboxylic acid-consuming reactions—equations 1 and 2) and because
several anionic groups with different charges and coordination possibilities are avail-
able to balance the charges and coordination numbers of the metal atoms forming the
product cluster.

M(OR)x � nR�COOH → M(OR)x�n(OOCR�)n � nROH (1)

ROH � R�COOH → R�COOR � H2O (2)

M(OR)x�n(OOCR�)n � H2O → MaOb(OR)c(OOCR�)d � ROH (3)

The use of other acids may also result in the formation of oxo-alkoxo clusters
by in situ generation of water. For example, the phosphonate and phosphinate-sub-
stituted oxotitanium clusters Ti4O(OiPr)8(O3PR)3 and Ti4O4(O

iPr)4(O2PPh2)4 were
obtained by reaction of Ti(OR)4 with the corresponding phosphonic or phosphinic
acid.20

We used this method extensively to prepare oxo-clusters capped by polymeriz-
able carboxylate ligands. The prepared clusters include Ti4O2(OR)6(OMc)6

21

(OMc � methacrylate), Ti6O4(OR)8(OMc)8,
3e Ti9O8(OR)4(OMc)16,

22 M4O2(OMc)12

(M � Zr 23,24, Hf 25), M6(OH)4O4(OMc)12 (M � Zr23, Hf25), Zr6O2(OR)10(OMc)10,
Zr6O2(OR)6(OMc)14,

26 and M4O4(OR)8(OMc)4 (M � Nb, Ta)27,28 as well as the cor-
responding acrylate derivatives in many cases. A series of methacrylate-substituted
Ti/Zr(Hf ) or Ti/Y mixed-metal clusters was similarly prepared from Ti(OR)4/Zr(OR)4

(Hf(OR)4)/methacrylic acid or Ti(OR)4/Y(OR)3/methacrylic acid mixtures.25,29 These
mixed-metal clusters are particularly interesting because of their rodlike shape of
variable length (1.2–1.8 nm [distance between the most distant oxygen atoms], diam-
eters ≈ 0.65 nm).

What the mentioned metal oxo clusters have in common is that their surface is
covered by reactive organic groups, which are fully accessible for further reactions.
The (meth)acrylate groups chelate or bridge the metal atoms. From a practical point
of view, the simplicity of the preparation method is worthy of special mention at this
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point. The metal alkoxide(s) and the carboxylic acid are simply mixed together in a cer-
tain ratio (see below), and—in most cases—the cluster crystallizes in quantitative yield
within a period of a day or so. For example, we prepared about 200 g of Zr4O2(OMc)12

within a few days.
The size and shape of the clusters can be influenced to a certain degree by the

reaction parameters. The most important parameter is the metal alkoxide/carboxylic
acid ratio. An example is shown in Figure 1 (for a given ratio, the same cluster is
reproducibly obtained).
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Figure 1 The structures of Zr6O2(OBu)10(OMc)10 (top left), Zr4O2(OMc)12 (top right)
and Zr6(OH)4O4(OMc)12 (bottom) showing the different condensation of the [ZrO7] and
[ZrO8] polyhedra. (Reproduced by permission from ref. 11.)

The three oxozirconium clusters Zr6O2(OBu)10(OMc)10,26 Zr6(OH)4O4 ·
(OMc)12,

23 and Zr4O2(OMc)12
23,24 are formed when Zr(OBu)4 is reacted with 1.6, 4,

or 7 equivalents of methacrylic acid, respectively. When the metal alkoxide/carboxylic
acid ratio is low, most of the carboxylic acid is consumed for the substitution of alkox-
ide groups; in Zr6O2(OBu)10(OMc)10 the average degree of substitution of the zirco-
nium atoms by OMc ligands is 1.67. Therefore only a small amount of water is
produced. As a consequence, a rather open cluster (low degree of condensation) with
a large number of residual alkoxy groups is formed. For a high metal alkoxide/
carboxylic acid, a high degree of substitution by methacrylate ligands is achieved
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(3.0 in Zr4O2(OMc)12). Although much more water is produced due to the large
excess of carboxylic acid, an open cluster is again formed, because the coordination
sites required for a higher degree of condensation are blocked by the OMc ligands.
The highest degree of condensation is therefore obtained for a medium metal alkoxide/
carboxylic acid ratio. The structure of the cluster core of Zr6(OH)4O4(OMc)12 is
indeed similar to that of the parent metal oxide. This cluster can be considered to be
the smallest possible section of tetragonal zirconia which is covered by organic
groups and thus prevented from growing.

A second parameter influencing the kind of formed cluster is the kind of the
alkoxide group of the parent alkoxide. For example, when Ti(OEt)4 or Ti(OPr)4 are
reacted with two to three equivalents of methacrylic acid, the clusters Ti6O4(OR)8 ·
(OMc)8 are obtained, while Ti4O2(O

iPr)6(OMc)6 is formed from Ti(OiPr)4.
3e,21 This

can be due to the bulkiness of the alkoxide ligands or to the degree of association of
the parent alkoxide (Ti(OEt)4 and Ti(OPr)4 are trimeric in solution, while Ti(OiPr)4

is monomeric because of its larger alkoxide groups).
In the above-mentioned examples, the water was produced by an in situ reac-

tion. The benefit of this method is its simplicity and that structurally well-defined
clusters are formed. However, the method cannot be extended to the synthesis of
larger clusters because of the competition of equations 1 and 2. As the portion of
surface atoms decreases in larger clusters, a much lower portion of carboxylate lig-
ands is required to substitute the metal atoms at the cluster surface. However, if the
metal alkoxide/carboxylic acid ratio is strongly decreased, not enough water would
be produced to build up the cluster core. An alternative is to add the water needed
for the (partial) hydrolysis of the alkoxo groups externally to a metal alkoxide/car-
boxylic acid mixture. The disadvantage of this method is that the precise dosage of
water for the reproducible synthesis of a certain cluster (particle) size is difficult.
However, the synthesis of Zr10O6(OH)4(OPr)18(allylacetoacetate)6 by hydrolysis of
a solution of Zr(OPr)4 and 0.6 equivalents of allylacetoacetone has shown that this
method can be successful.30 It was also shown that the size of metal oxide particles
can be controlled by the metal alkoxide/bidentate ligand ratio. The size of zirconia
particles (obtained by hydrolytic condensation) increased from 2 nm to 15 nm when
the Zr(OiPr)4/acetylacetone ratio was increased from 1 to 10.31 As the portion of
surface atoms decreases, a smaller amount of ligands is needed to saturate the sur-
face atoms.

All the clusters discussed so far are substituted with ligands that contain poly-
merizable double bonds. Clusters with functional groups that allow other polymeriza-
tion techniques offer additional possibilities for materials syntheses. The first examples
are the 2-bromopropionate-substituted metal oxo clusters Ti6O4(O

iPr)8 · (OOC-
CBrMe2)8, Zr5O4(OPr)2(OOC-CBrMe2)10(PrOH)4, and V3O3(OOC-CBrMe2R)6 ·
(iPrOH) employed as macroinitiators for atom-transfer radical polymerizations,32 and
the cluster Zr6O4(OH)4 (5-norbornene-2-carboxylate)12 used for ring-opening metathe-
sis polymerization (ROMP).33

The clusters MaOb(OH/OR)c(OOCR�)d are the transition metal equivalents 
to the polyhedral oligomeric silsesquioxanes, [RSiO3/2]n, or spherosilicates,
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[ROSiO3/2]n, in which each silicon is substituted by a reactive organic group R.
When clusters with a large number of unsaturated ligands are copolymerized with
organic monomers, the crosslinking density of the obtained hybrid polymers is 
high (see below). To control the crosslinking density and some polymer properties
related to that (flexibility, swelling in organic solvents, thermal degradation, etc.),
variation of the number of polymerizable ligands on the surface of a given cluster
is desirable (i.e., clusters are needed that contain both nonreactive and polymeriz-
able ligands in an easy-to-adjust ratio). In the extreme, clusters with only one poly-
merizable ligand would allow the preparation of polymers with the clusters pending
on a polymer chain, as for the POSS systems using RR�7Si8O12 (see above). The
transition metal equivalent would be MaOb(OH/OR)c(OOCR�)d(OOCR�)e substi-
tuted by both reactive (OOCR�) and nonreactive (OOCR�) ligands. The preparation
of such clusters is still a challenge. We are currently investigating several possi-
bilities:

• In situ synthesis of the clusters in the presence of two different carboxylates 
(i.e., mixtures of a functional and a nonfunctional carboxylic acid). We obtained
a first example, Zr6O4(OH)4(OMc)8 (isobutyrate)4, when Zr(OBu)4 was reacted
with a 1 :1 mixture of methacrylic acid and isobutyric acid.33

• Partial exchange of (meth)acrylate ligands by either nonfunctional bidentate ligands
(such as acetate or acetylacetonate) or vice versa. When Zr4O2(OMc)12 was reacted
with two equivalents methacrylic acid, an exchange process involving the non-
bonded acid molecules was observed by NMR spectroscopy. A rapid exchange was
also observed with propionic or isobutyric acid that allowed either complete or
partial substitution of the methacrylate ligands.34,35

• Partial blocking of polymerizable ligands at the cluster surface by chemical reac-
tions at the double bond.

III. SYNTHESIS AND STRUCTURAL
CHARACTERIZATION OF THE 
CLUSTER-REINFORCED POLYMERS

Inorganic–organic hybrid polymers were obtained by polymerizing [SiW11O34-
(O5Si2R2)]

4� (R � various polymerizable group) in free-radical reactions15 or by
copolymerizing [SiW10O32(O5Si2R2)]

4� with ethyl methacrylate36 or acrylamide37 in
different molar ratios. It was shown in each case that the clusters are retained in the
polymers. Polymerization of [SiW11O34(O5Si2R2)]

4� gave hybrid polymers with
different structures (linear or branched) and spatial repetitions of the clusters, depend-
ing on the polymerization conditions. Copolymerization of [SiW10O32(O5Si2R2)]

4�

with either ethyl methacrylate or acrylamide resulted in swellable gels, where the
swelling index increased with an increasing monomer/cluster ratio. This shows that
the clusters act as crosslinkers.
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In our own work, we investigated radical polymerizations of the clusters
Zr6(OH)4O4(OMc)12,

35,38,39 Zr4O2(OMc)12,
39,40 Ti4O2(OPri)6(OMc)6, Ti6O4(OEt)8 ·

(OMc)8,
21,39 or Ta4O4(OEt)8(OMc)4

28 (and some of the corresponding acrylate-
substituted clusters)—typically 0.5–2 mol%—with methyl methacrylate (MMA) or
methacrylic acid (MA) as comonomers. The materials properties of the resulting
hybrid polymers (see below) indicate that the metal oxo clusters crosslink the poly-
mer chains efficiently. Glassy, transparent materials are typically obtained upon
copolymerization with MMA in benzene or toluene when the cluster proportion is
below 2 mol%. The polymers become opaque or whitish when the cluster propor-
tion is increased. Copolymerization of the clusters with MA results in insoluble
powders.

A different type of polymer is obtained when the 2-bromopropionate-
substituted titanium zirconium and vanadium oxo clusters mentioned above are
employed as macroinitiators for copper-catalyzed atom transfer polymerizations of
MMA or styrene. Each carboxylate ligand at the cluster surface acts as an initia-
tor for the growth of a polymer chain from the cluster surface, resulting in core-
shell nanoparticles with an inorganic (cluster) core and a polymer shell. These
reactions proceed in a controlled manner and rather low polydispersities are
achieved.32

The interaction between PMMA chains in the hybrid polymer prepared from
2 mol% Zr4O2(OMc)12 and MMA was investigated by dielectric spectroscopy and a
predominant syndiotactic conformation of PMMA chains was found.41 Comparison
with the spectra of syndiotactic and isotactic PMMA clearly indicated that in the
hybrid network the macromolecular chains experience a different chemical environ-
ment than in cluster-free PMMA. The results suggest that in the hybrid polymer the
organic chains are more separated from each other, owing to the cluster crosslinks.
This results in less pronounced interchain interactions.

A critical issue is whether the clusters are incorporated into the polymers as
such, or whether they are destroyed or rearranged upon reaction with the organic
comonomers. An early result was alarming in this respect: The cluster Zr4O2(OMc)12

was completely degraded by acetylacetone to monomeric Zr(acac)2(OMc)2.
42 Given

the large excess of potentially ligating groups, especially in the reactions of the
clusters with methacrylic acid, there was a risk that the clusters would also be
degraded. There are no simple straightforward spectroscopic methods that give a
“fingerprint” information on the cluster core (especially for the low molar ratios
used) by which the clusters can be traced to the final hybrid polymer. However, such
information is provided by EXAFS spectroscopy. The two Fourier transforms in
Figure 2 are nearly identical, which proves that the cluster core is unchanged in the
polymer.43

Small-angle x-ray scattering (SAXS) provides valuable information on the dis-
tribution of the clusters in the polymers. The SAXS curves for PMMA crosslinked
by with various portions of Zr6(OH)4O4(OMc)12 are shown in Figure 3.39 The slope
of the linear part at high q-values is compatible with nearly spherical units having a
radius of gyration of 0.49 nm. This corresponds well with the radius of the cluster
core. The existence of a maximum in the SAXS function indicates some kind of
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Figure 2 Experimental (solid line) and calculated (dotted line) Fourier transform of the
k3χ(k) function of the crystalline Zr6(OH)4O4(OMc)12 cluster (right) and Zr6(OH)4O4(OMc)12
co-polymerized with MA (left) at the Zr-K edge. (Reproduced by permission from ref. 43).
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Figure 3 SAXS data of PMMA crosslinked with Zr6(OH)4O4(OMc)12. rc is the
MMA/cluster molar ratio in the starting mixture. The x-axis corresponds to the square 
of the scattering vector, q2, and the y-axis to I(q)/I0 on a logarithmic scale (Guinier plot).
I(q) is the scattering intensity after subtraction of the signal of cluster-free PMMA and
normalization. (Reproduced by permission from ref. 39).
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short-range order in the arrangement of the cluster units. The position of the maxi-
mum is roughly inversely related to the intercluster distance. As the cluster portion
in the polymer decreases, the maximum is shifted to smaller q2 (i.e., to larger aver-
age cluster-cluster distances). The SAXS data therefore show that the microstructure
of this particular hybrid polymer can be described by a dispersion of identical
(approximately spherical) clusters in the polymer.

Although we found other examples with a roughly statistical distribution of
the clusters (e.g., for styrene crosslinked by Ta4O4(OEt)8(OMc)4),44 we also
observed SAXS curves with two maxima instead of one. This indicates a different
distribution of the clusters with two different intercluster distances. One possi-
ble explanation of the double-maximum is that the anisotropic shape (elongated
disks) of some cluster types results in a kind of discotic arrangement. The shorter
distance would then correspond to the inter-cluster distances within a pile of 
disks, and the longer distance to the distance between clusters of neighboring piles
(Fig. 4).
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D2

D1

Figure 4 A possible discotic arrangement of flat clusters in the hybrid polymers.

We so far observed three subclasses for this discotic arrangement.

1. The two distances are independent of the cluster concentration. This was, for
example, found for Ti4O2(OEt)6(OMc)6 in PMA (D1 ≈ 1.6 nm and D2 ≈ 2.5 nm)21 or
for Hf4O4(OMc)12 in PMMA (D1 ≈ 1.3 nm and D2 ≈ 2.1 nm).44 This indicates that the
clusters aggregate to some extent (clusters of clusters). When a higher proportion of
MMA comonomer is employed in the polymerization reactions, the intercluster dis-
tance is not increased, but instead the additional organic monomer is apparently
incorporated between the cluster aggregates.

2. The shorter distance is independent of the cluster concentration while the
larger distance increases when less cluster is incorporated. This behavior was found
for Ti6O4(OPr)8(OAcr)8 (OAcr �acrylate) in PMMA (D1 ≈1.3 nm; D2 ≈ 2.5 nm for
2 mol% of cluster and ≈ 3.0 nm for 1 mol% of cluster) or Ti4O2(OEt)6(OMc)6 in
PMMA (D1 ≈ 1.5 nm; D2 ≈ 2.3 nm for 2 mol% of cluster and ≈ 3.1 nm for 0.5 mol% of
cluster).21 This indicates that the intercluster distances within a pile of disks remains
constant and additional organic monomer is incorporated between the cluster piles.

3. The longer distance is independent of the cluster concentration while the
shorter distance increases when less cluster is incorporated. This behavior was found
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for Ta4O4(OEt)8(OMc)4 in PMMA (D1 ≈ 1.2 nm for 4 mol% of cluster and ≈ 1.6 nm
for 1 mol% of cluster; D2 ≈ 3.2 nm).44 This indicates that the intercluster distances
between the piles of disks remains constant and additional organic monomer is
incorporated between the clusters of the same pile.

A possible reason for the different aggregation behavior of the clusters may be
their shape or the geometrical arrangement of the reactive ligands at the cluster sur-
face. However, we currently do not see an obvious correlation with any structural or
kinetic property of the clusters or organic monomers. It must be emphasized again,
however, that the clusters of clusters cannot be large or regular, because we do not
get any XRD pattern, and the polymers are transparent at the given cluster concen-
trations.

IV. PROPERTIES OF THE CLUSTER-BASED 
HYBRID POLYMERS

Investigation of the materials properties of the cluster-based hybrid polymers
is in its infancy, and the properties of the new hybrid polymers are far from being
exploited. We have seen two clear trends in the materials properties of inorganic–
organic hybrid polymers prepared by polymerization of metal oxo clusters with
organic comonomers. They depend on the portion of incorporated cluster and, sur-
prisingly, also on the kind of incorporated cluster.28

We do not yet understand how the employed cluster can possibly influence the
materials properties. Several hypotheses have to be tested:

• The polymerization kinetics of methacrylate ligands bonded to different cluster
cores could be different.

• Different clusters could aggregate to different degrees in the hybrid polymer.
• Polymerization from the surface of different clusters could influence the stereo-

regulatity of the organic polymer chains or the interactions between them.
• The geometrically different arrangement of the unsaturated ligands on the cluster

surface could influence the packing of the polymer chains between the clusters.

The properties of the hybrid polymers observed so far are typical of highly
crosslinked polymers. Small amounts of the cluster (typically 0.5–2 mol%) are
sufficient to achieve drastic property changes compared with the parent polymers.

Cluster-crosslinked PMMA is no longer soluble in organic solvents as the
parent polymer but swells. Cluster portions as low as 0.2 mol% (and possibly lower)
are sufficient to prevent dissolution of the polymer. For a given cluster type,
swelling (i.e., the solvent uptake [g solvent/g polymer]) decreases as the cluster por-
tion is increased. However, swelling, which reflects the structural changes induced
by the crosslinking, correlates with neither the number of polymerizable ligands at
the cluster surface nor the nuclearity of the cluster. For example, polymers crosslinked
by the cluster Ta4O4(OEt)8(OMc)4 swell less than those crosslinked by the same
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portion of Ti4O2(OPri)6(OAcr)6, although the number of (meth)acrylate ligands is
smaller.

Different polymer morphologies can be obtained when the solvent is changed.
When MMA was copolymerized with 1 mol% Zr6(OH)4O4(OMc)12 or Ti6O4(OEt)8

(OMc)8 in the absence of a solvent or in benzene solution, hard transparent glasses
were obtained. However, the polymer structure of the two glasses must be somewhat
different because the polymer prepared without solvent swells less and takes up only
half the amount of ethyl acetate compared to the polymer prepared in benzene solu-
tion. Polymerization in a heptane/benzene mixture (1:1) resulted in a colorless pow-
der with a specific surface area of 3.2 m2/g.39

The specific surface areas of the insoluble powders obtained by copolymeriza-
tion of the (meth)acrylate-substituted clusters with MA also depend on the cluster
proportion. For example, the BET surface area of PMA crosslinked by the Ti6O4 ·
(OEt)8(OMc)8 increased from 12 m2/g to 200 m2/g when the cluster proportion was
increased from 0.3 to 2 mol%.

All cluster-doped hybrid polymers have a higher thermal stability than the par-
ent polymers.21,24,39,45 This enhanced stability is again traced back to the crosslink-
ing induced by the cluster. Cluster-free PMMA and PMA depolymerize above 330�
and 230�C, respectively. Depolymerization of the polymers is suppressed with
0.5–2 mol% of cluster (depending on the cluster type) and strongly retarded by
smaller portions. At higher temperatures, the polymers are oxidatively degraded 
in air. The amount of inorganic residue obtained after thermolysis depends of 
course on the employed cluster. For example, PMMA containing 1 mol% of cluster
results in 2.9 wt% of inorganic residue for Ti4O2(OPri)6(OAcr)6 and 6.3 wt% for
Zr6O4(OH)4 · (OMc)12.

The glass-transition temperature (Tg) of PMMA (105�C), determined by
DMA, increased to 127.5�C when the polymer was crosslinked by 0.3 mol% Ti6O4-
(OEt)8(OMc)8.

45 The apparent activation energy Ea of the glass transition is 61.4 kJ/mol
for the cluster-crosslinked sample compared with 57.5 kJ/mol for cluster-free
PMMA. This again shows that the clusters efficiently crosslink the polymer.

The improvement of mechanical properties by incorporation of clusters was
also shown for another polymer. Sol-gel processing of (EtO)3Si(CH2)3N[CH2CH2C(O)
OCHMeCH2OC(O)CMe�CH2]2 followed by photochemical polymerization of the
organic groups gave a glassy polymer with a flexural strength of 46 MPa and a
flexural modulus of 1230 MPa. After storage in water for 7 days these values decreased
to 31 and 1000 MPa, respectively. When polymerization was carried out in the pres-
ence of 10 wt% of Zr4O2(OMc)12, the flexural strength was about the same (47 MPa),
but the flexural modulus was increased to 1900 MPa. A second major improvement
was that the cluster-crosslinked polymers do not loose their flexibility upon water
storage. After storage in water for 7 days a flexural strength of 52 MPa and a flexural
modulus of 1920 MPa was measured.46

The impedance spectra of cluster-doped PMMA classify these hybrid poly-
mers as a good dielectric materials.28,41,47 For example, a dielectric constant of 1.93
at 25�C and 1 kHz was found for the hybrid polymer prepared from MMA and
2 mol% of Zr4O2(OMc)12, which is lower than that of cluster-free PMMA (3.0).
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Dielectric spectra of the hybrid polymer showed the typical α and ß relaxations that
characterize the dielectric response of the high-molecular PMMA materials. The α
relaxation is associated to the conformational rearrangements of the polymer chains
backbone, while the dielectric ß relaxation peak is generally ascribed to rotations of
the –COOCH3 side groups.

While it is rather obvious that the cluster-based hybrid polymers have different
materials properties than the cluster-free polymers, a critical attitude toward the dis-
cussed hybrid polymers would be that the observed property changes are only due to
the high crosslinking density and relate only indirectly to the incorporation of inor-
ganic clusters. This issue is subject to ongoing investigations. An option that has
been only scratched so far is to use clusters with interesting intrinsic properties. For
example, we have prepared Mn12O12(acrylate)16 from Mn12O12(OOCMe)16 by
exchanging the acetate ligands for acrylate ligands. Manganese oxide clusters of the
general composition Mn12O12(OOCR)16 have a high total spin and thus interesting
magnetic properties. When Mn12O12(acrylate)16 was polymerized with MMA, we
obtained highly magnetic polymers due to the statistical distribution of the para-
magnetic clusters in the polymer.48

V. SUMMARY

With the development of preparative methods for metal oxide clusters having
reactive organic groups on their surface, the preparation of an interesting new type
of inorganic–organic hybrid polymers is possible. A particularly easy preparation
method is the hydrolysis of metal alkoxide/carboxylic acid mixtures by in situ gen-
erated water. The hybrid polymers are characterized by the presence of metal oxo
clusters as structurally well defined nanosized inorganic objects that are incorporated
in the organic polymers via covalent bonds. In all cases known until present, the
integrity and the typical properties of the clusters are preserved upon copolymeriza-
tion with organic monomers. Since the clusters are multiply substituted by reactive
organic groups, highly crosslinked polymers are obtained.

The development of hybrid materials by this approach is in a rather early stage.
However, the currently available results show that there is a high potential for future
developments towards novel nanocomposite materials. The prefabrication of the in-
organic nano-objects allows the tailoring of specific materials properties.
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I. INTRODUCTION

This chapter is a review of some of our efforts aimed at incorporation of rec-
ognized commercially available dyes into metal-containing polymer backbones. It
describes, briefly, our rational for synthesizing these macromolecules and, I hope,
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74 Metal-Containing Polydyes

will create ideas for the reader to expand this potentially exciting area of research.
While we have made a number of metal-containing dyes, the present focus is on
those containing transition metals. These metal–dye containing macromolecules are
given the name polydyes.

II. GROUP IVB–CONTAINING POLYDYES

The cyclopentadienyl derivatives of titanium, zirconium, and hafnium were
first described by Wilkinson and coworkers in the early 1950s.1 These compounds
have a tetrahedral geometry, possess a high degree of covalent character and behave
like organic acid chlorides in condensation polymerization reactions. Group IVB
metallocene–containing materials are known to be active catalytic sites and to offer
potentially useful photonic and other properties.2–6

Overall this project area is aimed at managing light, to either concentrate light
or to disperse it. “Normal” and laser light is of interest. One goal is to couple known
light-harvesting units in a polymer chain with those that disperse light. Group IVB
metallocenes are known to “attract” or harvest light, mainly in the visible and UV
regions. They are sometimes referred to as UV “sinks” because of their ability to
absorb UV radiation without being degraded. This ability to absorb light and then
give it off again has many potential uses, including allowing energy absorbed in a
coating to be reemitted at a specific wavelength. This could allow the coating to cure
at greater depths and more rapidly. The absorption of light energy by a coating may
also be part of an overall effort to harvest radiation to heat and supply energy
(including electrical energy) to a dwelling.

A number of dyes were examined.6–15 Since the usual mode of employed syn-
thesis involves Lewis acid–base reactions, employing solution and interfacial sys-
tems, dyes that had two Lewis base sites were generally used. Reaction systems were
employed that allowed the rapid room-temperature synthesis of the products while
minimizing unwanted rearrangement and degradation.

Another attraction for including dyes into polymers is the (potential) perma-
nent, nonleaching nature of such polymer-containing dyes. This would allow a mate-
rial that contains a polydye to remain colored for longer times even in solids such as
plastics. Migration and loss of colorants occurs even in solids such as plastics. The
ability to retain color or other important additive properties is especially important
in marine coatings applications, where leaching and subsequent loss is aided by the
ever present aqueous environment.

The actual structures of dyes vary with pH. This is shown in scheme 1 for
fluorescein.

For dyes with structures similar to fluorescein and sulphonephathalein, two
types of reactive sites are present throughout much of the pH range. They can exist
as acids or their conjugate bases, the RO� and RCOO�(for the fluorescein) or RSO3

�

(for the sulphonephthalein dyes). Since they react similarly, only the fluorescein
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example will be described here. There are two RO� groups and one RCOO�.
Spectral results are consistent with reaction occurring at one of the RO� sites and at
the RCOO�. It is not clear why this is so but it may involve the fact that once one
enol site is reacted, it locks the second site into the nonreactive keto form. Because
hydrolysis of organic acid chlorides occurs rapidly, reaction with organic acid chlo-
rides and these dyes results in the production of only the organic acid. (Reaction of
similar dyes with organic acid chlorides occurs but not under the conditions
employed for the metal-containing polydyes. Here, it is believed that reaction occurs
through both RO� groups and not the RCOO�.16)

Group IV metallocene dichlorides hydrolyze more slowly than organic acid
chlorides. When they hydrolyze they form metallocene aquo derivatives. This aquo
form is stable for several hours in the reaction solution. Both the solution and inter-
facial reactions employed for polydye formation are rapid, occurring within less than
a minute, generally within a few second. In fact, because the titanocene dichoride
has two color sites—the Ti-Cp yellow and Ti-Cl red—reaction times can be meas-
ured by simply noting the time required for color changes to occur. This has been
more fully described.17–24 Thus the reaction with Group IVB metallocene dihalides
gives oligomeric to polymeric polydyes by which the dye is incorporated as part of
the polymer backbone.

Xanthene dyes have various uses. They are used in the textile field as col-
orants, as cosmetic colorants, as laser dyes, and in coloring paper. Their good
fluorescent behavior make them useful in such specialities as the production of 
theatrical effects in textiles, in fluorescent sign printing inks, to impart fluorescence
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The structure of the polymer produced from titanocene dichloride and the xanthene
dye Erythrosine B is given as 2.
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to mineral oils, to locate flaws in metal castings, and to detect water seepage. They
are also employed as biological stains, fungicides, and photographic sensitizers.
Sulphonephthalein dyes are also widely used and exhibit a relatively high color
intensity.

The structure of the polymer produced by reacting titanocene dichloride and
phenylsulfonphthalein is given as 1.

Along with the xanthene and sulphonephthalein dyes, a number of other dye
types were incorporated into polymeric backbones. These include a number of azo
dyes, characterized by the presence of the -N�N- unit. Azo dyes form the largest and
most versatile class of commercial dyes. Azo dyes are used in the dyeing of wool,
paper, cotton, silk, leather, synthetic fibers such as nylon and viscose rayon; for color-
ing of plastics, inks, rubber, foods, coatings, drugs, cosmetics, and varnishes. Sample
examples are given below to illustrate the wide variety of azo dye structures that can
be easily incorporated into polydyes. The polymer from titanocene dichloride and
the azo dye Orange B is given as 3.
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The polymer from the azo dye Flavazine L with zirconocene dichloride is given as 4.
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The polymer product of hafnocene dichloride and Acid Yellow 33 is given as 5.
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Other related dyes were also successfully incorporated as polydyes including nigro-
sine, 6.

Indigo Carmine has also been incorporated as a polydye, 7.
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Most of these dyes have only two active functional groups that could bind to
the metal. However, the Eriochrome Black T has three, two aromatic phenols and a
sulfonate grouping. These products probably contain some crosslinking, but they are
soluble in DMF, DMSO, and TEP consistent with either a small amount of crosslink-
ing or that the sulfonate to metal bond dissociates reversibly in these polar solvents.

Product yield for a series of Xanthene dyes follows the trend:

Erythrosin B � Eosin Y � Fluorescein � Bengal Red B � Phloxine B

which approximates the order of decreasing nucleophilicy of the reaction sites con-
sistent with a somewhat straightforward Sn2 or associative reaction scheme.

The polydyes were generally soluble in dipolar aprotic liquids such as HMPA,
DMF, DMSO, and TEP. Polydye solutions were used to impregnate a number of items
including plastics (polyethylene, polycarbonate, polypropylene, poly(vinyl chloride),
polystyrene, nylon 6,6, and SAN), cloth (cotton, denim, and 50–50% polyester fab-
ric), paper, films, and coatings.

Simple dye solutions were compared to solutions containing the polydye. After
several days to months, the color of the monomeric dye solutions greatly decreased.
By comparison, the polydyes retained decent color for a year under fluorescent light-
ing. Exposure to outdoor light hastened deterioration of the color of both the dye and
polydye solutions. Thus incorporation into a polymer appears to lock in the dye
structure and gives it some added stability to ordinary indoor light. In the dark, poly-
dye solutions have remained fluorescent and colored now for 25 years.15

Studies were undertaken using an Argon Ion laser operated at 514.5 nm (visible
green) as the high energy source. Optically transparent films were cast. The presence
of polydye in the samples caused significantly shorter (such as almost 10 times shorter)
“burn-through” times compared with those containing an equal amount of the dye.14

In this study, the polydyes acted to concentrate the radiation dramatically decreasing
the burn-though times. By comparison, similar samples except exposed to energy from
a carbon dioxide laser operating in the infrared region (1.06 microns; 1060 nm).6 Here
burn-through times were significantly greater. Under these experimental conditions,
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The structure of the polydye formed from titanocene dichloride and Eriochrome
Black T is given as 8.
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the polydyes acted as dispersing agents. The films contained from 10 to 100 ppm of
the polydye.

In another set of experiments using the carbon dioxide laser, wood was coated
with latex paint containing about 200 ppm polydye. The wood was exposed to laser
light in the IR region. In comparison to nonimpregnated latex coatings, the polydye-
containing samples exhibited equal and greater burn-through times. Similar results
were found for plastics doped with polydyes.6,15

The behavior was dramatically different, depending on the frequency range of
radiation employed. Thus in the IR region the polydyes act as dispersing agents pro-
tecting the material that is coated with it or that contains it. In the visible-UV region
the polydye acts as a concentrating agent, enhancing the effect of the radiation.

Each tendency offers industrially important opportunities. For instance, chip
fabrication might be enhanced through addition of some polydyes that would allow
fabrication through use of lasers employing lower energies. The use of lower energies
would result in lower temperatures that, in turn, would protect the chip from thermal
induced deterioration at the same energy, though-put would be increased. A similar
advantage is achieved when cutting or etching occurs. In contrast, greater stability is
needed in some applications to resist potentially damaging laser radiation.

In a nonrelated study, some of the polydyes were tested for their ability to inhibit
human Balb 3T3 cells. A variety of polydyes were tested. Those from the Group IVB
metallocenes showed little or no inhibition at a level of 12.5 µg/mL. However, similar
polydye-containing materials derived form diphenyltin showed good activity to
3 µg/mL and below, making them candidates for further testing in the fight against
cancer.25 These results are consistent with the Group IVB metallocene polydyes hav-
ing a low toxicity.

III. RUTHENIUM-CONTAINING POLYDYES

Ruthenium-containing polydyes is the focus of this section. Another chapter in
this series, (in volume 5) details the use of ruthenium-containing coordination poly-
mers in solar energy conversion efforts. These two chapters describe two major aims:
first, modification of the accepting and emitting energies of the ruthenium center and,
second, to assist in attracting light that can be subsequently harvested by the ruthe-
nium center, thus increasing the converted quantum yield of harvest light. The current
effort is aimed at incorporating dyes into the ruthenium-containing polymers.26–31

Polymers were synthesized from the reaction of cis-dichloro-bis(2�2-bipyridine)-
ruthenium II, Ru(bipy)2Cl2, with dyes which were suspended in an 80% by volume
methanol aqueous solution. This mixture was reflexed on a steam bath for about six
hours, after which the methanol allowed to evaporate. The reaction mixture was cooled
over night. The solution was washed with benzene to remove unreacted diamine and
washed with chloroform to remove unreacted Ru(bipy)2Cl2. The remaining liquid was
removed under vacuum giving the polymer as a solid, generally in good yield.

The polymer, 9, from Ru(bipy)2Cl2 and 6-butoxy-2,6-diamino-3,3�-azodipyri-
dine, diazopy is produced in 89% yield. It is soluble in DMSO, methanol, ethanol, and
slightly soluble in chloroform. It is insoluble in benzene, carbon tetrachloride, acetone,
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and hexane. It has a molecular weight of 1.4 � 105 Daltons which corresponds to a
degree of polymerization of about 180.
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The type of bonding between the ruthenium and the amine dye is coordination.
The UV–Vis results are an important aspect to light harvesting. Spectra were ob-
tained in DMSO.

The Ru(bipy)2Cl2 has an octrahedral geometry with absorption bands at 557,
379, and 300 nm with the 300 nm band being the λ max absorption in the middle of
the UV region. These bands are associated with a eg to t2g d-electron transition.
Substitution of the chloro ligands by amines should cause a change in the energy for
d-electrons to undergo an eg to t2g transition.

The diazopy dye itself has two bands at 291 nm, and the λ max absorption band
is at 454 nm. The polymer product shows a number bands, with the bands appearing
at 495, 437, 355, 328, 295, 266, and 252 nm. There is a broad band on the higher side
of 500 nm that probably corresponds to the 557 nm band found in Ru(bipy)2Cl2. The
λ max band for the dye that appeared at 454 nm is now at 437 nm, still in the blue
region of visible light. The λ max for Ru(bipy)2Cl2 that appeared at 300 nm is now at
295 nm for the polymer.

The polymer from Ru(bipy)2Cl2 and diazopy has all the bands from the two
reactants essentially the same except for the λ max band for the dye at 454 nm, which
is missing. However, the bands are broader for the polymer and the 454 nm band is
now probably lost within this broadening caused by the Ru(bipy)2 moiety. The prod-
uct also contains a large peak at 295 nm. The 295 nm band is the λ max for the prod-
uct, as is the 300 nm for Ru(bipy)2Cl2. There are also broad peaks at 355 nm and 
495 nm and a less intense peak at 252 nm. It is interesting, that the λ max for the dye
itself at 454 nm now corresponds to a much smaller peak at 437 nm.

A similar polydye, 10, was formed from the reaction of Ru(bipy)2Cl2 and N,N�-
bis(3-aminophenyl)-3,4,9,10-perylenetetracarboxylic diimide. This product was
formed in 85% yield and had a DP of 33,000 by light-scattering photometry.

A brief presentation of the UV–Vis spectrum of the monomers and polymer
from the diimide product follows. As noted above, Ru(bipy)2Cl2 has bands at 557,
379, and 300 nm. The diimide shows a band at 529 nm. The Ru-diimide polymer has
adsorption bands at 529, 429, 373, and 299 nm. The bands at 373 and 299 nm are
derived from the Ru-dibypy moiety, whereas the band at 529 nm is derived from the
diimide moiety. The 299 nm band is the λ max absorption band. The band at 429 nm
is a new combination band.
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The broad spectral bands of the polymer may be viewed as positive with
respect to the polymer accepting a wide range of light wavelengths. Emission spec-
tra were not taken of the materials.

Similar products will continue to be studied as the search for using solar energy
continues.

IV. HEMATOPORPHYRIN-CONTAINING POLYDYES

While much of our work has focused on the optical properties of polydyes,
other properties have also been examined. Here one other area will be noted.

Porpyrins are an essential part of light harvesting by plants. However, there is
an increasing interest in understanding and accomplishing selective separations on a
molecular level employing constrained chelating sites such as those found in por-
phyrins. Some of this effort is aimed at looking at natural and natural-like materials
such as the porphyrins that selectively uptake metal ions that eventually perform
selective functions. It should be possible to synthesize porphyrin-containing assem-
blies that selectively bind ions that subsequently perform specific functions. These
functions include selective catalytic, electrical, binding, and photon activities. It may
be possible to construct materials that contain several important sites by combining
porphyrins with other moieties that can also exert specific behaviors. Each site can
perform a separate or related activity, including light harvesting and catalysis.

