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Foreword

The way from the micrometer to the nanometer scale is a further step in the
miniaturization of active particles and functional components for technical
applications. Physical and chemical properties change due to the occurrence
of size-dependent quantum and confinement effects. Ceramics may become
transparent like glass; glass can become tough like adhesive; metals may
become coloured like dyes; magnetism can be switched on and off, etc. In
order to understand this behaviour, fundamental research is necessary. In
addition, it can be foreseen that nanomaterials and their technology will be
one of the most important technologies of the 21st century.

The kinds of materials addressed are, in principle, the same as those
encountered in macro- and microtechnologies. Examples are polymers, ce-
ramics, metals, semiconductors, and insulators. But in place of the top-down
approach, the bottom-up approach now becomes the key to devising new, for
example, composite or hybrid materials. Nanotechnology exploits the same
building blocks and structural elements as other technologies: atoms, mole-
cules, solids. But the difference to the classical materials is that the structural
elements consist of small and sometimes very small ensembles of atoms and
molecules. In the classical case the number of surface atoms or molecules is
small compared to the number of bulk particles. In the case of nanomaterials
this situation is reversed.

One of the most important materials for future nanotechnology will be
metal nanoparticles, due to the very unusual properties that they display.
After some decades of fundamental research in this field, a summary of the
state of the art is of great value. The monograph of A.D. Pomogailo and V.N.
Kestelman is the first book that compiles detailed information about met-
allopolymer nanocomposites. These are entities that involve a combination
of metal nanoparticles and macromolecules. Two excellent and well-known
scientists have taken up the challenge and provided this detailed overview.

Before discussing the fundamental role of the polymer, the text first ad-
dresses stabilization of metal nanoparticles, fundamentals in classification/
organization and nucleation mechanisms. The chapters about synthesis meth-
ods include all details about physical, chemical and physico-chemical proce-
dures for the synthesis of metal-polymer nanocomposites. Polymer-inorganic
nanocomposites (sol-gel processes, intercalation hybrids, nanobiocomposites)
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are also described. Special attention is paid to properties and many applica-
tions are described. A large number of references will help readers to gain a
more-detailed acquaintance with almost all the details and problems involved
in research into metallopolymer nanocomposites. I am sure that this excellent
book will be a great success and an important contribution to furthering the
field of nanoscience and nanotechnology.

University of Bremen, Germany ohrleW¨W
January, 2005

Dieter W¨



Preface

By the end of the twentieth century, considerable success in nanochemistry
and nanotechnology had been achieved. As a result, two novel scientific areas
of nanosize chemistry and functional materials science have appeared. The
nanoworld is a world of quantum coherences and nonequilibrium processes
of self-organization. Nanoparticles (with sizes in the range 1–100 nm) are at
the boundary of the classic and quantum worlds. At present, great progress
is being achieved in these investigations.

New properties of nanoparticles, nanolayers, superlattices and metal–
polymeric composites have been discovered, and these are of great interest
as very promising materials for microelectronics, holography and magnetic
recording of information. This monograph deals mostly with the logic of in-
vestigations and the inner methodological and scientific interconnections in
the field. It is hardly possible to present a survey of the whole of polymer
nanocomposite science taking place throughout the world. This science is
continually developing and many principal results and their interpretations
are being revised. There are many reviews and books about specific prop-
erties, technologies and applications of nanomaterials; we have decided to
devote this book to the basics of the science of metallopolymer nanocompos-
ites. This is the first book of this kind, summarizing the results of more than
30 years of research in this area, from the technology of nanoparticles, prob-
lems of stabilization, and immobilization in the polymer matrix, to design of
nanohybrid polymer–inorganic nanocomposites and different applications of
these materials.

This book reflects the present state of the problems considered, and many
ideas are still being elaborated. However, certain materials and structural
aspects, and also biological problems, are not considered in detail here.

We hope that the book will be of interest to experienced and young spe-
cialists in nanochemistry and nanophysics.

Our thanks go to colleagues who supported this book, mostly to Profs. Di-
eter Wohrle, Franz Faupel, David Avnir, Kennett Suslik, Robert E. Cohen,
Mercouri Kanatzidis, Ulrich Schubert, Dominique Bazin, Ralf Zee, Sergey
Gubin, Rostislav Andrievskii, etc. Our colleagues in the laboratory have car-
ried out a large number of experiments, most of which are represented in
this book. Prof. Aleksander Rozenberg did his share for Chaps. 2 and 11 and
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offered his valuable remarks. Dr. Gulzhian Dzhardimalieva has made an im-
portant contribution to the synthesis of metallopolymer nanocomposites by
polymerization of metal-containing monomers. We would like to express our
special appreciation of her enormous help and contribution to this book.

Undoubtedly, as usual for a first multidisciplinary monograph, there may
be room for improvement. We would greatly appreciate any comments and
suggestions.

Chernogolovka, Russia, KVN International, USA Anatolii Pomogailo
January, 2005 Vladimir Kestelman



Contents

Part I Structure and Organization of Metal Nanoparticles
in Polymer Matrices

1 Nanoparticles in Materials Chemistry
and in the Natural Sciences
(Introduction) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.1 Classification of Nanoparticles by Size . . . . . . . . . . . . . . . . . . . . . 5
1.2 Structural Organization of Nanoparticles . . . . . . . . . . . . . . . . . . 9
1.3 Dimensional Phenomena in the Chemistry

and Physics of Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.4 Nanoparticles and Materials on their Base . . . . . . . . . . . . . . . . . 12
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2 Nucleation Mechanism of Nanoparticles
and Metal Clusters, their Structure
and Chief Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2.1 Characteristic Features of Nanoparticle Nucleation . . . . . . . . . . 26
2.2 Kinetic Features of New Phase Formation . . . . . . . . . . . . . . . . . 32
2.3 Phase Formation in Chemical Reactions . . . . . . . . . . . . . . . . . . . 39
2.4 Self-Organization of Metal-Containing Nanoparticles

(Fractal Structures) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
2.5 Brief Account of Major Production Methods

of Metal-Containing Nanoparticles . . . . . . . . . . . . . . . . . . . . . . . . 52
2.6 Metal Clusters as Nanoparticles

with Fixed Dimensions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3 Principles and Mechanisms of Nanoparticle Stabilization
by Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.1 Stability of Nanoparticles in Solutions . . . . . . . . . . . . . . . . . . . . . 65
3.2 Stabilizing Capability Characteristics

of Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.3 Characteristics of Polymer Absorption

on Metal Surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71



XII Contents

3.4 Specifics of Polymer Surfactants
as Stabilizers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

3.5 Mechanism of Nanoparticle Stabilization
by Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

3.6 Stabilization of Nanoparticles by Electrolytes . . . . . . . . . . . . . . 96
3.7 Surface Proofing as a Method

of Stabilizing Nanoparticles by Polymers . . . . . . . . . . . . . . . . . . 99
3.8 On the Problem of Matrix Confinement . . . . . . . . . . . . . . . . . . . 101
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

Part II Synthetic Methods
for Metallopolymer Nanocomposite Preparation

4 Physical Methods of Incorporating
Nanoparticles into Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
4.1 Mechanochemical Dispersion

of Precursors Jointly with Polymers . . . . . . . . . . . . . . . . . . . . . . . 118
4.2 Microencapsulation of Nanoparticles

into Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
4.3 Physical Deposition of Metal Particles

on Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
4.4 Formation of 2D Nanostructures on Polymers . . . . . . . . . . . . . . 127
4.5 Formation of Metal Nanoparticles

in Polymer Matrix Voids (Pores) . . . . . . . . . . . . . . . . . . . . . . . . . 130
4.6 Physical Modification and Filling

of Polymers with Metal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

5 Chemical Methods
of Metal–Polymer Nanocomposite Production . . . . . . . . . . . . 135
5.1 Reduction of Polymer-Bound Metal Complexes . . . . . . . . . . . . . 136

5.1.1 Reducers and Reduction Processes . . . . . . . . . . . . . . . . . . 136
5.1.2 Reduction in Polymer Solutions . . . . . . . . . . . . . . . . . . . . 138
5.1.3 Reduction in Block-Copolymers in Solution . . . . . . . . . . 145
5.1.4 Formation and Architecture

of Metal Nanoparticles in Dendrimers . . . . . . . . . . . . . . . 150
5.1.5 Formation of Nanoparticles

in Heterogeneous Polymer Systems . . . . . . . . . . . . . . . . . 155
5.1.6 Production of Nanocomposites by Reducing

with Metals and Organometallic Compounds . . . . . . . . . 160
5.1.7 Bi- and Polymetallic Nanoparticles in Polymers . . . . . . 161

5.2 Nanocomposite Formation
by Metal-Containing Precursor Thermolysis . . . . . . . . . . . . . . . . 172



Contents XIII

5.2.1 Metal Sol Formation in Polymers
by Thermal Decomposition of Metal Carbonyls . . . . . . . 173

5.2.2 The Features of Metal-Containing Polymer
Thermolysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

5.2.3 Post-Thermolysis of Other Types of Precursors
in Polymer Matrices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

5.3 Nanocomposite Formation
in Monomer–Polymer Mixtures in Thermolysis . . . . . . . . . . . . . 193

5.4 Nanocomposites on the Base
of Polymer-Immobilized Metalloclusters . . . . . . . . . . . . . . . . . . . 196
5.4.1 Monometal-Type Cluster Immobilization . . . . . . . . . . . . 196
5.4.2 Heterometallic Clusters, Chemically Bonded

with Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
5.4.3 Cluster-Containing Monomer Synthesis

and Copolymerization as a Way
to Produce Metallopolymeric Composites . . . . . . . . . . . . 207

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

6 Physico-Chemical Methods
of Metal-Polymer Nanocomposite Production . . . . . . . . . . . . . 237
6.1 Cryochemical Methods

of Atomic Metal Deposition on Polymers . . . . . . . . . . . . . . . . . . 237
6.2 Metal Evaporation Methods

on Polymers Localized at Room Temperature . . . . . . . . . . . . . . 246
6.3 Synthesis of Nanocomposites

in a Plasma-Chemical Process . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249
6.4 Radiolysis in Polymer Solutions . . . . . . . . . . . . . . . . . . . . . . . . . . 254
6.5 Photolysis of Metal-Polymer Systems

as Means of Obtaining Nanocomposites . . . . . . . . . . . . . . . . . . . 256
6.6 Electrochemical Methods

of Nanocomposite Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 264

Part III Hybrid Polymer–Inorganic Nanocomposites

7 The Sol–Gel Process in Formation
of Hybrid Nanocomposites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273
7.1 General Characteristics of Sol–Gel Reactions . . . . . . . . . . . . . . . 274
7.2 A Combination of Polymerization Reactions

and In Situ Sol–Gel Synthesis of Nanocomposites . . . . . . . . . . . 279
7.3 Sol–Gel Syntheses in the Presence of Polymers . . . . . . . . . . . . . 289
7.4 Morphology and Fractal Model

of Hybrid Nanocomposites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 298
7.5 Nanocomposites Incorporating Multimetallic Ceramics . . . . . . 300
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 311



XIV Contents

8 Polymer Intercalation into Porous
and Layered Nanostructures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321
8.1 A General Description of the Intercalation Process . . . . . . . . . . 321
8.2 Polymerization into the Basal (Interlayer) Space . . . . . . . . . . . . 327
8.3 The Macromolecules Introducing

into the Layered Host Lattices . . . . . . . . . . . . . . . . . . . . . . . . . . . 336
8.4 Intercalation Nanocomposites

of Polymer/Metal Chalcogenide Type . . . . . . . . . . . . . . . . . . . . . 345
8.5 Langmuir–Blodgett Metallopolymer Films

as Self-Organized Hybrid Nanocomposites . . . . . . . . . . . . . . . . . 351
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363

9 Nanobiocomposites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 377
9.1 Basic Notions of Metal-Containing Protein Systems . . . . . . . . . 378
9.2 Metal Nanoparticles in Immunochemistry, Cytochemistry

and Medicine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 384
9.3 Biosorption, Selective Heterocoagulation

and Bacterial Concentration of Metal Nanoparticles . . . . . . . . . 390
9.4 Sol–Gel Process as a Way

of Template-Synthesized Nanobioceramics . . . . . . . . . . . . . . . . . 399
9.5 Biomineralization and Bioinorganic Nanocomposites . . . . . . . . 403
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 415

Part IV The Main Applications of Metal–Polymeric
Nanocomposites

10 Nanoparticle Modifying Action
on Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 427
10.1 The Control of Physico-Mechanical Properties

of Nanocomposites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 428
10.2 The Peculiarity of Nanocomposites, Synthesized

by Sol–Gel Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 431
10.3 Polyolefin-Based Nanocomposites . . . . . . . . . . . . . . . . . . . . . . . . . 434
10.4 Polymer Matrix Structurization in Nanocomposites . . . . . . . . . 437
10.5 The Physical and Mechanical Properties

of Metallopolymer Nanocomposites . . . . . . . . . . . . . . . . . . . . . . . 442
10.6 Nanocomposites in Adhesion Compounds (Contacts)

and Tribopolymers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 446
10.7 New Trends in Material Science Connected

with Metallopolymeric Nanocomposites . . . . . . . . . . . . . . . . . . . 450
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 453



Contents XV

11 Magnetic, Electrical and Optical Properties
of Metal–Polymer Nanocomposites . . . . . . . . . . . . . . . . . . . . . . . 459
11.1 Metallopolymeric Composites

with Magnetic Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 460
11.2 Electrical Characteristics

of Metallopolymer Composites . . . . . . . . . . . . . . . . . . . . . . . . . . . 473
11.3 Optical and Semiconductive Properties

of Metal–Polymer Nanosystems . . . . . . . . . . . . . . . . . . . . . . . . . . 486
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501