Porphyrins are heterocyclic compounds containing pyrrole units. They consti-
tute major components in the human body and within plants and are essential agents
for life. For instance, the iron–hematoporphyrin complex is the active component of
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hemoglobin and serves as the site for oxygen transfer. Another important porphyrin
is the cobalt-porphyrin complex, which is know as vitamin B12. Chlorophyll is a
magnesium–porphyrin derivative.

Hematoporphyrin IX (HPIX) was the first porphyrin isolated from natural
materials, obtained by the sulfuric acid treatment of blood. HPIX, and some deriva-
tives, are commercially available and have been reported to offer a wide variety of
uses. They are used as sensitizes in cancer physiotherapy.32 These compounds are
selectively concentrated by neoplastic tissues, and accordingly the tumors can be dis-
tinguished by selective fluorescence under UV light.

HPIX is a macrocyclic “tetrapyrrole” structure with four methyl, two propionic
acid, and two ethanolic sidechains. The two propionic acid and two ethanolic chains
react with Group IVB metallocene dichlorides, giving crosslinked polymers as 11.
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HPIX is one of the most unstable of the natural porphyrins commonly employed
in the laboratory because of the presence of labile hydroxyethyl sidechains.33 Thus syn-
thesis of polymers from HPIX must be accomplished rapidly and under mild conditions.

In the present study Ni ion is being absorbed. The adsorbent species (solid
phase) are the three Group IVB products obtained from the interfacial polyconden-
sation reaction between HPIX and the Group IVB metallocene dichlorides34–36 and
two commercially available ion exchange resins. Adsorption is the physical or chem-
ical bonding to the surface.

Porphyrin-containing materials are known to retain selected metal ions through
chelation and through adsorption involving the pi electron cloud. Porphyrin poly-
meric materials may offer advantages in comparison to the monomeric porphyrin,
because of the added structural features within the polymeric structures. Three major
ions known to be retained by porphyrins in general are zinc, copper, and nickel.

Metal ion incorporation into porphyrin molecules is believed to occur
through an intermediate, called the sitting-atop-complex, SAT.37 The metal ion rests
on top of the porphyrin before it is completely incorporated. This mechanism has
been verified by UV and IR spectroscopy. The active species involved in metal
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incorporation are the metal cation and the neutral porphyrin.38 For chelation to
occur, the porphyrin must be in the liquid state. Since the polymers are insoluble,
chelation studies were not performed, rather liquid–solid interface metal adsorption
studies were carried out.

Adsorption processes depend on the chemical and physical properties of the
phases, interfaces, and adsorptives. The solid or bulk phase is critical in controlling
the adsorption process. The physical composition of the solid surface also plays a role
in adsorption. Spaces available on the surface may be of several kinds. Generally, the
edges, corners, and surface defects are more exposed, giving them a higher capabil-
ity to interact than less exposed portions. Thus surface roughness is important
because this roughness allows more exposure of the solid to the metal ion.

Coulombic and polar factors can also influence absorption. For instance, if
the surface of the adsorbent molecules are polarizable and the molecules of the
adsorptive contain permanent dipoles, then an interaction between the two favor
adsorption.

The surface area and specific surface area for the metallo-porphyrin polymers
and two commercially available resins was determined. The surface area of the com-
mercially available resins is much greater than the surface areas of the polymers.
This is mainly due to a designed high degree of porosity present in these the two
resins.

Metal adsorption studies were performed by treating the polymeric materials
with solutions of nickel acetate at known concentrations followed by a determination
of the concentration of the nickel solution after equilibrium was reached. The exchange
capacity of two commercially available resins was also determined. Results appear in
Table 1.
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Table 1 Adsorption of Nickel Plus Two Ions36

Ni�2 Adsorbed

mmole/gram of mmole/cm2

Material mmole Resin Used Specific Surface Area

Ti 2.02 � 10�5 2.02 � 10�4 306
Zr 0.00 0.00 0.00
Hf 0.00 0.00 0.00
Dowex 50 � 8-200a 2.37 � 10�5 2.37 � 10�4 1.03 � 10�3

Amberlite MB1b 2.31 � 10�5 2.31 � 10�4 1.21 � 10�3

aInitial nickel ion concentration � 2.77 � 10�5 mmole
bInitial nickel ion concentration � 2.59 � 10�5 mmole

The results are consistent with the titanocene product having a greater
exchange capacity efficiency than either of the two commercial resins. It must be
remembered that these studies were performed at low concentrations of the nickel
ion, which may correspond to the lower region of equilibrium concentration of an
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isotherm. It is possible that if the study was performed at saturated equilibrium con-
centrations, the exchange capacity for the commercial resins would be higher than
the values found for the titanocene product. Even so, under the employed conditions
the titanocene product out performed the commercial resins.

V. SUMMARY

The use and diversity of metal-containing polydyes has only been touched, and
a large potential exists for medical, electronic, catalytic, photonic, and separations
applications. There exists a large number of degrees of freedom with respect to the
choice of the metal, metal oxidation number, combination of metals, and dyes and the
use of combinations of dyes. This allows those with a good imagination to see a whole
host of problems where such metal-containing polydyes might offer a solution.
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I. INTRODUCTION

Major discoveries of the 20th century can be mainly related to nuclear power
engineering, space exploration, and development of nanomaterials. Even if the former
two items seem to be taken for granted, the latter is highly disputable since all fields have
made fundamental contributions to the breakthroughs in science. Speaking in support
of nanomaterials, the nanoworld is extremely broad. It is practically impossible to find
any field in the natural sciences that is not in some way or another connected with
nanostructures. Such terms as nanophase, nanohybrid, nanocrystalline, nanoporous
materials, nanochemistry, nanophysics, nanostructures, nanocrystals, nanophase geom-
etry, nanosize hierarchy and architecture, nanostructured organic networks, molecular
and nanolevel design, and nanotechnology are currently most frequently cited in the
scientific literature as applied to the scale and dimensional phenomena.

The particles participating in various biological processes—including supramol-
ecular functional systems to which belong enzymes, liposomes, and cells—occupy a
peculiar place in nanochemistry. Also included as nanomaterials are fullerenes and
nanotubes. These materials are used in a number of new reactions, catalytic and sen-
sor systems, fabrication of new compounds and nanocomposites with previously
unknown properties. They are a part of materials for microelectronics, structures with
nanogeometry for information-recording systems, and are used to transform various
solar radiations. In biology and medicine they are novel medicinal preparations and
their carriers to human organs.

Nanos means “dwarf ” in Greek. A nanometer (nm) equals 10�9 m. Materials
whose individual crystallites or phases making up their structural base (small forms
of a substance) are below 100 nm in size in at least in one dimension are called
nanostructures. This limit is conditional and is accepted for convenience. The por-
tion of the regions bordering on disordered structures becomes perceptible at this
size. It correlates with the characteristic size of many phenomenon (see further).
Different metals and their oxides differ in their limiting values characteristic for var-
ious physical properties. This ensures certain conventionality for use of the 100 nm
value. An important place is occupied in nanochemistry by the particles participat-
ing in various biological processes, including supramolecular functional systems to
which belong enzymes, liposomes, and cells. The relationship between materials sci-
ence and the science about nature becomes more and more evident.

The assertions that science and engineering of the 21st century will acquire a
nano and angstrom character have proved to be a reality. The limits of miniaturiza-
tion of separate elements (e.g., density of arranging crystals in microelectronics)
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have already been attained in many techniques. This challenges us to search for
alternative procedures. For example, fabrication of modern chips is based on planar
techniques. A combination of nanolithography (formation of surface drawings as
lines and dots at a nanolevel) and etching is employed. Recently developed litho-
graphic procedures are used to reduce their size still more. For example, electronic,
ion-beam, and x-ray methods and dry etching—including plasma-chemical, reactive,
and ion etching—have advanced. These procedures now reach below the 100 nm size
for fabricating components in optoelectronic chips.

Nanophase material science differs from traditional areas by the creation of
new principle materials and because of the necessity of designing corresponding
instruments for manipulating such materials. Among most promising nanotechnolo-
gies for metallic materials are micrometallurgy and nanometallurgy, the laser treat-
ment of material surfaces whose thickness is limited to a few hundreds or tens of
nanometers and various kinds of nanoceramics.

The development of fundamentally new structural materials requires achiev-
ing functional parameters that are conditioned by the properties of microdomains
and developing processes at the atomic and molecular level, in monolayers and
nanovolumes.

The science of dealing with nanocomposites, which belongs to the class of com-
posite materials characterized by the nanometer sizes of their structural elements
(particles of metals, metalloids, their oxides, chalcogenides, etc.), has arisen in recent
years on the borders of different areas of knowledge. In the literature, the terms hybrid
nanocomposites, nanohybrids, and nanostructural composites are generally used, and
the terms metallomatrix composites, monophase hybrids, etc. are more rarely used
when describing materials consisting of an organic phase (polymer) and a nanodis-
persed mineral phase. If a polymer of biological origin serves as a component or a pre-
cursor of these polymer-inorganic materials, the term nanobiocomposites is used.

An organic phase can capture metal-containing particles into a trap of a peculiar
kind, viz., into an oxopolymeric network or a polymeric unit with appropriate parame-
ters. Silicon, aluminium, titanium, zirconium, vanadium, molybdenum oxides, glasses,
clays, layered silicates and zeolites, metal phosphates and chalcogenides, iron oxy-
chloride, and graphite are used as inorganic precursors. Zeolites (molecular sieves) are
of particular interest since methods for controlling their pore sizes are well known. Not
only carbon-chain but also organoelement (generally, organosilicon), polymers are
used as a polymeric component. In the resulting nanocomposite materials, distances
between networks and layers formed by polymeric and inorganic ingredients and sizes
of particles formed, including metal-containing particles, are nanometric.1–3

Generally, hybrid nanocomposites exhibit a synergism of the properties of the
initial components. These compounds are characterized by an enhanced mechanical
strength and thermal stability and provide optimum heat transfer.4,5 In metallomatrix
composites, the strength and hardness of soft metals, for example, of aluminium, are
enhanced. These materials possess good thermochemical, rheological, electrical, and
optical properties.6–8 These compounds are used as chromatographic carriers, mem-
brane materials,9 optical and magnetic materials, components of polymeric compo-
sitions, and carriers and catalysts of various reactions.
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Currently, numerous procedures for the preparation of nanocomposite materials
are available. Recently, the major synthetic approaches (e.g., evaporation of elemental
metal with its deposition on polymeric matrices, plasma-induced polymerisation,
vacuum evaporation of metals, thermal decompositions of precursors in the presence
of polymers, and reduction of metal ions using different procedures including elec-
trochemical) have been surveyed in books and reviews.1–3 However, the uniform dis-
tribution of ingredients is generally difficult to achieve when hybrid nanocomposites
are prepared with the use of the above-mentioned procedures resulting in the nonuni-
formity of the properties of the material. The following three principal procedures are
most commonly employed:

1. The sol-gel method.
2. The intercalation of polymers and nanoparticles into layered structures (including

polymerization in situ) using approaches applied in the chemistry of intracrys-
talline structures (“guest-host” systems).

3. A combination of polymerization and formation of nanosize particles, which
provides homogeneous dispersion of an inorganic component (which is often a
specific filler) in a polymeric matrix.

In the last decade, these procedures, particularly the first and second meth-
ods, have received primary attention. The properties and procedures for the syn-
thesis of metallopolymeric Langmuir-Blodgett (LB) films are being extensively
studied. The results of investigations in this field are summarized in a number of
monographs and reviews10–34 as well as in special issues of journals. Note that
nanocomposites containing not only synthetic but also natural molecules, includ-
ing biologically active macromolecules, can be conveniently prepared using the
above procedures. These procedures have been used for constructing biosensors,
enzyme electrodes and other materials based on enzymes. These materials have
already found use in biochemistry, medicine, biotechnology, and the technology of
environmental control.

In this chapter, procedures for the preparation of metallopolymer nanocom-
posites of different types, especially hybrid organic–inorganic ones, are considered
from a unified viewpoint and the generality of the processes of their formation in liv-
ing and nonliving natural objects is demonstrated. This review surveys fresh results
and those generally published within the last decade.

II. GENERAL CHARACTERISTICS, CLASSIFICATION
OF NANOPARTICLES BY SIZE,
STRUCTURAL ORGANIZATION, AND
DIMENSIONAL PHENOMENA

Ultradispersed particles can be subdivided by size into three types.35 (1)
nanosize or ultradispersed to about 1–50 nm particles, (2) highly dispersed of
30–500 nm size, and (3) micron size (flocculi) of 100–1000 nm. The micron size
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particles consist, as a rule, of individual particles or their agglomerates, representing
either monocrystals or polycrystals of the fractal type. The former two types of par-
ticles are colloidal and the latter are coarse-dispersed particles.

Aerosol particles of metals of ∼50 nm size prepared in normal conditions are
spherical or nearly spherical owing to high surface energy of fine particles.36

As for the terminology, the most frequently used terms are ultrasmall particles
and nanocrystals to denote nanoparticles of metals whose diameter is within 2–5 to
50 nm, as well as colloidal crystallites and subcolloidal particles. The upper thresh-
old of the size of semiconductin nanocrystals in polymer matrices is the condition
that allows for the optical homogeneity of compositions (no scattering by the envi-
ronment at particle size below a quarter of the light wavelength). The lower bound-
ary is conditioned by the existence of crystalline particles at the interface between
the crystalline phase and the quasi-molecular one. Less often the terms molecular
aggregation and crystallite clusters are used.

It is accepted to discern between two types of nanoparticles—namely the parti-
cles of an ordered structure commonly possessing 38–40 and sometimes more metal-
lic atoms (e.g., Au55, Pt309, a family of palladium clusters consisting of 500–2000
atoms) called clusters that are about 1�10 nm in size and nanoparticles proper, which
consist of 103 �106 atoms and whose diameter is 10 � 50 nm.

Nanoparticles are classified also by the number of atoms N they consist of.37–41

Clusters, in their turn, are subdivided with a certain share of conditionality into very
small, small, and large (in Table 1 diameter 2R for corresponding Na atoms and the
relation of Ns to Nv atoms are shown).

As it can be seen, the surface and the bulk appear to be inseparable for very
small nanoparticles. For nanoparticles containing 3000 metallic atoms, the relation
Ns /Nv � 20% is true, whereas compact metallic particles (Ns /Nv �� 1) are reached
only at N �� 105. Hence particles by their size can be subdivided into the following
four groups (domains):

• Molecular clusters (N � 10).
• Clusters of a solid body (N � 102 � 103).
• Microcrystals (103 � N � 104), and
• Dense substance particles (N � 105).

Nanoparticles are the objects of supramolecular chemistry, which studies syn-
thesis of molecules and molecular ensembles capable of self-organization owing to
their high reactivity and ability to self-assemble. The resultant formations have a loose
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Table 1 Classification of Nanoparticles and Clusters by Size

Very Small Small Large

2 � N � 20 20 � N � 500 500 � N � 107

2RNA � 1.1 nm 1.1 nm � 2RNA � 3.3 nm 3.3 nm � 2RNA � 100 nm
Surface and inner volume 

are inseparable 0.9 � Ns /Nv � 0.5 0.5 � Ns /Nv
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branching and most often fractal structure. They are called fractal clusters, fractal
aggregates, or fractal filaments.42 These formations are characterized by diminishing
mean density of the substance bulk as they grow at preserved self-similarity (scale
invariance). These fractal structures are frequently formed in the thin-film metal–poly-
mer nanocomposites. They are also critical objects in representing percolation struc-
tures, appearing when isolated clusters join into a large conducting one. The fractal
phenomenon is a peculiar criterion for visualizing the level of the system disordering.
Like in the living nature, the forces that serve the base for formation of these artificial
systems are related to nonvalent interactions.

Ligand-protected particles form, as a rule, solid powders that cannot be used
immediately (e.g. in electronics) since common pressing, sintering, or hot pressing
are inapplicable due to intensive recrystallization. Their great advantage is that even
30-nm stabilized nanoparticles become soluble in specific solvents, from nonpolar
ones (pentane) to water. Nevertheless, organization of such particles is a serious
problem and nanoparticles having almost ideal properties can become useless
unless the problem is solved. Their structure can be three-dimensional (3D; com-
monly cross-linked by spatial molecules of various length), two-dimensional (2D;
e.g., self-organized ligand-stabilized particles on solution surface, often with par-
ticipation of linking blocks), or unidimensional (1D; quantum dots, quantum wires,
and even quantum cables). 3D, 2D, and 1D materials are in extensive use today
(Table 2).

The degree of particle dispersion significantly effects their activity, which varies
with particle growth. Properties of nanoparticles as a function of their size is a fun-
damental problem in chemistry and physics of ultradispersed states. Investigations
have proved that nanoparticles exhibit so-called dimensional effects in case their
structural parameters are commensurable in at least one direction (or are less) with
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Table 2 Typical Nanomaterials

Size (approximate) Materials

1D nanocrystals and 1–10 nm diameter metals, semiconductors, 
clusters (quantum dots) magnetic materials, LB films

Other nanoparticles 1–100 nm diameter ceramic oxides
Nanowires 1–100 nm diameter metals, semiconductors, 

oxides, sulfides, nitrides
Nanotubes 1–100 nm diameter carbon, layered metal, 

chalcogenides
2D arrays (of nanoparticles) a few nanometers  metals, semiconductors, 

squared to a micron magnetic materials, 
squared polymer films

Surfaces and thin films 1–100 nm thick various materials
3D structures (superlattices) A few nanometers in metals, semiconductors, 

all three dimensions magnetic materials, 
consolidated material, 
nanostructured materials

Nanoparticles in polymers 3–100 nm metal–polymer nanocomposite
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the correlative radius of one or another chemical or physical phenomenon (e.g., with
the free path length of electrons for electrokinetic properties or phonons, with coher-
ent length in a superconductor, size of a domain for magnetic characteristics, size of
Frank-Reed’s loop for dislocation sliding, length of mechanical defects of dislocation
or disclination type and so on). They are characterized by the quantum-dimension
effects (i.e. the classical physical laws are substituted by the rules of quantum mechan-
ics). In other words, when the size of a solid or liquid particle diminishes down to
100 nm and less, quantum-mechanical effects start to be more and more noticeable.
The effects are displayed in variation of the quantum-crystalline structure of the par-
ticles and their properties.

At least three characteristics are responsible for the effects.43 First, this is com-
mensurate with size, with one of several fundamental values of the substance or
characteristic length of some process in it that evokes various dimensional effects.
Second, the expanded specific surface and raised surface energy of nanoparticles at
a limited number of atoms and uncompensated electronic links effect their lattice and
electronic subsystems. And, third, severe conditions of their formation (high or low
temperatures and process rates, exposure to powerful radiation sources, etc.) trans-
form nanoparticles into a nonequilibrium (metastable) state. The mentioned factors
ensure the specifics of the atomic structure of just a separate nanoparticle and prob-
ably changes in the atomic and crystalline structure of a nanomaterial as a whole.
Thus a strictly periodic lattice that is typical of a crystal does not answer the mini-
mum of energy of a nanoparticle, but its stability corresponds to an inhomogeneous
strain and, in case of multicomponent materials, to an inhomogeneous distribution of
components and phases by the particle radius.

A great variety of imperfections have been detected in the atomic structure of
nanoparticles, including variations in the interatomic distance, increasing mean square
shifts of atoms, defectiveness, microdistortion, amorphization, inhomogeneous strain;
structural, concentration, and phase inhomogeneity of nanoparticles; and stabiliza-
tion of high-temperature phases. Specific heat, susceptibility, conductivity, and some
other critical characteristics of metals change significantly as nanoparticles reach the
nanoscale. Besides, their specifics are imposed by a nonmonotonous dependence of
the basic characteristics, such as melting point, pressure of recombination of the crys-
talline structure, ionization potentials, binding energy per metal atom, change in 
interatomic distances, optical and magnetic parameters, electronic conductance, and
electron–phonon interactions, upon cluster size and the number of atoms M.

Formally,41 nanoparticles of various sizes are treated as a linkage between the
classical objects of chemistry and physics of solids (Table 3).
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Table 3 Classification of Nanoparticles by the Fields of Investigation

Chemistry Nanoparticles Physics of Solids

Atom N � 10 N � 102 N � 103 N � 104 N � 106 Compact substance
0.1 1 nm 2 nm 5 nm 10 nm 100 nm

3 nm 7 nm
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Its important that, in contrast to homogeneous materials, nanoparticles have
extremely developed interfacial surfaces that show excess energy; thus they are often
called energy-saturated systems. Properties peculiar to them serve as the base for
relating them to the fifth aggregate state of the substance.44 These materials are the
subject of a new developing scientific branch: physicochemistry of nanoparticles
(sometimes called nanochemistry or the physics of clusters). Successes in this field
are closely related to the development of synthesis methods (Table 4).

The range of production methods of nanoparticles is extremely broad. They
can be grouped into physical (phase transformations of the first order in the absence of
chemical reactions) and chemical. Among commonly used physical methods employ-
ing aggregations of free molecules and most widely spread clusters of ions are
condensation procedures. The condensation procedure includes the assembly of nano-
particles from individual metal atoms and molecular and cluster groups. Upon reach-
ing certain dimensions and a definite physical interface, the atoms associate; and after
a transient state, they become nuclei of a new phase. This results in the formation
of some equilibrium and stable (like in micelle formation) structure. Modifications of
procedure will be analyzed in detail in other chapters, but note that the majority of
these modifications are complementing rather than competing methods.
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Table 4 Different Methods of Synthesis and Investigation of Nanomaterials

Scale Theory and
(approximate) Synthetic Methods Structural Tools Simulation

0.1–10 nm covalent synthesis; transmission infrared electronic
reduction spectroscopy (TIRS); UV structure
procedures; sol-gel and visible electronic
synthesis; spectroscopy (UVS–Vis); 
intercalation nuclear magnetic 
methods resonance (NMR); 

electron-spin resonance
spectroscopy (ESR); diffraction
methods; scanning probe 
microscopy (SPM)

�1–100 nm self-assembly scanning electron molecular
techniques; microscopy (SEM); dynamics 
Langmuir-Blodgett transmission electron and 
(LB) technique; spectroscopy (TES); mechanics
biomineralization atomic force microscopy

(AFM); x-ray photoelectron 
spectroscopy (XPS); 
extended-ray absorption 
fine structure (EXAFS)

100 nm–1 µm dispersion; coarse-grained
microencapsulation; models, 
biosorption; hopping, etc.
processing
modification
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Less frequently dispersion methods are employed that consist of disintegration
of the macroscopic phase of the substance (coarse-dispersed particles in colloidal
mills, agitators, ultrasonic, high-frequency and electric-arc crushing, etc.). They all
belong to forcible methods since a perceptible amount of work is spent on breaking
the links, although sometimes a spontaneous dispersion of substances is feasible under
specific conditions.

Among chemical methods, the reduction of metal compounds in solutions in
the presence of various stabilizers has been in extensive use for more than 100 years.
The reducers can be hydrogen and hydrogen-containing compounds (e.g., tetrahy-
droborates, citrates of alkali metals, hypophosphates, alcohols, metal–organic com-
pounds, and high-energy radiation). The kinetic parameters of the reduction reactions
depend on the nature of the agent to be reduced and the conditions thereof. Chemical
methods include various modifications of electrochemical synthesis, thermal decom-
position of unstable covalent metal-containing compounds (including metal–organic
ones) and molecular complexes. Common features for the processes of nanoparticle
formation are the high rate of their nucleation and low growth velocity. This aspect is
the key to their promising use and the search for the means of exercising various types
of synthesis. Their general drawback is the formation of polydispersed colloids within
a wide range of particle distribution by size. At the same time, many of the methods
aimed at production of nanoparticles furnish a chance for a researcher to choose a
synthesis procedure in response to concrete purposes and requirements.

It is worthwhile mentioning a new direction in physicochemistry of nano-
particles: chemistry of gigantic clusters. A number of synthesis methods for com-
pounds with metal–metal links whose nuclearity reaches several hundreds have been
elaborated lately. It was noted earlier that severe conditions of synthesis (i.e., the
large specific area Ssp of nanoparticles, which is also characterized by small-size mor-
phological elements) can induce variations in the nanoparticles physicochemical
properties and even the violation of the expected atomic structure.45 Extremely high
(or low) temperatures and velocities of the processes and various outer effects (e.g.,
fast condensation or quenching) assist in formation of nonequilibrium, so-called
frozen states in growing j-nuclei particles.

The developed interface, excess energy of the surface atoms (e.g., change in
Helmholtz energy ∆F at dispersion of a homogeneous metal of V volume till the par-
ticle radius r is ∆F (r � 3σV/r), where σ is energy increase of the system at a new
interface formation of a unit area) and lowered activation energy of various reactions
promote utterly high activity of the particles. This is why energy-saturated nanopar-
ticles obtained in strongly nonequilibrium conditions enter into highly intensive
interactions with the components of the medium they are formed in. Even when they
are formed in an inert atmosphere, they spontaneously enlarge and result in a pow-
der of an usual dispersivity.

Nevertheless, exclusively high activity of nanoparticles can be sometimes
helpful, although there arises a tedious problem of their stabilization for transporta-
tion and storage.

However, strong passivation of their activity, especially at catalysis, may actually
be undesirable. Therefore, passivation should preserve high chemical activity of
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nanoparticles. Note that in the absence of stabilizers, nanoparticles are typical lyopho-
bic colloids having low aggregate stability. In this connection, the choice of the efficient
means to control chemical passivation of nanoparticles is considered as one of the most
important trends in this field of investigations. Solution of this problem is facilitated
by high sorption capacity of such particles toward surfactants and a number of high-
molecular compounds. As a result of steric stabilization, the formations transform into
a structure with a nucleus encapsulated into a sort of lyophilic steric barrier consisting
of a continuous layer of solvate polymer chains. Sometimes only a minimum amount
of the polymer stabilizer is used needed just to overcome the coagulation threshold
but often, especially when nanocomposites are produced, the share of nanoparticles is
low in contrast to the protecting cover. The role of polymers cannot be reduced to only
screening of particles as it will be a strongly simplified approach to the problem of sta-
bilization. In reality, its mechanism is extremely intricate and a series of urgent prob-
lems touching on interactions of polymers and nanoparticles, though having more than
a hundred years’ history, remain still unsolved.

In this chapter I present the current state of three aspects in physicochemistry of
nanoparticles critical for understanding structure and properties of nanocomposites.
This also relates to adsorption and chemisorption of macromolecules on nanoparticle
surfaces from solutions; the generation of interfaces; phenomena of surface conduc-
tivity; and specific interactions that depend on the chain origin and length, its confor-
mation, the composition of copolymers and so on. In polyelectrolytes similarly charged
with nanoparticles, hydrophobic polymers are inclined to associate ionic groups and
form domains as microphases of ion regions.

Physicochemical properties of polymer surfactants that present macromolecules
with both hydrophobic and hydrophilic fragments are to be considered as stabilizers of
ultradispersed state in all the above-cited processes. Along with the topochemistry,
interactions which condition the morphology of future nanocomposites must also be
considered. The stabilization mechanism is based on structural and mechanical con-
stituents of stability in dispersed systems and spatial networks of the coagulation
structure type and formation of adsorption-solvate structured films on nanoparticle
surface.

Block copolymers based on polar and nonpolar comonomers are found in
some solvents in the form of invert micelles, and their structure is separated at the
microphase level. Nanoparticles are formed in the nuclei from a polar monomer like
in a micelle (a peculiar nanoreactor—a domain), and they are covered by blocks of
a nonpolar monomer (crown) serving as a stabilizer (a hairy ball structure). In this
case, we deal with the realization of the ligand-controlled synthesis of nanoparticles.
Modern trends in this field are

• Stabilization of concentrated and highly concentrated systems.
• Surface stabilization in LB film dendrimer-template nanocomposites.
• Matrix insulation processes based on the formation of a polymer stabilizer in the

presence of dispersed nanoparticles.

The production methods of nanocomposite materials that are, by their essence, a
polymer matrix, where nanoparticles and clusters are randomly distributed (a totality
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of adjoining discrete particles in the form of aggregates of indefinite shape and size)
do not differ formally from the traditional approaches to nanoparticle synthesis with-
out polymers. These procedures are covered at length in this chapter. Nanoparticles
in these systems serve as a dispersed phase, whereas the polymer matrix serves as a
dispersed medium. In other words, nanoparticles are as if microencapsulated in the
polymer shell. On the other hand, 1D, 2D, and 3D nanoparticle composites whose
nanoparticles are localized only on the surface of powders, fibers, films, and nanocom-
posites have become recently widely applicable.

Nanocomposites can be produced by various methods: by generating nano-
particles in a specially prepared polymer matrix, less often by polymerization or
polycondensation of corresponding precursors, and very rarely by creation of the
materials in a single stage with simultaneous shaping both nanoparticles and the
polymer shell. The latter way is complicated by strict requirements correlating veloc-
ities of the processes. In fact, these two completely different processes take the same
kinetic paths, including nucleation, growth, and breakage of material chains.

In spite of the abundance of such methods and the modifications currently
being studied or already elaborated, the number of those carried to completion or
potential realization is not numerous. In this connection, a group of methods of
metal coating application on polymer surface by evaporation should be mentioned.
Nanocomposites with high content of metal particles can be obtained by thermal
decomposition of the corresponding metal carbonyls (chiefly in thermoplastics).
Still, the broadest sphere of activities in the field lies in chemical reduction of metal
compounds in the presence of polymer matrix. This is, however, a complex, multi-
stage process that includes the formation of unstable low-covalent forms of metals
undergoing then a spontaneous decay and metal isolation. Along with stabilization
of these highly reactive particles in statu nascendi the polymer matrix comparatively
often controls the size and sometimes shape of the forming nanoparticles, the rate of
their crystallization, the formation of percolation structures, self-organized growth
of cluster formations, and so forth. In some circumstances, the macroligand is the
factor that helps register the formation and even isolate intermediate particles or
clusters of specific sizes.

In fact, all of these methods and their modifications for producing nanocom-
posites of nonmetallic type also fit the synthesis of multimetallic materials, provid-
ing additional difficulties in identification of their structure are excluded. In the
course of preparing multimetallic nanocomposites, various complex physicochemi-
cal transformations take place that bring about inhomogeneities and various phases
at the microlevel. The processes have been comprehensively studied on the example
of metal–polymer systems with bimetallic inclusions of Pd-Pt, Pd-Cu, Pd-Au, etc.
and triplet ones (i.e., Y-Ba-Cu). Preliminary synthesis of polymers is especially con-
venient in the synthesis of structurally homogeneous materials. It employs the poly-
mer matrix with metal salts dispersed in it on a molecular level. This procedure is
also used to prepare multicomponent steels of M50 type. Yet a number of problems
are still waiting their solution concerning matrix structure and composition effect on
the physicochemistry of nanoparticle nucleation and growth, and the formation of
individual phases of metals and their alloys in multicomponent systems.
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The polymer matrix remains, as a rule, indifferent in the reactions of nanocom-
posite formation. They are frequently accompanied (especially in subsurface layers)
by polymer destruction and abrupt reduction of molecular mass, crosslinking, and
formation of spatial structures (sometimes by isomerization of polymer units). This
results in the loss of matrix solubility and fracture of the polymer crystalline phase
followed by its transfer into amorphous state and rupture of separate links (more
often halogenide, ether and epoxide ones). Nevertheless, a critical factor that ensures
the degree of interactions between the polymer and nanoparticles is the formation of
complexes and even chemical metal compounds and salts of arsenic, bis-arsenic and
some other π-complexes of metals and chelate cycles of various composition with
participation of polymer functional groups. When it has either been proved or pre-
sumed that the matrix and nanoparticles interact with each other, the systems are
called polymer-immobilized systems. This is especially evident for the examples of
polymer-immobilized clusters and polycyclic formations with the identified struc-
ture, including the heterometallic types (individual clusters in contrast to set in
nanoparticles). They are produced from functionalized in a specific manner (chiefly
by phosphorus-, nitrogen- and oxygen-containing groups); polymers made through
polymer-analogous transformations leave intact the polymer chain and cluster skele-
ton. A perspective direction is producing these materials by the polymerization and
copolymerization of cluster-containing monomers (by a simultaneous formation of
the matrix and nanoparticles similar to nanocomposites).

An original variant of producing nanoparticles stabilized by a polymer matrix
presents a combined pyrolysis of polymers and metal-containing precursors. The
origin of precursors introduced into the polymer matrix may exert a strong effect on
its thermal decomposition. High-temperature thermolysis (depolymerization) results
in monomers and some other products, and is accompanied by graphitization of the
matrix and nanoparticles. Conditions during pyrolysis (gaseous medium, ligand envi-
ronment, metal nature, etc.) might influence directions of thermolysis through various
means and lead to formation of different nanoparticles, including metal, oxide, car-
bide, sometimes nitride ones that are encapsulated into either a crosslinked poly-
mer matrix or carbon-containing shell. In addition, nanoparticles of transient metals
and their lowest-order oxides with a deficient structure turn out to be most efficient
inhibitors of high-temperature thermal and thermooxidative destruction of polymers.
Approaches that are based not only on the pyrolysis of polymer-immobilized polynu-
clear metal complexes but also on the controlled thermolysis of metal-containing
monomers with a series of stages seem to be most promising in this respect. These
stages also include the formation of metal polymers presenting self-regulating sys-
tems in which synthesis of the polymer matrix, nucleation, and growth of nanoparti-
cles are running simultaneously.

For a long time, synthesis of new monomers under optimum kinetic regimes
has been the major way of obtaining novel materials. Significant achievements have
been attained in this field. Recently, however, much effort has been made searching
for ways to modify known materials and procedures. In particular, much effort has
been given toward developing hybrid polymer–inorganic nanocomposites. What is
common in these materials and the topic of this book is the nanometer parameter
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(i.e., distances between networks and layers formed by the polymer and inorganic
ingredients) and the nanosize of the forming particles, including metal-containing
ones.

One of the most rapidly developing areas of study involves developing sol-
gel methods of producing hybrid materials and the intercalation of polymers and
nanoparticles into layered systems in terms of chemistry of intracrystalline struc-
tures, like guest-host. Of no less importance is the fact that the majority of these pro-
cedures employ available substances and reagents that are ecologically safe and
convenient for deriving highly dispersed materials. Much of this effort involves the
hydrolysis that presupposes condensation of metal and metalloid alcoholates in
polymer-forming compounds or, less frequently, in polymer solutions. The major effort
is to study and understand the part played by interactions between phases of inorganic
and polymer components. Special attention is paid to the network polymer–inorganic
composites (their networks can form either sequentially or simultaneously from cor-
responding precursors) whose components enjoy strong covalent and ionic chemical
bonds. Multiple attempts and various modifications of the above-named procedures
have been reviewed in scientific literature; but just a few of them seem to be reliable.
Furthermore, fewer involve investigations of the kinetic regularities and nucleation
mechanisms. At the same time, initiated by practical demands, intensive elaboration
of nanosize (soft template systems, etc.) and polymetallic ceramics based on sol-gel
synthesis is currently under way.

Special interest is being paid to the study of polymer intercalation into porous
and layered nanostructures. Intracrystalline cavities of the host represented by inor-
ganic oxides (silicate layers), metal chalcogenides with a regulated system of nano-
size pores and channels are filled with atomic or molecular guest structures, which
are clusters, nanoparticles, coordinate structures of CdS type, synthesized in in situ
polymer units. The most challenging type of intracrystalline reactions is the inclu-
sion of monomer molecules into the guest pores followed by their postintercalation
conversion into the polymer, oligomer, or hybrid sandwich products. This method is
currently used to fabricate polyconjugate-conducting nanocomposites based on
polyaniline, polypyrrole, and others. Thus induced encirclement of the nascent poly-
mer, including self-assembling polylayered nanocomposites, is characterized by a
high degree of ordering and perfected properties.

Clusters and nanoparticles in LB films are promising materials for molecular
designs, especially in respect to developing self-organized hybrid nanocomposites.
Metal-polymer LB films and their properties are being actively investigated and syn-
thetic approaches to this problem are being developed. One more aspect in under-
standing nanostructures is the recognition that they are bridges to modeling surfaces
and biological processes, as objects of supramolecular chemistry and structural
chemistry of intermolecular links.46 Although only the first steps have been made in
this direction, one can perceive the far-reaching vistas in applying the described
techniques for the generation of self-organized layers at the molecular level.

Hybrid nanomaterials are widely found in the living nature. Interactions between
metal-containing particles, biopolymers (proteins, nucleic acids, polysaccharides) and
cells are critical in enzymatic catalysis, geobiotechniques, biohydrometallurgy, and
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biomineralization. Perfection of the processes occurring at their formation and princi-
ples of self-regulation evoke admiration from those striving to imitate and model such
systems in the creation of synthetic analogues approaching living organisms. This is
especially true for polynuclear metal enzymes as well as biosorption and biomineral-
ization processes. Thus microbes work hard, like gold diggers extracting nanoparticles
from gold until visible gold grains are found. Clusters and nanoparticles serve as mod-
els for a series of biological concepts that are objects of biomimetics and bioinorganic
chemistry. Practically all approaches to the production of nanocomposites analyzed in
this book (polymer-immobilized cluster and nanoparticles, sol-gel syntheses, layered
intercalation compounds, LB films, etc.) are intensely used for biopolymers and bio-
composites. Good success has been attained (1) in modeling polynuclear nonhemic
complexes of iron (methane monooxigenase components), (2) in designing photosys-
tems for oxygen isolation from water in a similar way as enzymatic process, (3) in bio-
chemical nitrogen fixation, (4) in using nanoparticles in the diagnosis of pathogenic
and genetic diseases through their aggregation in complementary oligonucleotides,
and (5) in creating of metal–enzyme preparations, to name a few.

When the microorganisms are combined with colloidal metals, they concen-
trate bacteria, which is preceded by their adsorption on the cell surface and is fol-
lowed by assimilation and precipitation of the metal–bacterial mass. This procedure
can become a reliable selective method for removing bacteria (owing to selective
affinity to metals) and the collective recrystallization coarsening of metal particles
(microbiological geotechnology). The same colloidal and chemical interactions as
in the synthetic polymers form the basis of these phenomena. Note that, frequently
encountered in nature, biogenous formations can be formed in the course of bio-
mineralization and bioconcentration, providing the matrix (template) exercises a
strict control over nucleation and growth of materials with a perfected structure. This
leads to the generation of materials with a complex hierarchic structure similar to
that present in biological nanocomposites. Although it is extremely difficult to repro-
duce intricate and accurate bioinorganic reactions under laboratory conditions, a set
of complex processes, including microencapsulation of active enzymes into a sol-gel
matrix, production of biosensors, enzymatic electrodes, components of optical meters,
and some others have already been successfully performed.

The fields where clusters and nanoparticles encapsulated into the polymer
matrix can be adopted are, in fact, unbounded. Here, we’ll enumerate only the most
important already realized processes.

Nanoparticles are commensurable in size with boron’s radius of excitons in
semiconductors. This governs their optical, luminescence and redox properties.
Since the intrinsic size of nanoparticles is commensurable with that of a molecule,
this ensures specifics of the kinetics of chemical processes on their surface.47 Current
investigations are concentrated on the study of boundary regions between nanopar-
ticles and the polymer because these interfaces are responsible for the behavior of
adsorption and catalysis.

The majority of investigations in nanoparticles has an interdisciplinary char-
acter with respect to the methodologies of a number of scientific domains, including
physicochemistry, materials science, biotechniques, and nanotechnology, that are
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required to gain insight in this area. The science about nanocomposites has sprung
in the recent decades1–3 at the junction of various fields of knowledge and almost at
once started to yield practical results. The enrichment with new notions and wide
spectrum of knowledge recently presented allows a provisional review of the topic
to occur. The present chapter is aimed at generalizing the state of the art in this pro-
gressing boundary of science.

III. PROBLEMS OF STABILIZATION OF METAL
NANOPARTICLES BY POLYMERS

The high chemical activity of nanoparticles with developed surfaces is the
main reason why various, often strongly undesirable, spontaneous processes occur.
Nanoparticles are sensible to inclusion of impurities through binding at high solu-
tion concentrations during boiling or agitation under the action of radiative energy.
These processes are commonly irreversible. One of the most important goals is to
raise stability of nanoparticles to allow storage and transportation. With this aim,
various stabilizers are used. Previously they were low-molecular organic compounds
(carbonic acids, alcohols, amides, and other) and natural polymers (gelatin, gum ara-
bic, agar-agar, starch, cellulose, and so on). At present, synthetic polymers are more
frequently employed. Synthetic polymers solve two problems at once—that is, sta-
bilization of nanoparticles and introduction of a polymer ingredient into the nano-
composite.

First attempts to quantitatively estimate stabilizing capabilities of polymers
date back to Faraday’s time.48 Steric stabilization becomes probable because spatial
dimensions of at least comparatively low-molecular compounds are commensurable
with the range of London’s forces of attraction or even exceed them. If the diameter
of a macromolecule of a linear polymer coincides with the root-mean-square (rms)
distance between its ends then the relationship between the mean geometric radius
of the particle �r 2�0.5 versus polymer molecular mass M can be expressed by the fol-
lowing relationship:49

�r 2�0.5 � 0.06M 0.5

For a polymer with M � 104, �r 2�0.5 � 6 nm and at M = 105 the value reaches 20 nm.
Consequently, macromolecules with M � 104 are of the sizes needed to stabilize col-
loidal particles (macromolecules are, of course, to induce repulsion of particles).

It should be emphasized that stabilization of metal nanoparticles by high-
molecular compounds presents a major branch of polymer colloidal modern science.
Modern polymer colloidal science studies generation regularities of dispersed sys-
tems with highly developed interfaces, their kinetic and aggregation stabilities,
different surface phenomena arising at the interface, and adsorption of macromole-
cules from liquids on solid surfaces.50 The theory of improving stability of colloidal
particles by polymers has been treated in detail elsewhere.51–56 This chapter focuses
on basic questions that are connected with nanoparticles and nanocomposites.
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Potential energy of attraction Ur between two spheres of the particles of radius
r and minimum distance lo between their surfaces can be given by the following
equation

Ur � Ar/12lo at r �� lo,

where A is the efficient Hamaker’s constant with energy dimensionality.
By its order of magnitude the constant stands close to the kT parameter for

latex particles, although in metal dispersions it can be much higher. For example,
for PMMC, PS, Ag, and Al2O3, constant A equals 6.3 � 10�20, 6.15 � 10�20, 40.0 �
10�20, 15.5 � 10�20 J, respectively.57 Note for comparison that the energy of attrac-
tion of two latex particles 120 nm in size is ∼10 kT for each set of particles at a
distance of 1 nm and 2 kT at a distance of 5 nm. This is sufficient for coagulation in
case the repulsion between particles is absent as far as by its absolute value energy
of attraction exceeds the heat energy of the particles equal to ∼3/2 kT of three trans-
lation degrees of freedom.

To describe the stabilization mechanism of nanoparticles by polymers it is bet-
ter to apply to the theory of “molecular solder”—so-called strong adhesive interac-
tions between components.58,59 At the base of the theory lies representations on
structural and mechanical factors of stability of dispersed systems and spatial nets of
the coagulation structure type. A requisite condition of the stabilizing effect of a
high-molecular compound is an adequate activity (diophilic property) of a metal
nanoparticle surface in relation to the polymer forming an extremely strengthened
adsorption-solvate structurized film on the dispersed phase surface. Protecting poly-
mers generate rather strong structural networks on nanoparticle surfaces within the
bulk dispersed phase. The degree of steric stabilization varies in transitions from
the formation of structures with adsorption layers through the structurization of
the whole volume of the dispersion medium. Specifically stable are adsorption lay-
ers arising at considerable concentrations of high-molecular substances. They repre-
sent peculiar film gels, so called lyogels, that are highly solvated by the dispersion
medium. At specific conditions, a structural network appears in the solution where
metal particles are grouped so that they form chains of different shapes and lengths.
The lyophobic colloidal particles serve to connect there links of different and simi-
lar macromolecules.49

Keep in mind that several processes are running simultaneously in the system
and that they influence one another. These are processes of enlargement of the par-
ticles and macromolecular adsorption on the surface of original and forming parti-
cles. For all that, aggregation stability depends on the relationship of the coagulation
to adsorption velocity constants. The amount of sole coagulated on a unit area in cer-
tain time is calculated59 by the equation

q � (C0 � Ceq )V1S1/m2S2,

where C0 and Ceq are the initial and equilibrium mass concentrations of sole and
metal, correspondingly; V1—its volume; m2—polymer mass; S1 and S2 are specific
surfaces of metal sole and polymer, respectively.
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This is why modeling of adsorption and coagulation processes presents a con-
siderably complex problem. We shall confine the discussion just to the enumeration of
the most prominent phenomena.49–54 In case of added macromolecules, one can
observe homosteric and intensified steric stabilizations as well as flocculation (phase
separations, substitution coagulation, and crystallizing coagulation) and heterosteric
stabilization (selective flocculation, heteroflocculation, phase separation). If free
macromolecules are taken, substitution stabilization, flocculation and phase separation
occur. The efficiency of sorption processes, to which coagulation of nanoparticles also
belongs, is determined by the overall balance of surface forces at interaction of
different nature phases.60

When two metal nanoparticles covered by a layer of adsorbed soluble polymer
chains approach to a distance less the total thickness of adsorption layers, the polymer
layers start to interact (Fig. 1). The interaction brings about steric stabilization and
leads, in a majority of cases, to repulsion between the colloidal particles. It was repeat-
edly attempted to clarify its nature and determine its magnitude. Most frequently the
problem is studied in terms of changing the Gibbs’s energy when two particles are cov-
ered by an adsorbed polymer that are approaching one another from infinity.
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Figure 1 Stabilization of nanoparticles by polymers. (a) Electrostatic stabilization. 
(b) Steric stabilization. (c) region of high polymer concentration.51

The quantitative contribution of the polymer constituent into the interaction
energy of particles is a function of both polymer adsorption layer parameters on the
surface (share of elementary links of a macromolecule contacting the surface, degree
of its covering by the polymer, amount of the polymer in the first (dense) layer, layer
thickness, and so on) and those of macromolecules in the solution.

Adsorbed on the surface of dispersed particles, polymer chains lessen the attrac-
tion energy by steric reasons (the minimum distance to which particles can approach
increases) and because they change the efficient Hamaker’s constant value. The attrac-
tion energy in expressions for Ur dependence on À is the function of not only interac-
tion constants of dispersed phase A1, dispersion medium A2 and the phase with the
medium A12, but of Gamaker’s constant for adsorption layer A3 too. The effect of poly-
mer adsorption layers on molecular attraction of particles has been described theoret-
ically.50–53 Below is an expression for Ur, based on the Lifshits macroscopic theory

Ur � � 	
1
1
2
	(A2

1/2 � A1
1/2)

2
(r/I0)
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and an equation to consider unlagging London’s forces in microscopic approxima-
tion (Fig. 2):

Ur � � 	
1
1
2
	[(A2

1/2 � A3
1/2)2(r 
 δ )/(r � 2δ ) 
 (A3

1/2 � A1
1/2)

2
(r/10)


 4(A2
1/2 � A3

1/2)2(A3
1/2 � A1

1/2)2(r 
 δ )/(10 � δ )(2 
 δ/r)]

In principle, polymer layers adsorbed on nanoparticles can be considered as an
unusual medium—namely, a polymer solution specifying interaction forces between
the dispersed phase particles. Evidently, the interaction between particles is negligi-
bly weak when the adsorbed molecules are densely packed on the surface and the
macromolecules nearly lie on it. As soon as the particles approach and adsorbed
polymer layers superimpose, the loops engage, and there occurs an interaction whose
model is shown in Figure 2.
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Figure 2 Linkage of the polymer loops on the surface of colloidal particles.51

Precisely this superimposing region serves as the medium (polymer solution).
Interpenetration of two adsorption layers evokes the appearance of two effects related
to a lessened amount of conformations in the macromolecular chain (leading to the loss
of configuration entropy and, consequently, to growth of the system free energy) and
varied concentration of links in the zone of overlapping. This is accompanied by a vari-
ation in the polymer–solvent interaction and generation of the local osmotic pressure.
The first of the effects is called entropic and the second is the effect of osmotic pressure.

The total interaction energy of two colloidal particles with adsorbed polymer
layers is described by the equation,

U � U1 
 U2 
 Ur

where U1 is the effect of osmotic pressure; U2, entropic effect; Ur, interaction energy
of particles.
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The interaction energy at mixed polymer blends is given by the expression

U1� 	
4
3

	πBkTCa
2 (δ � I0 /2)2(3r 
 2δ 
 I0 /2)

where π is osmotic pressure; B, the second virial coefficient determining the inter-
action between the solvent and substance solved; Ca, polymer concentration in the
adsorbed layer.

Entropic effect can be calculated using statistical mechanics; however, the
equations are complex. Calculation results show that energy of interaction U2 is on
the order of U1.

U1, U2, and Ur dependencies on l0 are presented in Figure 3. It is clearly seen
that at distances twice as big as δ (2δ ), U1 and U2 turn to zero. Energy Ur is condi-
tioned by the long-range London’s forces, so the total energy of interaction U reaches
its minimum value at a longer distance than 2δ. At a right-hand particle approach the
transition through point Umin means coagulation of particles. For the process of par-
ticles interacting with the adsorption layer one can take that the condition Umin � 5kT
which corresponds to repulsion and Umin � 5kT which corresponds to coagulation.
The depth of the potential well Umin is determined by a number of factors, including
polymer molecular mass, solvent–particle interaction, particle size and so on. With
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increasing polymer molecular mass, due to the formation of loops, the adsorption
layer thickness increments to and curve U1 (Fig. 3) shifts to the right. As a result of
a growing thickness, Umin diminishes and the repulsion intensifies. The increasing
total amount of the adsorbed polymer elevates Ca making U1 increase and the value
of Umin decrease. Once the solvent–particle interaction is intensified, the thickness of
the layer of adsorbed loops increments leading to the growth of the second virial
coefficient B.

A through examination of two kinds of entropic effects is appropriate. The
first one presupposes desorption of polymer chains as a result of a lessened entropy
of the system. This augments the interphasal free energy and results in particle
repulsion. The second kind of entropic effect is characteristic of nondesorbed poly-
mer chains when a simultaneous breakage of a great amount of polymer links with
the surface of colloidal particles occurs. This is in fact improbable. It presumes that
the adsorption equilibrium between the polymer and particles remains invariable
during particle collisions. So the free energy grows as a result of decreased entropy
induced, in turn, by redistribution or compression of adsorbed links in the interac-
tion zone. Two limiting cases are to be mentioned when using a constant adsorption
model. They are interpenetration of adsorption layers without constriction of the
adsorbed polymer chains (effect of mixing) and compression of the layers without
overlapping (effect of bound volume). Both cases are idealized since it is impossi-
ble to separate these two phenomena in real systems. Nevertheless, proceeding from
general considerations, the effect of bound volume will dominate at high concen-
trations of polymer units on the surface when polymers with low-molecular mass are
adsorbed and the interacting surfaces converge very close to one another. The effect of
mixing prevails when the surface is only slightly covered by the polymer, high-
molecular compounds are adsorbed, and the distance between particles of the dis-
persed phase is substantial.

A notion of enthalpic (∆H ), entropic (∆S ) and mixed (enthalpy-entropic) sta-
bilization at interpenetration of polymer chains has been described.51 The mixing
energy is

U � ∆H � T∆S

The generalized Flory-Huggins’ parameter characterizing thermodynamics
of polymer–solvent interaction can be presented as a sum of two constituents χ �
χh
 χs, where χh is the parameter of mixing enthalpy and χs, an additional entropic
parameter specifying both volume effects of mixing and various structural transfor-
mations (e.g., rupture and formation of hydrogen bonds, conformation change.).

Evidently, at endless dilution ∆H → (�k) and ∆S → (�ψ), where k = χh and
ψ � 	

1
2

	 � χs.
Proceeding from above considerations it’s easy to define conditions under

which one or another type of steric stabilization dominates (Table 5).
A number of polymers show negative k and ψ values in water solutions. This

is connected with the destruction of hydrogen bonds with increasing polymer con-
centration in the system. In this case, stabilization will be enthalpic. At the same
time, the majority of polymer solutions in nonpolar media display positive k and Ψ,
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so far as the entropic stabilization can be expected. Systems with enthalpic type of
stabilization show a tendency to lose stability when heated. Entropic systems tend to
flocculate when cooled.

It should be noted that adsorption of water-soluble polymers with numerous
hydrophilic groups by nanoparticles imparts a considerable water-absorbing capac-
ity to the dispersed phase surface. As a consequence, the role of the solvation fac-
tor gains strength for stability. To our regret, the latter phenomenon has been
insufficiently studied. Nevertheless, data on hydrophilic properties of stabilizer
macromolecules and temperature to stability ratio of polymer-containing disper-
sions prove that the structural constituent of the wedging pressure plays a critical
role in the mechanism of stabilizing colloidal solutions using high-molecular com-
pounds.61

As the synthesis of metallopolymer complexes precedes the formation of met-
allopolymer nanocomposites, let us consider briefly these problems.

IV. BASIC CONSIDERATIONS OF THE
COMBINATIONS OF MACROMOLECULES 
AND METALS

Metal-containing macromolecules or macromolecular metal complexes con-
sist on the combination of

• Organic or inorganic macromolecules.
• With metals in different states such as metals–metal clusters, metal ions, metal

complexes–chelates.

These materials are well-known from their active and selective function in bio-
logical matter. The increasing knowledge about natural metal-containing macromol-
ecules stimulates chemists to synthesize artificial systems. The newly developed
materials can exhibit unusual properties for new applications due to the introduction
of metals in polymers. Therefore chemists, physicists, biologists, physicians, and
engineers are involved in this interdisciplinaric subject where a macromolecule and
a metal atom are combined in one material.

The activities in this field are summarized in some monographs and several
reviews.62–82 We will classify the different combinations of macromolecules and
metals. Due to various macromolecules and various metal components such as
metal–metal clusters, metal ions, metal complexes rather numerous possible
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Table 5 Comparison of Types of Steric Stabilization51

K Ψ ∆H ∆S ∆H/∆S U Stabilization Type

� � 
 
 � 1 
 enthalpic

 
 � � � 1 
 entropic

 � � 
 �� 1 
 mixed
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combinations exist. Therefore, it is essential to introduce a classification for the
architecture of these materials.

When considering typical organic polymers, for example, based on poly-
styrene, polyethyleneimine, polymethacrylic acid, polyvinylpyridines, polyvinylimi-
dazoles, and others, the mainchain of these polymers can be linear or crosslinked. In
several cases, a metal is part of the polymer chain leading to new structural units.
Inorganic macromolecules like silica, different kinds of sol-gel materials, and molec-
ular sieves can also be included if these macromolecules are modified in such a way
to carry as active part one metal component employing different kind of bonds.

The various combinations of macromolecules and metal components will be
classified as follows:81

Macromolecular complexes (MMCs) that contain at a macromolecule, a metal
ion or metal complex interacting ionic by bonds (electrostatically), donor-acceptor
bonds (coordinative bonds), or covalent bonds (Fig. 4). In these, the metal MMC is
a specific pendant substitute.
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Figure 4 Binding of metal particles to a macromolecule (a) covalently, (b) coordinatively,
and (c) electrostatically.81
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Figure 5 Metal complex part of (a) a polymer chain via the ligand and (b) a polymer chain
via the metal.64

Another type of MMC considers the situation of the ligand and/or metal (metal
complex) being part of 1D, 2D or 3D macromolecular structures (Fig. 5).

Note these macromolecules are completely destroyed after removal of the
metal atoms, whereas in the first case, the macromolecular chain remains after the
metal atoms are removed.

Finally, there are MMCs with nanosized particles or clusters being incorpo-
rated into an organic or inorganic macromolecule where primary bonding does not
occur (Fig. 6).

Because, in most cases, no clear IUPAC nomenclature exists for metal-
containing macromolecules or macromolecular–metal complexes, it is nearly impos-
sible to obtain detailed information on them using Chemical Abstract literature
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searches. One has to look for each individual metal, metal ion, metal complex, metal
chelate, ligand, or polymer to find the appropriate literature citations.82

Analogous to low-molecular-weight metal complexes, the kind and strength of
the metal to ligand (M–L) bond is determined on one side by the ionization poten-
tial and electron affinity of the metal ion and on the other side by the Lewis base or
donor properties of the ligand atoms or groups. The metal to ligand bonds can have
more covalent or more ionic character, and factors like ion exchange equilibria have
to be considered. But in contrast to low-molecular-weight complexes, the situation
with high-molecular-weight counterparts is much more complicated.

The presence of low-energy vacant d-orbitals in transition metals of IVA-VII
or VIII groups of the periodic table of the elements opens the possibility to fill them
with electrons donated by various molecules possessing high-energy orbitals with n-
unshared pairs of electrons of heteroatoms (π-type complexes) such as amines,
ethers, and phosphines. The energy levels also can be completed by p-electrons (pi-
type complexes), donated by unsaturated or aromatic compounds with relatively low
ionization potential. The ligands with vacant π*-antibonding orbitals can be affected
as p-acceptor of electrons of the metal. In these cases another type of the interaction
is realized—so-called reverse π-binding.

For the polymer ligands, the same considerations can be applied as for low-
molecular-weight ligands. The main differences between formed bonds are displayed
in long-range actions. Particles (ion–ion, ion–molecule, molecule–molecule) can
interact over a long range electrostatically and over the short range approximately as
the sum of covalent radii caused by covalent or coordinative bond formation. The
total complex binding energy (combination of electrostatic and donor acceptor)
increases with increasing particle contact.

As mentioned above, the interactions in the macromolecular ligand (MXn) sys-
tems can be classified as covalent, coordinative, ionic, charge-transfer, and chelate
bindings. The macromolecular ligands interact with MXn either through one bond—the
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Figure 6 Metal complex or metal cluster/nanoparticles incorporated into macromolecules.64
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monodentate binding (when MXn possesses only one coordination vacancy or group
able to be substituted by the polymeric ligand)—or by polydentate binding. The latter
can be carried out via both an intramolecular and intermolecular mechanism.

In the case of linear or branched carriers, the macrocomplexes I (scheme 1), as
a rule, are soluble in organic solvents and their structure is identified rather easily.
As the solubility of the bridged macrocomplexes II decreases, they are more stable
and have a less dense structure. The complexes III with the intermolecular bridge
bonds are insoluble and they are difficult to define.
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Progress in many fields of metal complex catalysis is connected with immobi-
lized catalytic systems, which are characterized by physical or chemical bonding of
one of the components or a catalytic complex bound to a solid support carrier.
However, the relatively low stability of the metal to polymer bond leads, during
catalysis, to a weak point in such immobilized metal complex catalysts. The immo-
bilization of metals by chelating polymers, which ensure a stable multicenter bond
between the metal, and the polymer support provides the simplest method for over-
coming the above disadvantage.

Macromolecular metal chelates (MMChs) are high-molecular-weight
compounds that incorporate metal chelate cycles. The problems of the chemistry of
MMChs have attracted increased attention by investigators during recent years.65,76,83–87

It is useful to examine three levels of the spatial organization of the MMCh:

• The local level, which reflects the chemical structure of a single unit in the chain
molecule (the nature of the complex forming metal and of the electron donating
atoms, the ring size, the steric structure of the ring, etc.).

• The molecular level, which is determined by the chemical structure of the polymer
chain (the chain length, the elemental composition of the repeating units, the shape
and conformation of the chain, etc.).
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• The supermolecular level, which reflects the nature of the intermolecular interac-
tion of the macromolecules and the degree of their mutual order (scheme 1).

Besides C, N, O, S, P, Si, which are well known as chain-forming or partici-
pating elements, most other elements of the periodic system are capable (except
hydrogen, the noble gases, and the 12 elements of Group 1 A and VII B) to be part
of a polymer chain. These elements include many metals or semimetals. In the fol-
lowing text a few characteristic examples are described.71,81 The most common
routes for the preparation are
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• Syntheses of a bifunctional metal complex–chelate → reaction with the same mol-
ecule or another bifunctional reagent → purification from starting materials →
analytical characterization → investigation of properties (scheme 2).

• Preparation of a bifunctional or higher functional low molecular weight ligand →
reaction with a bifunctional or higher functional metal ion → purification →
analytical characterization → investigation of properties (scheme 3).

• At first preparation of a high-molecular-weight ligand using different methods →
then metallation.

Many polymers are less soluble and therefore difficulty to characterize.
Especially the results of older reports did not include careful analysis, and the pro-
posed structure should be verified again.

The incorporation of metal ions into a polymer chain—directly or via ligands—
offers unique materials with properties that differ significantly from those of conven-
tional organic polymers. The different range of coordination numbers especially of
transition metal ions can allow the preparation of polymers with unusual conforma-
tional, mechanical, and morphological characteristics. All above considered types of
MMCs can be also obtained by polymerization and copolymerization of metal-con-
taining monomers.88

m L R L L R L
+ m MXn

− m (aX)
MXn − a[ [m

Scheme 3
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V. TYPICAL FORMATION PROCESSES AND 
THE STRUCTURE OF NANOMETRIC 
METAL PARTICLES IN POLYMERS

The difficulties of preparing polymer-immobilized nanoparticles are due to a
rather poor reproducibility of many synthetic procedures and to rapid oxidation of
nonnoble metals particles by potential oxidants at the colloid formation stage.
Virtually all of the known methods for producing polymer-immobilized nano
particles are at least two-stage processes: They include molecular dispersion
(atomisation or reduction) and subsequent condensation of atomic metal into
nanoparticles. These stages occur in a rapid succession and virtually form a com-
plex process of nuclei formation and growth of a solid metallic phase. The very
notion of a “solid phase nucleus” is somewhat equivocal. A cluster containing
25 Pt atoms has the adsorption properties of a bulk metal.89 On the other hand, 
the collected ionic groups in gold chloride reduction start to display properties
characteristic of the metal nucleus only after the accumulation of 300 or more 
Au atoms.90

The aggregation of polymer-immobilized nanoparticles on polymeric pow-
ders, films, or fibers could be the simplest method for their preparation. Such stud-
ies have been carried out mostly on mineral supports, though there are also reports
using nonstabilized hydrosols (8–12 nm) and organosols (4–11 nm) of Fe, Zn, and
Cu on the surface of Dacron (lavsan) and polycaprolactam (capron) fibers.91 The for-
mation rate is higher on the lavsan fibers, which is explained by the formation of the
surface M–O bonds. The lowest aggregation rate is characteristic of the iron sol.
These materials are heterogeneous: The nanoparticles are localized only on the poly-
mer surfaces.

A. Technique of the Atomic Metal Evaporation

Cryochemical depositions (most frequently, vacuum deposition at pres-
sures of 10�1–10�4 Pa) of atomic (gaseous) metal on thin (∼1000 nm) polymeric
supports are attractive technologically. Polymer supports are usually high-molecu-
lar-weight paraffins, polyesters, oligo-olefins and polyolefins, polydienes, vinyl-
siloxan and phenyl-siloxane polymers. The naked metal atoms are first deposited
at temperatures of 77K and above.91–97 Then small clusters are stabilized at
low temperatures. In these systems, both homocluster and heterocluster parti-
cles are formed and stabilized at an evaporation rate of 10�8 mol min�1. As
shown in scheme 1, a single metal atom initially forms bonds with two functional
groups (arene rings, or oxygen atoms) (stage I, scheme 4). This is followed by a
metal–polymer chain growth stage (II). Finally, stabilization of clusters by ligands
takes place (III). The stabilization may also result from the trapping of clusters into
a highly viscous metal–polymer network (IV) and the enlargement of these cluster
particles (V).
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As a rule, deposition results in the formation of mini-clusters. Their size
depends on the process conditions and the nature of the metal. Transition metals are
used in most cases. Cr clusters contain 2–3 metal atoms, those of Mo contain 2–5
metal atoms, and clusters of other metals include not more than 10 atoms.*

In principle, the kinetics of metal vapor condensation is analogous to the coag-
ulation kinetics of an ideal suspension. There are unstable states, which can be
described by the Smoluchowski equation for fast coagulation.

Spectral techniques have been used for the identification of polymer-immobi-
lized clusters. For example, monomers, dimers, and trimers of molybdenum immo-
bilized on poly(methylphenylsiloxane), absorb at λmax � 318, 418, and 502 nm,
respectively, whereas the tetranuclear and pentanuclear clusters absorb at λmax � 598
and 640 nm, respectively. This makes it possible to follow the growth of cluster par-
ticles. According to scheme 5, this process comprises a number of consecutive irre-
versible bimolecular reactions:
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*These formations are thermally stable only below 290K and disintegrate rapidly under the action of oxy-
gen (even under a pressure of 1 mm Hg). Note for comparison that the energy of Cr–Cr and Mo–Mo bonds
are 150 and 400 kJ mol�1, respectively.
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where M is a metal and L is a ligand.
The formation of clusters may be regarded as a continuous deposition of metal

atoms on a polymeric film over the time t at the rate W; then the corresponding rate
equations are
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The concentration of cluster nuclei MnL2 of various nuclearities on the poly-
mer may be expressed in general form as

	
[
[
M
M

n

L
L

2

2

]
]

	 � [M0]
n�1 �	

n[L
2n

0]

�

n

1

� 1	 � k[M0]
n�1

where M0 is the total mass of metal atoms deposited on the polymeric film over time t.
Generally speaking, the cryochemical condensation of metals on cooled matri-

ces leads to the formation of a variety of cluster series. These are interpreted98 as a
set of clusters with the monotonically increasing nuclearity having the same ligand
composition (MnLm, where n � qx; x is the nuclearity of the simplest member of this
series and q is an integer). In these series, the basic structural elements (the simplest
building blocks) are individual metal atoms. In contrast the series per se are models
of the atom by atom growth of metal particles. One can follow the course of their
formation via the addition of individual bricks, which are elements of the nucleus
formation.

The cryochemical method allows the preparation of both homometallic and het-
erometallic polymer-immobilized cluster particles. Thus the consecutive or simulta-
neous deposition of metal vapors of different elements (e.g., Mo and Ti or Ti and Cr),
especially at high concentrations, yields the nonsolvated bimetallic clusters M1

xM2
y.

These clusters are close in size to the colloidal particles (CrxTiy) (scheme 6) or to
small clusters. For example, cluster MoxTiy includes 13 atoms.
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The particles formed are chemically bound with the polymer and possibly
cause crosslinking.

Control of the evaporation conditions also allows the preparation of polymer-
immobilized nanoparticles. For example, colloidal silver was obtained with the par-
ticle size of 1.0–20 nm (the colloidal Ag particles less than 40 nm in diameter absorb
light at ∼400 nm).99 The dispersion of gold nanoparticles (mean particle size ∼2 nm)
in poly(diphenylbutadiyne) has been obtained by cocondensation of vapor of Au and
diacetylene on a support at 77K.100

Different versions of cryochemical synthesis have been developed using the
protective properties of polymers.101 For example, an oscillatory contour is applied
for the electrical condensational dispersion of metals. In nonpolar media, dispersions
of Ag, Al, Bi, Cd, Cu, Co, Mo, Fe, Ni, Zr, Pt, Sn, and W particles (1–10 nm) are sta-
ble only in the presence of stabilizers (the synthetic rubbers SKD, SKB-35) that can
form 3D structures in solution. In their absence, immediate coagulation takes place.

Evaporating solid polymeric particles (accompanied by considerable pyroly-
sis) and codepositing the volatile products (mostly radicals) with the metal vapor are
used less often. This technique is employed for the formation of 10-nm-diameter
copper islets in a polyethylene matrix. The explosive evaporation of a metal wire
coated with a polymer and pulsed mechanochemical interactions (of the Bridgeman
anvil type),102 etc. are the modifications of this method. Recently, interest has been
shown in the ionic spraying of metals onto polymeric surfaces. Studies of the vac-
uum deposition of Au and Zn on PE and PTFE should be noted.103,104

The low-temperature condensation of Cr vapor with macromolecular matrices
containing aromatic rings (oligobenzyl, oligoarylene, benzene -m-xylene copoly-
mer) was used for the preparation of macromolecular sandwich-type Cr com-
plexes.105 The direct reaction of atomic metal with the matrix is prevented by the
joint condensation of the metal and solvent (e.g., chromium and diglyme).106 This
makes it possible to replace the direct metal–matrix interaction by exchange of one
stabilizing ligand for another high-molecular-weight ligand (this procedure is called
resolvation). Nonionogenic surfactants are sometimes used for the replacement of
dispersive medium. Thus the silver organosols with 3–12-nm-diameter particles,
obtained cryochemically in acetone were subsequently stabilized with 0.2% Triton
X-100 solution in water. Then these silver organosols were incorporated into
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a crosslinked polyacrylamide gel.107 The solvent and the polymer used in the cryo-
chemical synthesis both affect the reaction direction and the product stability.

Resolvation may precede the preparation of polymer-immobilized nanoparti-
cles. For example, the cryochemical synthesis of colloidal Ag particles is performed
in acetone, which is then replaced by formamide. This dispersion is stable for a few
days. The system Ag (2–5 nm) formamide is used as a solvent in the preparation of
crosslinked polyacrylamide gel.108 Three different synthetic resolvation methods are
documented.109 In the first version, a Co-nonadecane system obtained by the cry-
ochemical method was mixed with a solution of a polymer in nonadecane with sub-
sequent sonication. In the second version, the nanoparticles of Co or Ni in toluene
were added to a solution of low-pressure polyethylene (LPPE) in toluene at 363K.
The third variant employs a toluene polymer solution cooled from 383K to 185K.
The resulting gel-like system was mixed with nanoparticles obtained cryochemically
and subjected to sonication. These techniques make it possible to virtually preclude
the aggregation of particles at all intermediate stages. However, along with the pep-
tization and resolvation, more complex interactions of nanoparticles with the solvent
may take place.

The matrix is affected by the metal atoms present during the preparation of
polymer-immobilized nanoparticles. A sharp decrease in the molecular weight of 
polymers (in particular, in the case of oligoarylenes)106 is observed. The loss 
of matrix solubility also occurs. In some instances, ester and other bonds are cleaved.
Futhermore, the interaction of polymer functional groups with metal atoms yields
new products (e.g., terminal chlorine atoms from benzyl cloride in the oligobenzyl
matrix in the presence of Cr results in the formation of CrCl3). The interaction of
atomic zinc with the polymer surface is accompanied by a profound destruction
of the polymeric layers below the surface. Zinc also reacts with the degradation
products.103,104

B. Preparation of Polymer-Immobilized Nanoparticles 
by Plasma Polymerization

Plasma polymerization (in a glow discharge) is initiated by ions, excited mol-
ecules, and high-energy photons. The monomer vapor pressure during polymeriza-
tion in plasma is too low (10�3–10 mm Hg) to allow the production of polymers by
conventional plasma methods. Polymer formation can occur from relatively simple
compounds (CH4, CF4, benzene, chlorobenzene, perfluoropropane); less often, by
more complex compounds. For example, homogeneous coatings enriched in beryl-
lium are prepared by the thermal evaporation of Be with the concomitant deposition
of a plasmopolymer of trans-but-2-ene.110 Mixtures of gaseous monomers with
argon are often used. The chain mechanism of the polymer growth does not play a
substantial role during the deposition of polymers from the gas phase. Chain propa-
gation in plasma polymerization occurs via a rapid stepwise mechanism with the
predominance of polyrecombination reactions between active particles. These prod-
ucts are regarded as polymers, but they have little in common with “normal” poly-
mers because of their structural peculiarities. As a rule, plasma polymers are 3D
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highly crosslinked products, especially when produced by extended (5–10 min)
plasma treatments. Two competitive processes take place in plasma polymerization:
polymer formation by deposition from the gas phase and the etching (destruction)
leading to its removal. The relationship between these processes at each specific site
is determined by the energy of excited particles, their concentration, and the surface
temperature, as well as by the nature of the monomer (e.g., polymerization predom-
inates in the case of C3F8).

111

Plasma polymerizations permit of thin (50–100 nm), virtually defect-free films
on most supports. Polymerizations in plasmas are not restricted by the choice of mate-
rial and the support’s shape. Therefore, this technique is well suited for the preparation
of microencapsulated nanoparticles (the so-called metal-doped polymeric films).112

Thin composite films are formed by simultaneous polymerization of com-
pounds during the vacuum evaporation of metals. Modifications have been reported
using different modes of preparation and introducing nanoparticles.* One version
includes simultaneous evaporation of a monomer and metal from different sources,
while another relies on the combination of plasma polymerization and metal evapo-
ration.116 Plasma-induced graft polymerization of traditional monomers (e.g., vinylim-
idazole on a capron film)117 was carried out during metal evaporation. The plasma
polymerization of organometallic compounds is of special interest.118 For example,
plasma-induced polymerization of diethylberyllium is remarkable for the simplicity
of the equipment required.110

The preparation of polymer-immobilized nanoparticles most often involves
combined targets including a metal and a polymer. The target material is sprayed by
plasma. The sprayed product is deposited, as a rule, outside the plasma zone. It is con-
venient to use a Mo, Cu, or Au cathode as the metal source. In trifluoropropanemetal
systems obtained by sprayed plasma the metal content in the thin-film product amounts
to 18–26 wt%. Metallopolymers with formal compositions of (C3F4O0.6Mo0.3)n and
(C3F3.9O0.3Cu0.3)m have been prepared and characterized.113 An aluminium-containing
material with enhanced adhesion properties is produced by the spray plasma polymer-
ization of CH4 using aluminium as the electrode material. Even at a relatively low fre-
quency (10 kHz), the electrode surface is bombarded so strongly that physical
sputtering of Al takes place with its inclusion into the growing macromolecule. The
metal atoms are uniformly distributed over the bulk of the deposited material.

The volume fraction (or the filling factor) of the metal embedded into the met-
allopolymeric material is calculated by equation:119

r �	
S
S

m

r �

�

C
C

f

f
	

where Sr is the density of the metal-containing film, Cf and Sm are the densities of the
metal-free film and the metal, respectively. The parameter r may vary from 0.1 to 1.0.
This parameter reflects the structure of the polymer-immobilized nanoparticles. Thus
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*The conditions of low-temperature plasma generation and the technology of plasmochemical processes
are describes.113–115
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at low r values and short plasma treatments, the plasma polymerization of benzene
with silver yields quasi-2D particles.120 The distribution pattern of the silver particles
in the polymer depends on the plasma polymerization conditions and the filling factor.
For example, the transmission electron microscopy has shown121 that the composite
plasmapolymer-silver films include three different structural regions with different r
values: the metallic region composed basically of the metal particles that incorporate
polymer inclusions (Fig. 7a,b), the percolational region in which there are no aggre-
gated metal particles and the formation of interacting cluster particles is initiated
(Fig. 7c), and the region in which the cluster particles are completely isolated by the
polymer, (i.e., microencapsulated polycrystalline silver particles exist) (Fig. 7d–h).
This structure is similar to colloidal particles of the Cu, Au, and Ag encapsulated with
thin shells. This group also includes the particles of Au;111,113,122–124 Co, Al, and Mo in
fluoropolymers; Cu in polyethylene; Ag in a polymer obtained from chlorobenzene;116

and benzene.120 The distribution of gold nanoparticles in a polymer resulting from
the plasma treatment of the C3F8–Au mixture has been studied in detail.111,119 The
mean size of gold particles is 5.5 nm (r � 0.15). The 5–10-nm silver crystallites in thin
composite films were formed by polymerization of chlorobenzene and vacuum
evaporation of Ag.116 High Ag levels lead to particle diameters from 100 to 200 nm.
Special studies have shown that neither AgCl nor silver carbide are formed.
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Figure 7 Electron micrographs of composite plasmopolymer–Ag Wlms. The degree of
filling decreases on moving from panel a to panel h.119

In summary, the polymerization in a glow discharge makes it possible to pro-
duce thin polymeric films of controlled size on the surface of nanoparticles prepared
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in situ. The complexity of this technique resides in the fact that it is difficult to con-
trol the rate of metal sputtering and metal incorporation into the polymer formed.