12 Metallopolymeric Nanocatalysis . . . . . . . . . . . . . . . . . . . . . . . . . . 515
12.1 A General Survey of Metallopolymer Catalysis . . . . . . . . . . . . . 516
12.2 Hydrogenization Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 517
12.3 Nanocatalysis of Reactions, Traditionally Perfomed

with Homogeneous Metallocomplexes . . . . . . . . . . . . . . . . . . . . . 532
12.4 Nanocatalysis in Polymerization Processes . . . . . . . . . . . . . . . . . 535
12.5 Polymer-Protected Nanoparticles in Photocatalysis . . . . . . . . . 540
12.6 Metallopolymeric Nanocomposites in Catalysis . . . . . . . . . . . . . 543
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 544

13 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 551

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 555



List of Abbreviations

A Hamaker’s constant
AcAc acetylacetone
AFM atomic-force microscopy
AIBN azobis(isobutironitrile)
AOT bis(2-ethylhexyl) sulphosuccinate
ATP adenosine triphosphate
ATRP atom transfer radical polymerization
Cm volume concentration
Cerasomes organoalkoxysilane proamphilites
COD cyclooctadiene
CSDVB copolymer of styrene with divinylbenzene
CVD chemical vapor deposition
D diffusion coefficient
D fractal dimensionality
Ds fractal dimensionality
Dipy dipyridyle
DMAAm N,N-dimethacrylamide
DMFA dimethyl formamide
DMSO dimethyl sulfoxide
DNA deoxyribonucleic acid
EDTA ethylenediaminetetraacetate
ESCA electron spectroscopy for chemical application
EXAFS extended X-ray absorption fine structure
FC fractal cluster
Fe3O4 magnetite
Fe3S4 greigite
FMR ferromagnetic resonance
FTIR Fourier transform infrared spectroscopy
HDPE high density polyethylene
HEMA 2-hydroxyethyl methacrylate
HOPG highly oriented pyrolytitic graphite
HSA human serum albumin
HTSC high-temperature superconducting ceramics
IPN interpenetrating polymer networks
ITO indium tin oxide electrode



XVIII Abbreviation

L ligand
LB Langmuir-Blodgett films
LCG layered interstitial compounds in graphite
LCST low critical solution temperature
LDLPE low density linear polyethylene
LDPE low density polyethylene
Mj nanoparticle consisting of j atoms
MAO methylalumoxane
MC Monte Carlo method
MCC micelle-forming critical concentration
MCM-41 hexagonal materials (Mobil codes)
MCM-48 cubic materials (Mobil codes)
MMA methylmethacrylate
MMD molecular-mass distribution
MMO methane monooxygenase
MMT montmorillonite type clays
MOn(OR)m oxoalkoholates
MRI magnetic resonance imaging
MXn metallocomplex
(MV2+) methylviologene (dimethyl-4,4-bipyridine)
NADH nicotine-amide reduced
NC coordination number
NLO nonlinear optical
NP nanoparticle
NVI N-vinylimidazole
OGC oxygen-generated center
ORMOCER Organically Modified Ceramics
ORMOSIL Organically Modified Silicates
P cross-linked polymer
PiPA poly(N-iso-propylacrylamide)
P2VPy poly(2-vinylpyridine)
P4VPy poly(4-vinylpyridine)
PA polyamide
PAA poly(acrylic acid)
PAAm poly(acrylamide)
PAMAM polyamidoamine (dendrimer)
PAn PANI polyaniline
PAN polyacrylonitrile
PB polybutene
PBD polybutadiene
PBIA polybenzimidazole
PBIA polyheteroarylene
PC percolation cluster
PCL poly(ε-caprolactone)
PDMS poly(dimethylsiloxane)



Abbreviation XIX

PE polyethylene
PEO polyethylene glycol
PE-gr-P4Vpy polyethylene grafted poly(4-vinylpyridine)
PEI polyethyleneimine
PEO polyethyleneoxide
PES polyestersulfone
PETP polyethylene terephthalate
Phen phenantroline
PhTMOS phenyltrimethoxysilane
PI polyisoprene
PM polymer matrix
PMAAc poly(methylacylic acid)
PMMA poly(methylmethacrylate)
PMPhSi poly(methylphenylsilane)
PMVK poly(methylvinyl ketone)
POSS polyhedral oligosilsesquioxane-based macromers
PP polypropylene
PPG polypropylene glycol
PphO poly(2,6-dimethyl-1,4-phenylene oxide)
PPO polypropyleneoxide
PPy polypyrrole
PS polystyrene
PSE polymeric solid electrolytes
PTFE poly(tetrafluoroethylene)
PU polyurethane
PVA poly(vinylalcohol)
PVAc poly(vinyl acetate)
PVB poly(vinylbutyral)
PVC polyvinylchloride
PVDC poly(diallyldimethyl ammonium chloride)
PVIA poly(1-vinylimidazole)
PVK poly(vinylcarbazole)
PVP poly-N-(vinyl-2-pyrrolidone)
Py pyridine
QD quantum dots
Ssp specific surface
S solvent
SAS surface active substance
SAXS small-angle X-ray scattering
SCA specific catalytic activity
SEM scanning electron microscopy
S-layers surface layers
SSA specific surface area
STM scanning tunnel microscopy
TEM transmission electron microscopy



XX Abbreviation

TEOS tetraethoxysilane
TgTT glass transition temperature
TGA thermal gravimetry analysis
THF tetrahydrofuran
Ti-MCM-41 Ti-materials (Mobil codes)
TmTT melt temperature
TMOS tetramethoxysilane
TN turnover number of catalyst
t-RNA t-ribonucleic acid
XPS X-ray photoelectron spectroscopy
ZSM-5 zeolites
(α, β and γ)-PP crystal form of isotactic PP
γ-Fe2O3 maghemite
ϕcr volume portion of filler
4Vp 4-vinylpyridine
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Structure and Organization
of Metal Nanoparticles in Polymer Matrices



2 Structure and Organization of Metal Nanoparticles in Polymer Matrices

It is supposed that properties of solids do not depend on their dimen-
sions, but this assumption is true only for objects which contain macroscopic
amounts of atoms. Recent research has shown that many physico-chemical
properties of particles on the nanometer-scale differ greatly from those on a
macroscopic scale. This is because of the following three factors. First, the
size of nanoparticles is comparable with the Bohr radius of an exciton; this
determines their optical, luminescent and redox properties. Secondly, being
small in size, surface tension effects are expected to increase. This makes sur-
face atoms very active and determines their considerable contribution to the
thermodynamic characteristics of solids. Thirdly, the sizes of nanoparticles
themselves are also comparable to those of molecules. These factors make the
kinetics of chemical processes with nanoparticles specific.

Most of the existing routes for fabrication of nanoparticles are based on
condensation and dispersion approaches. In the first case, nanoparticles are
spontaneously assembled from single atoms during a phase transformation.
According to the second method, nanoparticles are formed in the course of
dispersion (disintegration) of a macroscopic phase. Such approaches allow
metal-containing particles of different dispersion to be obtained. The lat-
ter determines a variety of physico-chemical properties of low-dimensional
systems. Dimensional phenomena in the chemistry and physics of nanopar-
ticles and their structural organization are essential for the creation of new
technologies such as composition information media. The conception of nu-
cleation, phase formation and self-organization of such systems are being
extensively studied. Size control in the synthesis of nanoparticles is a kineti-
cally driven process, where the ratio between the rates for nucleation and for
growth is responsible for the final nanoparticle size. The particles formed are
characterized by a high energy due to a large portion of surface atoms having
non-compensated bonds. Therefore, for practical applications nanoparticles
need to be stabilized. Polymers adsorbed on nanoparticles reveal a stabilizing
ability. The mechanisms of such stabilization are not clear because a number
of processes occur and a variety of factors are responsible for the stability of
nanoparticles. However, using high-molecular-weight compounds as stabiliz-
ers enables researchers to produce metallopolymer nanocomposites already
at the stage of nanoparticle synthesis. In such materials thermodynamically
stable three-dimensional structures are formed due to cohesion of particles
within a dispersion phase. However, a series of problems emerge here: How do
the properties of the individual particles evolve into those of the phase (the
so-called size effect)? What relations are there between an individual macro-
molecule and macroscopic matter? The role of molecular and supramolecular
self-organization in such processes also becomes important.



1 Nanoparticles in Materials Chemistry
and in the Natural Sciences
(Introduction)

The major discoveries of the twentieth century can be mainly related to
nuclear power engineering, space exploration, development of nanomateri-
als, semiconducting and microprocessor-based technology. All sciences have
made fundamental contributions to the breakthrough in science. Speaking
in support of nanomaterials it can be said that the nanoworld is extremely
broad and it is practically impossible to find any field in the natural sciences
that is not in some way or another connected with nanostructures. Terms
such as nanophase, nanohybrid, nanocrystalline and nanoporous materials,
nanochemistry, nanophysics, nanostructures, nanocrystals, nanophase geom-
etry, nanosize hierarchy and architecture, nanostructured organic networks,
molecular and nano-level1 design and finally nanotechnology2 are most fre-
quently cited currently in the scientific literature as applied to small-scale
and small-dimensional phenomena. A peculiar place is occupied in nanochem-
istry by the particles participating in various biological processes, including
supramolecular functional systems to which belong enzymes, liposomes and
cells. Fullerenes and nanotubes relate to this group too. These materials are
used in chemistry in a number of new reactions, catalytic and sensor systems,
fabrication of new compounds and nanocomposites with previously unknown
properties. In physics they constitute some of the materials for microelec-
tronics, structures with nanogeometry for information recording systems and
are used to transform various natural radiations. In biology and medicine
they are being used as novel medicinal preparations and carriers of these
preparations to human organs. The relationship between materials science

1 Nanos means a 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 at least in one dimension are called
nanostructures. Although the limit is subjective and is accepted for convenience,
beginning from this size, the exact portion of the regions bordering on disordered
structures is becoming perceptible. It correlates with the characteristic size of one
or another phenomenon (see later). As far as limiting values of the characteristic
values for various physical properties are concerned, different metals and their
oxides differ; this ensures a certain conventionality of 100 nm values.

2 Unfortunately we have to admit that the above notions are not always used
appropriately, e.g. in the marketing strategy for various brands.
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Fig. 1.1. Size correlation between synthetic and natural structures

and the natural sciences becomes more and more evident (Fig. 1.1 illustrates
size correlation).

The assertions that science and engineering in the twenty-first century
will acquire a nano and angstrom character are becoming a reality. In tra-
ditional technologies the limits of miniaturization of separate elements (e.g.
density of arranging crystals in microelectronics) have already been attained.
This motivates the search for some alternative procedures. Fabrication of
modern chips is based on so-called planar techniques, being a combination
of nanolithography (formation of surface drawings as lines and dots at the
nanolevel) and etching. To reduce their size still more new recently devel-
oped lithographic procedures are used, particularly electronic, ion-beam and
X-ray methods and dry etching, including plasma-chemical, reactive, ionic,
etc. These techniques reach below the 100 nm size of elements in optoelec-
tronic chips.

The part of materials science that studies nanophases differs from the tra-
ditional area by not only the creation of new materials but also by the neces-
sity of designing corresponding instruments for manipulating such materials.
Among the most promising nanotechnologies of metal materials and their
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products one can mention, in the first place, micro and nanometallurgy, laser
treatment of material surfaces whose thickness is limited to a few hundreds
and tens of nanometers, and various kinds of nanoceramics.

The transfer to high technologies necessitates the development of funda-
mentally new structural materials whose functional parameters are condi-
tioned by the properties of microdomains and processes at the atomic and
molecular level, in monolayers and nanovolumes.

1.1 Classification of Nanoparticles by Size

Ultradispersed particles can be subdivided by size into three types [1]: nano-
size or ultradispersed to about 1–(30–50) nm particles,3 highly dispersed of
size (30–50)–(100–50) nm and micron size particles – flocculi of 100–1000 nm.
The later consist, as a rule, of individual particles or their agglomerates rep-
resenting either mono or polycrystals of fractal type. The first two types of
particles are colloidal and the latter are coarse-dispersed ones.

Aerosol particles of metals (∼50 nm) prepared in normal conditions are
spherical or nearly spherical due to the high surface energy of fine particles [2].

The most frequently used terms are ultrasmall particles and nanocrystals
to denote nanoparticles of metals with diameter from 2–5 to 50 nm, as well
as colloidal crystallites [3] and subcolloidal particles. The upper threshold
of the size of semiconducting nanocrystals in polymer matrices [4] is the
condition which gives the optical homogeneity of compositions (no scattering
by the environment at particle size below a quarter of the wavelength of light).
The lower boundary is conditioned by the existence of crystalline particles
at the interface between the crystalline phase and the quasi-molecular phase.
The terms molecular aggregation and crystallite clusters are used less often [5].

There are two types of nanoparticles:

1. Clusters of 1–10 nm, the particles of an ordered structure possessing com-
monly 38–40, and sometimes more, metallic atoms (e.g. Au55, Pt309, a
family of palladium clusters consisting of 500–2000 atoms).

2. Nanoparticles with diameter 10–50 nm and consisting of 103–106 atoms.

Nanoparticles are also classified by the number, N , of atoms they consist
of [6–10]. Clusters are subdivided into very small, small and large. Table 1.1
shows the diameter, 2R, for corresponding Na atoms and the relation of NsN
to NvNN atoms.

The surface and the bulk appear to be inseparable for very small nanopar-
ticles. For nanoparticles containing 3000 metallic atoms the relation NsN /NvNN ≈
3

D = Σni − Di/Σni ,

where ni is the number of crystallites with diameter in Di+∆D, D = Di+(∆D/2)
(D = Dav). As a rule, it is necessary to estimate not less than 200 particles.
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Table 1.1. 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 ≥ NsN /NvNN ≥ 0.5 0.5 ≥ NsN /NvNN

20% is true, whereas compact metallic particles (NsN /NvNN � 1) are reached
only at N � 105. Hence, particles can be subdivided by their size into the
following four groups (domains):

I – molecular clusters (N ≤ 10);
II – clusters of a solid body (N ≤ 102 ≤ 103);
III – microcrystals (103 ≤ N ≤ 104);
IV – particles of dense substances (N > 105).

Figure 1.2 illustrates the main stages of how an individual atom trans-
forms into a bulk metal through a cluster, nanosize and colloidal particles
(active metals) according to [11].

Particle
size

Metal atom
0.1 nm

Cluster
1 nm

Nanoparticle
~ 10 nm

Bulk metal
>> 103 nm

Colloid
~ 102 nm

Fig. 1.2. The main stages of the transformation metal atoms into a bulk metal

Moving along the axis of sizes from an individual atom in a zero valence
state (M0) until we reach a metallic particle showing all the properties of
a dense metal, the system passes through a number of intermediate stages,
among which the main stages are considered to be clusterization and forma-
tion of nanoparticles.

In the idealized form the relationship between the number of atoms in
clusters and their share of surface atoms, in providing a dense hexagonal
packing, looks as shown in Table 1.2 [12,13].

The structure of small and medium size homometallic clusters (3, 4, 5,
6, 10, 20 and 38 atoms) has been examined by X-ray analysis. The metal
skeleton was found to consist of the following structural constituents [14]:
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Table 1.2. Full-shell magic number clusters

Number Number of Atoms Share of Surface
of Shells in a Cluster Atoms, %

1 13 92

2 55 76

3 147 63

4 309 52

5 561 45

6 923

7 1415 With 3.2 nm
diameter

cycle, carcass and polyhedron. After the transition from clusters to nanopar-
ticles the non-monotonic behavior becomes less prominent. Yet the symmetry
in the distribution of forces in them is violated because of uncompensated
bonds between the atoms in the subsurface layers (having neighbors predom-
inantly on one side). These atoms constitute a substantial portion of the total
number of atoms in a particle. Thus, there are ∼1023 atoms in 1 cm3 of Ni
monocrystals, in contrast to 1 cm2 of the surface where there are only 2 ·1015

atoms. This means that the share of the surface atoms of a cubic crystal is
∼10−7. The number of surface atoms can be increased substantially if we
enlarge the total surface (or dispersion degree) of the particles. For example,
the share of atoms found on nanoparticle surfaces whose mean diameter is
1 nm (∼12–15 atoms) is 100%, whereas the share of 5 nm size nanoparticles
reaches only 15%.

Nanoparticles 2 nm in size contain comparable amounts of surface and
inner atoms. The atomic packing in the center of the core corresponds to a
face-centered cubic lattice but on the surface it has an icosahedron structure.
The violation of equilibrium and symmetry in the force and mass distribu-
tion for clusters of this type results in the formation of hollows and shear
deformations. In this case the coordination numbers of the surface atoms are
smaller than those for inner atoms. The electronic shells of the former atoms
are highly polarized and the bonds are oriented in only one direction, into
the particle. This alters the physical and electrochemical properties of the
nanoparticles as compared with large particles and bulk metals.

The properties of these ligand-deficient atoms turn out to be similar to
the properties of the surface atoms of crystals. They are arranged at the
interface and the atoms near crystal faces enter into interaction and are dis-
placed. Furthermore, the translational symmetry is violated and the number
of neighboring atoms is much lower, and anisotropy and inharmonic features



8 1 Nanoparticles in Materials Science

of oscillations are stronger [2,15–18]. This results in a raised capability of ad-
sorption, ionic and atomic exchange, and contact interaction between struc-
tural elements. On the other hand, the interpretation of the behavior of such
particles is complicated because it is difficult to distinguish between their
bulk and surface properties. It is crucial that surface atoms contribute most
to the thermodynamic characteristics of solids and nanoparticles and largely
ensure structural transitions and determine the melting point.

The term metallic reflects only the composition, but not the nature, of
constituent particles that are intermediate between the metal and its individ-
ual atoms [15]. As they say, clusters are metal embryos. This simple scheme
demonstrates the mechanical increment of the number of metal atoms partic-
ipating in the construction of j-mers. In contrast to a known paradox of the
ancient Greek philosopher Eubulide from Mileth4 about a heap that demon-
strates an objective dialectic of how a quantity transforms into quality from
the standpoint of improbability of cognition, the formation of a metal em-
bryo (a heap) from individual atoms can be described quantitatively. The
association of electrons in a forming nucleus is spontaneous and in essence is
similar to the formation of molecules from separate atoms. Special attention
is paid to all these processes including the formation of a new phase that fol-
lows various models of homogeneous and heterogeneous nucleation, dynamics
of particle growth and their structural formations. The real picture of par-
ticle nucleation and growth in a new phase at the micro- and macrolevels
is extremely complex and should represent a single physico-chemical process
where some stages might be of chain origin. This includes many interrelated
stages, among which are the chemical transformation reactions (the source
of the building material), mass transfer (diffusion mobility and transport of
condensing particles into the assembly site), sorption phenomena observed at
adsorption and desorption, as well as reaction of particles on nuclei surfaces,
crystallization, etc. Some of these stages are heterogeneous which means that
they are inhomogeneous in space, especially on the solid-phase surface or in
its bulk.

The thermodynamic approach allows the examination of conditions of the
generation of nuclei in the new phase, estimating their critical size and finding
factors for their control. The kinetic equations are commonly used to interpret
experimental results and define the distribution function of nanoparticles
by size. The equations based on macroscopic approximations of the known
kinetic models are able to specify the velocity and mechanisms of formation
(coagulation) and decay of j-nuclei structures. Often, a statistical approach
is used or numerical modeling of Lennard–Jones atoms and clusters by the

4 Neither a grain can make up a heap, nor two grains can make a heap, and the
addition of one more grain does not form a heap either; so it is doubtful whether
a heap can be formed if one grain is added at a time, if each of them is not a
heap.
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methods of molecular dynamics and Monte Carlo methods, or a computer
experiment is run.

1.2 Structural Organization of Nanoparticles

Nanoparticles are the objects of supramolecular chemistry which studies the
synthesis of molecules and molecular ensembles capable of self-organization
following their high reactivity and ability to self-assemble. The final forma-
tions have a loose-branching and most often fractal structure. They are called
fractal clusters, fractal aggregates or fractal filaments [19]. These formations
are characterized by diminishing mean density of the bulk of the substance
as they grow while preserving self-similarity (scale invariance). These fractal
structures are frequently formed in thin film metal–polymer nanocomposites.
They are also critical objects in representing percolation structures appear-
ing when isolated clusters join into a large conducting structure. The fractal
phenomenon is a peculiar criterion for visualizing the level of the system dis-
order. The basic forces for the formation of these artificial systems are related
to nonvalent interactions like in living nature.

Ligand-protected particles form, as a rule, solid powders which cannot be
used immediately since cold or hot pressing and sintering are inapplicable
due to intensive recrystallization. The great advantage of these 30 nm stabi-
lized nanoparticles is that they become soluble in specific solvents beginning
from nonpolar solvents (pentane) and ends with water. Nevertheless, the or-
ganization of such particles is a serious problem Nanoparticles with almost
ideal properties can become useless unless the problem is solved. Their struc-
ture can be three- (commonly cross-linked by spatial molecules of various
lengths), two- (e.g. self-organized ligand-stabilized particles on the solution
surface, often with participation of linking blocks) or one-dimensional (quan-
tum dots, quantum wires and even quantum cables). Three-dimensional (3D),
two-dimensional (2D), and one-dimensional (1D) materials are now in exten-
sive use today (Table 1.3).

1.3 Dimensional Phenomena in the Chemistry
and Physics of Nanoparticles

The degree of particle dispersion significantly affects their activity which
varies with particle growth. Properties of nanoparticles as a function of their
size are a fundamental problem in the chemistry and physics of the ultradis-
persed state.

Nanoparticles exhibit so-called dimensional effects when their structural
parameters are commensurable in at least one direction with the correlative
radius of one or another chemical or physical phenomenon. This happens,
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Table 1.3. Typical nanomaterials

Size (approximate) Materials

1D nanocrystals
and clusters
(quantum dots)

1–10 nm in diameter Metals, semiconductors, magnetic
materials, Langmuir–Blodgett
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 nm2 to 1 µm2 Metals, semiconductors, magnetic
materials, polymer films

Surfaces and thin
films

1–100 nm thick Various materials

3D structures
(superlattices)

A fewnm in all three
dimensions

Metals, semiconductors, magnetic
materials, consolidated material,
nanostructured materials

Nanoparticles in
polymers

1–100 nm Metal–polymer nanocomposite

e.g. with the free path length of electrons for electrokinetic properties or
phonons, with coherent length in a superconductor, the size of a domain for
magnetic characteristics, the size of a Frank–Reed loop for dislocation sliding,
or the length of mechanical defects of dislocation or disclination type. They
are characterized by quantum-dimension effects. The classical physical laws
are replaced by the rules of quantum mechanics. When the size of a solid
or liquid particle diminishes down to 100 nm and less, quantum-mechanical
effects start to become more and more noticeable. The effects are displayed
in the variation of the quantum-crystalline structure of the particles and
their properties. At least three reasons responsible for these effects can be
mentioned [20]. First, is commensurability of the size with one of several fun-
damental 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 affect their lattice and electronic subsystems.
And, third, the severe conditions of their formation (high or low temperatures
and process rates, exposure to powerful radiation sources, etc.) transform
nanoparticles into a non-equilibrium (metastable) state. These factors deter-
mine the specifics of the atomic structure of separate nanoparticles and of the
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atomic and crystalline structure of a nanomaterial as a whole. A strictly pe-
riodic lattice typical of a crystal does not answer the minimum of energy of a
nanoparticle. Its stability corresponds to an inhomogeneous strain and, in the
case of multicomponent materials, to an inhomogeneous distribution of com-
ponents and phases by the particle radius. A great variety of imperfections
have been detected in the atomic structure of nanoparticles, including vari-
ations in the interatomic distance, increasing mean square shifts of atoms,
defectiveness, microdistortion, amorphization, inhomogeneous strain; struc-
tural, concentration and phase inhomogeneity of nanoparticles; stabilization
of high-temperature phases, etc. The specific heat, susceptibility, conductivity
and other critical characteristics of metals change significantly as nanopar-
ticles reach the nanoscale. Moreover, their specifics are imposed by a non-
monotonic dependence of the basic characteristics, including melting point,
pressure of recombination of the crystalline structure, ionization potentials,
binding energy per metal atom, change in interatomic distances, optical and
magnetic parameters, electronic conductance, electron–phonon interactions,
etc. upon cluster size and the number of atoms M in it.

Formally [6,10], nanoparticles of various sizes are treated as a link between
the classical objects of the chemistry and physics of solids (Fig. 1.3 and
Table 1.4).

Fig. 1.3. Size correlation between micro- and nanoparticles

Table 1.4. Classification of nanoparticles by 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 2nm 5 nm 10 nm 100 nm
3nm 7 nm

Proceeding from the above, dimensional effects can be conventionally sub-
divided into two groups. Inner size effects are connected with variation on
the surface and in the bulk. They are exhibited by the electronic and struc-
tural parameters of nanoparticles, including binding energy, chemical activity,
ionization potential, melting point and crystalline structure. The effects of
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external size attributed to collective properties or the lattice excitation are
displayed in the variation of optical spectra of nanoparticles [21,22]. This can
be proved for the example of niobium clusters Nbx (x = 1–12) with either
isopropyl bromide or ethyl bromide (Fig. 1.4). The yield of NbxBr for x =
4 is a maximum due to the high activity of particles with uncompensated
energy of surface atoms which then reduces in the case of isopropyl bromide
because of the intensified steric factors in the niobium cluster.

In Fig. 1.5a, [23, 24] Fig. 1.5b, Fig. 1.6, [25, 26], Fig. 1.7, Fig. 1.8 [28]
and Fig. 1.9 [27] typical size-dependent properties of some semiconductors
and nanocrystals are shown. The drop in melting temperature Tm with size
reduction has been known for a long time. Recently, this has been proved
experimentally for only comparatively low-temperature two-phase systems,
including In-Al (Fig. 1.6a). The melting enthalpy of indium particles (∆ HE

M )
was shown to depend on particle chemical activity which lowers in the fol-
lowing order (in the example of low-temperature co-condensation on cold
surfaces [22]): metal atom > cluster > nanoparticle > nanoparticle aggre-
gate > bulk metal (Fig. 1.9). Actually, the dependence bears an extreme
rather than monotonic behavior.

1.4 Nanoparticles and Materials on their Base

It is important that in contrast to homogeneous materials, nanoparticles
having an extremely developed interfacial surface show excess energy due
to which they are often called energy-saturated systems. Peculiar to them
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properties serve the base for relating them to the fifth aggregate state of
the substance [29]. These materials are the subject of a new developing
scientific discipline – physico-chemistry of nanoparticles (sometimes called
nanochemistry or physics of clusters). Successes in this field are closely re-
lated to the development of synthesis methods (Table 1.5).

For example, scanning probe microscopy (SPM), and its variants such as
scanning tunneling (STM), atomic force (AFM), and magnetic (SMM) mi-
croscopy, allow us not only to visualize the structures formed on the atomic
and subatomic levels but to carry out the transfer and localization of sin-
gle molecules into the solid surface [30–34]. The range of production meth-
ods of nanoparticles is extremely broad. They can be grouped into physical
(first-order phase transformations in the absence of chemical reactions) and
chemical. Among commonly used physical methods employing aggregation of
free molecules and ions into clusters, the most widespread are condensation
procedures. The condensation procedure includes assembly of nanoparticles
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from individual metal atoms, or molecular and cluster groups. Upon reach-
ing certain dimensions and a definite physical interface the atoms associate
and after a transient state become nuclei of a new phase. This results in the
formation of an equilibrium and stable (like in micelle formation) structure.
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Fig. 1.9. The relative chemical activity of metal species versus their size

Modifications of the procedure will be analyzed in detail in the chapters to
follow. Note that the majority of them are complementing rather than com-
peting methods.