C. Preparation of Metal Sols in Polymers by the Thermal
Decomposition of Precursor Compounds

Heating volatile metal compounds (such as metal carbonyls, π-allylic com-
plexes, formates, acetates, and other organometallic compounds) in organic media or
in the gas phase leads to their degradation. The metals or their oxides are liberated
in the form of a dispersed phase. An example is the decomposition of iron pentacar-
bonyl (scheme 7).
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Scheme 7

If these reactions are carried out in the presence of polymers, it is the simplest
and apparently the most widespread method for the introduction of large (sometimes
up to 90 wt%) quantities of colloidal particles of pure metals into polymeric com-
positions. This method underlies numerous processes intended for the preparation of
polymer-immobilized ferromagnetic nanoparticles via the chemisorption of macro-
molecules on metal particles formed in situ. This is pertinent to the thermolysis of
metal carbonyls.

Stable homogeneous polymer-immobilized dispersions of Fe, Co, Cr, Mo, W,
Mn, Re, Ni, Pd, Pt, Ru, Rh, Os, and Ir colloidal particles can be produced using two
thermal decomposition methods from their precursor compounds.125,126 The first
method employs an active polymer solution (containing amino, amide, imine, nitrile,
hydroxyl, or other functional groups) in an inert solvent. The labile metal compound
is added to this solution gradually. Favorable conditions are created for the chemisorp-
tive polymer–metal interactions. Then the thermal decomposition is performed (100�–
170�C). Sometimes the solution or suspension is subjected to different types of irradi-
ation. The second method relies on the use of a passive polymer that reacts with the
metal complex after it loses at least one ligand (for example, a CO). The gradual addi-
tion polymers such as polystyrene, polybutadiene, and copolymers of styrene and buta-
diene to an inert solvent containing the initial complex at the reaction temperature is
accompanied by the dissociation of a ligand and the binding of the anionic complex
with the passive polymer. Then the thermal degradation is performed.

The particle growth stage of this multistage process has much in common with
the transformations taking place during the condensation of metal vapor on poly-
meric matrices (discussed above). The thermolysis of cobalt carbonyl and iron car-
bonyl1 in the presence of polymers is well studied. For instance, the thermolysis
(408K) of Fe(CO)5 in a xylene solution of either cis-polybutadiene or a block
copolymer of styrene and butadiene for 24 h under argon proceed through several
consecutive stages, leading to the formation of [C8H12Fe(CO)3] units (scheme 8).
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The initial stage involves the formation of a highly reactive anion Fe(CO)4
�, which

interacts with isolated double bonds, followed by double bond isomerization and the
formation of π-complexes with the iron tricarbonyl residues. The final product is
composed of the η4-(butadienyl)irontricarbonyl units with both trans-trans- and cis-
trans-tetramethylene groups. Since the iron tricarbonyl complexes with two noncon-
jugated double bonds are unstable, no complexes between two polymer chains are
formed. The reaction of iron carbonyls with low-molecular-weight nonconjugated
dienes is accompanied by the double bond migration.

Three resonance structures represent the reaction product between an iron car-
bonyl and vinylallenes (scheme 9):127
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A characteristic feature is that the same type of carbonyl complexes bound with allyl
fragments in the polymer chains were detected on immobilization of Co2(CO)8 or
Fe3(CO)12 within polystyrene-polydiene block-copolymers.128 The thermal decom-
position of these π-allyl complexes results in nanoparticles. The Cr(CO)3 fragments
in polystyrene are bound via η6-complexed benzene rings.129

The nanoparticle sizes depend on numerous factors, including are the nature
of the polymer disperser. A molecular weight of about 100,000 is optimum. Other
factors include the nature of the functional groups (L) and the solvent. The cobalt-
containing polystyrene–polybutadiene copolymer forms a nonmagnetic phase of
cobalt clusters ∼1 nm in diameter when annealed in vacuum at 493K for 2 h.
Alternatively, thermolysis at 473–573K leads to the formation of 3–10-nm particles.
Increasing the thermolysis temperature to 623K leads to the enlargement of cobalt
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nanoparticles to 50 nm and the appearance of the ferromagnetic properties in the
materials formed.

The nature of the solvent plays an important role. Metal carbonyls dispropor-
tionate in basic solvents (e.g., in DMF) to form ionic complexes in which metal
atoms have a 2
 formal charge (scheme 10). The product compositions of identified
by IR spectroscopy varied with the extent of the substitution by carbonyl groups:
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nFe(CO)5 + 6DMF

[Fe2+ (DMF)6][Fe2(CO)8]2− + 7CO

[Fe2+ (DMF)6][Fe3(CO)11]2− + 9CO

[Fe2+ (DMF)6][Fe4(CO)13]2− + 12CO

Scheme 10

In the general case (scheme 11):

Fe(CO)5 + Nu [Fe2+ (Nu)x ] [Fen(CO)m ]2−

Scheme 11

where Nu is a nucleophile (Py, N-methylpyrrolidone, etc.), x � 2–6; n � 2, m � 8, or
n � 3, m � 11, or n � 4, m � 13. Under these conditions, dicobalt octacarbonyl is
transformed according to the scheme 12:

2Co2(Co)8 + 12DMF 2[Co2+(DMF)6][Co(Co)4]2
− + 8CO.

Scheme 12

Basic solvents and high temperatures favor the binding of metal carbonyls to
polymers. Stable colloidal dispersions are formed on the thermolysis of carbonyls in
dilute polymeric solutions. For example, iron dispersion containing 5–10-nm parti-
cles have been produced.128 Nanoparticles of this type are very reactive. Particles
smaller than 10 nm are superparamagnetic, while the magnetic hysteresis is observed
for particle sizes between 10 and 20 nm.

The size of Co particles may be prepared within the range from 2 to 30 nm with
a narrow size distribution range by controlling the reaction temperature, the concentra-
tion of reagents, and the polymer composition (e.g., terpolymer of methyl methacrylate/
ethyl acrylate/vinylpyrrolidone)102 in a solvent like toluene with a low dielectric con-
stant. It is important that polymers containing large numbers of polar groups can form
particles of a smaller size. The same result is achieved by decreasing the metal car-
bonyl concentration in the polymer.
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Nucleophilic fragments of macroligands, (such as those in styrene/N-
vinylpyrrolidone copolymer catalyze the degradation of metal carbonyls, as shown
in scheme 13:125
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Ligand functional groups on the polymer first form a soluble macromolecular
complex. The loss of CO transforms complexes into polymer-immobilized cluster
particles M0. The subsequent growth of these particles leads to the formation of a
nanoparticle. Initiation, growth of particles, and termination by simple dispropor-
tionation of metal carbonyl on the particle surface all occur.

The reaction rate on the polymer should be higher than the metal carbonyl
decomposition rate in solution. Thus in scheme 13 the following should hold:

k1 
 k2 � k�1 � k�2 � k4

k3 � k4

Two major pathways in the thermolysis of metal carbonyls in polar media are realized.
First, the disproportionation products react with the polymeric chain and initiate the
side reactions of crosslinking, destruction, and isomerisation of the chain as well as
the immobilization of mononuclear carbonyl complexes. For example, the polybuta-
diene containing 92% cis-1,4-; 4% trans-1,4-; and 4% 1,2-units (M � 246 000) under-
goes isomerization when reacted with Fe3(CO)12 for 2 h at 350K.126 This increases the
trans-1,4 content to 76%. Simultaneously, significant particle enlargement occurs as
the hot metal atoms form 1–10-nm nanoparticles (scheme 14).

Mn + M Mn+1

Mn + Mm Mn +m

Scheme 14

The binding of small, insufficiently grown particles (Mn) by the polymer (scheme 15)
generally
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Mn +   P P Mn

Scheme 15

produces nonmagnetic materials. Introduction of metal particles that are large compared
to the interchain distances and the size of crystalline blocks and crosslinks results in the
perturbation of the polymer structure and deterioration of its mechanical properties. The
competition between both routes determines the ratio of thermolysis and diffusion rates.
Both diffusion toward the hot metal centers in the matrix and thermolysis depend on the
nature of the reacting particles and the reaction conditions. These processes are consid-
erably influenced by the oxidative or reductive character of the medium.

The thermolysis conditions for metal carbonyls in polymeric matrices and the
size of nanoparticles thus formed are given in Table 6.

Rapid unimolecular degradation of solutions of metal compounds in molten poly-
mers, in the natural cavities of polyethylene, polypropylene, polytetrafluoroethylene
matrices forms metal-particle-containing polymers; these materials were given the col-
lective name Claspol.130 In this process, the melt temperature should co siderably
exceed the temperature to degradate the carbonyl complexes. Carbonyls are used as
dilute solutions under conditions providing for the most rapid and omplete removal of
ligand from the reaction system. This technique offers a number of advantages. On the
one hand, higher temperatures increase the extent of carbonyl decomposition and reduce
the yield of byproducts, on the other hand. In addition, in contrast to solutions, the melts
preserve the close order of the initial polymer structure, while the cavities may host the
particles formed. The polymer-immobilized particles thus obtained are characterized by
a relatively high dispersity and homogeneous distribution over the polymer volume.130

Macromolecules are irreversibly sorbed on their surface. The metal particles are prima-
rily localized in the amorphous regions of the matrix. Segmental displacement of the
amorphous phase is difficult owing to reduced free volume and possible crosslinking.
The polymeric materials formed display enhanced thermal resistance. For example, the
Tm of atactic polypropylene, modified with metal clusters, is increased by 50–80�C and
this material acquires a monolithic pseudocrystalline structure.130 The recurrent metal
clusters spacing is concentration dependent. Iron, for example, forms 9–12-nm particles
at high concentration (20–30 wt%) and 20–22-nm particles at low concentration
(2–3 wt%) with a narrow particle size distribution (half-width ∼1 nm). The presence of
the metal phase does not affect either chemical or mechanical properties of such mate-
rials since the strong nanoparticle–polymer interactions lead to pseudocrystalline mate-
rials. In other words, at definite ratios of ingredients, these products are homogeneous
metallopolymers.

Of particular interest is the thermolysis of metal carbonyls in the halogen-
containing matrices. PTFE may be modified by Fe3
 or Mn4
 oxides by the sorption
of the corresponding metal carbonyls and their subsequent oxidative decomposition
using KMnO4 or H2O2.

131 The oxide particles are incorporated into the amorphous
regions of PTFE.

Nanoparticles are usually prepared in polar solvents that form intermediate
complexes with the carbonyls (schemes 10–13). These complexes then react with the
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Table 6 Thermal Decomposition of Metal Carbonyls in Polymeric Matrices3

Thermolysis Nanoparticles Nanoparticles
Ma(CO)b Polymeric Matrix Conditions Content (wt%) size (nm)

Co2(CO)8 without polymer toluene �100
copolymer MMA- chlorobenzene 75 6–25
vinylpyrrolidone
(90:10)
polychloroprene toluene 93 30–60
copolymer chlorobenzene 75 7–47
vinylchloride-
vinylacetate—
vinyl alcohol 
(91:6: 3)
PS toluene 75 10–30
copolymer styrene- toluene 75 6–13
acrylonitrile (88:12)
atactic PP toluene 75 �100
polyesters toluene 75 6–20
polyurethane toluene 75 5–30
tercopolymer MMA- toluene 20–30
ethyl acrylate-vinyl-
pyrrolidone (33:66:1)

Fe(CO)5 Polystyrene-block- dichlorobenzene, 7–8
polybutadiene 145�C
polybutadiene decalin, 140–160�C 5–15
cis-polybutadiene xylene, 135�C
polybutadiene decalin, 150�C ∼6
copolymer styrene- decalin, 150�C ∼6
butadiene (5.8:1)
copolymer styrene- o-dichlorobenzene 2 ∼6
4-vinylpyridine 
(1:0.05) the same 
(1:0.1) polyvinylidene o-dichlorobenzene 1.8 ∼16
fluoride DMF, 140�C 5–15
cis-polybutadiene 1% solution of 37
natural rubber dioxane-xylene, 

135�C
8% solution of 17
dioxane-xylene, 
125�C

Fe3(CO)12 trans-polybutadiene benzene, ethanol, 23
80�C

copolymer styrene- benzene, 80�C 8
butadiene (25:75)
polybutadiene (81% benzene- 16
repeat 1.2-chains) dimethoxyethane, 

80�C
Fe(CO)5 PE melt — 1–29 1.5–7

PP (isotactic, melt) — 5
PP (atactic, melt)] — 5–30

Cr(CO)6 PTFE — 0.5–4 1–5
(fluoroplast-40), melt
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Table 7 Rate Constants and Activation Energies for the
Decomposition of Mx(CO)y-PVF (140�C, DMF).132

System k � 10�5/s�1 Ea/kJ mol�1

PVF-Fe(CO)5 8.41 142.59
PVF-Fe3(CO)11

2� 12.2 51.62
PVF-Co(CO)4� 104 45.80

fluorinated polymers.132 The main factors influencing the selectivity of Fe(CO)5 or
Co2(CO)8 reactions with polyvinylidene fluoride (PVF) during thermolysis have
been discussed.130–132 IR spectroscopy indicates that the adsorption leads to the for-
mation of [Fe2
(DMF)6][Fe3(CO)11]

2�-PVF and [Co2
(DMF)6][Co(CO)4]2
�-PVF

complexes. Kinetic studies to elucidate the mechanism of their degradation were car-
ried out by IR spectroscopy. The thermolysis of both intermediates was first order;
however, the rate constant and the activation energies of these two processes are sub-
stantially different (Table 7).

The thermolysis rate constant for polymer-immobilized cobalt carbonyl is one
order of magnitude higher than that for iron carbonyl (Table 7). This is consis-
tent with the cobalt carbonyl anion’s higher reactivity versus the iron carbonyl anion.
A high activation energy for the decomposition of neutral Fe(CO)5 in PVF compared
with Ea for the immobilized carbonyl reflects differences in the mechanisms of these
reactions. The thermolysis of Fe or Co carbonyls in PVF in situ leads to the forma-
tion of metallic domains in the polymeric matrix. When the same carbonyls are
bound within the polymer, homogeneously distributed ferromagnetic particles
5–10 nm in diameter are produced. The mean surface area per particle varies from
80 to 700 nm2. The electron diffraction analysis of these systems has revealed the for-
mation of γ-Fe2O3 and FeF2 particles in the product from Fe(CO)5.

131 Co, Co2O3, and
CoF2 were formed from Co2(CO)8.

131 The appearance of metal fluorides is associ-
ated with the cleavage of C–F bonds from the polymer.

Clearly, two parallel processes occur in these systems. The major process leads
to the formation of nanoparticles upon thermolysis. In addition, a side process con-
sists of the attack by metal ions upon the polymer chain. This is accompanied by var-
ious transformations of the polymer itself (destruction, crosslinking, binding of metal
complexes). The formation of ZnF2 was reported 103,104 via reaction of atomic zinc
with the PTFE surface.

The precise nature of the bonding between clusters or nanoparticles to the
polymeric matrixis is not fully known. Neither is the topography of these interac-
tions. Nonetheless, it is obvious that the reactivity of the metal centers formed in the
course of decomposition is a critical factor controlling the character of interaction
between the polymer and the metal particle.

In the thermal degradation (especially, in the oxidative atmosphere), immobi-
lized polynuclear complexes with volatile ligands may form nanoparticles of metals
and their oxides. Sometimes admixtures of metal carbides are also present. Thus
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heating poly (η6-phenyl methacrylate)—Cr(CO)3 films at 423K produced a mixture
of chromium oxides enclosed in a crosslinked polymer matrix133 (scheme 16).
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Thermolysis of the copolymers of acrylonitrile or styrene with (η4-hexa-2,4-dieneyl
acrylate)iron tricarbonyl in air at 473K leads to the formation of Fe2O3 nanoparti-
cles.129 The distinctive feature of nearly all polymers of this type is that they do not
melt during or after the decomposition step, apparently because crosslinked struc-
tures are formed. Since the metal oxides are the final products of the oxidative
decomposition of any metal-containing polymer, the possibility of the replacing
toxic Fe(CO)5 by polyvinylferrocene has long been debated.

Less often, metal carbonyls are replaced by other precursor compounds.
Examples include metal formates, acetates, and oxalates, and various organometallic
compounds. Recently, a metal-polymer composition of the Claspol type was obtained
by the thermolysis of a triethylenediamine complex of copper formate [Cu(En)3]-
(HCOO)2 in PS using dimethylformamide as the common solvent.134 This complex dis-
integrates at 170�C to form metallic copper in a highly dispersed state. This temperature
is 20�C lower than that of the thermolysis of the initial pure copper formate complex.
The polymer has a catalytic effect on the thermal degradation of this complex. The reac-
tive centers of the polymer favor the formation of metal particle nuclei, which are cen-
ters of aggregation. This is followed by the thermolysis and redistribution of the copper
complex. The maximum quantity of copper that can be incorporated into PS is 10%.

PTFE increases the decomposition temperature of cadmium oxalate trihy-
drate.3 Moreover, the products of cadmium complex degradation, in turn, increase the
temperature at which an intensive degradation of PTFE begins. The thermal decom-
position of the highly dispersed copper formate leads to the formation of a metal–
polymer composition (20–34% Cu).1 The maximum on the nanoparticles granulo-
metric composition curve corresponds to ∼4 nm. No chemical interaction between the
components was observed. The decomposition of a fine dispersion of palladium
hydroxide in polyvinyl chloride (PVC) results in spatial structures with highly dis-
persed Pd particles (Ss � 26 m2 g�1) in the nodes. This process increases in the tem-
perature required for complete dehydrochlorination of PVC. The thermolysis of
cobalt acetate in the presence of PS, PAA, and poly(methyl vinyl ketone) proceeds
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at a much higher temperature and leads to the formation of metal clusters that catal-
yse the electroreduction of oxygen.135

The preparation of a highly dispersed Cd phase regularly distributed in the PS
bulk has been reported.3 PS was mixed with dibenzylcadmium in THF followed by
removal of the solvent and decomposition of the organometallic compound at 130�C.
Materials containing 1.4 – 4.3% of Ni or Co were obtained from the bisarene com-
plexes (C6H5CH3)2M, where M � Ni, Co, by their rapid degradation in LPPE at tem-
peratures higher than the decomposition temperature of these complex.109 Cobalt
nanoparticles with a mean particle size of ∼1.6 nm and narrow particle distribution
were prepared136 by hydrogenation of the organometallic compounds into the amor-
phous regions of PS, high-pressure polyethylene (HPPE), PTFE, and polyacrylates.
This was followed by their structural modification and formation of clusters as
exemplified by (η5-C5H5)Mn(CO)3.

137 To this end, fluids are used in their supercrit-
ical state (CO2 under a pressure of 8–25 MPa at 30–40�C).* According to another
protocol,140 dimethyl(cyclooctadiene)platinum(II) was dissolved in CO2, and this
solution was used to impregnate thin films of poly(4-methylpent-1-ene) or PTFE.
The reduction of this system by thermolysis or hydrogenolysis yields polymer-
immobilized Pt particle nano-composites with Pt particle sizes of 15–100 nm.

Despite many studies of this sort, no literature discusses thermolysis in polymer-
immobilized carbonyl-hydrides, substituted (mixed) carbonyls, or mixed metal carbonyls
(such as Co2Ir2(CO)12, H3FeRu3(CO)15, Fe2Ru(CO)12, or MM�(CO)n, where M �
Mn, Re; M � � Cr, Mo, W). Data on the thermolysis of metal carbonyls in thermoset-
ting plastics are also meager. The only thing known is that heating degradable metal
carbonyls that are introduced into an epoxy resin leads to the deposition of nano-par-
ticles on the surface of the polymer formed. The highly reactive metal particles may
initiate the opening of the epoxy ring with the formation of 3D polymer structures.

D. Synthesis of Polymer-Immobilized Nanoparticles 
by Reductive Methods

Reduction is the most common technique to prepare polymer-immobilized
nanoparticles. Two different types of reduction can be considered. The first type, or the
impregnation method, consists of the chemical reduction of metals from solutions or
suspensions of their salts. Ammoniacal solutions of Cu, Cr, and Ag hydroxides are
often used. Electrochemical or radiation-induced reduction in the presence of macroli-
gands have also been employed. The reduction of mononuclear metal complexes
chemically bound with polymers represent the second type. The impregnation method
is more widely applied because it better meets the needs of catalysis. In particular,
metal blacks, ultradispersed powders, etc. are prepared. For example, Raney nickel
is stabilized by incorporating it into the silicone rubber141 followed by vulcanization
at room temperature.

128 Metallopolymer Nanocomposite–Macromolecular Metallocomplexes

*The interest in the processes occurring in supercritical Xuids has sharply increased over the recent
years,138,139 especially in the reactions in supercritical CO2.
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Au, Fe, and Cr sols were prepared by the reduction of their hydroxides by
hydrazine hydrate in a matrix of water-soluble polymers, and dispersions of particles
of Pd (1–2 nm) and Au (1–13 nm) were obtained in synthetic rubber films.142

Polymeric films prepared from aqueous solutions of PVAl and AgNO3 were treated
with photographic reducing agents (hydroquinone, p-phenylenediamine, pyrogallol,
etc.) to produce the corresponding metallocomposite materials.143 Monodispersed
hyperfine powders of gold 143 and platinum144–147 were prepared by the reduction of
their salts in the presence of protective colloids.

Natural polymers (gelatin, gum arabic, agar, proteins and products of their
hydrolysis, sodium protalbuminate, starch, cellulose and its derivatives) and polymeric
compounds soluble in organic media (synthetic rubbers, naphthenic acids) are often
used as protective high-molecular-weight compounds in the production of sols of
silver, mercury, bismuth, copper, and platinum group metals by the reduction of cor-
responding ions. (β-Cyclodextrin may also be employed as a stabilizing agent for
colloidal particles of Rh, Pt, and Pd (1–100 nm).148 Ultrafine particles of Ni (5–20 nm)
were prepared from Ni(NO3)2 by reduction with hydrogen following the particle
diffusion into gel membranes of cellulose acetate.149 The adsorption of ions by pro-
tective polymers (discussed earlier) creates favorable conditions for the concomitant
appearance of a large number of colloidal metal nuclei. The metal that was reduced
was mostly consumed to form these nuclei, while only a small quantity remained for
their growth. As a result, only small nanoparticles were formed. The high aggrega-
tive resistance of the sols also favored small nanoparticles.

The radiation-chemical and photo-induced reduction is preferred to the reduc-
tion by hydrogen when it is necessary to prepare small particles with a narrow size dis-
tribution.150 A characteristic example is the preparation of blue silver in the process of
γ-irradiation of slightly alkaline aqueous solutions of AgClO4 containing 2-propanol
and PAA.151,152 The blue silver is a linear Ag cluster stabilized on a polymer molecule.
In the course of radiation-chemical reduction, the Ag clusters are transformed through
a number of successive stages into a polymer-immobilized colloidal silver.

Treatment of colloidal Pd, obtained by the radiation-chemical reduction of Pd2


in an aqueous solution of PAA, with H2 does not increase the particle size. Ohly hydro-
gen sorption on the nanoparticle surface occurs.152

The impregnation method does not rule out the chemical interaction between the
compound to be reduced and the polymeric matrix. The absence of chemical interaction
between the metal and the polymer is an exception rather than the rule. For example, in
the systems based on polymers devoid of functional groups (polyacetylene and MXn)
the macromolecule plays the role of a specific ligand. This hampers the multicenter
association of metal complexes and prevents their enlargement. Condensation of a metal
in a liquid phase occurs at the moment its ion undergoes reduction. The formation of a
supersaturated solution of metal atoms is not necessary. Nanoparticle nuclei formation
occurs spontaneously, at the sites of largest metal ions concentration. Particle growth
results from the reduction of ions adsorbed on the surface. Apparently, this process has
much in common with the growth of particles in the course of cryochemical synthesis.

The mechanism underlying the reduction of metal ions chemically bound with
polymers is rather complex. It has been elucidated in detail using the formation of
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clusters of zero-valent Pd, Ru, Rh, Ag, Os, Ir, Pt, Au, and Ni as the examples.153–155

When solutions of these metal salts in proton-donating solvents are boiled in the pres-
ence of polymers several chemical transformations take place. An example is a solu-
tion of RhCl3 in aqueous methanol in the presence of poly(vinyl alcohol) (scheme 17).
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At the start of this complex process, RhCl3 coordinates with PVA. An oxonium
product is formed, which is further transformed via an alkoxide intermediate into a
polymer-bound hydride complex. Finally a colloid forms, resulting from the dispropor-
tionation of these rhodium hydrides and subsequent growth of particles (scheme 18).
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The Rh13 nuclear clusters have the structure of a face-centered cubic lattice struc-
ture with a rhodium atom coordination number equal to 12. These clusters are 4 nm in
diameter. They interact with the protective polymer owing to electrostatic attraction or
to physical adsorption. The formation of coordination bonds is also possible.

Changing the nature of the medium, (ethanol, butanol, toluene-butanol), intro-
ducing additional ligands (e.g., PPh3), or using various polymers (e.g., PVPr, copolymer
of MMA with N-vinyl-2-pyrrolidone or polyacrylamide gel), permits the preparation
of metallopolymers with cluster particles of different sizes (0.9–4 nm for Rh0 and
1.8 nm for Pd0). These particles are stable in the protective colloid. They have a nar-
row size distribution and high stability. They remain in the gel over a pH range from
2 to 12. Thus the water-soluble polymers act as protective colloids, while alcohols
serve as reducing agents.

The reduction of NiCl2 by NaBH4 in ethanol in the presence of PVPr generates
a nickel boride sol.3 This method is suitable for the preparation of organosols of noble
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metals. It proved to be useful in the synthesis of colloidal dispersions of polymer-
protected bimetallic Pd–Pt or Pd–Au clusters.155–157 They were produced by the joint
reduction of PdCl2 and H2PtCl6 or HAuCl4 in the presence of PVPr (by boiling in
methanol or enlightenment with visible light). The products remained stable for a
few months at room temperature. The size of Pd–Pt and Pd–Au clusters was ∼1.5 and
3.4 nm, respectively. This method was also used to prepare polymer-protected
bimetallic Pt-Co colloids with Pt:Co ratios of 3:1 and 1:1.158

The diffusion of ions to be reduced into the polymeric matrix is an obstacle to
the synthesis of metal colloids. For example, reduction of Ni2
 with NaBH4 in aque-
ous methanolic solution within porous isotropic isotactic polypropylene (PP) has
been carried out using the method of countercurrent diffusion.159 The following con-
secutive stages are involved: (1) penetration of metal ions and the reducing agent
into the polymeric matrix, (2) in-depth diffusion of reagents, and (3) the reduction
itself. The size of the nanoparticles formed depends on the reaction conditions and
the parameters of the porous polymeric structure. This technique allows the microen-
capsulation of metal crystallites (3–10 nm in diameter) assembled in polycrystalline
aggregates. Nickel particles prepared by the reduction in the polymeric matrix resis-
ted oxidation in water for over 2 weeks. Dry particles remained unoxidised for 6
months.160 In contrast, the nickel obtained in the absence of polymers rapidly oxi-
dised in water and air. Apparently, polymer shielding prevents further growth of par-
ticles and also provides their high resistance to oxidation. The macromolecules trap
and stabilize the metal nuclei by cooperative interactions of chain segments during
matrix recognition by the growing chain during polymerization.

Immobilized complexes (including mononuclear ones) undergo different trans-
formations leading to the increased nuclearity during reduction. For example, Rh, Ru,
and Pt compounds fixed by ion exchange on the completely fluorinated resin Nafion
(Fig. 8), undergo reduction in a flow of H2 at 473K. Metallic clusters are formed with
sizes of 2.8, 3.3, and 3.4 nm, respectively.161 Cations of Ag, Cu, Rh, Ru, Pt, and Ir
bound to perfluoroethylenesulfonic acid or to a partially sulfated PS oxidise CO, NO,
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Figure 8 Ionic Domains in the Nafion Ion-Exchange Resin.161
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NH3, N2H4, and C2H2 at 373–473 K. This gives metal particles 2.5–4.0 nm in
diameter.162

The formation of polymer-immobilized metalloclusters during catalytic reac-
tions is a rather common, especially for complex organometallic catalysts deposited
on polymers.73,79 This may cause both activation (e.g., in hydrogenation reactions)
and deactivation (in particular, in reactions of ionic-coordination polymerization).
Transformations of immobilized Ni2
 during ethylene dimerisations were studied by
magnetic susceptibility measurements in strong magnetic fields (up to 70 kOe at 4.2K.
Under these conditions, the susceptibility of different spin states depends nonlinearly
on the magnetic field strength (described by the Brillouin’s function), which made it
possible to establish the distribution of nickel states over the magnetic moment values.
Evidence exists for the formation of 1-nm microparticles containing 10–30 Ni atoms
that display no ferromagnetic (supermagnetic) properties. Polymer-immobilized
cobalt catalysts are used for butadiene polymerization. A considerable proportion of
Co2
 ions in these catalysts are reduced to the metallic state in the absence of poly-
merized monomer.3 About 90% of total ferromagnetic cobalt is localized in the rel-
atively large particles 10 nm in diameter.

E. Electrochemical Methods for Preparing 
Polymer-Immobilized Nanoparticles

The electrochemical and electroflotation methods are widely used to prepare of
chemisorbed macromolecules bound to colloidal metal particles generated in situ.
Electrochemical polymerization reactions are heterogeneous: They are initiated on the
electrode surface, while other stages (chain growth or termination) occur, as a rule, in
the liquid phase. The yield of a polymer depends on the chemical and physical nature
of the electrodes and their surface, electrode overvoltage, potential under which the
reaction occurs, and electrical current density. The nature of the electrode material
(metals or alloys, thin metallic coats, etc.) determines the characteristics of electron-
transfer initiation and polymerization. Direct electron transfer between the electrode
and monomer, cathodic deposition, and anodic solubilization of metals are optimum
for electrochemical polymerization. Metal salts are the precursors of nanoparticles,
which may act as specific electrochemical activators. Nanoparticles can influence acti-
vations through direct chemical binding to the monomer and by virtue of transfer,
decomposition, or catalytic effects. Nonetheless, electrochemical polymerization has
found only limited use in the preparation of polymer-immobilized nanoparticles.

The preparation of metal organosols by electrolysis in a two-layer bath proved to
be more suitable than electrochemical polymerization.163 The upper organic layer of
the electrolytic bath is a dilute solution of a polymer in an organic solvent, sometimes,
supplemented with a small amounts of surfactant. The polymer interacts with the nas-
cent colloidal metal particles near the interface between layers.

Less often, nanoparticles are formed on polymers by means of electrophoretic
and electrochemical deposition of metals onto an added polymeric suspension. The
metallopolymer formation results from the polarizational of polymer and metal par-
ticles during deposition on the electrode followed by chemisorption of macromole-
cules at the metal surface at the moment of its reduction. This process includes
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several stages, such as discharge of Mn
 ions, crystallization of deposited metal, a
number of parallel electrochemical reactions, etc. The contributions from different
stages depend on the concentration of the dispersed phase and electrolyte, and the par-
ticle charge. The ratio of these contributions determines the transition from polymer-
immobilized nanoparticles to high metal content electrochemical plating.

Polymeric particles shield and block, the surface of the electrode and metal par-
ticles. Therefore, electrophoretic polarization appears, which has an appreciable effect
on the process of metal electrocrystallization. The polymer is often deposited as a sep-
arate phase (liquid or solid) on the electrode surface. The polymer may cause
significant kinetic restrictions to the transfer of ions, electrons, or neutral particles
through this new layer.163 The extent of those restrictions depends on the permeabil-
ity of polymeric coating. Coating the anode with an insulating polymer layer reduces
the electrode activity and the current amplitude.164 This inconvenience can be partly
eliminated by the use of liquid electrodes, such as the dropping mercury electrode.

In one example, colloidal Pd particles are obtained by the electrolysis of aqueous
solutions of palladium chloride at pH 1 in a two-layer bath in the presence of a hydro-
carbon solvent and epoxy dianic resin or PVA.3 Electrolysis results in the formation of
colloidal palladium organosols stabilized by the chemisorption of the polymer. Metal-
lopolymers containing up to 90–95% of Pd remain after the removal of solvent and resid-
ual electrolyte. They are formed under high cathode polarization where concomitant
elimination of hydrogen adsorbed on the nanoparticles (5.5–7.8 nm in diameter) occurs.

The combined Ni nanoparticles deposition and PTFE suspension from the
sulfamic-acid electrolyte during nickel-coating at room temperature leads to poly-
mer inclusion into the Ni deposit.164 The polymer may contribute up to 20 wt%. The
process is controlled by varying the cathode current density and the concentration of
the suspension introduced. The relationship between the homocoagulation and hete-
rocoagulation interactions of metal particles and polymer is determined by the rates
of electrochemical deposition and the trapping of Ni in the PTFE systems. 165

The electrode material may become the precursor of noble metals nanoparti-
cles. Polypyrrole films containing functional groups, such as 4,4�-dipyridyl, alkylam-
monium, may serve as protectors in this case. 166–169 Bimetallic Pd-Pt or Pd-Rh
nanoparticles incorporated into such films are also used for the electrocatalytic
hydrogenation.170 Fine dispersions of iron powders (∼200 nm) formed electrochem-
ically may be used as modifying coatings of various materials.171 How polymeric
dispersions effect the reduction of metal ions depends on the concentration and
composition of both electrolyte and dispersed phase, the charge and size of poly-
meric particles, and the mode of electrodeposition.

The thermal techniques have substantial advantages over the electrochemical
ones because the latter occur with considerable degradation of the dispersive medium,
noticeable oxidation of the colloidal particles formed, etc.

F. Preparation of Polymer-Immobilized Nanoparticles
During Polymerization (Polycondensation) Stage

Methods for the simultaneous formation of the matrix and nanoparticles are of
special interest. A large number of techniques is reported mostly in the patent literature.
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The early studies demonstrated the possibility of initiating polymerization by inten-
sive mechanical dispersion of certain inorganic substances, including metals (Fe, Al,
Mg, Cr, W) in vinylic monomers. The degree of polymerization of styrene, vinyl
acetate, acrylonitrile, or MMA depended on the dispersion intensity. The fresh metal
surfaces play the role of catalyst and initiator. These surfaces are the sites of electron
transfer from the surfaces metal atoms to the monomers to form ion-radical initiat-
ing particles. Colloidal particles of Au, Tl, and Pt were found to influence substan-
tially the bulk and solution polymerization of styrene.1,3

Sometimes, organometallic compounds are used instead of bulk metals for the
preparation of polymer-immobilized nanoparticles. Adding of relatively small quan-
tities of organo-cadmium compounds has virtually no effect on the initial rate of rad-
ical polymerization of MMA.172 Cadmium nanoparticles may be obtained by two
routes: (1) from organometallic compounds, such as bis(triethylgermyl)cadmium,
which decompose at a temperature close to that of polymerization, or (2) by heating
the composition formed, which includes a cadmium component whose decomposi-
tion temperature is higher than that of MMA polymerization. Alkyl derivatives of
cadmium serve this purpose. Organocadmium compounds of this type lower the
molecular weight (Mn) of the PMMA formed. For example, PMMA’s Mn decreases
from 800 to 60 kDa in the presence of 2.5 wt% of these compounds.172 Chain trans-
fer at the organometallic compound is the probable cause. The formation of nanopar-
ticles in the monomer–polymer mixture is represented in scheme 19.
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The size of Cd nanoparticles formed at the polymerization stage increases from
6.3 nm to 300 nm as the content of the initial cadmium compound in the monomeric
mixture increases from 8 to 40 wt%, respectively. Compositions formed on heating
contain larger nanoparticles that have the regular hexagonal structure characteristic of
Cd crystals.

The critical process parameters are the ratio of the rates of decomposition of the
organometallic component and the polymerization of the corresponding monomer,
and the sedimentational resistance of metal dispersions formed in the monomer.
Apparently, this also holds true for solidifying systems. For example, colloidal Pb is
incorporated into thermally generated epoxy-thiocol resin at the moment of its for-
mation by thermolysis. In this case, internal stresses existing in solidified systems
should be considered.173

Highly stabile nanoparticles result by combining in situ photopolymeriza-
tion (acrylamide and N, N�-methylene-bis-acrylamide, nonfiltered light from a
DRSh-250 mercury lamp) and photoreduction of highly stable Ag
 ions.107 The
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nascent specimens remain stable in air for a few weeks, and films remain unaltered
for a few months. The �20 nm Ag particles are comparable with nanoparticles pre-
pared by low-temperature condensation of vaporized metals. A modification of this
method was reported recently174 where metal vapors and monomers capable of low-
temperature polymerization were simultaneously condensed on a support at liquid
nitrogen temperature. The metal used were Ag, Pb, Cd, or Mg and n-xylylene was
the monomer. n-Xylylene yields poly-n-xylylene films with regularly distributed
nanoparticles more or less homogeneous in size in this process. The formation of
these films was induced by UV irradiation at 80K or heating to 130–160K.

Other modifications of this method for the preparation of nanoparticles in
polymers have been reported. In one modification, catalysts containing highly dis-
persed transition metals particles immobilized in films were obtained by the elec-
trolytic oxidative polymerization. A monomer derived from mercaptohydroquinone
was electropolymerized in the presence of platinum group metals. These metals were
incorporated by electrochemical deposition.175

Not all of the approaches discussed in this section are equally developed. The
priority is given to the reduction techniques. The role of the dispersive phase is
mostly played by carbon-chain polymers and less often, by condensation-type poly-
mers. The immobilization of nanoparticles is nearly always accompanied by chemi-
cal interactions of the particles formed with the matrix, in contrast to mechanical
mixtures of metals with polymers. Further developments in the preparation of polymer-
immobilized nanoparticles176–190 have been documented.