Less frequently, dispersion methods are employed that consist of disinte-
gration of the macroscopic phase of the substance (coarse-dispersed particles
in colloidal mills, agitators, ultrasonic, high-frequency and electric-arc crush-
ing, etc.). They all belong to forcible methods since perceptible work is spent
on breaking the links, although sometimes a spontaneous dispersion of sub-
stances 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
a hundred years. The reducers can be hydrogen and hydrogen-containing
compounds, e.g. tetrahydroborates, citrates of alkali metals, hypophosphates,
alcohols, metal–organic compounds, high-energy radiation, etc. The kinetic
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Table 1.5. Nanoparticles and materials on their base

Scale
(approx.)

Synthetic
Methods

Structural Tools Theory and
Simulation

0.1–10 nm Covalent
synthesis;
reduction
procedures;
sol-gel
synthesis;
intercalation
methods

Transmission infrared
spectroscopy (TIRS); UV
and visible electronic
spectroscopy (UVS-VIS);
nuclear magnetic
resonance (NMR);
electron-spin resonance
spectroscopy (ESR);
diffraction methods;
scanning probe
microscopy (SPM)

Electronic
structure

< 1–10 nm Self-
assembly
techniques;
Langmuir–
Blodgett
technique;
biomineral-
ization

Scanning electron
microscopy (SEM);
transmission electron
spectroscopy (TEM);
atomic force microscopy
(AFM); X-ray
photoelectron
spectroscopy (XPS);
extended-ray absorption
fine structure (EXAFS)

Molecular
dynamics
and mechan-
ics

100 nm–1 µm Dispersion;
microen-
capsulation;
biosorption;
processing,
modifica-
tions

Coarse-
grained
models,
hopping,
etc.

parameters of the reduction reactions depend upon the nature of the agent
to be reduced and the conditions thereof. Chemical methods include various
modifications of electrochemical synthesis, thermal decomposition of unstable
covalent metal-containing compounds (including metal–organic compounds)
and molecular complexes. Common features of the processes of nanoparticle
formation are the high rate of their nucleation and low growth velocity. This
is the condition of their promising use and search for the means of exercis-
ing 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
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furnish the chance for researchers to choose a synthesis procedure in response
to concrete purposes and requirements.

It is worthwhile mentioning a new direction in physico-chemistry of
nanoparticles – the chemistry of gigantic clusters. A number of synthesis
methods for compounds with metal–metal links, whose nuclearity reaches
several hundreds, have been elaborated lately.5

It has been noted earlier that the severe conditions of synthesis, and the
large specific area Ssp of nanoparticles, characterized also by small-size mor-
phological elements, can induce variations in their physico-chemical proper-
ties and even violation of the atomic structure [36]. Extremely high (or low)
temperatures and velocities of the processes, and various external effects (e.g.
fast condensation or quenching) assist in the 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 under dispersion of a homogeneous metal of vol-
ume V till the particle radius r is ∆F (r = 3σV /r), where σ is the energy
increase of the system at the formation of the new interface of unit area)
and lowered activation energy of various reactions promote high activity of
the particles. This is why energy-saturated nanoparticles obtained in strongly
nonequilibrium conditions enter into highly intensive interactions with com-
ponents of the medium they are formed in. Even when they are formed in
an inert atmosphere, they spontaneously enlarge and result in a powder of
usual dispersivity.

Nevertheless, the very high activity of nanoparticles can sometimes be
helpful, although it creates the tedious problem of their stabilization during
transporting and storage.

However, strong passivation of their activity, especially under catalysis,
may be undesirable. Passivation should preserve the high chemical activ-
ity of nanoparticles. Nanoparticles in the absence of stabilizers are typical
lyophobic colloids with low aggregate stability. So the choice of an efficient
means of controlling chemical passivation of nanoparticles is considered as
one of the most important trends. The solution of this problem is facilitated
by the high sorption capacity of such particles towards 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 polymer stabilizer is needed to
5 Strictly speaking, these huge clusters are not treated as individual compounds

but include particles of different size (e.g., Pd561 contains 570 ± 30 atoms)
and have a narrow range of distribution (like the molecular-mass distribu-
tion of polymers). Their formulas are averaged by the statistical ensemble, e.g.
Pd561Phen60(OAc)180 produced by Pd(OAc)2 reduction by hydrogen in the pres-
ence of 1,10-phenantropine [35] or Pd1415 [15]. By their essence the clusters are
nanoparticles (Pd561 is 2.6 nm in diameter) covered by a ligand protecting them
from the environment.
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overcome the coagulation threshold. 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 stabilization. In
reality its mechanism is extremely intricate and many problems of polymer
and nanoparticle interactions remain unsolved.

In this monograph we have tried to present the current state of three as-
pects in the physico-chemistry of nanoparticles critical for understanding the
structure and properties of nanocomposites. This also relates to adsorption
and chemisorption of macromolecules on nanoparticle surfaces from solutions,
generation of interfaces, and phenomena of surface conductivity, specific in-
teractions dependent upon the chain origin and length, its conformation, and
composition of copolymers. Hydrophobic polymers in polyelectrolytes simi-
larly charged with nanoparticles are inclined to associate ionic groups and
form domains as microphases of ion regions.

Physico-chemical properties of polymer surfactants which present macro-
molecules with both hydrophobic and hydrophilic fragments are to be consid-
ered as stabilizers of the ultradispersed state in all the processes cited above.
Furthermore, the topochemistry of interactions and the morphology of fu-
ture nanocomposites are to be taken into account as well. The stabilization
mechanism is based on structural and mechanical constituents of stability
in dispersed systems, spatial networks of the coagulation structure type and
formation of adsorption-solvate structured films on nanoparticle surfaces.

Block copolymers based on polar and nonpolar comonomers are found
in some solvents in the form of inverted micelles. Their structure is sepa-
rated 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 sta-
bilizer (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 the stabilization of concentrated and highly concentrated systems,
surface stabilization in Langmuir–Blodgett (LB) films, dendrimer-template
nanocomposites and matrix insulation processes based on the formation of a
polymer stabilizer in the presence of dispersed nanoparticles.

Nanocomposite materials are a polymer matrix with nanoparticles and
clusters randomly distributed (a totality of adjoining discrete particles in the
form of aggregates of indefinite shape and size). The production method does
not differ formally from the traditional approaches to nanoparticle synthesis
without polymers. These procedures will be covered in this book. Nanoparti-
cles in such systems serve as a dispersed phase whereas the polymer matrix
serves as a dispersed medium. Nanoparticles are microencapsulated in the
polymer shell. Recently, composites whose nanoparticles are localized only
on the surface of powders, fibers, films and nanocomposites on the base of
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nanoparticles having 3D, 2D and one-dimensional structures have become
widely used.

Nanocomposites can be produced by various methods: by generating
nanoparticles in a specially prepared polymer matrix, less often by poly-
merization or polycondensation of corresponding precursors and very rarely
by creation of the materials in a single stage with simultaneous shaping of
both nanoparticles and the polymer shell. The last method is complicated
by strict requirements on the velocities of the processes. In fact, these two
completely different processes have the same kinetics including nucleation,
growth and termination of material chains.

In spite of the abundance of such methods and their modifications, not
many of them are complete or used in industry. So the methods of metal
coating of polymer surface by evaporation are widely used. Nanocomposites
with high content of metal particles can be obtained by thermal decom-
position of the corresponding metal carbonyls (mostly in thermoplastics).
Still, the broadest sphere of activity in the field lies in chemical reduction
of metal compounds in the presence of a polymer matrix. This is, however,
a complex multistage process which includes the formation of unstable low-
covalent forms of metals undergoing spontaneous decay and metal isolation.
Along with stabilization of these highly reactive particles in situ 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, and self-organized growth of cluster formations.
Sometimes the macroligand is the factor that helps to register the formation
and even to isolate intermediate particles or clusters of specific sizes.

In fact all methods and their modifications for producing nanocompos-
ites of nonmetallic type fit the synthesis of multimetallic materials. During
multimetallic nanocomposites production various complex physico-chemical
transformations occur that result in inhomogeneities and various phases at
the microlevel. The processes have been comprehensively studied on the ex-
ample of metal–polymer systems with bimetallic inclusions of Pd/Pt, Pd/Cu,
Pd/Au, etc., triplet systems like Y–Ba–Cu, and the like. Preliminary synthe-
sis of polymers is especially convenient in synthesis of structurally homoge-
neous materials. It employs the polymer matrix with metal salts dispersed in
it at the molecular level. This procedure is also used to prepare multicom-
ponent steels of M50 type. However, a number of problems concerning the
matrix structure and composition effect on the physico-chemistry of nanopar-
ticle nucleation and growth, and the formation of individual phases of metals
and their alloys in multicomponent systems, are still awaiting solution.

The polymer matrix remains indifferent in the reactions of nanocom-
posite formation. They are frequently accompanied (especially in subsur-
face layers) by polymer destruction and abrupt reduction of molecular mass,
cross-linking and formation of spatial structures (sometimes by isomeriza-
tion of polymer units). This results in the loss of matrix solubility, fracture
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of the polymer crystalline phase followed by its transfer into the amorphous
state and rupture of separate links (more often halogenide, ether and epox-
ide links). Nevertheless, a critical factor that ensures the degree of interac-
tion between the polymer and nanoparticles is the formation of complexes
and even chemical metal compounds and salts of arrhenic, bis-arenic 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 presumed that the matrix and nanoparticles interact with each
other, the systems are called polymer-immobilized. This is especially evi-
dent in the example of polymer-immobilized clusters and polycyclic forma-
tions with the identified structure including the heterometallic types (indi-
vidual clusters in contrast are nanoparticles). They are produced in a specific
manner (chiefly by phosphor-, nitrogen- and oxygen-containing groups) from
functionalized polymers through polymer-analogous transformations, leaving
the polymer chain and cluster skeleton intact. It looks prospective to pro-
duce materials by poly- and copolymerization of cluster-containing monomers
(by the simultaneous formation of the matrix and nanoparticles similarly to
nanocomposites).

An original variant of producing nanoparticles stabilized by a polymer ma-
trix presents a combined pyrolysis of polymers and metal-containing precur-
sors. The origin of precursors introduced into the polymer matrix may exert
a strong effect on its thermal decomposition. High-temperature thermolysis
(depolymerization) makes monomers and some other products, and is accom-
panied by graphitization of the matrix and nanoparticles. Conditions under
pyrolysis (gaseous medium, ligand environment, metal nature) might influ-
ence thermolysis and lead to formation of different nanoparticles including
metal, oxide, carbide, and sometimes nitride nanoparticles which are encap-
sulated into either a cross-linked polymer matrix or carbon-containing shell.
Nanoparticles of transient metals and their lowest-order oxides with a defi-
cient structure turn out to be the most efficient inhibitors of high-temperature
thermal and thermooxidative destruction of polymers. Approaches that are
based not only on the pyrolysis of polymer-immobilized polynuclear metal
complexes but on the controlled thermolysis of metal-containing monomers
with a series of stages seem to be most promising too. These stages also in-
clude the formation of metal–polymers presenting self-regulating systems 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 dominant method of obtaining novel materials. Significant
achievements have been attained in this field. The potential of this method is
however bounded. It is getting harder to reach the desired results. Recently
the investigation has moved to the search for modification of known in the
art procedures and materials. In particular, these approaches have been put
into the base of developing hybrid polymer–inorganic nanocomposites. What
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is common in these materials and the topic of this book is the nanometer
parameter, distances between networks and layers formed by the polymer
and inorganic ingredients and the nanosize of the forming particles including
metal-containing particles.

A rapidly developing area is sol-gel production of hybrid materials as
well as intercalation of polymers and nanoparticles into layered systems in
terms of the chemistry of intracrystalline structures like the guest–host. It
is important that these procedures employ substances and reagents that are
ecologically safe and convenient for deriving highly dispersed materials. Hy-
drolysis that presupposes condensation of metal and metalloid alcoholates in
polymer-forming compounds or in polymer solutions is widely used. Inter-
actions between phases of inorganic and polymer components here play the
leading part. Special attention is paid to network polymer–inorganic compos-
ites whose components have strong covalent and ionic chemical bonds. Ini-
tiated by practical demands intensive elaboration of nanosize (soft template
systems) and polymetallic ceramics based on sol-gel synthesis is underway
today.

It is of special interest to investigate polymer intercalation into porous
and layered nanostructures. Intracrystalline cavities of the host represented
by inorganic oxides (silicate layers), metal chalcogenides with a regulated sys-
tem of nanosize pores and channels are filled with atomic or molecular guest
structures which are clusters, nanoparticles, coordinate structures of CdS
type, or polymer units synthesized in situ. The most challenging type of in-
tracrystalline reactions is inclusion of monomer molecules into the guest pores
followed by their post-intercalation conversion into the polymer, oligomer or
hybrid sandwich products. This method is used currently to fabricate poly-
conjugate conducting nanocomposites based on polyaniline, polypyrrole and
others. Thus induced encirclement of the nascent polymer inclusion in self-
assembling polylayered nanocomposites is characterized by high degree of
properties.

Clusters and nanoparticles in LB films turn out to be promising materi-
als for molecular designs, especially with respect to developing self-organized
hybrid nanocomposites. Metal–polymer LB films and their properties are ac-
tively investigated now. One more aspect in understanding nanostructures is
recognition that they are bridges to modeling surface and biological processes
as objects of supramolecular chemistry and structural chemistry of intermole-
cular links [36]. Although only the first steps have been taken in this direction,
one can perceive the far-reaching vistas in applying the described techniques
for generation of self-organized layers at the molecular level.

Hybrid nanomaterials are common in the living nature. Interactions
between metal-containing particles, biopolymers (proteins, nucleic acids,
polysaccharides) and cells are critical in enzymatic catalysis, geobiotech-
niques, biohydrometallurgy and biomineralization. Perfection of the processes,
modeling, and creation of synthetic analogs allow us to approach living
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organisms. This is especially so for polynuclear metal enzymes, as well as
biosorption and biomineralization processes. Thus, microbes work hard like
gold-diggers extracting nanoparticles from gold and ore by biological leaching
and then enlarge them till they are visible gold grains. Clusters and nanopar-
ticles serve as models for a series of biological concepts that are the objects of
biomimetics and bioinorganic chemistry. Practically all approaches to the pro-
duction of nanocomposites analyzed in this book (polymer-immobilized clus-
ter and nanoparticles, sol-gel syntheses, layered intercalation compounds, LB
films, etc.) are intensely used for biopolymers and biocomposites. Profound
successes have been attained in modeling polynuclear negemic complexes of
iron (methane monooxigenase components), in designing photosystems for
oxygen isolation from water similarly to enzymatic processes, in biochemical
nitrogen fixation, use of nanoparticles in diagnostics of pathogenic and ge-
netic diseases through their aggregation in complementary oligonucleotides,
in the creation of metal–enzyme preparations, and many others.

When microorganisms are combined with colloidal metals, they concen-
trate bacteria. These are preceded by their adsorption on the cell surface and
is followed 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 collective recrystallization coarsen-
ing of metal particles (microbiological geotechnology). These phenomena are
based on the same colloidal and chemical interactions as in synthetic poly-
mers. Biogenous formations frequently encountered in nature can be formed
in the course of biomineralization and bioconcentration with the strict con-
trol of the matrix (template) over nucleation and growth of materials with
a perfected structure. This leads to generation of materials with a complex
hierarchic structure of biological nanocomposites. Although it is extremely
difficult to reproduce intricate and accurate bioinorganic reactions under lab-
oratory conditions, a set of complex processes, including microencapsulation
of active enzymes into a sol-gel matrix, production of biosensors, enzymatic
electrodes, and components of optical meters have already been successfully
performed.

The fields where clusters and nanoparticles encapsulated into the polymer
matrix can be adopted are, in fact, unbounded. We will enumerate only most
important among already realized processes.

Nanoparticles are commensurable in size with Bohr’s radius of excitons
in semiconductors. This governs their optical, luminescence and redox prop-
erties. Since the intrinsic size of nanoparticles is commensurable with that
of a molecule, this ensures the kinetics of chemical processes on their sur-
face [37, 38]. Current investigations are concentrated also on the study of
boundary regions between nanoparticles and the polymer, because the inter-
faces are responsible for the behavior of adsorption and catalysis.

The majority of investigations in nanoparticles bear an interdisciplinary
character as far as methodologies of a number of scientific domains, including
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physico-chemistry, materials science, biotechniques, nanotechnology, etc. are
required to get further insight in the subject. The science of nanocomposites
has sprung up in the recent decades (see [39–42,44]) at the junction of various
fields of knowledge and almost at once started to yield practical results.
Its intensive advance, enrichment with new notions and wide spectrum of
knowledge presented, until recently, a barrier to making an at least provisional
review of the results attained. This monograph is aimed at generalizing the
state of the art in this progressing boundary sphere of science.
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2 Nucleation Mechanism of Nanoparticles
and Metal Clusters, their Structure
and Chief Properties

The physico-chemistry of metal nanoparticles and their nucleation processes
have been comprehensively studied and quantitatively described most fully
for the cases of homogeneous and heterogeneous formation in the gaseous
and liquid phases. Despite the diversity of synthetic methods of producing
nanoparticles they can fit into two characteristic classes. The methods be-
longing to the first class are sometimes called dispersion or top-down methods
and these are physical processes. They are based on first-order phase trans-
formations in the absence of chemical reactions during which block metal is
atomized to nanoparticles.

The second class presents a rather numerous group of bottom-up meth-
ods that employ chemical approaches to the assembly of nanoparticles from
either mononuclear metal ions or kernels of a lower inclination to nucleation.
To eliminate agglomeration of such particles at storage and transportation, a
great variety of stabilizers, including donator ligands, surfactants, and poly-
mers, etc., are used.

The formation of nanoparticles proceeds in stages among which the main
are nucleation and growth of nuclei, rupture of material chains and formation
of a new phase. It is difficult to identify the stages distinctly although the
formation of a new phase is a well-explored physical domain.

Chain nucleation (stage of formation of active M1 particles), growth of the
new phase particles and generation of transformation products (P, P*) can
be treated from the viewpoint of kinetics as a chain process (or bimolecular)

M k0−→ M1 + Mj (monomolecular)
M + Mj = M1 + P∗ (bimolecular) (2.1)

and chain extension (cluster growth)

Mj + M
kj−→ Mj+1 (1 < j < ∞) . (2.2)

The reverse reactions, e.g. dissociation of clusters, take place along with chain
nucleation and growth

Mj

k−
j−→ Mj−n + Mn (n ≥ 1) (2.3)
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interaction between chain carriers (including coagulation)

Mj + Mn
kj,n−→ Mj+n (j, n > 1) (2.4)

and destruction of the chains as a result of interaction of the growing cluster
and stabilizer molecule (or matrix S∗)

Mj + S∗ ks−→ MjS
∗ . (2.5)

To describe phase formation, it is necessary to consider large series of suc-
cessive elementary reactions and to solve a large number of differential equa-
tions. Quantitative characteristics of elementary reactions during nucleation
and growth of metal-containing nanoparticles are almost unknown so far.

The major distinctive feature of nanoparticle formation in the kinetic
respect is the high rate of metal-containing phase nucleation as opposed to
its low growth rate. It serves as a criterion for determining topological means
of synthesizing nanoparticles.

In this chapter we shall dwell upon common representations, general
trends and methods of depicting nucleation processes, structure and growth
of new gas and condensed phases as the start of initiating high-dispersed
metal-containing particles and their further transformations.

2.1 Characteristic Features of Nanoparticle Nucleation

The formation of nanoparticles from a single metal atom in a zero valence
state M0

1 and their conversion into a compact metal M∞ proceeds through
generation of intermediate ensembles (clusters, complexes, aggregates) con-
sisting of j atoms Mj (1 < j < ∞) and can be presented by the following
scheme (without consideration of back reactions)

M M M M
M −→ M2 −→ M3 −→ . . . −→ Mj.

k1 k2 k3 kj−1

(2.6)

The balance equation of the process looks like

nM0
1 → lim

∑
f(j, L)Mj , (2.7)

where f(j, L) is distribution function of atom ensembles by their size and
number of atoms in the ensemble (in case a new phase is formed in the
condensed matrix).

Let us proceed from the atomic point of view. As the number of atoms
in an ensemble grows, some stable state is reached. The mean frequency
of an atom joining the ensemble becomes equal to the mean frequency of
separation, making their further joining with the ensemble unproductive.
This ensemble is called a critical nucleus of the new phase [1–3].
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In classical thermodynamics the emergence of a new phase presents a
phase transition of the first order when the density and thermodynamic func-
tions (energy E, Gibbs’ energy G, enthalpy H, entropy S), except the thermo-
dynamic potential Φ, change jumpwise at the point of transition. Nucleation
of a new phase is critical to the formation of an interface within the mater-
nal phase bulk. The interface bounds the amount of another phase, named a
critical nucleus, capable of progressive spontaneous growth.

Nucleation in real supercooled liquids and gases in a metastable state may
be invisible for a long time. Various kinds of glass such as overcooled melts
are an example of such matter. They are able to exist in an amorphous state
not crystallizing for a long time. This means that the reasons of stability of
metastable systems towards appearance of a new phase are hidden behind
difficulties in nucleation.

The origin and new phase of nucleation (homogeneous, heterogeneous,
electrochemical) and growth processes are described theoretically by different
methods (thermodynamic, statistical, macro- and microkinetic). Problems
in the classical theory of nucleation formulated by J. Gibbs [4] have been
extended by Folmer, Becker and Doring, Zeldovich and Frenkel [2, 4–13].

Heterogeneous nucleation is considered to be a process during which in-
teractions resulting in formation of new phase nuclei are running in contact
with either heterogeneities found in the maternal phase or with the surface.
Otherwise, nucleation within the maternal phase bulk are called homoge-
neous and can be perfectly modeled by the phenomenon of drop formation
in the volume of supersaturated vapor.

The description of nucleation on the surface and in the bulk are equivalent
since in the latter case it is considered in two-dimensional and in the former
in three-dimensional regions [10].

Homogeneous phase formation is characterized by the appearance of new
phase nuclei within the metastable homogeneous system. This can be referred
to as transition of the substance into the thermodynamic stable state through
a sequential reversible association.

The metastable phase is found in a quasi-equilibrium state where the rate
of formation of spontaneously growing associates of a supercritical size is low
and the equilibrium statistical distribution of associates by their size down
to the critical one is not violated and is invariable in time. The associates
can be presented as spherical microdrops of radius Rj . For common liquids
in capillaries, the drops show intrinsic properties provided the capillary is
under vapor pressure PjPP expressed by the Gibbs–Thompson formula

PjPP = P∞PP exp (2γ Ω/kBTRj) (2.8)

where P∞PP , γ are the pressure of the supersaturated vapor and surface ten-
sion (specific free surface energy, J/cm2), Ω = M/NAN ρ, M is the atomic
mass of the substance, ρ is its density, NAN is Avogadro’s number, and
kB = 1.38 · 10−23 J/K is Boltzmann’s constant.
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This model of nucleation is sometimes known as the capillary model [13].
In the general case, the change of Gibbs energy, ∆ G, in the system (rated

by one atom) under formation of a new phase nucleus can be presented by
the sum of two components. The first of them denotes system properties in
the macrovolume and makes allowance for the lessening of the Gibbs energy,
∆ Gj)macr, during formation of the new phase nucleus. This formation incor-
porates j atoms and is characterized by the difference, ∆ µ, in the chemical
potentials between the metastable maternal phase and the environment (e),
and between the new stable phase and the nucleus (n)

(∆ Gj)macr = −j (µe − µn) = −j ∆ µ (2.9)

where µe and µn are the chemical potentials of the environment and nucleus,
correspondingly for one atom and ∆ µ is the variation of chemical potential
(J/atom).

The value ∆ µ can be expressed through the parameters being measured.
The simplest equations for ∆ µ for a number of cases of isotropic homogeneous
phase formation characterize vapor condensation as well as crystallization of
single-component particles from a solution, melt or during boiling.

Let the nucleus of the new phase consisting of j atoms be spherical with
radius Rj = (3jΩ/4π)1/3, so it can be written that (∆ Gj)micr = 4πR2

j . Then
the total change of Gibbs’ energy during formation of a single spherical nu-
cleus will be

∆ Gj = (∆ Gj)macr + (∆ Gj)micr = 4πR3
j ∆ µ/3Ω + 4πR2

jγ . (2.10)

This condition is valid for the following radius of the critical nucleus

Rj, cr = 2Ωγ/∆ µ . (2.11)

The number of atoms in this critical nucleus will be, correspondingly,

j cr = 4πR3
j ∆ µ/3Ω = 32π Ω2(γ/∆ µ)3/3 . (2.12)

The energy barrier to be overcome at formation of a new phase will be

∆Gj, cr = 16π (Ω/∆ µ)2γ3/3 . (2.13)

The energy barrier constitutes one third of the surface energy of the critical
nucleus according to Gibbs.

The system potential will diminish for an ensemble of atoms having Rj <
Rj, cr, so aggregates less than Rj, cr, will disintegrate, whereas aggregates with
Rj > Rj, cr show growth that lessens the energy of the system. The nuclei
will be just these particles.

Let us estimate the characteristic size of a critical nucleus. To condense
from vapor, high temperatures and supersaturation are needed for metal-
containing particles. These conditions can be modeled by the method of im-
pact tubes. So, for iron [14] at T = 1600 K, s = P/P0PP = 3040, γ = 1.8 · 10−4
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J/cm2, we have ∆ µ = kAT ln(P/P0PP ) ≈ 9 · 10−20 J. At Ω = 10−23 cm3 we get
Rj, cr = 2Ωγ /∆ µ ≈ 0.47 nm. The critical nucleus of this size contains about
33 atoms of Fe.

Data on the size of critical nuclei of some metals and the number of their
constituent atoms are presented in Table 2.1 (∆H/T0TT , surface energies and
experimental values of overcooling ∆TcrTT are taken from [4, 14]). It is evident
that the sizes of the critical nuclei are within 1–2 nm (the number of atoms
is 102–103) which is higher than during crystallization from vapor.

Table 2.1. Radius of critical nucleus Rj,cr and number of constituent atoms jcr
during metal crystallization from the melt

γ · 107, ∆HmHH /T0TT , ∆TcrTT , K Ω · 1023, Rj,cr, j cr

Metal J/cm2 [8] J/(mol·K) [8] [8] cm3 nm

Fe 204 8.6 295 1.21 1.17 553

Co 234 8.9 330 1.12 1.07 457

Ni 255 10.1 319 1.13 1.07 453

Pd 209 8.4 332 1.51 1.36 696

Pt 240 10.45 370 1.54 1.15 418

Cu 177 9.6 236 1.21 1.14 512

Ag 126 9.2 227 1.75 1.27 489

Au 132 9.5 230 1.73 1.26 483

Pb 3.33 7.95 80 3.08 1.94 991

Sb 101 22.1 135 3.39 1.38 324

Al 93 11.65 130 1.67 1.23 466

Sn 54.4 14.1 105 2.76 1.22 275

Hg 31.2 9.7 79 2.52 1.24 316

In case the results of nucleation are solid crystalline products, partic-
ularly, metal-containing ensembles, the formation of a thermodynamically
equilibrium crystalline nucleus will follow anisotropic behavior. This is due
to crystallographic inequality of the surface energy in the boundary as the
surface area, density and disposition of atoms in the surface layer are chang-
ing. During nucleation elements of the interface and interfaces themselves
first emerge and then disappear. It is to be borne in mind that it is strongly
problematic and almost impossible to identify volume and surface properties
of nuclei with the size approaching atomic size. A large portion of surface
atoms js, in total j (js/j ∼ j−1/3) in a nucleus, make the properties of a
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particle with a solid metal nonadditive. The geometrical interpretation of
minute particles is also problematic. The boundary of small spherical parti-
cles of j atoms can be presented as a spherical surface formed by the centers
of outer atoms whose volume corresponds to that of an infinite crystal. The
boundary of an ensemble consisting of j atoms can also be treated as an ex-
tremely fine transition layer between the medium and ensemble nucleus differ
in thermodynamic properties [13]. The width of the interface is estimated as
1.0–1.5 nm.