VI. PREPARATION OF HYBRID NANOCOMPOSITES
BY THE SOL-GEL METHOD

Optimum procedures for the preparation of composite materials should not
produce effluents of environmental consequence. This is a characteristic of the sol-
gel method (sol-gel or spin-on-glass process). The latter method allows one to
exclude numerous washing stages because the reagents do not contaminate the final
product. The sol-gel method is convenient procedure for preparing dispersed mate-
rials (ceramers). Sol-gel polymerization of inorganic compounds forms metallooxo
polymers in solution. This involves the following stages: (1) preparation of a solu-
tion, (2) formation of a gel, (3) drying, and (4) thermal treatment. Metal alkoxides
M(OR)n (M � Si, Ti, Zr, VO, Zn, Al, Sn, Ce, Mo, W, lanthanides, etc.; R � Alk or
Ar), are used, which hydrolyze upon addition of water, as the starting compounds.
The reactions are carried out in organic solvents. Subsequent polymerization (con-
densation) affords a gel, for example, when n � 4 (scheme 20).
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M(OR )4 + 4H2O M(OH )4 + 4ROH,

mM(OH )4  (MO2)m + 2mH2O.

Scheme 20
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In this method, hydrolysis and condensation are catalyzed by the same com-
pound (by acid, base or, sometimes, by a nucleophilic catalyst, such as NaF).14,191

These reactions with Si(OR)4 have long been known. Apparently, the preparation of
monodisperse TiO2 particles by hydrolysis of alkoxides was described first by
Barringer and Bowen.192,193

The real process is much more complicated and occurs by multiple-route
mechanism. Generally, metal oxoalkoxides MOn(OR)m, including polynuclear com-
pounds, are formed as intermediates. Thus hydrolysis of Ti(OR)4 proceeds in two
stages.27,194 Nucleophilic replacement of the alkoxy group by the hydroxy group is
followed by condensation where oxo and hydroxo bridges are formed. The rates of
these reactions are comparable.195 TixOy(OR)4x�2y compounds were isolated and
characterized.196 In general, the controlled synthesis of hybrid nanocomposites from
zirconium alkoxysilanes and alkoxides proceeds according to scheme 21.195
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The following variables are of great importancein these types of reactions: 
(1) the use of catalysts, including polymeric catalysts such as polystyrenesulfonic
acid;197 (2) the nature of the alkoxy group and of the metal (for example, Ti(OBu)4

is hydrolyzed almost 150 times more slowly than Ti(OEt)4);
198 (3) the use of mixed

alkoxides, particularly chelating ligands such as β-diketonate, α- or β-hydroxy acids,
and polyols; (4) the degree of alkoxide association of (e.g., in the case of [Ti(OEt)4]m

m � 2 or 3); and (5) the formation of oxo or alkoxo cluster structures during hydrol-
ysis (e.g., Ti18O22(OBu)26(acac)2). The reactivity of MIV(OR)4 alkoxides increases in
the series Si �� Sn and Ti � Zr � Ce.199 The ionic radius of the M atom (0.04 and
0.06 nm; and 0.064, 0.087, and 0.102 nm, respectively), its coordination number 
(4 and 6; and 6, 7, and 8, respectively), and its degree of unsaturation (the coordina-
tion number minus the valence; 0 and 2; and 2, 3, and 4, respectively) all increase in
the same order.200 The H2O:M(OR)4 ratio (γ) is of prime importance. For example,
sol-gel hydrolysis of VO(OPrn)3 generates a homogeneous transparent gel with an
alkoxide polymer network in n-propanol if γ � 3. However, when γ � 100, the result-
ing gel acquires a quite different structure, which prevents the formation of an inclu-
sion compound. Gel formation is also affected by the nature of the medium, the
initial alkoxide concentration, the presence of a stabilizer and the reaction tempera-
ture.201–203 The thermal effects on Ti(OR)4 hydrolysis in ROH increases when
γ � 0.2�1, and then remain virtually unchanged. This corresponds to the replace-
ment of one alkoxy group by the hydroxy group.204 TiOx(OBu)4�2x 
 γBuOH was
obtained upon hydrolysis of Ti(OBu)4 in butyl alcohol via intermediate
TiO(OBu)2.

198,204 The x and y values increased as the solution concentration of tita-
nium alkoxide increased. Unfortunately, the effect of solvent (generally, alcohols) on
these processes has received little attention in experimental studies. It is known that
hydroxy-containing compounds (for example, AlkOH, HOH or R3SiOH) play an
active role in transesterification (scheme 22).
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M(OR1)4 + nHOR2 M(OR1)4 −n(OR2)n + nHOR1.

Scheme 22

The metal alkoxides affect substantially these reactions.205–207 Thus Ti(OPri)4 and
OV(OPri)3, cocondensates act as catalysts in transesterification of tetramethoxy- and
tetraethoxysilanes (TMOS and TEOS, respectively) during sol-gel nanocomposite
preparation.208

The sol-gel process involves hydrolysis, polymerization (chemically con-
trolled condensation) of a gel precursor, nucleation and growth of particles followed
by their agglomeration.209,210 TMOS and TEOS are most often used as precursors.
They form silica gel structures that serve to host a dopant (guest), within specific
cage. Nucleation proceeds through formation of polynuclear complexes. Their con-
centrations increase slightly above supersaturation. From this time on, new nuclei do
not form. Only the available nuclei grow, similar to the analogous formation of nano-
sized particles in polymers.3 A gel can be impregnated with ions of different metals
during the gelation stage.
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The resulting oxopolymers exhibit ultrathin porous networks with pore sizes
of 1–10 nm similar to the structures of zeolites. Their specific surface area (Sspec) varies
in the range of 130–1260 m2 g�1, depending on the conditions. Their bulk densities are
0.05–0.10 g cm�3. Thus molecular sieves based on silicon oxides were prepared by the
sol-gel method in the presence of surfactants.211,212 They were characterized by different
mesopore structures and Sspec of ∼1000 m2 g�1. Hydrolysis of Ti(OEt)4 produced a
powder with a surface area of 200–300 m2 g�1. Futhermore, the Sspec of Ti(OBu)4

hydrolysis products strongly depends on the concentration of the initial alkoxide solu-
tion and attains 490 m2 g�1 at the concentration of 1.0 mol L�1. Concentrated aggrega-
tively stable hydrosols (up to 40 wt% of TiO2) were prepared213 by secondary
dispersions of dried xerogels of the sol (the TiO2 content is ∼85 wt%) at 100�C for 2 h.
This sol contains crystalline ∼3 nm TiO2 particles, which are a mixture of rutile and
anatase polymorphs, with the latter slightly predominating. Brookite is rarely formed.
Single crystals of the anatase phase are often metastable in these systems. Compounds
containing labile vinyl, methacrylate, epoxy, and other functional groups can act as
crosslinking agents (scheme 21). Conditions for removal of volatile components
determine the product texture. Prolonged air drying generates coarse-dispersion xero-
gels due to coalescence of gel particles. Highly dispersed aerogels are formed when
conditions preclude capillary forces from acting. Thermal treatment completes the
formation of the structure and texture of the product.10,214–218

The sol-gel polycondensation of highly dispersed silica gel in a polar solvent is
applied for the microencapsulation of photochromic fluorescent compounds,219 scintil-
lators,17 and porphyrins. A sol-gel matrix for encapsulation is prepared by simultaneous
hydrolysis of Si(OEt)4-Zr(OBu)4 and other alkoxides.220–222 Thermally stable materials
for use in nonlinear optics can be prepared by introducing azo dyes into TMOS by the
sol-gel method.223 Although these systems are not considered in this review (except for
biologically active systems; see below), they are structurally similar to nanocomposites
and are prepared by analogous procedures. Thus introducing of a solution of perylene
in methyl methacrylate (MMA) into a xerogel followed by thermal or UV polymeriza-
tion, afforded a coimpregnated SiO2-polymethyl methacrylate-dye system.224,225 A sub-
limation/dehydration method was developed for impregnated gels,226 which prevents
redistribution of labile components in the matrix during drying.

Sol-gel materials are classified by their mode of formation and types of bonds
between organic, organometallic, and inorganic components.17 Organic groups intro-
duced into R1

nSi(OR2)4�n serve two functions:227,228 modify a network (ORMOSIL,
organically modified silicates) and form a network (ORMOCER, organically modified
ceramics). However, this classification has not yet received ample recognition. Low-
and high-percentage composites contain 2–30 vol% and 45–75 vol% of ceramic con-
tent, respectively. A material under the name rubber ormosil (based on TEOS and
polydimethylsiloxane with Mw � 1700) contains more than 70 vol% of an inorganic
component.229,230

Hybrid nanocomposites may be classified by the type of interphase interac-
tions between components. For example, nanocomposites whose macrostructures are
determined by the presence of van der Waals, hydrogen or hydrophilic–hydrophobic
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interactions are known. Amorphous inorganic nanocomposites prepared from silicon-,
titanium-, aluminium-, or zirconium-containing oxopolymers formed in situ in a
medium of a soluble organic polymer belong to this group. This process involves the
homogeneous formation of a nanosized filler in a medium of a polymer composites
with poly(n-butyl acrylate), polyphosphazene, polyvinylpyrrolidone (PVPr), and
poly(N,N-dimethylacrylamide) matrices were prepared according to this proce-
dure.231–235 An alternative procedure involves the insertion of a polymer (or its pre-
cursor) into an oxogel, formed by mixing of metal alkoxide.233 The polymer may
also be impregnated into pores of an oxide xerogel network. Organic molecules or
polymers may also be inserted as guests into nanocomposites of other types.

The single-stage formation of oxogels and polymers is exemplified by sol-gel
polymerization of the silanised monomers such as N-[3-(trimethoxysilyl)propyl]-
pyrrole,236,237 2,5-bis(trimethoxy-silyl)thiophene,238 and trimethoxysilylferrocene
derivatives.239

Hybrid network composites where organic and inorganic components are linked
through strong covalent or ionic bonds have been prepared according to two proce-
dures: (1) the formation of secondary networks within primary networks, which are
functionalised as required; and (2) the simultaneously formation of two different net-
works (including interpenetrating networks) from molecular precursors of a different
nature that undergo different reactions (polyaddition, polycondensation, metathesis
polymerization, hydrolysis-condensation, etc.). This simultaneous network forma-
tion is in a early state of development. Reliable examples realized by this approach
are few in number.240–242 Initially, attempt were made to use solutions of polymers.
However, gel formation a was accompanied by uncontrolled phase separation to
yield a heterogeneous materials. More homogeneous sol-gel materials were pre-
pared243 by simultaneous acid-catalysed hydrolysis and condensation of HO-(poly-
ethersulfone)-OH (PES) and TEOS or TMOS in DMF (scheme 23).
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SiOR + HO(PES)OH SiO(PES)OH + ROH

Scheme 23

Inorganic and polymeric components are linked by chemical bonds. Thus poly-
(ethersulfone) chains are linked through —SiO2—units. Their condensation affords
nanoparticles (Fig. 9).244

Bonding of TEOS, diethoxydimethylsilane or their mixture with sulfonate
groups of perfluoroalkylsulfonate ionomers (Nafion) in which SO3H


 groups form
3–5-nm clusters affords a hybrid heterogeneous material Nafion/SiO2 (Nafion/
ORMOSIL245–249). Differential scanning calorimetry demonstrated a shift of the broad
endothermic peak of Nafion H
 at 215�C to a lower temperature as the ratio of the
components of the reaction mixture was changed. This endotherm is associated with

Vol-7-Abd-El-Aziz-ch04.qxd  9/24/05  12:05 PM  Page 139



140 Metallopolymer Nanocomposite–Macromolecular Metallocomplexes

C C

OO O

O

O

Si O Si

OO Si

O
O

Si
Si O

HO2C

CHPhCH2CHCH

CHPhCH2CHCH

C(O)NH(CH2)3Si

H2N(CH2)3Si(OEt)3

TEOS, H2O, NH4OH

Scheme 24

condensation between the Nafion’s sulfonate functions and the silanol groups. Sol-
gel condensation of TEOS and styrene-maleic anhydride copolymer in the presence
of a binding agent— (3-aminopropyl)triethoxylsilane—generated a covalent bond
between polymeric and inorganic components.250 In this case, particles with sizes
�20 nm were formed (scheme 24).
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Figure 9 Formation of a hybrid nanocomposite in the reaction of HO-(polyethersulfone)-
OH with bridging—SiO2—groups.

A series of monolithic hybrid materials containing 23–100 vol% of an inorganic
component were prepared by the sol-gel method starting from SiO2 and the copoly-
mer of methyl methacrylate with 3-(trimethoxysilyl)propyl methacrylate.251,252

Polyimide composite materials containing nanosized SiO2 or TiO2 particles
possess the high mechanical strength due to their ability to form 3D inorganic
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networks.253,254 Polyimide-polysilsesquioxane* composites were prepared 
simultaneously condensing and imidizing, 1,1-bis(4-aminophenyl)-2,2,2-tri-fluoro-1-
phenylethane with a derivative of pyromellitic anhydride and aminophenyl-
trimethoxysilane at 250–350�C.255–260 This gave hybrid nanocomposite films containing
32–70% of homogeneously dispersed SiO2 particles with sizes of 0.5–7 nm (scheme
25). Polyamide-SiO2 compositions were prepared in situ by suspending aminobu-
tyric acid–modified SiO2 nanoparticles in polymerized ε-caproamide at high tem-
perature.261,262 This approach provides homogeneous distribution of SiO2, which
improves the mechanical properties of nanocomposites. For example, the glass-
transition temperature rises and the rate of crystallization increases.
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*Polysilsesquioxanes (PSO) belong to a class of 3D organosilicon oligomers of the general formula
(RsiO1.5)n containing the inorganic cubic Si8O12 nucleus. These compounds have polyhedral structures
with different symmetries and are key intermediates in the formation of various nanocomposites.255 Thus
the synthesis and properties of hyperelastic materials, which have been prepared by copolymerization of
4-methylstyrene and oligomeric silsesquioxane macromers, have been reported recently.256

Cl

Cl

O

O

EtO2C

CO2Et

CO2Et

CO2EtEtO2C

EtO2C

Ph

NH2H2N

CF3

HN

O

O

R Ph

CF3

NH

NH

O

O

R(EtO)3Si Si(OEt)3

H2NRSi(OEt)3,B

PSO, H2O, ∆ Hybrid
nanocomposite

R = (CH2)m, ; B is a base.

+

n

NH

Scheme 25

Analogous nanocomposites were also prepared17 based on polyimide analogs, such
as polyoxazolines, containing triethoxysilane groups.263–265

Ring-opening metathesis polymerization accompanied by free-radical addition of
cyclic alcohols appears to be the optimum procedure for the synthesis of hybrid SiO2-
polymer nanocomposites exhibiting minimum shrinkage.31,265–268 The synchronous
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formation of interpenetrating networks occurs as a result of competitive polymer-
ization and hydrolysis of silicon alcoxide catalyzed by NaF and followed by con-
densation (scheme 26).
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Sols are thermodynamically unstable systems with high surface free energies.
They should be stabilized by controlling pH of the system. Nanosized particles or
their precursors are stabilized during sol-gel reactions, by adsorption of special
monomeric molecules on the sol surface.269–272 For example, carboxylic acids and
polymeric acids259,273 are strongly bound to the surface of SiO2, ZrO2, TiO2 or Al2O3

particles. Amines adsorb specifically on metallic Pd or Au particles. Thiols are even
more specific reagents for Au. Controlled hydrolysis of bifunctional molecules con-
taining a double bond along with hydrolyzed silane or ZrOR groups affords precur-
sors (scheme 21) which convert into ∼2-nm ZrO2 particles. The double bonds in
these systems can undergo copolymerization with methacrylic acid (MAA). The lat-
ter also acts as a surface modifier.

Zr(OR)4 is readily hydrolyzed. Direct hydrolysis produces a ZrO2 ⋅ nH2O pre-
cipitate, which is unsuitable for the preparation of a homogeneous composite. In
strongly acidic media, a flocculent hydrated gel layer is present on the surface of
these particles. This layer helps prevent aggregation.274 It is believed275 that this layer
makes it possible to perform repeated peptisation of ZrO2 from a xerogel. When
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bound to MAA, Zr(OR)4 is hydrolyzed more slowly. Therefore well-dispersed
nanosized ZrO2 particles are formed in the presence of latent water. Silanes modified
with MAA undergo copolymerization. The resulting silicon-containing polymer is
then used as a matrix material for nanosized zirconium particles (Fig. 10).229

Another convenient procedure for nanocomposite synthesis involves dispersion
copolymerization of monomers containing trialkoxysilyl groups.276–280
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Figure 10 Use of functionalized silanes for crosslinking the organic and inorganic
components of the system.
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Thus statistical copolymerization of silicon-magnesium monomers affords beads of
100–500 nm from which organic compounds are removed on heating to 1000�C in
the presence of wet air (scheme 27). The final particles sizes are ∼100 nm.281
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CH2 C(Me)COO(CH2)3Si(OMe)3 [CH2 C(Me)COO]2Mg+ AIBN
MeOH,

65°C

1000°C
Polymer precursor

H2O
Fine ceramic powder

Scheme 27 AIBN is an initiator [2, 2�-azobis(isobutyronitrile)].

A nanocomposite material was prepared by mixing methacryloxypropy-
ltrimethoxysilane229 with equimolar amounts of Zr(OR)4 and MAA. The trimethoxysi-
lane function was hydrolyzed and condensed in the presence of 0.5 M HCl, and then
H2O was added. A photoinitiator and alcohol were introduced into the resulting mix-
ture. The alcohol is used to control the viscosity. When a support was submerged in
the mixture, a thin film of a photosensitive material deposites.

Hybrid nanocomposite materials have been prepared from alkoxy derivatives
of Ti and V of the general formula Ti(OR1)3(OR2)282 or OV(OR1)3�n(OR2)n,

283

respectively. In these monomeric units R2OH can be ethylene glycol monomethacry-
late, 2-hydroxyethyl methacrylate, furfuryl alcohol, 1,1-dimethylpent-4-en-2-yn-l-ol,
propargyl alcohol, or other unsaturated alcohols, that are able to undergo polymer-
ization. Radical polymerization of these metal-containing monomers affords poly-
mers with sidechains containing alkoxy groups of titanium284 or vanadium.285

Methacrylic acid reacts with alkoxy derivatives of titanium yield metal-containing
monomers CH2�C(Me)COOTi(OR)3 (R � Et, CH2But or But).286 Nontoxic, self-
polished and anticontamination coatings were prepared from these monomers by
free-radical copolymerization with methacrylic acid or by etherification of the result-
ing polymer and titanium tetraalkoxide.

Polytitanosiloxanes were prepared in one stage by simultaneous controlled
cocondensation of Si(OEt)4 and Ti(OPri)2(acac)2.

287 A ladder polymer containing Si-
O-Si and Si-O-Ti units is formed. Their ratio depends on the conditions. This ratio
determines the time to gel formation and if fiber ceramics can form upon annealing
of the material (500–900�C).288 The structures, growth mechanism and the proper-
ties of siloxane composites containing the silicon, titanium and mixed titanium-
silicon phases have been thoroughly reviewed.289

The sol-gel synthesis290 of titanium-silicon nanocomposites based on
perfluorosulfonate ionomers was reported. Also the preparation of nanosized parti-
cles (10–50 nm) derived from Ti(OR)4 and Zr(OR)4 within matrices of styrene/
4-vinylphenol copolymer was performed via the sol-gel method.291 These approaches
can also be used for the surface activation of polymers. For example, hydrofobic
perfluorinated polymers such as polytetrafluoroethylene (PTFE) or copolymers of

Vol-7-Abd-El-Aziz-ch04.qxd  9/24/05  12:05 PM  Page 144



tetrafluoroethylene with hexafluoropropylene were treated with SiCl4 followed by
controlled hydrolysis to produce a hydrofilic surface.292,293

Titanium and silicon alkoxides have been used as crosslinking reagents for
polysaccharides, cellulose derivatives, vegetable oils, etc.294,295 These polymers con-
tain highly active hydroxy groups that form oxopolymers in situ. Organic networks
are also formed in similar reactions of low-molecular-weight compounds containing
several hydroxy groups. For example, anthracenobisresorcinol and its derivatives
polymerize with (PriO)2TiCl2.

296

Cocondensation of macromers containing trialkoxysilyl groups with modified
polystyrene (PS), polyoxazoline, polyimide, polyethylene glycol (PEG), polyether-
ketones, polymethyl methacrylate, and derivatives of polytetramethylene oxide was
established as convenient procedure for the preparation of telechelic polymer net-
works.259,297–303

The insertion of highly dispersed SiO2 particles into a polymerized system is
also widely used for the preparation of nanocomposite materials. Although a survey
of this area is beyond the scope of the present review, several prominent examples are
worth noting. Spherical SiO2 particles possessing a high specific surface act as pecu-
liar dispersing agents in aqueous media. Raspberry-shaped composite particles
(100–300 nm) were formed in both polyaniline-SiO2 and polypyrrole-SiO2

systems.304–309 During redox polymerization of pyrrole initiated by FeCl3⋅6H2O-
(NH4)2S2O8 spherical and fiber-shaped SiO2 particles were introduced.310 The parti-
cle sizes varied from 80 to 200 nm as the SiO2: polypyrrole ratio changed.

Lithographic composites based on SnO2, have been prepared by oxidation and
cross–linking in films.311,312 Tin-containing polymers (e.g., poly(4-[(trimethylstannyl)-
methyl] styrene was synthesized313–315 and used as a precursor of SnO2). Photoirra-
diation of this polymer followed by pyrolysis in air gave simultaneous formation of
SnO2 particles and a polymer network. Pyrolysis cleaved the C-Sn bonds to benzyl
and trimethylstannyl radicals. The former react with atmospheric oxygen on film sur-
faces. The Me3Si radicals undergo recombination to form networks.

Hybrid nanocomposites containing nanosized Au316 and TiO2 particles317 were
prepared using reverse micelles. Addition of didodecyldimethylammonium bromide
to toluene formed reverse micelles into which AuC13 and a gel precursor (TEOS)
were introduced. The AuC13 was reduced by LiBH4-THF. Subsequent hydrolysis and
condensation gave wet gels impregnated with Au particles. The gold particle sizes
depended on the H2O: Si ratio and the concentration of the surfactant. Colloidal gold
particles were stabilized with dodecanethiol318 after immobilization on the surface
of highly dispersed SiO2 with the bifunctional aminosilane (MeO)3Si(CH2)3-
NH(CH2)2NH2.

17 Subsequent treatment of these particles with thiol resulted in the
cleavage of the bonds to SiO2 and the particles became labile. Repeated immobi-
lization–stabilization events led to the growth of 2D highly ordered ∼10-nm-thick
layers of linked particles (Fig. 11).

Reverse micelles were prepared using sodium bis(2-ethylhexyl)sulfosuccinate
(SBES).319 For example, Ti(OPri)4 was dissolved in reverse micelles formed from
isooctane, SBES, and calculated amount of water. Slow diffusion of the alkoxide into
micelles was followed by hydrolysis and condensation. These micelles serve as
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Figure 11 Preparation of hybrid materials through the use of reverse micelles. A
immobilization of colloidal Au particles. B exchange of alkanethiol molecules and cleavage
of the Au–NH2 bonds. C The complete binding of Au particles with thioalkane
molecules.318
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microreactors. This procedure was used for the preparation of TiO2 nanoparticles,
which were extracted and dispersed in a solution of fluorinated polyimide. When this
polymer–TiO2 composite was deposited on a glass plate followed by thermal treat-
ment at 300�C under N2 for 30 min an optical film wave guide was formed.
Therefore, one advantage of the solution preparation of these nanocomposites is the
ability to form transparent films (yellow titanium complexes are not formed). The
thermal stability of these materials (4% of TiO2) is almost identical to that of the ini-
tial polymer. This indicates that the thermal characteristics of the host polymer
remain virtually unchanged upon impregnation of TiO2. Simple mixing of a poly-
imide solution and a sol-gel precursor, which leads to phase separation, is sufficient
to form a polymer–inorganic nanocomposite in some cases.

Epoxysilane groups can also form networks.320–323 Thus alkoxysilane (2) is a
binder providing the compatibility of TEOS with polyacids.
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The SiO2/ethylene oxide-epichlorohydrin copolymer compositions were 71:
29–29:71 in gel-sol hybrid nanocomposites. Acid condensation of TEOS in THF
afforded an inorganic network.324,325 These networks have also been prepared from
alkoxy derivatives of aluminium.

The morphology and fractal structures of these materials were studied. The
structures of these aggregates are characterized by the fractal dimension D (1 �
D � 3).326 This D is the exponent relating the weight of the M particles to their char-
acteristic size R in the equation

M � RD

For surface fractals with uniform density, D � 3. The self-similarity or scale
invariance of the fractal aggregate implies that the structure of the aggregate, on the
average, remains unchanged over any extended interval and any its portion is simi-
lar to the aggregate as a whole. When refering to a surface, the D � 2 corresponds to
a smooth surface, and D � 3 corresponds to the maximum roughness.

The fractal dimensions of polymeric and colloidal samples of the TiO2 aerogel
with high values of Sspec were compared. These samples were prepared by the sol-
gel method and dried with CO2 in the supercritical state. These values are virtually
identical (2.6–2.8). The fractal surfaces of colloidal particles are only slightly less
regular than those of polymeric aerogels.327 This indicates that the nanolevel mor-
phology is determined in the early stages of there formation and depends only
slightly on the conditions of the synthesis. However on the mesolevel, the synthesis
conditions determine morphology.
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Studies of TEOS condensation in a polysiloxane network demonstrated14,289

that fractal models typical of solutions were not observed on matrix polymerization.
The entropy of the mixture decreases due to the high matrix polymer molecular
weights resulting in phase separation. Particular conditions are required to prevent
phase separation. However, phase separation always occurs when the concentration
of SiO2 is �5%, which enhances the mechanical strength of composites. When TiO2

nanoparticles were precipitated in situ, the maximum bulk domains (up to 5%) were
formed. These nanocomposites rank below systems with SiO2 in strengths.328

The sol-gel method is especially useful for performing template syntheses,
where nanocomposites are assembled from components under conditions where a
strictly defined stereochemical orientation of the reagents exists. These conditions
and the tiny micelle sized reaction volumes promote the mild template synthesis
where assembly occurs under normal conditions. This procedure was used329 for the
preparation of tubular semiconducting nanostructures of TiO2 derived from Ti(OPri)4,
commercial Al2O3 template membranes with the pore diameters of 22 and 200 nm,330

fibrous ZnO structures generated from zinc acetate,331 and fibers from WO3.
332,333

These materials are excellent photocatalysts. Template synthesis is described in more
detail in Section VIII. Sol-gel template syntheses in fibers, nanotubes, or microp-
orous and nanoporous membranes have been described in detail in several reviews
(Section XI). Template procedure were used for the preparation of fibrous electrode
materials based on V2O5

334 and semiconducting oxide materials, including MnO2,
335

Co3O4,
336 ZnO, and WO3. The template synthesis of nanotubes or nanowires of semi-

conductor-conductor materials was performed330 from TiO2 within Al2O3 pores fol-
lowed by polymerization of monomers.337,338 These methods have been highly
developed in the last few years.339–355

VII. SOL-GEL PREPARATION OF NANOHYBRID
MULTIMETALLIC MATERIALS

Heterometallic ceramic nanocomposites, such as perovskites with the ABO3

structure, can be synthesised through sol-gel routes. Film and epitaxially oriented
materials possess specific ferroelectric, piezoelectric, and pyroelectric properties and
are widely used in electronics and optoelectronics.356 The naturally occurring mineral
perovskite, CaTiO3, has the pseudocubic crystal lattice. The classical perovskite syn-
thesis is illustrated by considering PbTiO3. PbTiO3, is generally prepared by calcina-
tion of a mixture of PbO and TiO2. These solids are ground using a vibrational mill
at temperatures higher than 600�C. However, PbO is toxic, and its presence in the final
product is undesirable. The sol-gel preparation of PbTiO3 is free from these draw-
backs.357 A mixture of Ti(OPri)4, Pb(AcO)2 ⋅ 3H20, ethylene glycol and citric acid in
a ratio of 1:1:40:10, respectively, was stirred at 50�C. Then the resulting citrate metal
complexes were subjected to polymerization at 130�C and then pyrolysis at 300�C. The
resulting powdered precursor was calcined in air at 400–600�C for 2 h to obtain thin
PbTiO3 films, which retained the properties of a bulk material. Different versions of the
solgel syntheses of PbTiO3 were described in the literature in detail. Thus polymeric
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films, which were prepared by mixing BaTiO3 with solutions or melts of polymers,
were studied.358,359 However, in this case particles were nonhomogeneously distrib-
uted and their agglomeration occurred. An alternative hydrothermal procedure for the
synthesis of these nanocomposites was proposed.360 BaTiO3 particles were prepared
from Ba(OH)2 and titanium diisopropoxide bis(ethylacetoacetate) at temperatures
higher than 100�C in a polybutadiene-polystyrene block copolymer matrix, etc.361

These materials might serve as components of conducting compositions.362

Structurally homogeneous BaTiO3 nanocomposites can be prepared only by using the
sol-gel method (scheme 28).363 One version of this procedure involves solid-phase
polymerization of organometallic precursors followed by pyrolysis.364
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Ba + Ti(OPri)4 + CH2 C(Me)COOH

{BaTi[OOCC(Me)CH2]6}n

BaCO3 + TiO2 BaTiO3

BaTi[OOCC(Me)       CH2]6
200°C

600°C

Scheme 28

Polymerization of BaCO3, SnCl2 ⋅ 4.5H2O, ethylene glycol and citric acid
(1:1:40 :10) were also used to prepare365 BaSnO3 with the perovskite structure. The
synthesis was analogous to that of PbTiO3 (see above) but at a different temperature.
Other multicomponent perovskite ceramics such as SrTiO3, NdAlO3, SrBi2Ta2O9,
and superconducting ceramics YBa2Cu3O7�δ, were also prepared by the sol-gel
method (see below). The use of metallochelates and decomposition of organometal-
lic precursors to these sol-gel syntheses has been described in more detail.366 Single-
phase thin ΚTiOPO4 films, which exhibit remarkable optical properties and high
thermal stability, can be prepared from Ti(OEt)4, KOEt and different sources 
of phosphorus ((EtO)2P(O)(OH), (EtO)P(O)(OH)2, P(OH)2Me, P(OMe)3, etc.).367

(BunO)2P(O)(OH) is the optimum phosphorus source.
Heteropolymetallates, such as Keggin’s acids H3PW12O40 and H4SiW12O40,

may be incorporated into organic–inorganic polymetallic nanocomposites.17,270

These materials possess good electrochemical properties and can be potentially used
in holography. Nanocomposites based on these materials can be prepared by mixing
polymetallates (spheres of diameter ∼1 nm) with TEOS and tetraethylene glycol or
by introducing polymetallates into organosilanes.

Specific oxometallates containing W-O-Si units were synthesised by the reac-
tions of substituted trichlorosilanes RSiCl3 (R�CH2�CH, CH2�CHCH2,
CH2�C(Me)CH2 or CH�CHPh) with the polyanion K4SiW11O39. Cluster-contain-
ing monomers with the composition (SiW11O40(SiR2)2)

4� were formed.17 Poly-
merization was carried out under the action of radical initiators to form polymers
with heteropolyoxymetallate sidechains. These products were characterized by 13C
and 29Si NMR spectroscopy. The polymer yield and chain length depend on the
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reactivities of the unsaturated R groups and increase in the series CH2CH ��
CH2�CHCH2 � CH2�C(Me)CH2 �� CH�CHPh. The polymer structure is shown
in Figure 12. The syntheses of the transition-metal oxoclusters Nb4(µ2-OMc)4(µ12-
O)4(OPri)8, Ti6O4(OEt)8(OMc)8 (OMc is methacrylate), and Zr10(µ4-O)2(µ3-O)4(µ3-
OH)4(µ2-Oprn)8 ⋅ (Oprn)10(AllylAc)6 (AllylAc is allyl acetoacetate) has been
accomplished368 by controlled hydrolysis of metal alkoxides in the presence of com-
plex-forming agents (OMc or AllylAc). These compounds consist of the metal oxide
nucleus surrounded by peripheral ligands, which can undergo polymerization. The
latter are responsible for the formation of a cluster network. The construction of sta-
ble nanoblocks ensembles requires that clusters possess high lability and reactivity.
For example, the thermodynamical stability and resistance to hydrolysis of titanium oxo
clusters depend both on size and the oxo(alkoxo) group: titanium ratio. Polymerization
should be performed in anhydrous organic solvents.369

Three-dimensional oxovanadium borophosphates with open frameworks370–372

and polyboroazinylamines have been synthesized. Polyboroazinylamines are precur-
sors metal-containing matrix composites containing metal borides and nitrides.373

Modification of materials prepared by the sol-gel method with different transi-
tion metals are being extensively studied.374,375 For example, mesoporous M41S was
prepared from molecular sieves NCM-41 or MCM-48, modified with solutions of
NH4VO3 or ZrOCl2 in a mixture with polyoxoethylene stearate. NH4VO3 or ZrOCl2
solutions acted as precursors of transition metal ions.376 Nanoparticles (50–60 nm) of
cobalt carbide immobilized within a silica matrix were obtained (scheme 29).377

Mesopores in the MCM-41 matrix were modified378 with the trans-[Co(en)2Cl2]



or [Co(en)3]
3
 complexes (en is ethylene-diamine) stabilized by ammonium salts.

Hydrolytic condensation of cyclopentadienyltitanium trichloride with silsesquioxane
(the product of incomplete condensation of cyclopentyltrichlorosilane) was followed
by calcination of titanium-containing oligosilsesquioxane. This afforded microporous
titaniumsilicon oxides with Sspec of up to 780 m2 g�1.379
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Polymer

Figure 12 Structure of the hybrid polymer–inorganic material based on the
(SiW11O40[Si(CHPh-CH)2])

4� polyanion.17
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During sol-gel polymerization, metal clusters can be introduced. Thus the tri-
hydrosilyl group was inserted into known cluster, (µ3-HC)Co3(CO)9. It was then sub-
jected to heterocondensation (scheme 30).380

A unimodal distribution of the particles was observed in the resulting xerogel.
The particles ranged from 10 to 46 nm (with an average diameter of 25 nm). The Os3,
PtSn, Fe2P, Co2P, and Ni2P nanoclusters can be introduced into composites analogously.
Complexes with a bifunctional ligand containing the reactive alkoxy- or hydroxysilyl
group were incorporated.381 The insertion of Pd2
382 and Cu2
 ions into poly(eth-
yltrimethylsilane) formed was described.383 The structure of the organometallic–
inorganic diblock copolymer poly(ferrocenyldimethylsilane-dimethylsiloxane) was
studied.384 In hexane, this copolymer exists as long rod-shaped cylindrical micelles in
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which the iron-containing nucleus is located in a case formed from polydimethyl-
siloxane blocks. These micelles comprise up to 2000 polymeric molecules and decom-
pose to form short cylinders containing ∼700 molecules when sonicated.

Metal complex catalysts (Section XII) are bound to an inorganic matrix through
bidentate phosphorus–containing ligands [Ph2P(CH2)2CO2]EOx(OR)3–2x type (E � Ti
or Zr; R � Alk).385 The reactions of these ligands with tungsten carbonyl afforded
W(CO)5[Ph2PXEOx(OR)3–2x]. These are potential precursors for sol-gel synthesis.
Cocondensation of these precursors gave xerogel nanocomposites composed of a
SiO2 (xerogel) ⋅ xMyPz

386–388 (M � Ru, Ga or In, y � z � 1; M � Pt, y � 1, z � 2;
M � Fe, Co, Ni or Rh, y � 2, z � 1; M � Cd, y � 3, z � 1; M � Pd, y � 5, z � 2), and
even bimetallic SiO2 xerogel/Zn(Cd)GeP2 composites.387 The [η6-PhSi(OMe)3] ⋅
Cr(CO)3 complex was immobilized in a highly dispersed amorphous xerogel
(Sspec � 500–1800 m2 g�1) during fluoride catalyzed sol-gel polymerization.389 This
allowed the preparation of a single-phase inorganic oxide/organic network polymer
hybrid containing (1,4-phenylene)siloxane nucleus-shell bridges.389 Vacuum thermol-
ysis (393K, 24 h, � 1 Torr) of this composite eliminated of carbon monoxide to form
zero-valent 1.0–10.0 nm chromium nanoparticles in pores of the xerogel (Fig. 13). At
1 atm pressure, thermal elimination of CO proceeded only at 400�C, forming low-
oxidation-state chromium.390
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Polysilanes have also been complexed with metal carbonyls. Tricarbonyl-
molybdenum groups were introduced into poly(methylphenylsilane) upon treatment
with Mo(CO)3Py3.

391

Nanolayer silanization TiO2, A12O3 or Fe2O3 surfaces and the introduction 
of Fe2O3 into silicate, CaCO3, and BaSO4 mesopores is widely practiced.392
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Generally,393–396 a thin layer of silanol derivatives and a dimethylsiloxane oil are
deposited on inorganic surfaces, which is followed by heating to 250�–280�C.
Siloxane bonds are cleaved, and the terminal groups of the polymer chains react with
hydroxy groups of inorganic surfaces. Futhermore the polymer chains are crosslinked
through methylene and siloxane bridges or oligomers. This forms particles that are
stable to hydrolysis and extraction. In a related process, Zr(OBut)4 modified the alu-
minium surfaces.397 Zirconium groups are linked when treated with poly(ethylene-
acrylic acid) copolymer (PE-co-PAA) containing 5 wt% acrylic acid (scheme 31).398

The adsorption properties of these materials are changed by the formation of
a hydrophobic layer, and the material becomes moisture stable. When Ti and Au lay-
ers 5 and 50 nm thick, respectively, were deposted on an activated polydimethyl-
siloxane surface, ordered structures were formed.399,400

The surfaces of metals or metaloxides are often coated in powder technology
particles to form structures of the core-shell type. Such particles exhibit additional
useful properties. Thus SnO2 or In2O3 particles have been coated with chelating
polymers swelled in water. For example, polymers containing In3
-SiO2 or In3
-
Sn2
-SiO2 as well as Ag
 have been used in such coating processes. These particles
exhibited the surface conductivity and were used to prepare thermally stable con-
ducting films possessing antistatic properties.401–403

Several procedures for including a polymer into the structure of an inorganic
material by the sol-gel method are available. Thus siloxanes containing two different
functional groups can be used. One of these groups reacts with a reacting function
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on the macromolecule and the second group reacts with the sol-gel precursor. This
bonds polymer to the sol-gel network. Sometimes special binding or surface cou-
pling agents are added. For example, the surface of highly dispersed SiO2 was
modified with aminobutyric acid. The resulting product was dried, dispersed in ε-
caproamide and subjected to initiated polymerization at 90�C.404 When the concen-
tration of SiO2 particles was �5 wt% (the distance between the particles was
50–110 nm), they were homogeneously distributed in the composite. At concentra-
tions of �10 wt%, aggregation of particles starts.

Layered nanohybrid materials (Section VIII) were prepared405 by the reactions
of Zn(OH)2, ZnO, or a Zn/Al alloy with carboxylic acids or their oxychlorides. The
guest to host ratio in these composites varies from 0.75:0.25 to 0.9:0.1. The particle
morphologies changes from fibrous to platelet, depending on the nature of the react-
ing components. The interlayer distance increased in the range of 1.61–2.01 nm.

Recently, the sol-gel procedures for preparing alumoxane ceramics from car-
boxylates of the general formula [Al(O)x(OH)y(OOCR)z]n, were analyzed.406 M(acac)n

complexes (M � Ca2
, Mn2
, Y3
, etc.) can be incorporated into ceramics during
the reaction.407,408 Metallic Co and Fe and their alloys, formed by hydrogen reduc-
tion of the corresponding nitrates, were dispersed in an aluminosilicate matrix. The
matrix was synthesized from (BuO)2A1OSi(OEt)3 by sol-gel reaction. This product
possesses dielectric properties. Nanocomposites were formed that contain ∼20 nm
particles and possess magnetic properties (Fig. 14).409
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Figure 14 Diffusion and adsorption of metal ions in pores of the host and the structure of
the composite (a) before and (b) after thermal treatment.

One of new trends today in sol-gel chemistry is the use of supercritical carbon
dioxide as a solvent during sol-gel polymerization or for extraction of the resulting
product.410 The initial alkoxysilane is mixed with anhydrous 99% HCO2H and sol-
gel polymerization of the mixture is then carried out in supercritical CO2 in an auto-
clave (40�C, 41.4–55.2 MPa). Gel formation proceeds over 12 h and then CO2 is
slowly removed (8 h). This procedure favors for the formation of highly porous mono-
lithic composites with the mesopore and macropore architectures.410 Components
that sharply enhance the ability of SiO2 to adsorb water may also be introduced at
the stage of formation. For example, selective water adsorbents, such as CaCl2 and
LiBr, bind up to 53 wt% of H2O.411,412

Vol-7-Abd-El-Aziz-ch04.qxd  9/24/05  12:05 PM  Page 154



Colloidal dispersions of 33-nm-diameter trimetallic Au–Pb–Cd particles, con-
taining gold core surrounded with a 18-nm-thick lead shell are formed by γ-irradiation
of corresponding metals salts.413 Nanocomposites with three or more different metals
are multimetallic nanohybrids. Studies of their structures is a challenging task. Nev-
ertheless, these materials have already been used as precursors in the production of
superconducting ceramics, special multicomponent steels, etc. Traditionally, polymer
is formed in a previously prepared inorganic matrix or the polymer is inserted into
the latter. Multimetallic nanocomposites are prepared in situ within a polymeric
matrix or simultaneously with polymer matrix formation.

Standard methods for the preparation of blends in the production of high-Tc

superconducting ceramics (direct mixing of oxides, carbonates, oxalates, nitrates,
and other metal salts) give rather poorly reproducibility.414 This is due to the hetero-
geneity inherent in grinding and mixing of the solids and to complex physicochem-
ical and mechanochemical conversions that occur in the course of sample preparation.
As a result, microheterogeneities appear and both conducting and nonconducting
phases are formed. This results in low-quality high-Tc superconducting ceramics
with a blurred superconducting transition (Meissner effect). A structurally homoge-
neous YBa3Cu4O8 superconducting ceramic was formed when the initial Y(NO3)3 

6H2O, Ba(NO3)2 and Cu(NO3)2 
 2H2O reagents were mixed on the molecular level
by dissolution. After evaporation of the solvent, a homogeneous dispersion was
obtained that was a precursor for a high-Tc superconducting ceramic. Composite
materials may be made by introducing the high-Tc superconducting ceramic into a
polymeric matrix. Alternatively, this ceramic can be prepared in the presence of a
polymeric matrix. An example of the first case is the introduction of a dispersed
high-Tc superconducting phase (such as YBa2Cu3O7�δ, (PbxBi1�x)2Ca2 
 Sr2Cu3Oy

414

or T12Ba2Ca2Cu3Oy
415 with Tc ∼ 90K, 110K, and 125K, respectively) into a poly-

chlorotrifluoroethylene, polyvinylchloride, or rubber matrix. Ceramic contents of
50–75% were made.414,415 The optimum compositions combine the high Tc, good
magnetic properties, and magnetic levitation of a high-Tc superconductor with the
mechanical strength, flexibility, processing simplicity, and resistance to media
effects of a polymer. In addition, the preparation of composites allows the elimina-
tion of such drawbacks as the high porosity, friability, and susceptibility to degrada-
tion exhibited by the high-Tc ceramics. However, rather large (micrometer) ceramic
particles are inserted into a polymer according to this procedure.415

The ceramic may be prepared in the presence of the polymer matrix (second
method referred to above). Matrices containing metal ions dispersed on the molecu-
lar level can be used. Nanosized particles formed in the course of polymerization or
polycondensation are also considered members of this class. Metal ion citrate
chelates can be dissolved in aqueous solutions of acrylamide. The acrylamide is
polymerized in the presence of radical initiators and chain carriers (N,N,N�,N�-
tetraethylene-diamine) to form a gelatinous phase.416 This traps the metal cations
into a polyacrylamide gel much as occurs in the sol-gel synthesis. After calcination,
ultrathin multicomponent oxide powders, such as YBa2Cu3O7�x or LaAlO3, were
obtained.416 YBa2Cu3O7�x ceramics were made using acrylic or methacrylic acid as
the metal ion chelating ligands.417 Polymer-salt solutions of polymeric alcohols or
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acids, PEG or PVPr have been used.418–420 The sizes of all salt crystals formed in the
presence of a polymer are substantially smaller than those obtained upon crystal-
lization from pure salt solutions. This is associated with complex formation in solu-
tions as well as with adsorption of macromolecules on the crystallization nuclei.
Recrystallization may occur simultaneously due to the presence of concentration
gradients of the components within the thickness of the surface layers. Homogeneous
films are most often formed because they form both on the surface and also in the
solution volume. It is essential that the final ceramic crystallites sizes in the powders,
resulting when the polymer is destroyed during calcining, should be approximately
equal to their sizes in films.

Such polymer conversion methods were used to prepare Y3
, Ba2
, and Cu2


complexes with poly(methacrylic acid)421,422 and YBC chelates with polyamides.423,424

Gel formation with poly(vinyl alcohol) (PVA) can also be used.425 The superconduct-
ing ceramics based on these metallopolymers have Tc values � 80–92K, and critical
current densities (Jc) of 150–160 A cm�2. Films and fibers in addition to powders, can
be prepared from these ceramics. YBC-epoxy composites are also suitable for this pur-
pose.426

Moreover, long(�200 cm) fibers 1 mm in diameter were formed from thermo-
plastic gels of Y-123 ceramics and PVA.427 Calcined fibers exhibited values of Tc �
92–94K. These fibers form materials characterized by different Jc values, depending
on the degree of saponification (DS) and the Y-123 ceramic content of these materi-
als.428–430 The minimum critical current density occures when DS � 67 mol%, and
the maximum value (Jc � 3.5 � 104 A cm�2, 77K) when DS � 81 mol%. The critical
current density is also affected by the conditions of treatment (calcination and pyrol-
ysis), which is associated with the peculiarities of the distribution of the ceramics
over the fibers. High-Tc superconductor nanocomposites have also been prepared by
polymerization of acrylic acid in an aqueous solution of Y3
 nitrate and Ba2
 and
Cu2
 acetates.417

One of the most promising approaches to the polymer synthesis of high-Tc

superconductors involves copolymerization of metal-containing monomers.431 If
metal ions are bound to the monomer before copolymerization, these ions are dis-
tributed in the polymer more uniformly. Acrylate or acrylamide complexes of Y3
,
Ba2
, or Cu2
 were dissolved in a minimum amount of methanol mixed in a molar
ratio of 1:2:3, dried and subjected to solid-phase copolymerization.432 Acrylamide
complexes of Bi3
, Pb2
, Sr2
 , Ca2
, and Cu2
, in a molar ratio of 2:0.3:2:2:3, were
made by the same procedure; but copolymerization was then carried out in concen-
trated aqueous solutions.433 The organic phase was destroyed by calcination from the
resulting metal-containing copolymers. The properties of these high-Tc supercon-
ducting ceramics are shown in Figure 15. Analysis of the temperature dependence of
the electrical resistance (R) demonstrated that these ceramics behave as metals433 at
T � Tc. The Tc values of these ceramics are not as high as those of single crystals.

The properties of polycrystalline samples depend to a greater extent on the
quality of intergrain contacts than on the structure of grains as such. The widths of
superconducting transitions in the range of 0.1–0.9 of the value corresponding to
complete resistance drop is no more than 2–3 K. This is close to the characteristics
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of the best samples of high-Tc superconducting ceramics. The temperature depend-
ence of the magnetic susceptibility (χ) also indicates a sharp transition and the pres-
ence of only the superconducting phase. In this case, the diamagnetic shielding
volume of the phase, estimated from a lead reference compound, reaches 100%.431

Superconducting bismuth cuprates are of particular importance. Developing a repro-
ducible synthesis of these cuprates is a challenging task. Generally, these ceramics
contain admixtures of a phase with Tc � 85K due to the microheterogeneity and the
successive phase transitions414 2201 → 2212 → 2223. Products prepared by sponta-
neous copolymerization are reproducible single-phase samples with Tc �110K and
a critical current density of up to 240 A cm�2. Apparently, this approach can also be
used for the preparation of other single-phase nanocrystalline materials.

The preparation of multicomponent M50 steels (alloys of Fe, containing
4.0 wt% Cr, 4.5 wt% Mo, 1.0 wt% V, and 0.8 wt% C) may become an important appli-
cation for nanostructured polymetallic materials. These steels are primarily used in
aircraft construction for the preparation of support bearings, gas turbine engines,
etc.434,435 Generally, M50 steels contain substantial amounts of micron-size carbon
particles. These particles initiate the formation of fatigue cracks in bearings.
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Figure 15 Temperature dependence of the electrical resistance and the magnetic
susceptibility of high-Tc superconducting ceramics. (a) Ceramics from a copolymer of Y,
Ba, and Cu acrylates. (b) Ceramics prepared by spontaneous copolymerization of
acrylamide complexes of Bi, Ca, Sr, Pb, and Cu.
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Mechanical properties of these materials would be improved as grain sizes deposited
on the defects decrease (healing of microcracks). The grain sizes can be reduced by
employing a process in which organometallic compounds are converted to colloidal
particles using the polymeric surfactant PVPr.434 The surfactant and precursors are
subjected to ultrasonic irradiation (sonochemical synthesis) in dry decalin. After
removal of the solvent and the gaseous phase, colloidal particles are obtained with
average diameter of 7 nm. These particles exist as a homogeneous alloy. Another
procedure435 involves the chemical reduction of metal chloride precursors of M50
steel (FeCl3, MoCl3, CrCl3, or VCl3) with lithium triethylborohydride in THF. This is
followed by removal of solid LiCl by sublimation in vacuo at high temperature.
These approaches will also be useful in the design of magnetic materials, such as
polymetallic nanosized particles of the LaSrCrxNi1�xO4 
 δ type. Thus a procedure
for the preparation of the La1�xSrxMnO3 ceramics (x � 0, 0.2, 0.4, or 0.6) has been
recently proposed.436 This procedure involves preliminary polymer binding of cer-
tain metal nitrate ratios with a gel precursor from PEG (Mw � 20,000). Autoignition
of the polymer occurred at 300�C, with the nitrate ions serving as an oxidizing agent.
Subsequent thermal treatment of the combustion product afforded a homogeneous
perovskite phase (see above). Its morphology and Sspec (1–7 m2 g�1; the sizes of crys-
tallites were 24 – 150 nm) depended on the ratio of reagents and reaction conditions
employed. A ceramic with cadmium and lanthanum additives, having an overall
composition Pb0.85Cd0.05La0.10Ti0.975O3, was prepared by the sol-gel method from
metal acetates and Ti(OBu)4.

437 Thin silicon films were coated with this material by
concentration of the solution (before drying). Subsequent thermolysis was carried
out according to a standard procedure.

VIII. INTERCALATION OF POLYMERS INTO 
POROUS AND LAYERED NANOSTRUCTURES

Sometimes products prepared by sol-gel reactions or by intercalation can be
distinguished only by their past history. No less than 5000 studies dealing with the
problems of intercalating of organic, organometallic, and inorganic compounds as well
as with the properties of the resulting products had been published up to 1994.438

However, the major body of information has been obtained since then.
Natural layered silicates, (the smectite clays) are most often used for the prepara-

tion of nanocomposites under consideration. Their structures, selected physicochemical
properties, and the nature of their active surfaces have been considered in a review 439

and in monographs.20,440 Clays are widespread minerals. Hectorite and montmorillonite
[AlMg(OH)2(O)4]

5�[Si2O3]
4
[Na,nH2O]
 (MMN) are typical clays, with structures

of the type to which mica belongs. Crystals of MMN consist of alternating tetrahe-
dral silicate layers of cations condensed with negatively charged octahedral layers of
metal oxides. However, unlike mica, these minerals undergo ready cation exchange,
including transition metal ions exchange. Exchange occurs predominantly in layers
containing solvated sodium cations. Intracrystal cavities can swell when they are
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filled with organic solvents. The degree of swelling depends on the nature of the
cations within the layers and on the negative charge density on the silicate layers.
Aluminosilicates and magnesosilicates belong to clays whose nature is determined
by the type of the octahedral metal. Mg2
 and Al3
 can isomorphically replace Al3


and Si4
, respectively, within the lattice. The cations are hydrated and the clay lay-
ers readily swell to accommodate large cations or substantial amounts of water. In
addition, most of inorganic oxides contain surface hydroxy groups, which actively
bind metal ions. Crystalline rigid host matrices with a regular system of nanometer-
size pores are well studied.20,441– 444 These pores can be occupied by atomic or
molecular guest structures such as clusters, nanosize particles, inorganic coordina-
tion polymers of the CdS type, large C60 fullerene type molecules, and polymer units
synthesized in situ.20,441– 444 Thus intercalation of buckminster fullerene functional-
ized with ethylenediamine into a mica-like silicate of the fluorohectorite type has
been described.441 Many procedures for the introduction of polymers into host matri-
ces are available. When polymers penetrate between the individual clay layers, the
process is called intercalation; it increases the interlayer spacing. When clay layers
are completely separated and their individual sheats are surrounded by matrix, the
clay is said to be exfoliated. These hybrid nanocomposites are of technological inter-
est because their properties are substantially improved compared to those of materi-
als filled according to a standard procedure.445–447 For example, these materials
prepared by thermal synthesis are generally metastable (in particular, due to flaking
of the polymer from the inorganic component).

The properties of intercalated hybrid nanocomposites are determined by a
number of characteristics, particularly, by the sizes of their inner open-pore systems.
These properties were considered in many reviews.20,448–452 Intercalating systems
are divided into two types according to their architecture and properties.450 The first
type are characterized by the presence of rigid pores with a constant volume, the par-
allel isolation of lattice channels and the interrelation between the channels of the
network. The location, the concentration and the spatial distribution of guests are
governed by the topology, the chemical nature and the reactivity of the inner surface
of the host. The lattice solid can be additionally dispersed and functionalized or long-
chain surfactants can be intercalated into the solid. In addition, the choice of guests
is limited by the minimum size of crosslinked channels, which leads to selective
intercalation into induced spatial matrices (of the types of molecular sieves or mem-
brane films). The second type of system of hosts are characterized by a low dimen-
sionality of the lattice (i.e., by the structures of the layers or chains). This results in
flexible pores. Their sizes can be adapted to the size of the guest. In layered systems,
the basal (intralayer) space is often ∼ 5 nm. The layer thickness in perovskite varies
from 0.5 to 2.2 nm. The matrix lattice that holds the guest may have no effect on the
intercalation–deintercalation process. This is true for dielectric lattices of zeolites,
layered aluminosilicates, metallophosphates, etc., where the intercalation behavior is
determined primarily by the acid–base and exchange properties. Lattices possessing
the electronic conductivity (semiconductors and metals) are a special case. Upon
intercalation, redox reactions with electron (ion) transfer occur in these materials,
resulting in a substantial change in the physical properties of the host matrix.
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The inclusion of monomer molecules into pores of a host that is followed by
their controlled conversions into polymeric, oligomeric, or hybrid-sandwich prod-
ucts (postintercalation conversions in situ) belong to the most interesting group of
intracrystalline chemical reactions. This field has been rather well studied.453–455

Intercalation of the appropriate monomer causes delamination and dispersion of host
layers. This can be accompanied by polymerization to form a linear or crosslinked
polymeric matrix. This procedure was used to the insert polyesters,456 PVPr,457–459

and poly(ethylene oxide) (PEO)460 into silicates and to insert PVPr,461 polyimide,462,463

and poly(ε-caprolactam)446,447 into kaolin. When polymerization was performed
within kaolin, the resulting composites were nondelaminated products. The most
interesting hybrid nanocomposites were prepared from conducting polymers such as
polyaniline,464,465 poly(2-ethylaniline), poly(p-phenylene), polythiophene, polypyr-
role,466,467 or pyrolyzed polyacrylonitrile468 in different matrices.469–471 A diversity of
procedures can be used for two purposes: the enclosure of a polymer into a gel and
the use of salt solutions of the corresponding polymers. Polyaniline hydrochloride in
an acid–methanolic solution or a sulfonium salt of poly(p-phenylene) in many sol-
vents are examples. Early studies have been reviewed.438 Thus oxidative polymeriza-
tions of pyrrole, dithiophene,472,473 tetrahydrofuran,474 or aniline475 in an FeOCl lattice
have been described. Intercalated aniline forms hydrogen bonds with chlorine atoms
of the FeOCl lattice, and polymerization occurs along the lattice diagonal.101

However, the conductivity of the resulting polymer is somewhat decreased. This lat-
tice appeared to be suitable for oxidative polymerization of aniline introduced from
an aprotic solvent.472,476,477 The molecular formula of the resulting product was
(C6H5NH2)0.28FeOCl.* Zigzag polymer chains, Mw � 6100, are comparable with the
FeOCl lattice. The chains are extended along the direction of the host crystal and
along the hydrogen bonds between the NH groups and the chlorine atoms of the lat-
tice layers. The Fe2
: Fe3
 ratio is ∼ 1 : 9. The polymeric intercalate behaves as a p-
type semiconductor (the conductivity of a single crystal is 1.5 � 10�2 S cm�1). Its
prolonged oxidation in air afforded a mixture of polyaniline and β-FeOOH. The use
of the α-RuCl3 matrix, which is structurally similar to FeCl3, was proposed481 for the
preparation of lamellar nanocomposites. The oxidative polymerization product of
aniline in this matrix has the composition (C6H5NH2)xRuCl3 (0.5 � x � 0.6). Its con-
ductivity at room temperature is ∼2 S cm�1, which is more than three orders of mag-
nitude higher than that of the initial α-RuCl3.

Postintercalation polymerization of aniline was carried out in air at 130�C within
phosphate layers of α-Zr(HPO4)2 
 (H2O,482,483 VOPO4, [484] HUO2PO4 
 4H2O,483–486

layered acidic zirconium-copper phosphates,19 and layered double hydroxides;487 in
layers of HM1M2O6 
 H2O (M1 � Nb or Ta; M2 � Mo or W),488–490 molybdenum
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*The method consist of quantitative removal of a polymer from an inorganic host, by repeated dissolu-
tion. Such investigations could be important for the analysis of polymers in these hybrid materials.
Although studies on the extraction of polymers from layered nanocomposites have been reported,6,477–479

this field is poorly understood. Recently, rapid and quantitative extraction of PEO from the Kx(C2H4O)4-
M1�x/2PS2 composite (M � Mn or Cd) with an aqueous tetraethylammonium salt under normal conditions
has been carried out.480 This process was analyzed in detail and the kinetic regularities were revealed.
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sulfide,491 porous zeolites of the mordenite type,492,493 and MCM-41;492 and in lay-
ers of perovskite,494 mica-like silicates,495 etc.496 The resulting products are gener-
ally dielectrics. Polyoxometallates as host matrices can serve as ideal models of
molecular batteries because they contain a small number (generally 6–8) of W or Mo
atoms linked through oxygen bridges. Their spatial and electronic structures were
adequately characterized.497 Electrochemical polymerization of pyrrole in Keggin’s
structures H3PM12O40 (M � W or Mo) was described.498,499 Sometimes additional
chemical reactions are carried out with the aim of converting these products into
nanocomposites. For example, (Bu4N)5Na3[(l,5-COD)M 
 P2W15Nb3O62] (M � Ir or
Rh; 1,5-COD is 1,5-cyclooctadiene) was reduced with hydrogen in acetone.500,501

These hybrid nanocomposites can be completed with phosphomolybdate anions
(scheme 32). The product compositions exhibit the formula C6H5N
 (PMo12O40)0.116.
Photochemical polymerizations of the diacetylene 3,5-octadiyne in layers of Mg,
Mn, or Zn phosphates were also reported.452
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Scheme 32

Under the appropriate conditions, monomers occupy virtually the entire space
of pores or the whole interlayer space. Subsequent oxidative polymerization492 was
carried out in the presence of molecular oxygen (as an electron acceptor) and a
redox-active host that catalyzes electron transfer. Layered silicates containing metal
ions are of particular interest because they initiate polymerization of an intercalated
monomer. Thus when Na
 ions in hectorite are replaced by Cu2
 or Fe3
, styrene
can be polymerized316 both in the pores and on the surface. The polymer has a brush-
like structure, which indicates that the inorganic surface possesses an orienting
effect. This effect decreases as the chain grows away from the surface.

N-Vinylcarbazole is polymerized in MMN at 64�C or in benzene at 50�C due
to the presence of cations in the MMN.502 The thickness of the intercalated layer of
guest–host particles in this nanocomposite is 33 � 10 nm, and the conductivity 
(10�6 S cm�1) is 10 orders of magnitude higher than that of polyvinylcarbazole.

Polystyrene exists in two forms328 when intercalated into MMN. One form pos-
sesses enhanced rigidity due apparently to a higher degree of ordering. The improve-
ment in physicochemical properties of intercalated polystyrene was observed also in
a model PS-MMN system.503

Redox intercalation polymerization of aniline, pyrrole, and dithiophene using a
V2O5 xerogel affords polyconjugated anisotropic polymers.504–506 Intercalation is
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accompanied by polymerization. The chain growth initially occurs within the xerogel
and is associated with transport of molecular oxygen. The V2O5 xerogel acts as a cat-
alyst. A conducting polymer with different polyaniline:V2O5 ratios is formed by inter-
action with the mixed-valence (V4
/V5
) host lamellae, which are ordered along one
direction. The material consists of alternating layers of vanadium oxide and the poly-
mer. Physicochemical studies demonstrated that polyaniline was formed as a salt.
Aging of the material in air facilitates both partial oxidation of the inorganic frame-
work and oxidative binding of polyaniline in the intralamellar space. The resulting
polymer is frozen in place due to the formation of NH…OV hydrogen bonds. A
detailed analysis501,507 of the insertion of aniline, its competitive polymerization into
MoO3, and the formation of the nanocomposite (C6H5NH2)0.24 
 MoO3 structures was
carried out. Low-temperature intercalation procedures were also examined.
Polyaniline chains expanded the inorganic layers and changed the potential surface,
thus decreasing the polarizability of the lattice.* The polyaniline chains intercalated
within MoO3 oxidize (NH4)2S2O8.

507 Oxidative polymerization of aniline, pyrrole, or
thiophene monomers intercalated in layered aluminosilicates affords highly oriented
host–guest layers. Radiation polymerization of acylonitrile and acrylic acid in MMN
inclusion compounds afforded stereoregular (most likely syndiotactic) polymers.32

Many interesting procedures exist for the synthesis of 1D nanocomposites
based on matrix intercalation. An aqueous Au colloid particles (12 nm) stabilized
with citric acid were introduced into pores of a Al2O3 filtration membrane with an
average pore diameter of 20 nm. Then oxidative polymerization of pyrrole was per-
formed in situ inside these pores by adding an aqueous Fe(C1O4)3 solution.509,510

After dissolution of the membrane in 0.5 M KOH, a suspension of 1D colloid-
polypyrrole nanostructures was obtained (Fig. 16).
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*The geometric structures and vibrational properties of complexes of polyenes with aluminium atoms as a
constituent were studied by the ab initio quantum-chemical method in the Hartree- Fock approximation.508

Polypyrrole

Fe(ClO4)3, NH

Al2O3 Au nanoparticles
membrane

Figure 16 Template synthesis of 1D Au–polypyrrole nanostructures in an Al2O3 membrane.

TiO2 particles (∼ 20 nm diameter prepared from TiCl3, pH 2.5) can be obtained
at the surface of a photochemical electrode to construct solid light-sensitive solar
cells.511,512 Simultaneously, polypyrrole, which is formed on electrochemical polymer-
ization of pyrrole adsorbed in the electrode’s pores, precipitates on these particles.511,512

These structurally controlled templates are analogues of self-assembling supramolecu-
lar ensembles. The procedure for the preparation of supramolecular systems for
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molecular recognition is analogous to the above-considered preparation of nanobio-
composites.511,513,514

One-dimensional parallel polyaniline chains can be prepared in situ, while
encapsulated into structures with wide pores and large (the diameter is ∼ 3 nm) chan-
nels. These chains are fiber-like and exhibit microwave conductivity.492,515,516

An alternative to in situ polymerization involves direct intercalation of macro-
molecules into layered structures. Silicates are most often used. The insertion of
polymer molecules into layered host lattices is of interest from different points of
view. First, this insertion process leads to the construction of organic–inorganic
polylayered composites. Second, the intercalation physical chemistry by itself and
the role intercalation plays in the gain of electronic conductivity are of interest. This
becomes important in the construction of reversible electrodes449 or when improving
the physicomechanical properties of nylon-layered silicate nanocomposites,517,518

hybrid epoxide clay composites,463 and nanomaterials based on hectorite and polyani-
line, polythiophene or polypyrrole.519

The insertion of PEO into mica-like sheet silicates in the reactions of a melt of
the polymer with the host Na
- or NH4


-exchanged lattice is one of the few exam-
ples of direct polymer intercalation.520 Poly(ethylene oxide) is also inserted into the
lamellar networks of V2O5 ⋅ nH2O, MoO3,

478,479,521–523 MnPS3, CdPS3,
521,524 etc.

Thus an aqueous solution of PEO (Mw � 105) reacts with an aqueous gel of V2O5 ⋅
nH2O to form a composite after removal of water. In this case, the interlayer distance
increases from 1.155 to 1.32 nm. Alkali metal ions react with PEO to form inclusion
compounds. These can also be inserted into layers of ionic silicates, for example,
into MMN. The distance between the layers of the PEO–Li
 salt complexes interca-
lated into MMN is 0.8 nm, the PEO chain adopts a slightly strained helicoid confor-
mation in these locations.

Poly(ethylene oxide)-LiX systems find wide application as polymeric elec-
trodes and solid electrolytes. This topic has been discussed in detail in several mono-
graphs.525–527 These systems are often used in combination with ceramic fillers such
as LiA1O2, Al2O3, and TiO2. One example will be discussed.528 Nanosized TiO2

(13 nm) or Al2O3 (5.8 nm) particles (10 wt%) were dispersed in acetonitrile with
LiC1O4. Then PEO was added (LiC1O4:PEO molar ratio was 1:8). The conductivity
of the resulting polymer–inorganic nanocomposite is 10�4 and 10�5 S cm�1 at 50�
and 30�C, respectively. A new series of hybrid polymer–inorganic electrolytes was
prepared by cocondensation of LiAl(OR)2H2 with organosilicon precursors.529 This
series contains aluminium in the main chain and Li
 ions.

The intercalation of polymers530 (PS,531 PEO,520 polypropylene,532–534 etc.)
from their melts into a silicate lattice is also a promising procedure. Molecular
dynamics calculations and the kinetics of formation of these intercalates were con-
sidered in this study.530 A new line of investigation involves direct hydrothermal
crystallization of silicate layers from a polymer gel.535,536 This approach extends the
range of intercalated polymers because it allows one to use compounds that do not
contain functional groups.

Activation of surfaces, layers and host pores by ultrasonics, is of importance
in a process in which Ni particles (10–40 nm) were deposited on submicrospherical
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silica gel.537 When a solution of Ni(CO)4 in decalin was sonicated, the Ni–C bonds
were cleaved simultaneously with activation of the SiO2 surface. Adsorbed water
was removed from SiO2, Si–O–Si bond cleavage occurred, and free Si–O bonds were
formed. An alternative procedure involves the reaction of metallic nickel with acti-
vated surface silanol groups to form Si–O–Ni bonds. These centers serve as nuclei
for further growth of Ni particles. Amorphous superparamagnetic Ni clusters were
converted into a crystalline ferromagnetic material at 400�C. This mechanism is real-
ized to some extent for other dehydrated surfaces as well. For example, Al2O3 and
metal carbonyls M(CO)n form Al–O–M structures.538 Gold nanosize particles were
stabilized in a silica gel monolith.539 Thermolysis of rhodium carbonyl on the Al2O3

surface afforded small Rh clusters.540

Nanocomposites can be self-assembled as (M/P)n multilayers, where M and P
are nanosize oppositely charged layers of an inorganic component and a polymer,
respectively. These composites are worthy of special notice bacause they possess a
variety of valuable properties. They may be used in optical engineering for the pro-
duction of displays.541–547 A great variety of procedures for the layer-by-layer assem-
bly of polyelectrolytes and clays,548–553 lamellar zirconium phosphates,554 and
colloidal metal particles555,556 were proposed. Anionic MMN and positively charged
poly(diallylmethylammonium chloride) (PDAMAC) is an example of a system that
can assemble layer by layer. The mechanism by which these materials form on the
surface of nanoplates from glass, quartz, silver, gold, and even Teflon was considered
in detail and the defect formation processes were studied.557 Successive submersion
of plates into a solution of the P component or in a suspension of M leads to an
increase in the number of layers (n). Each layer that formed is accompanied by an
increase in the thickness of the P and M layers by 1.6 and 2.5 nm, respectively. The for-
mation of multilayers involves several stages. First, adsorption on the substrate sur-
face occurs. This event is determined by electrostatic and van der Walls interactions.
The structural hierarchy of the M layers provides limitless possibilities for their
application as templates for the insertion a great variety of molecules and clus-
ters,24,558–562 between swollen layers or inside the M plates while being located on
the surface. Second, the M component is strongly and irreversibly adsorbed on the
oppositely charged polymeric electrolyte to form a closely packed plane-oriented
layer. Irregular M layers cannot provide complete coating of intercalated layers due
to new stacks are overlapped. Interphase irregularities, which are independent of 
the nature of the substrate, exceed the thickness of the M/P layer. The control over
the process can be performed by applying an external stress to the system during
self-assembly. In practice, a wide variety of these procedures were realized. For exam-
ple, the PDAMAC polyelectrolyte and SiO2 nanoparticles (25 nm diameter) were suc-
cessively deposited on the surface of a polystyrene latex. A three-component
polylayered material is formed by adsorption (Fig. 17) in which the thickness of one,
two, and four SiO2- polymer layers are 60, 120, and 240 nm, respectively. Multilayer
self-assembly was also used to prepare nickel phthalocyaninetetrasulfonate–PDAMAC
nanocomposites with an average M/P layer thickness of 1.05 nm.563

Layered nanostructures were prepared564 using liquid-crystalline polymers
containing ionic groups; MMN or hydrotalcite [AlMg2(OH)2(OH)4]


[0.5 CO3, OH,
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C1]� was the inorganic component. The average thickness of the M/P layer pair was
estimated at 4.93 nm. Electrostatic self-assembly promotes tight contacts between
the components, and the establishment of this molecular organization allows one to
prepare new types of liquid-crystalline structures with unusual properties. Layer-by-
layer assembly of aluminosilicate-polyelectrolyte nanocomposites appears to be a
promising procedure for the design of new membrane materials.565 This review will
not consider hybrid nanocomposites that were prepared by emulsion or gas-phase
polymerization of traditional monomers, such as styrene, MMA, aniline, ethylene, or
propylene, in the presence of different organophilic minerals. However, these appro-
aches are undoubtedly of interest by themselves.566 Thus emulsion polymerization of
a bisphenol A/epichlorohydrin epoxy prepolymer in the presence of Na
 �MMN
was accompanied by the insertion of the polymer into the basal space of this smec-
tite clay. The layer spacing expanded from 0.96 to 1.64 nm.567 A monomer micelle
rather than the monomer itself was inserted into the body of the swollen host in aque-
ous media. The resulting composite exhibits a higher thermal stability than that of
the corresponding homopolymer. A hydrogel containing 3.5 wt% of MMN568 was
prepared via copolymerization of N-isopropylacrylamide and N,N�-methylene-
bisacrylamide in aqueous suspensions of MMN.569 This hydrogel possesses the
lower critical solution temperature (∼32�C) than that of the nonmodified product.

Layered graphite inclusion compounds have been studied in detail. Graphite
can be considered as an aromatic macromolecule. The number of aromatic rings in
this molecule is ∼1000 and the distance between the parallel planes is 0.335 nm.
Since bonding between the parallel carbon layers in graphite is weak (the energy of
the interlayer interaction is only 16.8 J mol�1), monomolecular layers of different
compounds, including metal ions, can be inserted into graphite to form layered (lam-
inated) compounds.570 Graphite-inclusion compounds are generally prepared by the
reactions of graphite with vapors or solutions of metals in strongly ionizing solvents,
with low-boiling chlorides or with cationic metal complexes. These compounds are
divided into products of the first, second, and subsequent stages of insertion, depend-
ing on the number of carbon layers separating two adjacent layers of the metal
inserted. The nature of bonds in these layered systems depends on the nature of the
metal. For example, in the cases of Fe, Co, Ni, Mn, and Cu, van der Waals interac-
tions exist. Sometimes when the π-electron density of graphite is transferred to the
inserted metal layer, the carbon network of graphite serves as polymeric ligand. In
the case of alkali metals, this bond is formed as a result of electron transfer from
the metal atoms to the conduction band of the adjacent graphite layer. Electrostatic
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Figure 17 Self-assembly of a polylayer composite based on PS latex, SiO2, and
poly(diallylmethylammonium chloride: 1, adsorption of polyelectrolyte; 2, adsorption of
SiO3; 3, adsorption of a polycation.
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interactions occur between the positively charged metal ions and free electrons of the
conduction band of graphite.571

Upon reduction, the inserted metal ions, may partially leave layered stacks and
reduction may occur on the outer surface of graphite. Nanosize particles of titanium
are inserted into the imperfect lattice of graphite in this manner.572 Many metals are
inserted into graphite under high pressure in combination with shear deformation.573

Nanosize cobalt particles inserted into the graphite lattice in this way exhibit unusual
magnetic and thermal properties.574

Clearly, intercalation chemistry provides virtually limitless possibilities for
hybrid nanocomposites construction. Presently, the major effects attendant on the
processes of formation of these materials are revealed. The structural organization
and properties of these materials have been studied. The number of studies in this
field is gradually increasing, and this allows one to predict the design of new types
materials. For example, the synthesis of hybrid nanocomposite materials on the base
of gallium phosphates containing azamacrocycles, etc. has been reported recently.575

Studies of ion exchange intercalation of nitrate groups, nucleosidemono-phosphates,
and DNA into layered double hydroxides of the Mg2Al(NO3)2 ⋅ H2O type (anionic
clays) has began.576 Nanocomposites containing metal chalcogenide host structural
elements are of special interest.577–584

IX. METAL CHALCOGENIDE-POLYMER 
INCLUSION NANOCOMPOSITES

Metal chalcogenide–polymer inclusion nanocomposites are rather well stud-
ied. The results of these studies were reviewed.585,586

Intercalation into the CdS structure has received much attention.587 Composite
films are generally prepared from a solution of the corresponding precursor followed
by in situ synthesis.588 For example, Zr(OPr)4 in propanol was hydrolyzed with an
aqueous solution of acetic acid, and solutions of cadmium acetate and ammonium
thiocyanate were added.589 The composition was coated onto a glass support and
treated as in the sol-gel method (Section VI). The cryochemical treatment of gels
impregnated with Cd2
, Pb2
, or Zn2
 salts, followed by sulfiding with hydrogen
sulfide in the gaseous phase, afforded nanosize sulfide particles with sizes ranging
from 3–7 to 30–100 nm within a SiO2 matrix.226 The formation of the dispersed CuS
phase in a polyacrylic acid-poly(vinyl alcohol) matrix proceeds through several
stages. These include formation of sulfur-containing copper complexes, the associa-
tion of these complexes, the formation of amorphous clusters and, finally, develop-
ment of crystalline CuS nanoparticles.590 The specific structure of the interfacial
layer and limitations imposed by diffusion in the swollen polymeric matrix are
responsible for the formation of small (∼4 nm) particles, the particle distribution in
the matrix and the aggregative stability.