The major concepts of the isotropic model of nucleation in vapor phase
condensation do not change while considering isotropic formation of a new
phase in a solution or melt.

A different behavior is observed when the new phase is formed in a solid
matrix for which the spatial anisotropy of properties is commonly character-
istic, e.g. when one phase transforms into another. The formation of a new
phase nucleus, having its own specific volume and structure different from
the maternal, brings stresses [15] observed as the lattice strain U0

ikUU .
Total variation of the Gibbs energy of the system during solid-phase nu-

cleation is

∆Gj = (∆Gj)macr + (∆Gj)contr + (∆Gj)surf

= −j[∆µ − λ(U0
ikUU )2Ω] + γ (j Ω)2/3. (2.14)

Nucleation of the new phase takes place only in case ∆µ ≥ λ(U0
ikUU )2Ω. This

becomes possible (using the above cited parameters λ, Ω, U0
ikUU ≈ 3·10−2)

when ∆µ ≥ 2·10−21 J. If ∆µ ≈ ∆H∆T/T0TT , where ∆H is the transient heat
≤7·10−21 J; T0TT is the transition temperature; ∆H∆T/T0TT = ∆T = T0TT – T is
the overcooling, then the new phase is able to form within the bulk of the
solid maternal phase, providing the relative overcooling is ∆T/T0TT ≥ 0.3.

Solids with an ideal crystalline lattice were discussed above. Real crys-
talline bodies always have one or another defect, including packing, dislo-
cation or structural complexes resulting from impurities, interstitial atoms,
domain or grain boundaries. This might elevate the thermodynamic potential
of the crystal. The formation of new phase regions might lead to gains in en-
ergy as compared to formation of such regions in the ideal lattice. The energy
needed to form a critical nucleus in an ideal lattice is high enough. That is
why considerable deviations from conditions of phase equilibrium are to be
reached for nucleation under such conditions. The presence of various flaws
lessens this energy and catalyzes the nucleation process so strongly in some
cases that nucleation of the new phase could run without overcoming any
noticeable energy barriers at activation energy of the order of the diffusion
activation energy. Nucleation of a new phase on linear defects (dislocations)
is often a very involved phenomenon in solid body transformations.

These models of homogeneous nucleation make it possible to estimate the
level of critical saturation, size and quantity of the critical nucleus.
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Heterogeneous nucleation occurs in various multicomponent systems with
spatial macroinhomogeneities at the interface (foreign inclusions and surfaces,
substrates, including polymer substrates, additives or already formed crys-
talline particles). These inhomogeneities raise the probability of heteroge-
neous nucleation of a new phase on them.

The formation of metallic silver particles as nanosize agglomerates joined
into chains within the volume of photolysis silver bromide crystals can be
attributed to silver crystallization prevailing along the lines of round grain
boundaries. The condensation effect analogous to heterogeneous one could
bring ionized particles in Wilson’s chamber.

Nucleation on an ideally wettable surface (θ → 0) will run exclusively
on the solid phase surface. This fact is critical for surface metallization of
functionalized polymers.

Thus, the formation of a new phase on spatial inhomogeneities, particu-
larly on the surface, is much more advantageous than homogeneous nucleation
in the bulk. The potential barrier height (∆Gj)cr,het ≈ 0.2(∆Gj)cr,hom found
in formation of the heterogeneous critical nucleus is nearly five times lower
than that in nucleation in the bulk.

The peculiarities of heterogeneous nucleation with allowance for the sur-
face energy anisotropy at the crystalline nucleus–surface–medium interface
are to be taken into consideration during nanoparticle formation on the poly-
mer surface. The dimensions of the critical nuclei of the new metal-containing
phase during both homogeneous and heterogeneous condensation are below
10 nm.

Electric crystallization of metals and alloys is an important means of new
phase nucleation observed on the cathode during electrolysis of solutions or
melts of certain salts. Its mechanism helps us to understand electrochemical
reactions for producing polymer-immobilized metal nanoparticles. The vari-
ation of the chemical potential of the system ∆µel

∗ in electrocrystallization
is expressed through variation of the electrochemical potential

∆µ∗
el = ∆µ + zF∆E = ∆µ + zFηk , (2.15)

where z is the number of electrons participating in electrochemical equilib-
rium; F is Faraday’s number; ∆E is the deviation of the electrode potential
to the positive side of its equilibrium value equal to half the difference of the
escape work of the base metal electrons and of the precipitating metal. It is
characterized by an overvoltage ηk = kBT ln(CadC ,0/CadC ,η) where CadC ,0 and
CadC ,η are concentrations of adsorbed atoms in conditions of equilibrium and
oversaturation.

The frequency with which atoms separate and join the nucleus cluster
is conditioned by the rate of electrochemical reaction and curvature of the
nuclear surface, by the ion discharge velocity on the cluster surface that affects
the magnitude ∆µ. So, electrochemical synthesis may become a promising
direction in designing nanostructural materials.
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The thermodynamic approach to the present problem has turned out to be
helpful in determining the conditions of nucleation and evaluating its critical
size for systems in various aggregate states.

2.2 Kinetic Features of New Phase Formation

In thermodynamic models of homogeneous nucleation an ensemble of j metal
atoms was treated as a functional diffusion process of either a contracting
or augmenting nucleus along its size axes. A nucleus with atoms equals to
j = j cr is found in metastable equilibrium with the environment. To form
a new phase nucleus, the system has to overcome an energy barrier ∆Gj,cr

(2.13). According to the theory of fluctuations [24] the probability of the event
at which the system potential will differ from the mean one by ∆Gj,cr is pro-
portional to exp(−∆Gj,cr/kBT ). The number of nuclei Nj,NN cr or their density
nj,cr = Nj,NN cr/V (V is the volume of the system) at thermodynamic equi-
librium with single atoms N1NN at density n1, can be defined by Boltzmann’s
principle [2] by the equations

Nj,N cr = N1NN exp(−∆Gj,cr/kBT ) . (2.16)

If ∆µ is small, then ∆Gj,cr ∼ (∆µ)−2 (see (2.13)) is large which makes the
probability of critical nuclei formation negligible and the formation of ther-
modynamically favorable large nuclei practically improbable. The function
f(∆G) = N1NN exp(−∆Gj,cr/kBT ) reflects the distribution of precritical nuclei.
The formation of critical nuclei appears to be probable when ∆µ becomes
high enough (∆Gj,cr is low) and the addition of one or a few metal atoms
results in their irreversible growth.

The velocity of homogeneous formation of critical nuclei Wj,WW cr is propor-
tional to the density and frequency νj,cr of metal atoms joining the critical
nucleus:

Wj,crWW = νj,crν nj,cr = νj,crν n1 exp(−∆Gj,cr/kBT ) . (2.17)

So νj,cr is a function of the frequency v of the passage of metal atoms through
the interface and density of atoms ns in the vicinity of the critical nucleus.

Nucleation is a stepwise macrokinetic process that might follow one or
another mechanism limiting the nucleation stage. A kinetic or diffusion-free
mechanism can govern the limiting regimes of nucleation [2]. This occurs
when the velocity of atomic ensemble growth is conditioned by the interface
processes, particularly, by adsorption, surface mobility, chemical reactions,
and other phenomena. In the general case, when the growth of a nucleus is
controlled kinetically, its linear size will be proportional to its growth time.

If the characteristic time of surface processes is small (in contrast to their
velocity), the regime of nucleation will be governed by the flow velocity of
atoms to the interface, in particular, by diffusion. So, their formation mech-
anism will be diffusive and their growth will be diffusion controlled. The
process kinetics can be described by a corresponding diffusion equation.
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As a result of the extending surface of the nucleus with its growth, and
consequently, increasing diffusion field, the linear dimensions of the formed
atomic ensemble increases, too, as t1/2. Intermediate kinetic regimes of the
new phase nucleation and their alteration during condensation are also prob-
able.

Tests were carried out to study the condensation of Pb particles [17] from
an oversaturated vapor in impact tubes at temperatures from 990 to 1180 K
and various oversaturation values (s = P/P0PP = 30−683). The growth kinetics
of particles with mean size Rj(t) during t ≈ 10−10−2 s (including nucleation
stages) have been examined.

The particles grew mainly due to addition of atoms to the nucleus but
not as a result of nuclei coagulation. This fact is supported by the Gaussian
pattern of the curve for particle distribution by size. At small condensation
times (to ∼10−4 s) the dependence of Rj(t) is linear, i.e. nuclear growth is
controlled kinetically. With increasing condensation time the concentration
of atoms around nuclei drops due to the depletion and growth of Pb parti-
cles follows the diffusion regime. Hence, the velocity falls while R rises with
increasing time as t1/2 (Fig. 2.1). So, Rj,cr for Pb estimated at T = 1110 K,
s = 50–240, ∆HvolHH = 2.9·10−19 J (∆HvolHH = 177.2 kJ/mol), Ω = 3.1·10−23 cm3,
a = 4.95·10−8 cm [26], γPb = 2·10−3 J/cm2 for γ = ∆HvolHH /6a2, gives Rj,cr ≈
18 nm.

The nucleation velocity in condensed liquid media (solution, melt), includ-
ing polymer-containing substances, is similar to nuclear condensation from
vapor, which is proportional to the square density of dissolved atoms and
their flow to the surface of the nucleus being formed. The directed flow of
atoms in a condensed phase is an activated process since breaking through

Fig. 2.1. Growth kinetics of mean radius 〈R〉 = Rj(t) of Pb particles upon their
appearance in the shock wave under various temperatures and oversaturation values
s. 1 – T = 1181 K, s = 30; 2 – T = 1140 K, s = 54; 3 – T = 1140 K, s = 60; 4 –
T = 1123 K, s = 94; 5 – T = 990 K, s = 683 (according to data from [17])
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potential barriers is accompanied by the rupture or violation of the neigh-
boring ties with the medium (e.g. with a solvent) under transformation into
a nucleus. With solutions the mechanism will be that of atomic diffusion to
the nuclear surface and embedding inside. The process in melts includes re-
arrangement of the neighboring order as atoms transform into the nucleus.
Its activation energy can be characterized as the viscous flow activation that
is also accompanied by a relative atomic shift.

For crystallization of metallic iron from solution (e.g. under reduction of
aqua solutions of iron-containing salts) at Ω = 1.2·10−23 cm3, γ ≈ 2·10−4

J/cm2, s = 4, nl ≈ 3·1020 cm−3 (approximately one atom of Fe per 100
molecules of solvent), v ≈ 1013 s−1, a = 3·10−8 cm, T ≈ 300 K, we have
B ≈ 1021 cm−3 s−1 [18]. As is seen, crystallization velocities from solution
are comparable with those of condensation from a saturated vapor in the
overcooling regime.

Melts show much lower ∆Gtr values (∆Gtr ≈ (0.33–0.5)∆HmHH ) than solu-
tions according to [18]. For iron crystallization from the melt at TmTT = 1810 K,
∆T = 295 K [4], Ω = 1.2·10−23 cm3, γ ≈ 2·10−4 J/cm2, v ≈ 1013 s−1, a =
3·10−8 cm, ∆HmHH = 1.66·104 J·mol−1, ∆Gtr ≈ 0.5, ∆HmHH = 1.4·10−21 J·mol, we
get B ≈ 1.7·1039 cm−3 s−1, i.e. nucleation velocities from the melt in over-
cooling are considerably higher than from solution. This can be attributed to
both higher concentrations of atoms in the melt and to lower ∆Gtr values.

The velocity of heterogeneous nucleation. In real situations one cannot
find regular smooth surfaces at the atomic level unless they are intentionally
machined. So far, the formation of a new phase occurs on surface defects such
as cracks, chips, growth stages, dislocation exits, violations of translation
symmetry of the crystalline lattice, or vacancies. All of these could become
nucleation centers whose nucleation energies ∆G∗

j,cr can be lower than on
regular surface areas.

The reduced energy of nucleation over strongly adsorption-active surfaces
(as polymers with functional groups are) might elevate the probability of
nucleation. That is why the nucleation velocity will be higher on the surface
in the case of the homogeneous mechanism.

The analysis of nucleation velocity is based on the approximation of when
a stationary distribution of atomic ensembles by size N0NN (j) is attained for
a given oversaturation in a medium (vapor, melt or solution). By reaching
oversaturation (overcooling) there is some stationary distribution by size,
so a certain time is needed to attain a new stationary distribution N(j)
corresponding to the newly sprung one.

The evolution of a stationary size distribution at a system transition from
one state to another was considered by Zeldovich [8] and Frenkel [9] within the
drop model. These works are the foundation of the nonstationary theory of
condensation. Statistical examination of the process yields a time-dependent
function of distribution by size N(j, t). The time to reach a stationary value
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in the condensed phase at τ ≈ 10−4 s is t ≈ 1.5·10−3 s which is less than the
typical condensation time.

The stage of new phase nucleation was described by neglecting coagulation
of the forming particles. However, situations are feasible when coagulation
arises at the nucleation stage.

Allowance for coagulation will vary the character and evolution of nucle-
ation. Some known kinetic models of homogeneous isothermal clusterization
are as follows:

Aj + Al −→ Aj+l – see Smolukhovsky’s model,
Aj + Al −→ Aj+l−m + Am

|
−→ Aj−l + Al – Mezlak’s model,

Aj + Al ←→ Aj+l – quasi-chemical model by Scillard–Farkash,
Aj + Al ←→ Aj+l – Zeldovich’s model,
Aj + Al ←→ Aj+l−m + Am – Dubrovsky’s model which is

a refinment of Scillard–Farkash.