If the anion in MX2 systems is readily polarized and the cation possesses
strong polarizing properties, layered structures develop. The distinguishing feature
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of MoS2 or TaS2 layered materials with low charge density in their layers is their abil-
ity to decompose into nanosize building blocks and to form colloidal solutions. A
layer of molybdenum atoms is located between layers of chalcogen atoms in molyb-
denum dichalcogenides. Packs are formed from these triple layers. Bonds within the
packs are substantially stronger than those between two different packs linked only
through van der Waals forces.591 The exfoliation procedure has been developed in
sufficient detail.592,593 Plastic superconducting electromagnetic materials have been
prepared based on nanocomposites.594 Intercalation of PVPr, PEO, and PEG from
aqueous solutions into monolayers of suspended NbSe2 was reported.595 The PEG/
NbSe2 is of one the best superconductors among layered dichalcogenides
(Tc � 7.2K).595 The compositions and the selected properties of these nanocompos-
ites are given in Table 8. A polymer is inserted into the WS2 phase according to the
same mechanism.596
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xH2O,
NbSe2 
 xLiBH4 ——→ LixNbSe2 ——→

�xBH3, �xLiOH,
�0.5xH2 �0.5xH2

polymer
—→ NbSe2 (monolayer) ———→ polymer � NbSe2

Table 8 Properties of Intercalated Polymer–NbSe2 Nanocomposites

Thermal Stability
Composite d/nm in N2/�C Conductivity/S cm�1 Tc(K)

(PVPr)0.14NbS2 2.40 310 140 7.1
(PEO)0.94NbS2 1.96 224 250 6.5
(PEG)0.80NbS2 1.88 233 240 7.0

Delamination occurs by the insertion of a polymer can according to the
host–guest mechanism. Then intercalated systems are deposited by removing the sol-
vent or by increasing the concentration of the electrolyte. Direct intercalation of
polyalanine into the interlayer space of MoS2 (d � 1.037 nm) through formation of
colloidal suspensions has been described.492

The polypyrrole–MoS2 nanocomposite, produced by of oxidative polymeriza-
tion in situ under kinetically restricted conditions, is a p-type conductor. Its electronic
conductivity is three orders of magnitude higher than that of the initial MoS2.

597

Intercalation of PEO into a delaminated suspension of TiS2 or MoS2 has been carried
out.598 Nanocomposites of linear polyethyleneimine inside layers of MoS2, MoSe2,
TiS2, or MPS3 (M � Mn or Cd)599 have been made in aqueous solutions. Composites
of polyethyleneimine or poly(styrene 4-sulfonate) within TiO2 ⋅ PbS layers possess-
ing semiconducting properties were also made.600

Nanocrystals of metal chalcogenide semiconductors immobilized into poly-
meric matrices exhibit luminescent properties. This is illustrated by nanocrystals of
CdSe,601,602 CdS-Ag,603 ZnS, and ZnS-CuS.604,605 Composites based on ZnS-CuS,
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contain ∼2 nm crystals in a polymeric matrix. They have been prepared by copoly-
merization of corresponding metal acrylates with styrene, followed by treating of the
copolymer solution with hydrogen sulfide in chloroform.606 These composites pos-
sess good photoluminescent and electroluminescent properties. They are also stable.
A precipitate did not form even after 1 year from the almost colorless organosol.

Metal chalcogenides with more complex layered structures can also be decom-
posed and subjected to intercalation.607 Examples include PbNb2S5 and SmNb2S4. In
polar solvents, 1D host phases form colloidal systems with MMo3Se3 (M � Li, Na
or In). These contain monodisperse, negatively charged condensed cluster chains
(Mo3Se3

�)n. The structures of these systems, called pseudo-1D metals, have been
described in detail.608 They are of interest in the design of materials with a nanowire
(or molecular-wire) morphology. Block radical polymerization of dilute (l0�3–
l0�4 mol L�1) solutions of these rigid rods in a solvating monomer (vinylene carbonate)
is performed in the presence of a crosslinking agent.609,610 After rapid solidification, the
polymeric matrix provides capture, association, and isolation of the inorganic phase.
The nancomposite contains individual isotropic nanowires 0.6–2 nm in diameter and
5–10 nm in length. Polymerization of more concentrated solutions (10�2 mol L�1)
affords nanocomposites as oriented multiwires (nanocables) 2–4 nm in diameter 
and ∼500–1500 nm in length. Each nanocable contains 5–20 nanowires (Fig. 18).
The molecular weight of the inorganic chain is estimated at ∼105. The conductivity 
is 102–103 S cm�1, which is approximately equal to the conductivity of the (LiMo3-
Se3)n film.
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Figure 18 Electron micrograph of a (a) nanowire and (b) nanocable.610

The intercalation of polymers into the interlayer space of chalcogenides is an
extensively and fruitfully developing field of the technology for the preparation of
nanocomposites. However, many problems are still not completely understood, par-
ticularly those associated with the mechanism of insertion and guest–host interac-
tions. Several more examples of these nanocomposites will be noted. Polymeric
films containing nanosize particles (10–16 nm) of the chalcogenides ZnS,611 and
Cu2S-CdS-ZnS with different polymers, CdS,612 and β-cyclodextrin were described.
The inner diameter of the β-cyclodextrin cavity is 1.53 nm.613 This is substantially
smaller than the nanosize particles. Nevertheless, monodisperse complex structures
with the participation of β-cyclodextrin are formed. It was suggested612 that these
structures result from the binding of monodisperse complexes with excess sulfide
anions and cadmium cations to form CdS-P-cyclodextrin-S2� aggregates.
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X. METALLOPOLYMERIC LANGMUIR-BIODGETT
FILMS—SELF-ORGANIZED
HYBRID NANOCOMPOSITES

Metal-containing nanoparticles inserted into LB films (LBFs) belong to yet
another promising class of precursors for the preparation of nanocomposites.
Procedures to synthesize of self-organized inorganic surfactant composites have
recently been developed. This has made possible the preparation of new 2D com-
posite materials.211,614,615 Generally, the phase sizes within these materials are no
more than 2–10 nm.

Polymolecular LBFs are used to prepare highly oriented ultrathin films pos-
sessing special properties, determined by their supramolecular structures. Sensor
groups or their precursors possessing nonlinear optical properties can be inserted into
these self-organized layers. In some cases, metal complexes, clusters, or nanosize par-
ticles are inserted. Finally, LBFs are used as a model for surface and biological
processes.616 Supramolecular ensembles with a periodicity that is intermediate
between atomic and macroscopic sizes are the subjects of supramolecular chemistry.

Supramolecular chemistry routes to nanocomposites are still in a primitive state
of progress. However, some methodology has already been developed. The preparation
of LBFs is modified when they are applied in this methodology.615 Heterogeneous
polar nanolayers are prepared on the surface of a subphase such as deionized water. A
constant surface pressure, π, is used, which has the dimensionality mN m�1. This pres-
sure has been measured using a Wilhelmy balance in a specially designed apparatus
with two-section baths controlled by microprocessors.617 Successive LB vertical lifts
or Langmuir-Scheffer horizontal lifts in the liquid-crystalline state are used to transfer
these layers to a solid support. This allows one to design complex molecular planar
structures possessing different properties. Metal particles in LBFs can exist as 2D
gases when their surface concentration is small and they do not interact with each
other. Three-dimensional states such as gaseous (the distance between the molecules is
substantially larger than their sizes), liquid (the distance between the molecules is com-
parable with their sizes), liquid-crystalline (the lability of the molecule in the plane of
the monolayer is retained), and solid states are formed as the 2D gas is compressed.614

Two procedures for the formation of nanosized particles within these films are
employed. The first procedure combines the principles of colloid chemistry, self-
organization and the growth of monolayers.618–620 The formation of nanosize particles
is performed in the presence of stabilization agents and components forming LBFs.
Chemical and photochemical reduction of metal salts in aqueous solutions can cause
particle formation. The resulting layers act as specific templates.620–622 This approach is
also of interest in studies of biomineralization, including studies using the sol-gel
method.

The second procedure consists of LBF deposition on the surface of stabilized
nanosize particles followed by insertion of these particles into polylayers. Functional
groups participate, including groups on inorganic layers. For example, a LBF based 
on amphiphilic Ru2
 complexes was immobilized on a monolayer of hectorite.623

Lamellar films and polylayers were formed. LBFs with a specified organization were
formed either directly on the surface of colloidal particles or on the water surface. Then
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these films were transferred to a support composed of nanosize particles using LB
techniques.624–628 Thus a gold hydrosol stabilized with 4-carboxythiophene was immo-
bilized on a monolayer of octadecylamine.629 The charge on the film was controlled by
changing pH. Multilayer films with different densities of 10 �3 nm Au–octadecylamine
clusters were prepared according to this procedure.629 These films contain from 2 to 
20 monolayers, where the surface pressure in the monolayer is 25 mN m�1 and the film
area (A) is 0.37 nm2 molecule�1. The immobilization of nanosize particles on a LBF
has a number of advantages over the chemical insertion of metal ions into a LBF fol-
lowed by the assembly of clusters. The deformation of films is prevented. The ordering
in the lamellar phase is not disrupted, and various nanosize bimetallic and polymetallic
particles can be used by choosing appropriate hydrosol mixtures. When particles are
immobilized on an LBF, adsorption or chemical interactions occur. Furthermore, a
higher recognition level is achieved. Examples are provided by self-organization of
monolayers composed of alkylsiloxanes, fatty acids, dialkyl sulfides, or thiols on sur-
faces of Al, Au, SiO2, etc.630,631 Thus two processes occur on the mosaic Au-Al2O3 sur-
face. First, recognition of the like support (selective adsorption) takes place. Second,
self-organization of diphilic thiols on Au regions and acid on Al2O3 regions occurs.

The majority of studies were devoted to (1) self-organized hybrid nanocom-
posites made from mononuclear complexes (in particular, on CdS), (2) procedures
for the assembly of nanosize particles from these complexes, (3) investigations of the
quantum-dimensional effects typical of semiconducting nanoparticles, (4) and prac-
tical applications of these nanocomposites.632,633 Dispersions of CdS particles
(2.65–3.4 nm) stabilized with dodecylbenzenesulfonic acid in CHC13 spreads over a
water surface to form stable monolayers of nanosize particles.634,635 According to the
π-A compression isotherms, an increase in the π value leads to the transition from
the gaseous state to a close-packed monolayer of particles. Finally, a polylayer is
formed. The resulting LBFs are characterized by A � 0.65–1.1 nm2 particle�1, which
is close to the corresponding values for the hexagonally packed rigid spheres
(0.608–0.887 nm2 particle�1). The transfer of these monolayers to a solid support by
the LB method produces polylayers of dimensionally quantized CdS clusters. Their
optical density increases linearly as the number of monolayers transferred increases.

The in situ formation of nanosize semiconducting particles in LBFs by react-
ing metal ions with H2S or Na2S has been described.636–638 For example, sulfiding
layers of cadmium, zinc, or lead behenates (C21H43COO)2M afforded 100 -nm-thick
films (34 layers) containing sulfides of these metals.639,640 The films are anisotropic.
The resulting nonspherical nanosize (5–10 nm) particles form the cluster layers pos-
sessing pores. CdSe nanoparticles form on treatment of films of cadmium arachidate
(C19H31COO)2Cd with a H2Se vapor. This occurs in the interlamellar space of films
in the solid phase and is accompanied by substantial deformation and even by dis-
ruption of the lamellar structure.641

Multilayer LBFs are often prepared from cadmium stearate,642 magnesium
stearate,643 and α-Fe2O3.

644 Self-organized films of silver stearate (8–14 layers) were
formed in hydrophobic layers of stearic acid. The film was transferred to electrodes
(π � 25 mN m�1) and then electrochemically reduced in a neutral or acidic solution
to form 2D Ag clusters (20–30 nm).645 These films also contained Ag clusters of the
sandwich type. Self-organized metal-containing LBF ensembles are often used for

170 Metallopolymer Nanocomposite–Macromolecular Metallocomplexes

Vol-7-Abd-El-Aziz-ch04.qxd  9/24/05  12:05 PM  Page 170



the modification of the electrochemical properties of electrode surfaces on the
molecular level.646–647 These ensembles are exemplified by self-assembling LBFs of
C8H17C6H4N�NC6H4O -(CH2)3COOH and X(CH2)2SH (X � OH, COOH), which
are linked though a hydrogen bond and deposited on Au. These systems are electro-
chemically stable and their behavior is predictable and reproducible.

One promising electrochemical synthetic approach involves the formation of 2D
(Langmuir) nanosize particle monolayers under a monolayer surfactant matrix. These
surfactants are present on the surface of an electrolytic solution during kinetically con-
trolled electroreduction in an electrochemical circulating cell.648,649 Two-dimensional
aggregates of silver particles are formed only when a monolayer of a surfactant carries
a negative charge. The LBF technique can be used in conjunction whith controlled pre-
cipitation and hydrolysis of iron salts within surfactant layers650 for preparing new
nanomaterials. The layer thickness is determined by the concentrations of Fe2
 and
Fe
3 salts as well as of their oxides in aqueous solutions and also by the redox
Fe2
⇔ Fe3
 equilibrium (oxidation by H2O2). The properties of self-assembling
iron–surfactant nanocomposites containing 1, 2, 3, or 6 layers of iron oxide depend on
their sizes. These composites exhibit superferromagnetism and occupy the first step in
the hierarchy of nanocomposite magnetic materials (scheme 33).
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Magnetic LBFs can be prepared based on heterobimetallic oxo complexes such
as Cr3
–Fe2
–Cr3
,651 or by sulfiding bimetallic Pb-Cd or Zn-Cd stearates.652

Classical LBFs can be prepared from either low-molecular-weight compounds or
polymeric systems. High degree of hydrophobicity can be imparted during the for-
mation of monolayers, if the chain is functionalized by polymer-analogous reactions
or by grafting sidechains, which can respond to the external factors. The polymer-
ization of functional monomers and their copolymerization with monomers serving
as spacer units have been used. In principle, diphilic LBFs have higher stability than
polymolecular films of low-molecular-weight compounds. These materials support
the required monolayer density upon formation of a film (an equilibrium pressure of
spreading of monolayers is a more rigorous criterion for their thermodynamic sta-
bility). It is necessary to introduce functional groups of different types into LBF
monolayers to solve some problems. For example, a redox pair can serve as func-
tional groups. However, serious limitations emerge when employing low-molecular-
weight reagents because diphilic compounds are not mixed at the molecular level
and phase separation occurs. The use of polymers allows one to solve this problem.
The effect of the composition, the structure of polymers and copolymers, and the
external conditions on the formation and properties of organized polymeric mono-
layers and LBF on surfaces were analyzed in a detailed review.652 LBFs were formed
the using polymeric metal complexes based on porphyrins and phthalocyanines.653,654

For example, polymers with diphilic properties can be obtained by copolymerization
of long-chain α-alkenes with maleic acid, maleic anhydride, and other compounds.655

In these polymers the carboxyl group is a convenient site for binding a metal com-
plex. The use of 4-aminomethylpyridine to open anhydride rings generates groups
capable of bonding metals possessing coordination vacancies in the polymer. This pro-
cedure was used for binding tris(phenanthrolino)iron(II) sulfate or bis(salicylide-
noaminopropyl)aminocobalt(II) to diphilic copolymers, including those of maleic
acid–pyridinemonoamide with octadecene or maleic acid–picolinemonoamide with
N,N-diocta-decylacrylamide.656 The dependence of surface tension π on the area of
the monolayer per molecule (A) at the air–water interface is shown in Figure 19. The
type of isotherm for the film formation is determined by the concentration of a metal
complex. Its dimensions are substantially larger then the area of monomeric units (it
is assumed that a cubic complex molecule is located nearly parallel to the water sur-
face). At complex concentrations higher than 10�7 mol L�1, this fact is of consider-
able importance in the organization of a monolayer. After compression (π � 25 mN
m�1), a stable homogeneous monolayer is formed. However, this stability is lost at
concentrations of ∼10�4 mol L�1.

One monolayer of a multilayer system can contain metal complexes of two
different types. Metal bonding by two functional groups possessing opposite prop-
erties prevents phase separation.

Recently, the preparation of monolayer and polylayer LBFs from a carbazole
containing copolyimide and copper phthalocyanine has been reported.657 The
stacked molecular organization of the layers and small intermolecular distances in
these LBFs ensure the high mobility of the charge and impart the good photocon-
ducting properties.658
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Regular nanocomposite ensembles organized in LBF miltilayers are also con-
structed through electrostatic interactions between charged sol nanoparticles dispersed
in a subphase and charged monolayers of the surface. This can occur between anionic
nanoparticles and a cationic polyelectrolyte.548 This procedure was used for the syn-
thesis of regular nanowire Tl2O3-PVC–arachidic acid composites (PVC–polyvinyl-
carbazole) made from crosslinked polycationic PVC. This PVC was prepared by
electrochemical polymerization of N-vinylcarbazole in the presence of NaC1O4, and a
thallium oxide sol (n-type semiconductor).659 The resulting polymeric layer (2.7 nm)
serves as a template coated with regularly organized Tl2O3 particles (3.2 nm). The
resulting 5.5 -nm-thick monolayers can be transferred layer by layer to the hydropho-
bic surface (π � 25 mN m�1). This method could gain wide acceptance because elec-
trochemical polymerization allows one to produce many positively charged conducting
polymers, including polyaniline, polypyrrole, and polythiophene.660

This mechanism also occurs during the formation of self-organized TiO2 layers
on SO2-functionalized polymer surfaces661 as well as in the preparation of ordered
TiO2 layers on poly(sodium 4-styrenesulfonate) (PSS). TiO2 particles (∼3 nm) were
prepared by acid hydrolysis of TiCl4. They formed organized layered structures on sur-
faces of cationic polymers like superthin (∼1 nm) PSS or PDA-MAC.662 Optically
transparent LBFs organized on the molecular level and containing up to 120 layers (60
bilayers) were formed on surfaces of such substrates as metal, silicon, or a polymer
cleaned with a 5% N-2-(2-aminoethyl)-3-aminopropyltrimethoxysilane solution. The
thickness of these bilayers was estimated at 3.6 nm. It is expected that this procedure
will allow one to realize semiconducting metal–dielectric structures containing
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nanosize p-n-, p-n-p-, n-p-n-, etc. units. Polylayer (2–12 layers) films of hybrid
nanocomposites with N → Cd coordination bonds have been prepared by the reaction
of poly(4-vinylpyridine) (P4VP) with nanosize particles of cadmium sulfide.663

LB monolayers containing tris(2�2-bipyridine)ruthenium(II) have received
much attention for use in sensors.664–667

Nanocomposites made of clusters in a Langmuir monolayer are of interest for
the design of metal-film materials used in the electronics and for modeling the struc-
tures of fixed catalysts. For example, Os3(CO)11(NCCH3) reacts with self-organized
layers of (3-mercaptopropyl)trimethoxysilane on a gold surface. This results in the
disruption of the well-organized thiol surface to form (1.0–2.2 nm) cluster aggre-
gates.668 Layer-by-layer adsorption of 1D and 2D [Cd4L4]

8
 octahedral complexes
on monomolecular poly(ethyleneimine hydrochloride) and polystyrenesulfonate
films on silicon is an efficient method for preparing new metal-containing supramol-
ecular thin films.669

Metal clusters in LBF deposited on the surface of highly oriented pyrolytic
graphite (HOPG) have been applied to solve many catalytic problems and to prepare
stable reproducible tunnel nanostructures. Rh4(CO)12 and (NEt4)2[Pt12(CO)24]

2
 clus-
ters sorbed onto HOPG from organic solvents were studied by scanning tunnel
microscopy.670 Under laser irradiation, these clusters underwent decarbonylation and
transformation to highly dispersed Pt 1.8 �0.5 nm crystallites bound to the graphite
surfaces.671 Procedures were developed for the deposition of isolated naked silver clus-
ters on the HOPG surface with a topography characterized by planar dimensions of
3–5 nm and a height of 2–3 nm. Futhermore, a technique for the assembly of their lig-
and shells from PPh3 was developed.672 The voltammetric characteristics were meas-
ured of individual clusters on freshly cleaved HOPG. These clusters were inserted into
monolayers of stearic acid, and their transfer to the HOPG surface also afforded cluster-
containing LBFs.673 In the resulting monolayer, cluster molecules form an ordered 2D
lattice. The problem of fixing of clusters on the surface was solved in this way and
reproducible one-electron tunneling was realized at room temperature. The regular
insertion of clusters (Pd3, Pt5, and Pd10) into LBFs and their voltammetric characteris-
tics have been analyzed.674 A multilayer LBF was transferred from a monolayer of
stearic acid at the surface of MgCl2 aqueous solutions to the HOPG surface in the dis-
rupted state; the surface per molecule is 0.15 nm2, π � 36 mN m�1.494

The examples above demonstrate that metal-containing LBFs, including those
based on nanosize particles and clusters, are of considerable interest for the prepa-
ration of organized hybrid nanocomposites.

XI. NANOMETER-SIZE PARTICLES, CLUSTERS, AND
POLYNUCLEAR STRUCTURES IMMOBILIZED 
IN BIOPOLYMERS AND THEIR ANALOGS

The interaction of metal ions and nanoparticles with biopolymers and cells
plays a highly significant role in the enzymatic catalysis, geobiotechnology, and
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biohydrometallurgy. Natural and genetically engineered microorganisms are of prac-
tical interest for the geomicrobiological transformation of heavy metals. Their vital
activity occurs under extreme conditions (high temperature and pressure, highly
acidic or basic media, strong salinity, the presence of metals at levels toxic for com-
mon microorganisms). This group of microorganisms is named metallophiles in
analogy with thermophiles, halophiles, acidophiles, etc.

The extent of selective metallophilicity of microorganisms is believed to be
determined by a number of factors, including (1) the selective direction of motion of
the colloidal particles relative to microorganisms, and (2) the nature and strength of
the chemical bonding of particles on the surface. Covalent bonds to the surface are
predominate.

The genetically predetermined specialization of microorganisms for the inter-
action with definite metals is a consequence of selective metallophilicity. A rigor-
ously determined system of cells from definite species and a metal (or a group of
related metals appear under natural conditions. Flocculation of cells by colloidal
metal particles leads to the formation of rather large (up to 50–60 nm) bioskeletal
aggregates undergoing sedimentation in aqueous media.675

The binding of metals is effected by bacteria, yeasts, fungi, numerous algae,
and some protozoa. This extends the potential for biochemical transformation and
transfer of metals under natural conditions.

The coagulation of metal sols is one manifestation of the colloidal–chemical
binding. The best studied is the easily prepared and stable gold sol. The heterocoag-
ulation of these sols produces biopolymer-immobilized nanoparticles. These parti-
cles are mixed aggregates of living microorganisms and nanoparticles. Many of
them possess specific properties determined by the processes occurring in the
diffusion layers of cells. Many properties are associated with the electrical hetero-
geneity of their surface.676 These processes induce sol particles to bind and simulta-
neously decrease their coagulation threshold due to the increased counterion
concentrations. These highly dispersed biogenic aggregates are widely distributed in
nature as economically important metal ores, etc. In fact, the very idea of immobi-
lization of metallocomplexes on polymers originated with natural systems.

A. The Formation of Metallobiopolymeric Systems

The peculiarities of the interaction of microorganisms with metal sols largely
depend on the nature of the metal. The best studied are the colloids of gold.675

Colloids of other noble metals, as well as those of iron, copper, and manganese have
been investigated to a lesser extent. Biosorption is the novel approach to the metal
recovery from the dilute solutions. Biosorption is often caused by polysaccharides.
Microorganisms and algae allow the extraction of up to 100% of lead, mercury, zinc,
nickel, cobalt, manganese, chromium, uranium, and some other elements from dilute
aqueous solutions.676 Up to 96–98% of gold and silver, up to 84% of platinum, and
93% of selenium can also be removed from dilute solutions.677 Bacterial polysac-
charides are also effective in the recovery of radioactive elements, copper, and cad-
mium from solution (Table 9).
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The bacterial concentration of metals is preceded by their adsorption on the
cell surface with subsequent assimilation. This can be accompanied by enlargement
of sol particles (flocculation) and the adsorption and deposition of a coarse metal–
bacterial mass (heterocoagulation). As with systems based on synthetic polymers,
the sol with particle size of ∼10 nm proves to be the most stable.

An distinctive feature of colloid–bacterial interactions is the diversity of
forces including mechanisms of electrostatic, molecular, and chemical origin. One
example are the coccal bacteria M. luteus (with the mean size of 2000 nm) isolated
from an auriferous placer. They form packages of 4–8 cells that effectively sorb
gold particles (up to 10 mg of Au per 1 g wet biomass). However, they do not
induce heterocoagulation. Instead, one cell binds, on the average, 104 colloidal
gold particles.

The attachment of colloidal particles of metals and their compounds to the
cell surface occurs mainly through metabolic products with such functional groups as
-S-, -COO�, PO(OH)O�, -NH3


. In contrast to positively charged proteins (trypsin,
papain, lysozyme, RNAse),678 the negatively charged proteins (human serum albu-
min, soybean trypsin inhibitor) do not cause flocculation of gold particles. The
flocculation of sol on lysozyme it occurs only in a narrow range of enzyme con-
centrations (1–10 µg mL�1), while higher concentrations stabilize the sol and
enhance the aggregational stability of the system.678 Consecutive stages of metal
colloid flocculation and stabilization occur with the increasing concentration of
certain synthetic polymers, such as polyethyleneimine and nonionogenic poly-
ethyleneoxide.

Some differences should be noted in the behavior of proteins and synthetic
polymers. First, proteins differ in their selectivity toward different dispersed phases
during flocculation. This selectivity is determined by electrostatic factors and by
specific binding by sulfhydryl and amino groups of amino acid residues.679 Second,
the biopolymer’s native structure is of prime importance for promoting sorption. For
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Table 9 Sorption of Metals by Microorganisms677

Metal Content (mg per 1 g 
Metal Sorbed Microorganisms dry cells mass)

U, Th denitrifying bacteria 140
Rhizopus arrhizus 180

U Pseudomonas aeruginosa � 560
Saccharomyces cerevisiae, 100–150
Pseudomonas aeruginosa
Biosorbent M (Penicillum 80–120 (purification of waters

chrysogenum) containing �0.05 mg L�1 of
elements)

Ag Bacterial community of Ps. �300
maltophila, Staphylococcus
aureus and unidentified forms
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example, partial destruction of the polysaccharide skeleton of bacterial cell walls by
lysozyme reduces considerably their ability to induce sorption.

The cells of monoculture tissues (Pseudomonas sp., Bacillus cereus, Bacillus
sp., Bacillus subtilis) grown under similar conditions differ significantly in their abil-
ity to accumulate metal particles on their surface. This accumulative ability was
observed to correlate with the flocculating capacity of preparations isolated from the
cells (Fig. 20).678
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Figure 20 The cell of associative tissue culture in the presence of colloidal gold particles 
(� 35,000).678

There is experimental evidence for the binding of metal particles on the surface
of cells by their carbohydrate or glycoprotein structures. A ∼50 kDa glycoprotein that
binds colloidal gold was isolated from different cells (including B. subtilis) by
butanol extraction. The specificity of binding of different compounds by this protein
decreases in the series679 Au � Pt � MnO2 � Al2O3. Liposomes are the closest
models of biomembranes, having no effect on the aggregative stability of gold.
However, liposomes modified by this glycoportein actively sorb particles of metals.
Apparently, the glycoprotein is bound with lipids in the bacterial cell wall. In fact, it
is the increased level of glycophospholipids and the extended branching of fatty acid
residues that determine the ability of M. luteus cells to survive under extreme con-
ditions of high Au concentrations.679

The recrystallization and enlargement of dispersed metal particles occurs on the
surface of living cells after adsorption and heterocoagulation. Thus biopolymer–
colloidal gold particles must redissolved to eventually form larger particles by recrys-
tallization.

The surface of bacteria may contain several independent metal-binding sites
(M). This process is described by the equilibrium

M 
L � ML
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The symbol L designates the binding site on the bacterial surface, while ML stands
for the bacterium–sol particle complex. The total number of binding sites (n), the
quantity of bound metal particles (v), and the association constant K � [ML]/[M][L]
may be calculated by the Scatchard equation:680

	
[L
v
]

	 � nK � vk

For example, the  M. luteus cells have two types of independent gold-binding
sites.675 One of these sites is hydrophilic, and binding results from electrostatic inter-
actions (K1 � 3.85 �109 L mol�1, ν1 � 4.7 �103). The second type of binding site
functions via an oxidative process of gold complex formation (K2 � 4.6 �108 L
mol�1, ν2 � 4.3 �103).

The processes of accumulating heavy metals by cells occupy a special place. The
most important cell components for this process are the low-molecular-weight
(5–10 kDa) metal-binding thioneins proteins. These proteins are rich in SH groups,
which accumulate both the metals essential for the cell (Cu, Mn, Fe, Co, Cr, Mo) and
unessential ones. These proteins consist of two separate subunits. Each subunit binds
metal ions into a polynuclear metal–thiol cluster surrounded by cysteine residues. For
example, Cd- and Zn-thioneins contain 7 metal atoms each, of which 4 are bound with
11 cysteine residues (M4Cys11) in a C-terminal A-cluster, while 3 metal atoms are
bound with 9 cysteine residues (M3CyS9) in the N-terminal B-cluster.680 At the same
time, Ag and Cu form M12 metallothioneins containing 6 metal atoms in each domain.

The biological function of thioneins is, most likely, the storage and detoxification
of heavy metals. Apparently, the accumulation of metals is associated with intense
reduction, localization, and adhesion on the outer membrane of metal particles
formed. During the adaptation period, the cells can acquire a plasmid imparting
resistance to the metal. This ability is realized through the increased rate of metal
ions reduction. Thus natural selection may result in the formation of metal-tolerant
microbial strains.681

Two aspects of nanoparticles immobilization on biopolymers should be men-
tioned.682 First, most of the heavy metals bind simultaneously to several protein
macroligands with a specific spatial environment and conformation. Triple com-
plexes may also form composed of protein/metal/nucleic acid (metal � Au, Pt, Pd).
Perhaps the presence of these structures provides the anticarcinogenic effect
achieved on introduction of these metals into organisms. Second, heavy metals, such
as Au(I), react with native Zn-, Cd-, and Co-thioneins by replacing selectively Zn
and even Cd when added in excess. This process is characterized by only minimal
changes in the protein conformation.

Metalloclusters play an important role in bacterial mineralization,683–686 and
their investigation is the subject of a new branch of science called bioinorganic solid-
state chemistry. This field studies the formation and structure of nanoscale materials
in biological environments. A characteristic example is the formation of nanoparticles
on the base of ferritin (Fig. 21).686 A nanoparticle of Fe3S4 is deposited in the inner 
part of the protein shell through chemical transformations under mild conditions.
The process is simplified when a metal-free apoferritin is used for this purpose. For
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example, the biopolymer-immobilized Mn3
 oxides particles (8 nm) are obtained upon
oxidation Mn2
 to Mn3
. This route is also effective for preparing nanoscale biomate-
rials based on Ag2O and especially calcium phosphates structures (Ca10(PO4)6(OH)2,
Ca8H2(PO4)6, etc.) which are important components of osseous tissues.

Special attention should be given to the intraferritin generation of in situ
Fe3O4 deposits with definite crystallochemical characteristics.687 This leads to the
formation of ferromagnetic proteins, which are used to prepare magnetic images for
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Figure 21 Synthesis of nanophase materials based on ferritin:686 (a) Fe3S4; (b) Mn2O3;
(c) Fe3O4.
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clinical purposes. This is clearly seen in electron micrographs of bacterial mag-
netite.688 This intracellular product is composed of Fe3O4 crystals arranged in a chain
parallel to the longitudinal axis of Coccus and Spirillum bacteria (Fig. 22). These
magnetically ordered (magneto-tactical) bacteria orient themselves (move) even in
weak (0.25–0.5 G) magnetic terrestrial fields by performing navigational functions
within the living organisms.
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Figure 22 Electron micrographs of (a) Coccus bacteria with a chain of nine intracellular
crystals and (b) Spirillum cells with a chain of cubic octaedral crystals. The cell length is
3 µm, the size of each crystal is ∼50 � 50 nm.686

The complexity and precision of such bioinorganic reactions require the strict
ordering and control of particle size and morphology, tasks that are difficult to
achieve under laboratory conditions.

Heterometallic clusters of ferredoxin with the composition [MFe3S4], where
M � Zn, Co, Mn, are known.683 They are present, in particular, in the Pyrococcus
furiosus cells.684 Bacterial methods may be effective in the preparation of finely dis-
persed precursors of superconducting high-temperature ceramics and other materi-
als.683,684

Metalloprotein preparations are often used in medicine to regulate enzyme
activity and to devise new drugs with narrow targeted action. Colloidal compounds
of calcium and magnesium with plant proteins are employed for the regulation of
gastric juice acidity.689–697 A finely dispersed Fe3O4 complex with serum albumin is
administered intravenously as an x-ray contrast agent. Colloidal gold and its bio-
preparations have been used since ancient times as medicines and many of them are
known to be effective antiarthritis drugs. Colloidal gold is widely used in immuno-
chemical studies as an electron-dense cytochemical marker in electron microscopy.
The hydrophobic character of metal particles and the existence of electrostatic
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charge on their surface have allowed the development of specific markers with
numerous macromolecules. These include antibodies, lectins, enzymes, proteins,
glycoproteins, and polysaccharides.

Special attention should be given to the microbial geotechnology (i.e., to the
extraction of metals from their ores, concentrates, embedding rocks, and solutions
by means of microorganisms and their metabolites).677 The bacterial leaching of cop-
per and uranium has long been used on the industrial scale.677,678 This process
includes fragmentation of ores and preparation of pulp, bacterial leaching of the tar-
get metal, filtration, neutralization of solid residues, and cyanation.

B. Polynuclear Metalloenzymes as Components 
of Nanobiocomposites

Metal-containing protein systems important for biocatalysis and metabolism
may be divided into four main groups:698 enzymes (containing Mn, Fe, Co, Cu, Mo),
redox proteins, transport proteins, and storage proteins. The last two groups regulate
the concentration of metal(s) at specific sites in the organisms. Kidney proteins,
which bind and withdraw heavy metals from living organisms, are also sometimes
classified in these groups. The biological functions of these proteins and the types of
interactions within them have been reviewed.

A typical representative storage protein is ferritin. This iron-storing protein con-
tains 24 identical subunits with an inorganic core composed of 4500 iron atoms in the
form of a basic hydrophosphate (FeOOH)8(FeO—OPO3H2). This core has a diameter
of 7.3 nm, and its structure is similar to that of synthetic polymers considered above.699

The distinctive feature of this large group of redox biocatalysts is the presence
of several interacting transition metal atoms in one protein molecule. Today, over 100
enzymes are known that include several atoms of iron, copper, molybdenum, or man-
ganese. In many of proteins the arrangement of atoms into polynuclear ensembles
has been established. Such ensembles are especially common in metalloproteins
containing non-hem iron complexes linked by oxy-, hydroxy-, and alkoxy-bridges.
Binuclear iron complexes (with the Fe2O(OCOR)2 core) were found in hemerythrin,
ribonucleotide reductase, and acid phosphatase.700 Polynuclear Fe2
Fe3
 complexes
are thought or known to exist in numerous enzymes. Examples include the Fe2S2

groups in ferredoxin and the high-nuclearity oxocenters of iron in the metal struc-
tures within such iron-storage proteins as ferritin and hemosiderin, and in the struc-
tures of magnetotactic microorganisms mentioned above.

During biological nitrogen fixation, the active enzyme form is produced by
the action of both iron- and iron-molybdenum-containing proteins (including
32–34 Fe and 2 Mo atoms), with natural electron donors (ferredoxins, flavodoxins)
in the presence of ATP. The molybdenum nitrogenase cofactor may have the struc-
ture MoFe6(SR)6L3; the MoFe- and VFe-proteins (nitrogenases) were isolated from
Azotobacter vinelandii and A. Chroocaccum.701

Enzymic photosystems that are employed for the liberation of oxygen from
water contain polynuclear complexes with a cubane-like manganese core Mn4O2,

702

which is immobilized on the protein complex by carboxyl groups. The bimetallic
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Cu2
 -Zn2
-containing superoxide dismutases, Cu2Co2-superoxide dismutases, and
some others deserve mention. The advantages of these structures with shared nuclear
frameworks have been analyzed in detail.701 Biopolymers, which include Rh6,

703

Ru3,
704 and Fe4

705 clusters, have been described.
Many studies of synthetic oligopeptide models of such metal complexes may

provide additional information on the mechanisms of action and routes of electron
transport in native proteins.

C. Preparation of Template Synthetic Nanobiocomposites 
by the Sol-Gel Method

The sol-gel method provides considerable possibilities for the preparation of a
series of nanohybrid materials in which biologically active macromolecules can be
encapsulated at the stage where ceramic, glass and other inorganic composite for-
mation occur.706,707 The biological components can be enzymes; catalytic antibodies;
noncatalytic proteins; polynucleic acids; and microbial, plant, and animal cells.708–711

These can be used in biocatalysis, for immunodiagnostics, as biooptical agents, var-
ious adsorbents, etc.706,712–718

Active enzymes were encapsulated into a sol-gel matrix for the first time in
1990.719 About 60 different types of hybrid bioceramic materials with inorganic matri-
ces made from silicon, titanium, and zirconium oxides; TiO2-cellulose composites; etc.
were described.720 Recently, bioceramic sensors, solid electrolytes, electrochemical
biosensors, etc. have been surveyed in a review.721 The moderate temperatures and
mild hydrolytic and polymerization conditions in sol-gel reactions of alkoxides make
it possible to trap proteins during matrix formation. This prevent proteins denaturation.
The high stability of the trapped biomolecules, the inertness, the large specific surface,
the porosity, and the optical transparency of the matrix facilitate use of sol-gel immo-
bilization. The principal approaches are considered below.

Proteins, such as copper-zinc superoxide dismutase, cytochrome, myoglobin,
hemoglobin, and bacteriorhodopsin, were encapsulated into porous silica gel matri-
ces prepared by the sol-gel method. The matrix effectively retains these biomolecules
without loss in their enzymatic activity, and it changes their spectral properties.722

The matrix does not preclude the approach of small molecules to the reaction center
and does not hinder transport of the reaction products. Heterogenizing glucose oxi-
dase and peroxidase, for use in solid-phase glucososensors, was carried out using the
same sol-gel procedure. The spectral characteristics of a gel containing oxalate oxi-
dase and peroxidase changed upon storage in aqueous solutions of oxalic acid.

Antibodies bound by sol-gel encapsulation are used in medicine, immunochro-
matography, immunosensors, etc. Immunoglobulins that are trapped retain their abil-
ity to bind external antigens from solutions.723 Antibodie 14D9 catalyze hydrolysis
of cyclic acetals, ketals, epoxides, etc. when incorporated in sol-gel matrices.724 The
ability of a sol-gel matrix containing 10% PEG and antiatrazine antibodies to bind
atrazine was studied.725 This matrix recognizes and binds atrazine and widely dis-
tributed herbicides. In this case, neither leaching of antibodies nor nonspecific phys-
ical sorption of atrazine on the ceramic matrix occurs. The activity did not decrease
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for at least 2 months. In contrast, the activity in solutions decreased by 40% in this
period. In addition, the use of the sol-gel method excludes the need to purify
immunoglobulin. It should be emphasized that these materials have other advan-
tages, such as the enhanced thermal and pH stability, ease of monitoring enzymatic
reactions both in pores and in the body of the matrix by spectral methods, the con-
venience of storage, the ability for reuse, etc.723

Enzymes, which act as bioreactors, were immobilized according to such sol-
gel procedures (Sections VI and VII). Certain chemically active terminal groups of
enzymes and ceramic dopants such as Sn-Cl, were used (scheme 34).726
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Scheme 34 R is an enzyme.

For example, alcohol dehydrogenase has been immobilized into nanotubes of
TiO2, which were prepared by sol-gel template synthesis. This enzyme retained its
ability to oxidize ethanol for more than 4 days (NAD
 cofactor, phosphate buffer,
pH 8).727 Since these TiO2 nanotubes were open at both ends, this configuration
allowed their use as a flow reactor. Examples of bound enzymes acting as bioreactor
are large in number. They also involve covalent binding of antibodies to functional-
ize sol-gel films.723

Procedures for modifying the surfaces of metal oxides,728,729 silicates, siloxanes,
and hybrid sol-gel polymers with polyols such as glycerol and their ethers are of con-
siderable interest. Polyol modification is followed by binding trypsin, cytochrome c,
superoxide dismutase, glucose oxidase, phospholipase D, etc. Bioencapsulants exhibit
activities that are almost identical to that of nonimmobilized enzymes. In addition,
the former possess the high stability and exhibit the substantially better properties
than materials prepared by the standard sol-gel method. Vinyl groups are grafted to
the surface of SiO2 particles by treating aminosilica gel with acryloyl chloride. The
copolymerization of the surface-treated silica with acrylamide and acrylic acid or
N,N-dimethylaminopropylacrylamide and a crosslinking agent has been carried out
in the presence of glucose oxidase.730 After removal of the glucose oxidase protein
from these nanocomposites, a molecular imprint (template) remains. This template
recognizes glucose oxidases in protein mixtures.731 This molecular imprinting (tem-
plate) approach is based on the formation of porous silicate films about a specific
reagent using sol-gel polymerization. The reagent is then removed. Template films
thus prepared have a higher affinity for 3-hydroxytyramine than for structurally
related molecules, including serotonin, dihydroxynaphthalene, etc. These films do
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not possess an affinity for negatively charged or large molecules, including the Tyr-
Gly-Gly peptide. Apparently, the film porosity well as steric, hydrophobic and elec-
trostatic interactions play an important role in controlled penetration of different
molecules through this film.

The formation of an organized material by the sol-gel method can be per-
formed by three procedures.732,733 The first is formation of self-assembling organic
templates (transcription syntheses). The second is cooperative assembly of ensem-
bles from the template molecule and sol-gel building blocks (synergistic syntheses).
The third procedure is morphosynthesis in which organized nonlinear chemical envi-
ronments (reaction fields) are used for the construction of models.734 A combination
of these methods (integrated synthesis) is also possible. This strategy (reaction
ensemble → replication → metamorphism) resembles the general scheme of miner-
alization. The template-directed syntheses of ordered mesoforms, organoclays, and
microframework structures, including those using bacterial templates, exemplify this
strategy. In particular, the coat of the one-celled algae Emiliania huxleyi consists of
radially arranged hammer-shaped single crystals of calcite, which are crystallo-
graphically oriented and have a specific species form. The crystallographic orienta-
tion is retained in fossil casts, which indicates the control over nucleation on the
molecular level (Fig. 23).735
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Figure 23 Electron micrograph of a Coccus-like coat on the one-celled algae Emiliania
huxleyi.735

This fact is most pronounced in the reproduction of hierarchic macrostructured
organized silica gels. Multicellular fibers from Bacillus subtilis (Fig. 24) can serve
as an example of scaled organic 3D templates. Nanosize magnetic (Fe3O4), semi-
conducting (CdS) or TiO2 particles were prepared first and then incorporated into
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Figure 24 (a) Formation of an organized macroporous SiO2 structure aided by the use of
bacterial templates, (bacterial filaments) with the structure of multicellular fibers. 
(b) Mineralization of interfibre spaces of filaments. (c) Formation of a macroporous 
replica upon drying.736

SiO2 sol

H2O

600°C

(a) (b) (c)

macroscopic filaments upon swelling in colloids.736 Dried fibers (500 nm diameter)
were coated with a thin (30–70 nm) layer of aggregated colloidal particles.
Negatively charged magnetic colloids exhibit the good permeability and reproduce
the bacterial superstructure. Neutral CdS particles partially penetrate into the
filament, but their major portion remains on the surface of the filament. Positively
charged TiO2 sols form only a surface coating. Removal of a bacteria from a mag-
netic composite upon heating led to structural collapse.

In summary, nanohybrid materials are widespread in nature and are of con-
siderable importance both in nonliving and in living systems.706,712 Binding and
decomposition of different organic compounds lead to nanocomposites. Nature’s
cycling of compounds and energy and the formation of many useful minerals occur
with the participation of nanohybrid materials. The design of molecularly organized
self-assembled systems, including nanobiomaterials, offer outstanding possibilities.
The protein environment is favorable to the preparation of complicated but organ-
ized products. For example, perovskites (BaTiO3, SrTiO3 or NaNbO3) whose syn-
thetic analogs were considered in Section VII can be involved in processes of
bioaggregation.737 It is believed738,739 that finely monodispersed precursors of high-
Tc superconducting ceramics could be formed based on bacterial objects.

XII. APPLICATION OF POLYMER-IMMOBILIZED
METAL NANOPARTICLE AND METAL 
CLUSTER NANOCOMPOSITES

As noted above, metallopolymer nanocomposites have found diverse and some-
times unexpected applications in the fields of chemistry, physics, and biology. This
largely stimulated further studies of their structure, function, and formation.

Attention was focused on the properties and practical application of nanocom-
posites when considering synthetic problems. Undoubtedly, these synthetic problems
merit detailed consideration. In this review, only the major problems are briefly ana-
lyzed.
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The interaction of nanoparticles or clusters with traditional polymers improves
the physicomechanical properties and performance of composites. Properties improve
because particles form ionic and coordination crosslinks, restricting the mobility of
polymer chains or their segments. Other cohesional and adhesional interactions also
further restrict mobility.

The incorporation of metal nanoparticles into a polymer (polymeric shell) may
lead to changes in the properties of the polymer matrix itself. The properties of the
immobilized nanoparticles or clusters also may be modified, in particular, by their
passivation. An in-depth analysis of these changes goes beyond the scope of this
review. Therefore, we shall dwell here only on the most essential properties.

Hybrid nanocomposites are primarily used for the preparation of plastic mate-
rials possessing semiconducting and superconducting properties. This includes
nanowires on polymeric matrices, films with special properties, and special-purpose
ceramics, including membranes, luminophors, antireflection and reflecting coatings
on optical units, carriers and catalysts, reinforcing agents for plastics and rubbers,
binders, and adsorbents for pharmaceutical and cosmetic industries.

A. Modification of Polymer Matrices by Nanoparticles

Virtually all of the methods used to prepare polymer-immobilized metal
nanoparticles are associated with the metal–matrix interactions, especially at the inter-
face. The incorporation of species as small as nanoparticle substantially perturbs the
polymer structure.740 The extent of these structural changes depends on the concen-
tration of nanoparticles, which serve as knots of the emerging structural network. An
Fe 
 FeO mixture is formed from the decomposition of iron oxalate in HPPE. The
presence of as little as 1% of this highly dispersed mixture alters the sizes of poly-
mer lamella and spherulite, increases the molecular anchoring density in the
fluctuational network, and increases the proportion of oriented polymeric chains.3

This results in a considerable increase in the impact elasticity of the material, its ten-
sile strength, and its resistance to cracking. The overall structuring processes in the
polymer phase occur in different ways in the presence of nanoparticles. The interac-
tion of nanoparticles with each other (especially at high concentrations) leads to the
formation of coagulated structures. At low nanoparticle levels, the formation of
coagulational structures is impossible. The polymer matrix itself undergoes struc-
tural changes. These processes are accompanied by changes in the temperatures of
vitrification, fluidity, thermal destruction, and in the thermomechanical parameters
(as a rule, they increase). This is caused, as noted above, by the restricted mobility
of macromolecules due to their interaction with the nanoparticle surfaces and also
with the formation of secondary structures.

The Claspols (Section V.3) are obtained by the thermal decomposition of metal
salts and carbonyls in polymers melts (PE, PTFE, etc.). Particles appear in Claspols
that reduce the mobility of molecular chains, thereby increasing the thermal resist-
ance of polymeric compositions.130 As noted above, the decomposition of a fine pal-
ladium hydroxide dispersion in PVC leads to the formation of network structures.
These networks contain the highly dispersed metal in their PVC encapsulated knots,
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thereby raising the temperature required for complete dehydrochlorination of the
polymer. Nanoparticles produced by the thermal degradation of copper oxalate134

increase the size of the polyamide crystallites, the interaction energy between 
the structural elements, and the strength; but they reduce the overall degree of the
polymer crystallinity. The water of crystallization released during the decomposi-
tion of cadmium oxalate trihydrate1 accelerates the crystallization of structural ele-
ments, decreases the cohesion energy, and leads to a looser polymer matrix. The
π-complexes of iron tricarbonyl within polystyrene-butadiene block copolymers
influence the segmental mobility of the polybutadiene microphase in the softening
temperature range.128 Even when present at levels below 2 wt% Fe, these tricarbonyl
iron groups manifest an ordering effect, which increases the macromolecule rigidity.
At higher metal concentrations, this effect is enhanced owing to the development of
a physical network. The dispersed metals/metal oxides formed in situ appear to be
promising modifiers of the polymer fluidity. Of special interest is the method by
which nanoparticles can inhibit the thermo-oxidative destruction of temperature-
resistant polymers.3 This inhibition takes place due to the binding of oxygen by
highly effective metal nanoparticle oxygen acceptors, which are formed directly in
the polymer matrix.

There are numerous examples where the adhesive properties have been
improved in polymer-nanoparticle systems. Tribological coatings (of Ni-PTFE type)
are characterized by the homocoagulational interaction between the polymer and
nanoparticles that occurs at the moment of their isolation on the electrode.165

SiO2, TiO2, CdS, CaCO3, and BaSO4 nanoparticles, including those formed by
the sol-gel method, are used as specific fillers because they improve material prop-
erties at a substantially lower concentration in a matrix than those prepared with the
use of standard fillers. Thus when fillers are mechanically dispersed into composites
using mixing equipment (the size particles is ∼1 µm or larger) it is necessary that up
to 40–50 wt% of the filler should be used in polyisopropylene to attain the required
reinforcing effect. In sharp contrast, the same effect is achieved by dispersing only 0.6
to �0.8 wt% of a filler in situ.741 Highly filled (up to 75 wt%) composite materials
made from nanosize particles of the high-Tc superconductor Tl2Ba2Ca2Cu3Oy-
(Tc � 125K) in polychlorotrifluoroethylene possess improved physical, mechanical,
and thermal properties and stability to atmospheric moisture.743 These materials can be
used for the design of cryoelectronic instruments, levitation equipment, and magnetic
screens.

Recently, attempts to describe the viscoelastic properties of a composite have
been made which account for the specific interactions between segments of the
macromolecules and the active centers of the nanoparticles.742 The Kerner equation
relates the elastic modulus of a composite upon simple extension to the portion ϕ of
the inorganic phase present. This treatment was modified when applied to systems
with strong nanoparticles–polymer interactions. The equilibrium mechanical prop-
erties of a complex of colloidal particles and macromolecules were described based
on scaling theory.742 Some segments of the polymer chain are adsorbed at active cen-
ters on the particle surfaces. These constitute polynodes of the nanocomposite net-
work.742 Under deformation and temperature changes, some segments leave the
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surface and the fragment of the macromolecular chainlinking the surfaces of two
particles is increased by the same number of the segments. Two nontrivial conclu-
sions can then be made: (1) The elastic properties of the composite are not only
determined by the filled volume fraction but are also inversely proportional to the
linear size of the particles; (2) the shift modulus of the nanocomposite, unlike the
shift modulus of nonfilled polymeric networks, does not approach zero as the tem-
perature is extrapolated to zero. These conclusions agree well with the relaxation
mechanical properties of the composite as well as with the dependence of its vis-
cosity on the molecular and structural parameters. These parameters include the
energy of interaction between the macromolecular segments and the active centers
on the nanoparticle, the number of macromolecular segments, their size, the ϕ value,
the particle size (the diameter is �30 nm), and the temperature.

B. Electrical and Magnetic Properties

Atomic and electronic processes that occur at the polymer–nanoparticle inter-
face largely determine the unique properties of nanocomposite. These materials
become electrical conductors only at definite component ratios when conducting
chain-type coagulated structures are formed instead of matrix systems. In other
words, the fractal clusters formed upon cohesion of nanoparticles serve as current-
conducting channels. The highest conductivity is attained when the metallopoly-
meric material is permeated by interconnected chains of conducting particles that are
in contact. This forms an electrical percolation network that exceeds the percolation
threshold. As a rule, this is achieved at a nanoparticles content of ∼50 vol%.

These materials find extensive uses in microelectronics for the production of cir-
cuit boards, flexible cables, in the production of highly dispersed conducting coatings,
and in both film and membrane technology.423 They are also applied as precursors in
the preparation of superconducting ceramics.743 Materials with a superconductivity
transition temperature of 90K were obtained on the from polycondensed Y-, Ba-, and
Cu-based chelates.741 This transition temperature is still higher (110K) in the poly-
meric composites containing bismuth ceramics.743 Nearly all of the methods
described in Section V are used to prepare ultradispersed metal polymers in poly-
meric matrices, including the vacuum metallization of polymers. The magnetization
curve, magnetic permeability, coercive force, magnetic hysteresis loop, and magne-
tostriction of these magnetic materials, ferroplastics, or ferroelastics depend on their
prehistory, the nature of the polymer and the nanoparticles, and the concentration
and structural state of particles. Their properties can vary over wide ranges. For
instance, the magnetic behavior of the Ni-HPPE and Co–HPPE systems depends on
the cryosynthesis conditions.109 The irreversible interaction of Ni clusters with the
matrix takes place in the Ni–HPPE system above 370K. In the Co–HPPE system, the
form of the thermomagnetic curve is completely changed at 470K due to the enlarge-
ment of Co particles.

The peculiarities of the magnetic behavior have been studied for systems
obtained by the reduction of metal salts in the medium of a swollen polyacrylic acid
interpolymeric complex with an urea-formaldehyde oligomer.160 Similar studies have
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been made on materials formed by the thermolysis of iron arenecyclopentadienyl
cationic complexes and arylenecarborane oligomers.102 Similar studies were carried
out on composites obtained by the thermal and oxidative decomposition of Co and Fe
carbonyls in PVF matrices and on those prepared by the hydrogen reduction of
organocobalt percursors and Ni carbonyl in epoxy resin films using different
solidification conditions.744 The conductivity and the percolation parameters of the
latter system depend on the internal stresses arising during solidification. Magnetic
particles are often introduced in such gels as silicone,745 polyacrylamide,746 latex
spheres,747 and others. Conducting Ag-containing films are produced by the reduction
of AgNO3 in PVAl.143 Ferroplastics, which are sometimes formed in magnetic fields
(for example, neodymium ferrites, in 3–30-G fields), have been subjected to mechan-
ical (pressing, processing on Bridgeman anvils), thermal,748,749 and other impacts. In
recent years, these studies have been developed extensively.750–754

Of interest is the preparation of thin (3–7 nm) magnetic coatings, obtained
by electrochemical deposition, on the surface of self-assembling thin films of the
LB type. Such coatings as α-Fe, magnetite Fe3O4, and admixtures of Fe2O3, may
be formed on organosilanes.755 Polymer-immobilized particles are formed in statu
nascendi in magnetic fields. These materials seem to be rather promising as drug
carriers, for magnetic recording of information, for magnetic separation, as mate-
rials possessing the magnetic-optical properties, and as magnetic fluids.756 The mag-
netic fluids are colloidal solutions with strong magnetic properties. Polymers such as
oligoorganosiloxanes serve as carriers operating under extreme conditions (wide tem-
perature range, vacuum, aggressive and biologically active media).

Let us briefly consider the conducting properties of hybrid nanocomposites.
Conducting properties are manifested only with particular inorganic component to
polymer ratios in which current-conducting channels of fractal metal-containing
clusters are formed in a polymeric matrix for one reason or other. The highest con-
ductivity is achieved when the composite is converted into a network of interrelated
current-conducting chains. This is where a percolation structure is achieved.757 To
put it differently, critical concentrations of the filler ϕcr (the percolation threshold)
exist above which (ϕ � ϕcr) the conductivity sharply increases.

With a knowledge of the percolation threshold, the minimum necessary filling
to give conducting composites can be predicted. For example, ϕcr for epoxysilicon
resin filled with spherical particles of dispersed nickel is 0.25, and the critical param-
eter (Xcr), determined by the number of bonds at conducting nodes in the lattice of
the solid, is 0.30.758

The conductivity of metallopolymeric nanocomposites is substantially affected
by the dispersity of an inorganic component. Different nanocomposites are character-
ized by different relationships between the conductivity and the metal content. The
percolation threshold of composites containing layered polypyromellitimide films
filled by inserted silver particles is attained at a filler content �9 wt%. When nano-
size silver particles (10–15 nm), were prepared by thermolysis of a solution of silver
acetate in poly(pyromellitamide acid), they became uniformly distributed over a film.
This composite does not exibit conducting properties at the same filler content. The
dielectric characteristics of films (σ � l0�15 � 10�12 S m�1) are retained at a high
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filler level, which is associated with the presence of a substantial fraction of dielectric
polymeric interlayers between conducting filler particles.

It is possible to enhance the conductivity of polymeric composites by the for-
mation of a core-shell fillers, where the core could be either conductor or dielectric
and the shell is a conductor. This is of practical interest in the technology of the pro-
duction of glues and varnishes. For example, the conductivity of dielectric SnO2 par-
ticles coated with a silver layer (8 vol%) is substantially increased to σ � 1 � 10�3 S
m�1), versus only σ � 2 � 10�7 S m�l for a mechanical mixture of SnO2 and
16 vol% of Ag powders.759 The silver layer was prepared by thermally treating an
Ag(I)-containing polymer.

Multicomponent metal-containing hybrid nanocomposites find use in the pro-
duction of electrode materials for galvanic cells.760 High-Tc superconducting ceram-
ics, for example, have attracted attention. Materials prepared by the sol-gel method
are used as piezoelectric ceramic fillers in acoustic converters as well as in the med-
ical diagnostics. Thus coatings with dense homogeneous microstructures, possessing
the enhanced mechanical strength and improved piezoelectric characteristics, were
formed by sheet rolling (413K, 20–30 MPa) polymer–ceramic mixtures of poly-
vinylidene fluoride with up to 65 vol% PbTiO3.

761

The electrochemical preparation of thin (3–7 nm) magnetic coatings has con-
siderable promise. In particular, organosilanes are coated with a film containing 
α-Fe (70 at% of Fe), magnetite Fe3O4 and an admixture of Fe2O3. Sometimes mag-
netically active particles are introduced into gels, such as silicon,762 polyacry-
lamide,763 and poly(ethylene oxide) gels.764–765

Ferroplastics are often formed in magnetic fields to improve the electrophysi-
cal and magnetic characteristics of nanocomposites. In this case, magnetic orienta-
tion occurs. Thus, neodymium ferrite is prepared in of 3 � l0�4–3 � 10�3 T intensity
magnetic fields, and then it is subjected to the pressing,763 treatment between
Bridgman’s anvils765 or a combination of these procedures.766 Magnetically filled
matrices are produced with oriented chain structures, which are used for the pro-
duction of varnishes and films and are of considerable interest in data-recording sys-
tems. The formation of coatings under hardening conditions in a variable magnetic
field prevents precipitation of nanoparticles. Instead, nanoparticles are either con-
centrated closer to the film surface or uniformly distributed throughout the body of
the film. Organometallic ferromagnetics based on polymetalloorganosiloxanes pos-
sess peculiar magnetic properties.766,767

C. Polymer-Immobilized Nanoparticles as Optical 
Materials and Semiconductors

The composite materials in polymeric optical media and nanoparticles possess
a unique set of the optical (visible light range) and semiconductor properties. The
ease of mechanical processing and the film-forming properties of these materials
permit their use for the preparation of dispersive optical elements, band light filters,
etc. To this end, the condensation products of Au with a large excess of a diphenylbu-
tadiyne, or its polymer, are most often used.100 The metallopolymers produced
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contain 7–16% of metal with a mean particle size of ∼2 nm. The composite material
is characterized by a 200-fold increase its third-order optical coefficient. Thin films
of Au- and Ag-fluorocarbon plasma polymer possess good optical properties.116,119

Homogeneous composite materials with high absorption and refraction indices
suitable for the production of optical elements have been prepared: polymeric
glasses made from transition metal sulfoselenides, Ag and Cu halide photochromic
glasses, and holographic emulsions of Ag halide nanoparticles in gelatin. As a rule,
the semiconductor components concentration in a polymeric binder (4-VPy, PVA1,
etc.) does not exceed 0.1%.

The methods of the assembly of semiconductor components directly within
polymeric matrices have found extensive applications. For example, nanocrystals of
CdS and ZnS are obtained by reacting their salts and H2S in polymeric solutions. The
cadmium sulfide (∼50 nm particles) content in these materials may be as high as
50%.768 The optical characteristics of gelatin films depend on the PbCrO4 particle
size.769 Effective control of the PbCrO4 particle size may be realize by varying the
copolymer composition and thereby the size of ionomer domains (Fig. 8).770,771 Thus
the mean size of CdS particles in toluene solutions of the block copolymer of styrene
with acrylic acid increases from 1.8–2.3 nm to 3–5 nm as the number of acrylic units
in the ionic block increases from 4 to 32. Materials of this type have promise in the
systems for solar-energy accumulation and transformation.772,773

Hybrid polymer–inorganic nanocomposites can exhibit a unique combination
of the optical and semiconducting properties associated with the sensitivity of plas-
mon vibrations (the frequency, the intensity, the shape, and the width of the band) to
the nature of the matrix to the morphology of the nanocomposite and also to the par-
ticle size. The interactions between the electronic and atomic subsystems changes
substantially as the linear sizes of semiconductor particles decrease to values com-
parable with the electron wavelengths. This is manifested in the quantum dimen-
sional effects. These effects include nonlinear optical effects, doubling of the frequency
of the incident radiation (generation of the second harmonic) and the blue shift of
the exciton absorption band. The ability of these nanocomposites to form films and
the ease of their treatment make it possible to use them for the preparation of dis-
persing optical elements, band-pass light filters and other high-quality thin-film coat-
ings (only ∼5–20 nm thick). These thin-films are used in optoelectronics. Integrated
circuits are produced using planar technology, which combines nanolithography 
and the etching. New techniques are aimed at decreasing the features sizes of opto-
electronic integrated circuits to �100 nm. These techniques include electron-ray, 
ion-beam, and x-ray lithography as well as new procedures for dry etching (plasma-
chemical, reactive ionic, etc.).

Almost all materials of this kind are characterized by nonlinear optical prop-
erties manifested in a substantial strengthening of the lightwave’s local field. The lat-
ter is characterized quantitatively by its third-order susceptibility, the nonlinear
refractive indices, and the nonlinear absorption coefficient. These effects are widely
used in spectroscopic practice (local nonperturbing diagnostics methods, electron-
optical image converters, etc.). This is particularly true of sol-gel glasses based on
CdS and nanohybrid composites based on polymers and SiO2 (or V2O5), LBFs,
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etc.774 When the sizes of semiconducting nanosize particles are much smaller than
the wavelength of the exciting field (�� λ/20), the nonlinear optical properties man-
ifest themselves. Thus quantum points appear in nanocomposites (quantum-point
polymers).775–777 A definite relationship exists between the wavelength of the excit-
ing radiation and the sizes of nanoparticles. Nanocomposites of this type can be used
as the active layers of light-emitting diodes.778,779

Procedures to insert of transition metal ions into polymers in the stage of the
sol-gel synthesis or intercalation have been mentioned in previous sections. These
materials find use in the preparation of colored light guides, displaying a broad spec-
trum of applications, from storage elements to highly sensitive detectors.

D. Catalysis Using Polymer-Immobilized 
Nanoparticles and Clusters

The Group VIII metal colloids were among the first known hydrogenation cat-
alysts for organic compounds. In the 1940s, PVAl, PVA, and PMMA were used to
protect these colloids.780,781 Later, silk fibroin, nylon, PETF, etc. were used to this end.

Catalysts of this type are of prime theoretical interest since they allow model-
ing of the size effects on the catalytic activity. They may be used to exemplify basic
theories of the catalysis: multiple theory, theory of active ensembles, and theory of
skeletal catalysis. Many attempts were made to assess the influence of catalyst par-
ticle size on activity. For example, the size of nickel particles was varied from that
of an individual atom to that of the bulk metal.782 Quantitative estimates were made
of the effect of the Nin/SiO2 and NinCum/SiO2 particle size on the course of hydro-
genation.783 Similar studies were performed of the behavior of deposited polynuclear
complexes in the hydrogenation and isomerization of alkenes.784,785

The application of polymer-immobilized cluster and nanoscale particles pro-
vides a chance to understand the relationship between homogeneous, heterogeneous,
and enzymic catalysis.786 Some features of these particles resemble homogenous cat-
alysts: They are obtained from ordinary, soluble metal compounds by an increase in
nuclearity; the polymer often functions as a macroligand influencing the stereo-
chemical environment; and they can function under temperatures below 100�C. At
the same time, major properties of heterogeneous systems also are present: reactions
occur at the interface, the activation of the substrate results from adsorption on the
surface, and the catalyst is easily separated from the reaction products and may be
regenerated. The peculiarities of enzymic catalysis, such as substrate enrichment,
structural correspondence, favorable orientation of reacting molecules, and addi-
tional activation of the substrate by the multicenter catalytic system are also easily
simulated using polymer-immobilized clusters and nanoparticles. For example,
introduction of neodymium ions into ultradispersed Pd particles, immobilized in
water-soluble polymers, exerts a promoting effect in acrylic acid hydrogenation.787,788

This effect results from an increase in substrate concentration due to additional coor-
dination interactions with neodymium ions.

Cryochemical combination of Ag, Pd, or Pt with liquid oligoesters, polyesters,
and polydienes allows the of polymer to be reached. This critical loading is reached
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when the concentrations of metals exceed the coordination possibilities of polymers.
Subsequent deposition of such polymer-immobilized nanoparticles on carbon pow-
der may lead to the formation of Agn

0/C, Pdn
0/C, and Ptn

0/C systems. These are
traditional catalysts for numerous processes. Nanoparticles of Pt incorporated in
glass–carbon matrices belong to this type of catalyst.

Polymer-immobilized nanoparticles can manifest high activity and selectiv-
ity as exemplified by ionic-coordination polymerization, hydrogenation, and
oxidative transformations.786 The catalytic activity depends on the nature of the
polymer and the size of nanoparticles. After the removal of heavy Pt particles by
centrifugation (20,000 rpm), the transparent supernatant containing about 20% of
the initial Pt in a finely dispersed form manifests much higher activity during cat-
alytic liberation of hydrogen from water.37 The size of the remaining Pt particles
is critical for their catalytic activity to be manifested irrespective of the nature of
the protecting colloid.

The regioselectivity observed in the hydrogenation of undecenoic and oleic
acids on clusters stabilized by surfactants or polymers is of special interest.146 The
surfactant micelles surrounding a cluster stabilize it and also orient the unsaturated
fatty acids appropriately (Fig. 25).
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Figure 25 A proposed mechanism of the hydrogenation of unsaturated fatty acids in 
(a) micellar and (b) polymeric systems.146

(a) (b)

Cluster

Cluster
Micelle

H2

H2

The double bond in a linear polymer is more accessible to nanoparticles since such
macromolecules are in a chaotic molecular motion.

Polymer-immobilized bimetallic Pt-Co colloids exhibit high selectivity (up to
99.8%) in the reaction of hydrogenation of cinnamaldehyde to the corresponding
alcohol.789 The application of polymer-protected nanoparticles is expected to lead
to the discovery of new specific effects in catalysis. The cluster [Pt15(CO)30]

2� fixed
on Sephadex is used to catalyze of the hydrogenation of selective redox-active
cofactors.790

Let us consider the use of hybrid nanocomposites in catalytic hydrogena-
tion. During catalysts formation and hydrogen adsorption, dislocations are fixed at
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interblock boundaries of polymer-stabilized nanoparticles. These particles have
highly active surfaces and developed internal structures. A polymeric matrix hinders
the smoothing of numerous defects during catalyst aging. A knowledge of the sur-
face composition and Sspec and the possibility to control these parameters are of
prime importance in the catalysis. The inherent size of nanosize particles is compa-
rable with the molecular sizes of the compound subjected to catalytic conversion.
This fact is responsible for the characteristic kinetics and mechanism of the reactions
occuring at nanosize particles. In particular, the high efficiency of colloidal metall
catalysts in multiple-electron processes results from the fact that these catalysts are
reservoirs, that can readily incorporate electrons.

Polymer-stabilized metal nanoparticles are excellent models for studying the
influence of the dimensional effects on the catalytic activity. Composites based on
nanosize particles of platinum and other metals that are incorporated into glassy car-
bon matrices can be assigned to the same type of catalysts.791 Of particular interest
are catalysts based on organic–inorganic hybrid materials in which catalytically
active metals incorporated into an oxide network are dispersed. For example, highly
dispersed heterogeneous catalysts in a SiO2 network prepared from substituted
alkoxysilanes are known (scheme 35).792
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Scheme 35

MYn + nAXSi(OR)3 + xSi(OR)4

Ym (AXSi3/2)n
. xSiO2 MOy

.(x +n)SiO2

M.(x +n)xSiO2

NH3, H2O

O2, ∆ H2, ∆

− ROH

A protective polymeric coating prevents poisoning of a metallopolymeric cat-
alyst by potential catalytic poisons of the dibenzothiophene type.

Nanocomposites exhibit the high catalytic activity for hydrogen elimination
under visible light793 [(e.g., the ethylenediaminetetraacetate (electron donor)-
Ru2
(bipy)3 (photocatalyst)-methyl viologen (electron acceptor) system). Sub-
stantial success has been achieved in charge separation as well as in the design of
efficient photocatalysts from semiconducting nanomaterials prepared by the sol-gel
method.794,795 The additional introduction of transition metal ions like copper796,797

during formation of these materials substantially enhances photocatalytic reaction
efficiency. These catalysts also exhibit high activity in the low-temperature oxidation
of CO.798,799

The use of polymer-protected nanoparticles can contribute new features to
catalysis. A platinum sol as well as Pt on Al2O3 are well-known enantioselective
hydrogenation catalysts.800 The possible uses of hybrid nanocomposites in catalysis
are far from all realized.801
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XIII. CONCLUSION

The most topical theoretical problems for the formation of clusters and
nanoparticles in polymeric matrices involve questions about structural-morphological
and spatial organization at the local, molecular, and supramolecular levels. Among
such problems are the thermodynamic peculiarities of cluster and nanoparticle for-
mation. An analysis has recently been performed using macrochelates.802 The most
important problem seems to be the nanoparticle stabilization by polymer monolay-
ers and LBFs. A insufficient number of studies have been carried out on this topic.
Thus the nature of the adhesion at the interfaces formed still remains obscure.

Nanoparticle passivation should be accomplished to allow time for the preser-
vation of their energy-rich state. A highly significant theoretical and practical prob-
lem is to control the surface processes or processes in thin subsuperficial layers of
polymer granules, films, or fibers. The preparation of self-assembling colloidal lay-
ers of Au, Ag, and Ag-Au on the surface of plasma-purified PTFE is of interest. The
PTFE surface and those of other polymers had been premodified by hydrolyzed
alkoxysilanes containing functional groups.803 When such surfaces are contacted
with dilute solutions of monodisperse colloids, the assembly of nanoparticles takes
place. They form as a monomolecular layer, which is 5–70 nm thick in the case of
Ag and 5–20 nm thick in the case of Au and Au-Ag.

Further progress is expected in the development of novel methods for the
preparation of polymer-immobilized clusters and nanoparticles. A promising direct
synthesis of these products is the dissolution of zero-valent metals into polymer
solutions that function as macroligands. Subsequent recrystallization of particles
then occurs, much like what occurs in biological systems (Section XI). Stabilization
of nanoparticles and clusters during polymerization of micelle-forming monomers
could become a significant practical method.

Research into such small particles requires further development and the appli-
cation of modern physical-chemical methods. Visualization of the surface structure
at the atomic level needs further study by means of scanning tunnel microscopy,
transmission electron microscopy, ferromagnetic resonance, small-angle x-ray scat-
tering, x-ray photoelectron spectroscopy, etc.

The polymer-immobilized nanoparticles are already used for many tasks asso-
ciated with the surface modification, such as metallization, imparting of antistatic
and magnetic properties, design of new materials for photography and cinematogra-
phy, and design of efficient fibrous filter materials, permitting the isolation and con-
centration of precious metals. Specifically, surface metallization is required to decorate
plastics, to modify polymeric films, to make tribological coatings, and for other pur-
poses. The coatings made of polymer-immobilized nanoparticles derived from Be
and plasmopolymers have found unexpected applications in thermonuclear synthetic
reactions.110

It should be noted that metal clusters can also be formed in fullerenes or nan-
otubes. Endohedral complexes Mn@C60, in which metal clusters are localized in the
inner cavities of the spheroidal molecule C60, and organometallic polymers of the type
C60Pdn are known.804 Nanocomposite materials are also formed upon evaporation of
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metals in presence of carbon nanotubes. The clusters of metals (Cr, Ni, etc.) are
localized both inside these tubes and on their ends and surfaces (Fig. 26).805,806

Evaporation of metals in the presence of oxidized nanotubes leads solely to the dec-
oration of nanotube surface with nanoparticles. An analogous pattern is also
obtained807 when lipid structures undergo electrochemical polymerization, followed
by metallization. This results in metal-coated polymers having hollow cylindrical
shapes several tens of microns long, ∼0.5 nm in inner diameters and ∼50-nm-thick
walls. The similarity of such metal structures with metallophilic microorganisms is
a point of interest.
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Figure 26 Electron micrograph of oxidized nanotubes decorated with silver.806

Biological systems bring about a controllable growth of iron oxide crystals
(including magnetite) of a definite size and morphology and with strictly defined
crystallochemical characteristics. These structures have, so far, been difficult to
achieve under laboratory conditions. Extensive studies of these processes (bioinor-
ganic solid-phase chemistry) will allow one to establish the basic principles of 
synthetic crystal engineered. The discovery of the selective aggregation of micro-
organisms with dispersed metals and metal compounds has already laid the founda-
tion for biotechnological enrichment used in metallurgy and for environmental
protection. Many of these principles are employed in nanotechnology and are likely
to form the basis of the chemistry of highly organized compounds, a new branch of
science, including supramolecular chemistry and chemistry of hypermolecular com-
pounds.

To summarize, the chemistry of nanocomposites is progressing rapidly. In the
coming years, synthetoc procedures will be developed for making multicomponent
materials by ecologically pure solid-state reactions. Procedures for the preparation
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of hybrid interpenetrating network materials will be studied in more detail. The
mechanism of their phase separation and the structures of the resulting nanocom-
posites will be elucidated. These materials will be formed from monomers, which
are traditionally used for the preparation of network polymers. A search for the opti-
mum modes of new types of lattice formation (host and guest components in inter-
calated nanocomposites) is still in progress. Studies of intracrystalline host–guest
interactions and their effect on the electronic properties of complex systems are
being continued. Therefore, it is necessary to reveal the principal mechanisms of
pore orientation, crystallization in interlayer formations, and the stereoregularity of
the polymer formed. The approaches to prepare organic–inorganic nanocomposites
surveyed in this review may be useful in the synthesis of single-phase crystalline
nanometal–ceramic products with complex compositions. The use of LBFs, which
incorporate isolated cluster molecules or nanosize particles, in molecular electronics
may have considerable promise. Finally, nanophase materials technology requires
the appropriate scientific support, (e.g., the construction of new instruments and the
development of techniques for working with nanosized materials).

Dendrimers, a new class of regular polymers characterized by a tree-type
structure, eminating from one center, are attracting great interest.808 Sometimes they
are called cascade polymers or polymers with controlled molecular architecture.809

Poly(amidoamine) or poly(propyleneamine) with a diaminobutane nucleus are com-
mon examples. The terminal fragments, increase exponentially with the number of
generations. Organometallic dendrimeric derivatives are also known,810 as are
numerous dendritic macromolecular metal complexes (e.g., ruthenium, palladium,
platinum).811 There are rather large spaces in the interiors of some dendrimers. This
makes it possible to use them as molecular containers. Thus they have served in the
construction of dendrimer-template nanocomposites.812,813

Many processes occur both in living and nonliving systems that provide an
impetus to study nanobiocomposites. In this review, a fair, though incomplete, pic-
ture is given of nanobiocomposite applications to studies of organized matter and to
the preparation of hybrid bioceramic nanomaterials.

The view that the science and engineering will be developed on the nanosize
level in the 21st century seems to be realistic because nanometer sizes of individual
elements are attained in many traditional technologies.

The structure–property relationships within hybrid nanocomposites are a fun-
damental problem in modern chemistry and physics. A great deal needs to be done
before this problem is solved.
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