The models make allowance, in the kinetic equation of clusterization [19],
for the processes of association and disruption of clusters along various chan-
nels. Particularly, Smolukhovsky’s and Mezlak’s models were used in co-
agulation and decomposition problems for dispersed systems, whereas the
Scillard–Farkash and Zeldovich models have often been used in problems of
condensation in gases [8, 20].

Effect of nuclear temperature on the new phase formation process. Only
one feature of the nucleus has so far been taken into consideration while
treating nucleation, namely the number of constituent atoms. Nevertheless,
the temperature of the nucleus becomes of no less importance at high ve-
locities of new phase nucleation in formation and in the relationship with
the environment, especially in condensed media (e.g. in polymers). When a
cluster of nuclei is formed, a condensation energy of perceptible magnitude
is isolated from atoms. The energy is so strong that it can surpass the ki-
netic energy of vapor atoms and become comparable with the energy spent
on evaporation of atoms (atomization energy of a massive body per atom).
The generated condensation energy is expended on excitation of the internal
degrees of freedom of the cluster and elevation of its temperature relative to
the environment.

A still more complex situation might occur at nucleation in the condensed
phase. This could happen during nucleation of the new phase either on the
surface or within the polymer matrix bulk (metal application on a polymer
substrate, formation of metal-containing particles in the polymer matrix).
In this case the temperature of the cluster nucleus will be determined by
relaxation of the condensation energy along the inner degrees of freedom of a
particle and by relaxation interrelations between the nucleus and the matrix
as well. The last depends on the local structure of the matrix in the region
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of nucleus formation. Possible overheating of the local sites of the matrix
could result in its structural changes in the near-nucleus region, including
irreversible changes.

Hence, from the phenomenological viewpoint the application of nucleation
models within the thermodynamic approach to condensation phenomenon
makes possible the qualitatively forecast of the appearance of critical nuclei
and corresponding oversaturation leading to macroscopic condensation. A sig-
nificant quantitative discrepancy exists between the theoretical forecasts and
experiments that are specifically expressed in condensation velocities reach-
ing there a few orders of magnitude [21]. This happens because transfer of
properties of a massive object onto small atomic ensembles (nuclei) consisting
of tens of atoms is most often unacceptable in principle since the properties
of a fine particle cannot be divided into volume and surface properties. In
this respect the statistical approach shows doubtless advantages.

The statistical concept of nucleation describes new phase nucleation and
growth by solving the equation of the macroscopic system state. It describes
the dependence of thermodynamic potentials of the system on temperature,
pressure, volume, and number of particles using the parameters of interatomic
interactions. As applied to condensation from saturated vapors, the statistical
approach makes provision for an accurate enough consideration of nucleation
in a non-ideal gaseous medium containing clusters. One of the main advan-
tages of the approach is the rejection of the capillary approximation and
transfer of macroscopic characteristics on ensembles with few atoms.

The statistical approach to the problem of new phase nucleation considers
a medium with volume V containing a vapor with interacting atoms. Inter-
acting atoms form multiatomic clusters in dynamic equilibrium, so the vapor
can be represented as a gas consisting of various particles where N atoms
are distributed between different clusters having j–j– * atoms supposing the
clusters are somehow individually distributed by size and balanced

N =
j∗∑

j=1

jNjN . (2.18)

The total statistical sum of the vapor QN with allowance for all individual
distributions of clusters by size is

QN =
∑
N

∏
j

(ZjZ )NjN

NjN !
, (2.19)

where ZjZ is the statistical sum of individual ensembles having j atoms.
It is presumed that clusters like molecules of an ideal gas are found in

material and energy equilibrium with the metal vapor jm1 ↔ MjM and µj =
jµl. The volume V in which the interaction of vapor atoms is considered
exchanges energy and particles with a very large system that imposes its
temperature and chemical potential values on the small system.
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If we treat a cluster as a molecule of an ideal gas with j atoms and 3n
degrees of freedom (three translation, three rotation and 3n − 6 oscillation),
its energy can be written as the sum of the translation (forward) motion EtrEE
and internal motion Ein of atoms in the cluster relative to the mass center.
The cluster will then be the sum of rotation Erot and oscillation energies Eosc

Z(j, T ) = ZtrZZ (j, T ) · ZrotZZ (j, T ) · ZoscZZ (j, T ) . (2.20)

Clusters differ in number, origin of constituent atoms and their spatial
orientation (in case it forms on the substrate, in particular on the polymer
matrix surface). They are characterized by only one parameter – the poten-
tial energy εj which is less than the sum of the energies ε1 of individual
constituent atoms.

The statistical sum for the system of clusters formed on the substrate
surface will be

Z =
∑
NjN

∏
j

1
NjNN !

[
βjβ N1NN exp

(
εj

kBT

)]NjN

(2.21)

where βjβ is the number of probable orientations of the cluster.
In this case, the velocity of origination of critical nuclei will be

IcrII = Nj,N crωj = ωjN0NN

(
N1NN

N

)jcr

exp (−Ej,E cr/kBT ) , (2.22)

where ωj is the velocity of individual atoms joining clusters. The velocity is
evaluated by proceeding from molecular-kinetic considerations.

Numerical solutions of the equations perfectly agree with experiment.
Numerical simulation of phase formation. Thermodynamic and kinetic

features of the new phase clusters are simulated on the basis of numerical
experiments using the molecular dynamics (MD) and Monte Carlo (MC)
methods. The main aim of the MD method is to calculate the location and
velocity of each atom subjected to forces imposed by the gradient of poten-
tial energy during times of the order of ∼10−14. In such investigations the
potential energy U(j) is expressed as the sum of paired potentials u(rnm)
described in the general case by Mie’s equation (Fig. 2.2).

U(j) =
j∑

n=1

j∑
m>n

u(rnm)

=
j∑

n=1

j∑
m>n

εe

l − k

(
ll

kk

) 1
l−k

[(
σ

rnm

)l

−
(

σ

rnm

)k
]

(2.23)

where rnm is the distance between the nth and mth atoms; εe is the energy
value at potential minimum; σ = re(l/k)l/(l−k) is the interatomic distance at
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σ

Fig. 2.2. The dependence of unm: the relation of σ to re (solid line – Lennard–
Jones potential, dash line – short-lived interaction potential corresponding to the
model of solid spheres)

zero potential; and re is the interatomic distance at minimum potential. For
l = 12 and k = 6 this is the Lennard–Jones potential (12:6 potential).

An approximate averaged value of the required physical parameter can
be found by the MC method and is based on a large set of random atomic
assemblies by a sequential stepwise displacement of a single atom to a limited
distance (step-by-step motion strategy). The potential energy of the system
and average potential energy of clusters are estimated at each step by sorting
out the assemblies.

TheMD and MC methods supplement each other when studying Lennard–
Jones clusters and could fit well the description of clusters of inert gases.
Metal clusters have been considered in a few model experiments [22,23].

The numerical methods employ the cluster model so as to comply with
the physical notion of a cluster as a combination of linked particles (atoms,
molecules) whose interaction potential breaks abruptly at distance 2re, and
a sphere with radius re drawn from the center of each particle intersects at
least one of the spheres of the other particles. Two critical parameters such
as the distance rcr (geometrical criterion) and critical energy of linkage Ecr

(energy criterion) are to be introduced here to adequately correlate with the
mechanism of cluster reactions.

Elementary processes with a given interaction potential and kinetics of
cluster formation and growth were studied by computer experiments. The MD
method has proved [24] that it is impossible to observe the state of critical
nuclei origination when condensation processes are slow (at small oversatura-
tion values) or with a small number of particles (about 1000 j) as in computer
experiments. Investigations of condensation of 512 Lennard–Jones atoms in
an adiabatic system (number of particles N , system volume V and energy
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E are constant) with density ρ = 0.085σ−3, T = (0.78–0.93)ε/kB, where ε
and σ are the Lennard–Jones potential parameters, and periodic boundary
conditions, have shown that the share of evaporated j-mers (dimers, trimers)
is ∼20% of the total amount of monomers and clusters.

An infinite system can be modeled by a finite number of particles. The
approach is justified also when studying elementary events of evaporation
and condensation of individual clusters and microrops surrounded by their
vapor.

The dynamics of microparticles has lately become the subject of inves-
tigations with numerical methods. The motion and coagulation of particles
are computer-modeled within the lattice diffusion-bounded models of parti-
cle aggregation [25–30]. The procedure is simpler as compared to MD and
MC methods. The investigations have yielded the following results. First, in
contrast to an equidistant distribution, aggregation was already observed at
the beginning of particle motion due to nonequivalent location of the origi-
nal atoms in their cells. Clusters start to grow in more densely filled areas
although variations in particle number do not change the distribution struc-
ture of clusters because of random alteration of more and less dense sites.
Second, the rate of cluster accumulation in the early stages is higher for an
equidistant distribution but with time it asymptotically approaches that of
a random distribution. Third, although the kinetic characteristics of systems
are different, it is possible to reduce distributions by size and particle num-
ber in various times to a universal kind by a common transformation of scale
factors.

Recently complex investigations of thermodynamic and kinetic proper-
ties of nuclei arising in spontaneous condensation with and without chemical
reactions have become more frequent.

2.3 Phase Formation in Chemical Reactions

The real picture of nucleation and growth of particles of a new phase during
chemical reactions is rather intricate. It includes a set of numerous interre-
lated processes, principally the following.

First, chemical reactions of transformations. These can be thought of as
the source of building material for the new phase. They may consist of one or
many reactions with participation of either single or several reagents. They
might proceed on the surface or in the bulk. During chemical transforma-
tions highly reactive particles capable of condensation reach a certain local
concentration at which they associate and form the new phase.

Second, mass transfer processes. These may be transfer of reagents into
the reaction zone (if few compounds take part in the reaction) or carriage
of products of chemical interaction capable of aggregation to the conden-
sation zone, or removal of some products of reaction not participating in
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crystallization from the zone in case the new particles grow on the surface,
particularly, of the polymer.

Third, sorption processes. These could make a contribution to nucleation
and growth of the new phase particles. The processes are observed in adsorp-
tion of synthesized particles, reagents or products of interaction on the sur-
face of growing nascent clusters and desorption from the surface. Chemisorp-
tion interactions on the growing particle surfaces are interrelated with the
processes of stabilization (conservation, see Chap. 3).

The formation of the new phase during chemical transformations can
be presented as a combination of two sequential macrokinetic stages: 1. the
chemical reaction itself as a result of which particles capable of condensation
are synthesized; 2. physical processes of particle assembly (condensation).
Their relationship can be described through characteristic times that are the
inverse of their efficient velocities: the characteristic time of chemical reaction
τchemττ and the characteristic time of condensation τcondττ . The following limiting
cases are probable. If τchemττ � τcondττ , then the nucleation velocity will mainly
be conditioned by the condensation process, while the chemical factor will
be bound to the creation of the original spatial distribution of crystallizing
particles in the condensation zone and areas of oversaturation. This situation
can arise in high rates of chemical reactions, particularly in severe operation
regimes (impact waves, powerful radiation flows) when interactions between
particles are weak, e.g. in gaseous phase chemical transformations. Another
case is when τchemττ � τcondττ . Here nucleation and growth of particles of the
new phase is fully under the control of chemical transformations.

However in most cases τchemττ and τcondττ are proportional. Particle synthesis
and condensation nucleation and growth of the new phase include transfer
and sorption processes. It is difficult to consider the integrity of models of
new phase formation. Temperature rise assists in accelerating the synthesis
of crystallizing particles on the one hand, but lessens the probability of their
association into clusters due to raised tendency to disordering. Association
into clusters could at the same time be alleviated due to diffusion mobility
of condensing particles and redistribution of links at crystallization.

One of the features of kinetic approaches to treating the origination of a
new phase is the presentation of clusters as a multiatomic molecular formation
with intrinsic intramolecular and intermolecular interactions. Thanks to this
fact the apparatus of statistical mechanics can become useful in describing
properties of clusters.

There are two extreme tendencies in constructing kinetic models. One of
them admits an assumption on the quasi-equilibrium behavior of chemical
processes resulting in nucleation of the new phase. It is bounded by the re-
gion of minor deviations from the equilibrium state like in the case with the
classical theory nucleation. This may happen at slowly running chemical reac-
tions due to low concentration of reagents. The other tendency is, vice versa,
connected with rejection of quasi-equilibrium chemical transformations, and
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the formation of the new phase is treated as an irreversible nonstationary
process, especially in the initial stages.

Investigation results of the initial stages of isothermal condensation ensure
accurate estimates of process characteristics such as induction period tin,
condensation time tc, mean number of atoms in a cluster in the course of and
upon termination of condensation, variance of distribution function of clusters
by size, mean size 〈j〉, dispersion and the description of variation kinetics of
the degree of oversaturation. The approach takes into account dimensional
effects but neglects heat generation induced by condensation energy during
cluster growth [14].

A model of nonisothermal homogeneous condensation was built in the
context of the quasi-chemical approach with allowance for heat generation
during condensation [31]. The model was useful in the analysis of homoge-
neous processes of nucleation and condensation in gaseous and condensed
phases, including polymer matrices. The most efficient appeared to be when
the monomer to diluent ratio is ≥10−2:10−3, when particle heating and en-
ergy relaxation conditions start to be critical for the whole condensation
process.

It is accepted in the above considered quasi-chemical models of conden-
sation that chemical synthesis reactions do not affect nucleation or any fur-
ther stages of the process. A chemical reaction is an instantaneous source
of initial concentration of the condensing substance. Experimental study of
iron clusters behind the front of an incident shock wave in the disintegra-
tion of Fe(CO)5 gave evidence that this supposition was not always justi-
fied [14,32,33].

Condensation of iron vapors behind the shock-wave front. The accumu-
lation kinetics of Fej clusters during disintegration of 0.1–2.0% (mol) of
Fe(CO)5 in argon behind the shock-wave front has been studied for the
first time on the basis of laser beam diffraction over density inhomogeneities
created by iron clusters [14]. It appeared that for the jFe → Fej reaction
displaying energy increment (at normal conditions) ∆G◦

j = ∆H◦
jH − T∆S◦

jS
and ∆G◦

1 ≡ 0, the empirically found dependence ∆H◦
jH (j) [18] is ∆H◦

jH /j ≈
6.6·10−19(1− j1/4) J/(Fe atom). The difference from analogous dependencies
predicted by the classical drop model and that of clusters with dense packing
∆H◦

jH /j ∼ j2/3 [34] was significant. Comparison of the calculated ∆G◦
j/kBT

for T = 1600 K, s = 3040, γ = 1.8·10−3 J/cm2 [17] with the expected be-
havior of the dependence of ∆G◦

j (j) forecast by classical theory has shown
the following. The appearance of a maximum in the region j ≈ 6–7 on the
dependence of ∆G◦

j/kBT on j cannot be attributed to critical conditions in-
duced by the dimensional dependence of cluster energy according to classical
theory, but it reflects the real kinetics of cluster formation.

The Scillard–Farkash scheme was used [17] to describe the formation ki-
netics of Fej (j ≤ 80) clusters in condensation of iron vapors diluted by argon
at two different oversaturations (s = 3040; 30400).
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The main kinetic processes occurring during cluster formation are mono-
mer addition and separation (Fe atom). The time to reach a stationary regime
of cluster formation increases with reducing oversaturation and rising j,

Feje + Fem + Ar
kj,mk

Feje +m− kj,mk
+ Ar

where kj,m, k−
j,m are constants of direct and back reaction velocities j =

1, . . . , ∞, and m = 1, 2, . . . , 5.
Flows of clusters to the sides of increasing and decreasing along size axes

to equalize jcr is taken as the criterion of an instant macroscopic condensation
in the stationary state (at j ≈ 70 and t > 5 · 10−7 s) with certain jcr. At
j > j cr the value CjC does not depend on j and t. The calculated velocities
of stationary flow of clusters JstJJ at various oversaturation values of Fe vapor
depend strongly on the degree of oversaturation like in the classical theory.
But it exceeds by almost 12 orders of magnitude the classical values JstJJ . The
dependencies of CjC (t) for various jcr values and s = 3040 (Fig. 2.3) pass a
minimum as j grows. The minimum location rises along j with increasing
jcr from j ≈ 14 (j f ≤ 30) to j ≈ 24 (j f = 70); consequently the minimum
concentration drops from 10−8 to 10−25 cm−3.

Evaluation of kinetic dependencies of Fe atom expenditure during Fe(CO)5
disintegration behind the shock wave front using atomic-absorption spec-
troscopy and heat generation kinetics in condensation [33] has proved that
disintegration of iron pentacarbonyl ran very quickly during times τ f (less

Fig. 2.3. Dependence of the concentration Cj of clusters Fej on j at forced equi-
librium and s = 3040. 1 – j f ≤ 30; 2 – j f = 50; 3 – j f = 60; 4 – j f = 70; 5 – j f

according to the classical theory for γ = 1.8·10−7 J/cm2 and T = 1600 K [32]
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than 1 µs) and merged with the front gradient region. Oversaturation with
Fe atoms reaches s = 102−107. The observed heat generation in the con-
densation process is recorded during time t > τ f . The concentration CFeCC
behind the shock-wave front increases and then drops due to consumption of
Fe atoms on cluster formation followed by leveling cluster–Fe atom content.
The rate of consumption of Fe atoms in the initial stages of transformation
can be described by the law of the first-order velocity WFeWW = dtCFeCC = −koCFeCC ,
where ko is the velocity constant. During further stages of condensation the
velocity of Fe atoms transformation is decelerated due to enlargement of the
clusters. This happens as a result of coagulation and competing reactions of
disproportioning and decay of clusters accompanied by isolation of Fe atoms
under elevated temperatures.

Consideration of the disintegration of Fe(CO)5 followed by nucleation
from the standpoint of a common physico-chemical process allowed the gen-
eralization of the multilevel kinetic scheme that includes models of thermal
decomposition of iron penacarbonyl, nucleation and coagulation of Fej clus-
ters. The kinetic parameters of transformation are listed in Table 2.2.

The kinetic approach based on a real pattern of chemical synthesis of
nanoparticles and constants of elementary reaction velocities is very effective.

2.4 Self-Organization of Metal-Containing Nanoparticles
(Fractal Structures)

Nanoparticles formed in the course of synthesis in real chemical systems, in-
cluding metal-containing systems, display strong reactivity that impels them
to self-organize. The inclination to aggregation was obvious in the absence
of stabilizing factors. The resulting products are characterized mostly by the
fractal structure. Objects of this kind are often called fractal clusters (FC)
or fractal aggregates. Fractals are similar objects invariant with regard to
local dilations, i.e. they have the same form at different magnifications. The
notion of fractals as similar multeities has been introduced by Mandelbrot.
The fractal dimension, D, of an object embedded into d -dimensional Euclid
space changes from 1 to d. Most often the fractal objects are classed into
deterministic (those which are constructed on several basic laws) and sta-
tistical (they are generated by random (incidental) processes) objects. Their
structure is usually friable, branching and carries information about the in-
tegrity of physical phenomena accompanying their association close in size to
nanoparticles in disordered systems. FC can be observed in experiments pro-
ducing metal-containing nanoparticles, especially in the formation of metal–
polymer composites. The estimation of the fractal dimensions is carried out
on microphotographs using the method of grids [44]. The image is covered
by a grid with square cells. The number N of the cells which are covered
the image is estimated at the different sizes of the cell. Then the fractal di-
mension is calculated from the logarithmic dependence of N and d. Recently
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Table 2.2. Parameters of the Arrhenius equation k = A exp(−Ea/RT ) and heat
of disintegration reactions and iron vapor condensation within the disintegration
pattern of Fe(CO)5 [33]

Ea, −∆H,

No Reaction A kJ/mol kJ/mol

I. Disintegration of Fe(CO)5

1 Fe(CO)5 → FeCO + 4CO 2·1015 167.2 −514.1

2 FeCO + M → Fe + CO + M 6·1014 85.7 −75.2

3 Fe + CO + M → FeCO + M 5·1014 0 75.2

II. Formation and evaporation of small clusters

4 FeCO + FeCO → Fe2 + 2CO 6·1014 8.4 −20.9

5 Fe + FeCO → Fe2 + CO 6·1014 0 62.7

6 Fe2 + FeCO → Fe3 + CO 6·1014 0 104.5

Fe3 + FeCO → Fe4 + CO 6·1014 0 146.3

8 Fe4 + FeCO → Fe5 + CO 6·1014 0 188.1

9 Fe + Fe + M → Fe2 + M 4·1015 0 125.4

10 Fe2 + Fe + M → Fe3 + M 5·1014 0 175.6

11 Fe3 + Fe → Fe4 5·1011 0 230.0

12 Fe4 + Fe → Fe5 3·1013 0 255.0

13 Fe2 + M → Fe + Fe + M 1·1015 133.8 −133.8

14 Fe3 + M → Fe2 + Fe + M 1·1016 183.9 −183.9

15 Fe4 → Fe3 + Fe 1·1013 230.0 −230.0

16 Fe5 → Fe4 + Fe 2·1014 255.0 −255.0

17 Fe6 → Fe5 + Fe 2·1015 271.7 −271.7

18 Fe7 → Fe6 + Fe 5·1015 280.1 −280.1

19 Fe8 → Fe7 + Fe 1·1016 284.2 −284.2

20 Fe9 → Fe8 + Fe 4·1016 292.6 −292.6

III. Coagulation of small clusters

21 Fe2 + Fe2 → Fe4 5·1013 0 271.7

22 Fe2 + Fe3 → Fe5 1·1014 0 355.3

23 Fe2 + Fe2 → Fe3 + Fe 3·1014 0 41.8

24 Fe2 + Fe3 → Fe4 + Fe 3·1014 0 104.5

25 Fe2 + Fe4 → Fe6 3·1014 0 397.1

26 Fe3 + Fe3 → Fe6 3·1014 0 459.8
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Table 2.2. (Cont.)

Ea, −∆H,

No Reaction A kJ/mol kJ/mol

27 Fe3 + Fe4 → Fe7 3·1014 0 501.6

28 Fe4 + Fe4 → Fe8 3·1014 0 564.3

IV. Heterogeneous reactions in k-phase (j ≥ 5)

29 Fe + Fej → Fej+1 2.3·1013 0 401.3

30 FeCO + Fej → Fej+1 + CO 2.3·1013 0 334.4

31 Fe2 + Fej → Fej+2 2.3·1013 0 702.2

32 Fe3 + Fej → Fej+3 2.3·1013 0 940.5

33 Fe4 + Fej → Fej+4 2.3·1013 0 1128.6

Note: Dimensionality A for bimolecular transformations – cm3/mol ·s; for
trimolecular – cm6/mol2·s. For coagulation of k-phase particles Fen +
Fem → Fen+m(n, m ≥ 5); k+

n,m = Z1.1(n
1/3 +m1/3)2(n+m)1/2/4(2nm)1/2;

Z1.1 – collision factor.

many monographs and reviews have been published on this rapidly devel-
oping scientific subject [6, 35–37]. Aspects of generation and properties of
fractal systems and their analogues have been extensively studied and dis-
cussed from the viewpoints of physics, chemistry and biology starting from
burning and bursting processes and up to human physiology [38].

We shall dwell upon just the main postulates and notions on the nature
and origin of FC to the extent needed for understanding the genesis of forma-
tion of new phase particles, which also concerns polymer-containing systems.

Computer modeling has been carried out by many authors [6, 35, 36]. It
has enabled the development of models with variable parameters, approxi-
mation of the generation mechanism of FC, elaboration of a ready object
incorporating all details, and has made it possible to analyze its properties
and growth behavior.

Modeling of fractal structure formation. Among the major properties of
FC one can name the decreasing mean density of the substance within the
volume occupied by a cluster with its growth. Fume is a characteristic ex-
ample. The aggregate can be presented as a collection of original particles
(formed during j-atomic cluster synthesis) of approximately similar size that
are rigidly bonded in contact sites, and whose main volume portion is empty
space. This means that the original particles are not densely packed. Pho-
tographs of experimentally observed FC and a cluster obtained by computer
assembly are shown at Fig. 2.4.

A fractal cluster as a physical object appears to be a system whose min-
imum cell size r0 (in our case it is a particle as a structural element) and
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a

b

Fig. 2.4. (a) Microphotograph of a silver fractal cluster (D = 1.9) obtained dur-
ing cryochemical synthesis during co-condensation of metal vapors and isopropanol
(227 nm in 1 cm) [48]. (b) Computer model of a 2D fractal cluster consisting of
106 original particles. The cluster is formed as a result of diffusion-limited aggre-
gation [41]

maximum size rϕ are associated with the full size of the FC. It also possesses
the property of self-similarity (scale invariance) and satisfies the following
relation

N(r0) ∼ (r/r0)D (2.24)

where N(r) is the number of particles in a volume with linear size r(r0 ≤ r ≤
rf) and D is a parameter called the fractal dimensionality.

Fractal dimensionality shows that the system is imperfect. It always sat-
isfies the inequality D < d, where d is the dimensionality of Euclidean space
where the FC has been formed (for a surface d = 2; for a volume d = 3).
The property of self-similarity of randomly placed particles of a physical FC
is understood statistically as follows. If most of the equal-volume pieces in
different parts of a cluster are removed, then they will contain on average a
similar number of original particles. This fact does not contradict the main
property of FCs (decreasing mean density of particles in a cluster during its
growth) since a simultaneous increase in the volume of voids occurs. Large
voids do not affect the mean density of particles within a small volume but
influence the mean density of particles in a cluster as a whole.

The gyration radius Rr of cluster size rf may be found from the relation
Rr = (〈R2〉)1/2, where 〈R〉 is averaged by particle distribution in a clus-
ter distance from a considered point of the cluster to its mass center. The
experimental value of fractal dimensionality is determined by (2.24). It is
found from the number of particles contained in clusters of various sizes or
in different-size parts of a single cluster.

Models of FC take account of critical properties of motion and agglu-
tination of clusters and particles during their growth [6]. These parame-
ters are the type of association (cluster–particle or cluster–cluster), motion
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features (linear or Brownian), and the character of joining, depending on the
probability of their sticking together at contact.

There are two main models of FC formation. The first model of diffusion-
limited aggregation (DLA) [40] presumes that FCs grow as a result of as-
sociation at a certain probability of cluster sticking to particles exercising
Brownian movement in space. The second model of cluster–cluster aggrega-
tion (CCA) [41] is based on the supposition of a stage-by-stage formation of
FCs. At the early stage of formation particles collide during motion along
various trajectories and stick to each other forming many clusters of small
size. At the second stay they aggregate into large clusters. It is assumed
that in this case more friable FC are formed as compared to those following
the DLA model since it is more difficult to fill voids in this kind of cluster
assembly.

Various computer algorithms for FC formation are possible within the
framework of the approaches considered. They are based on different kinds
of modeling of the motion path of each test particle from its generation until
it merges with the cluster during FC growth. However, the final results of
both approaches practically coincide. The generalization of computer studies
for named FC assembly models is presented in Table 2.3.

Computer experiments make it possible to define the effect of various fac-
tors and to achieve a rather full idea of the diversity of FCs in real situations.

Table 2.3. Fractal dimensionality of clusters in the different models of particle
aggregations

Aggregation Model

The Type of The Kind of Particle Fractal Dimensionality

Association Motion d = 2 d = 3

Cluster–particle straight trajectories 2 3

Brownian motion
(DLA-model)

1.68 ± 0.02 2.46 ± 0.05

Cluster–cluster straight trajectories 1.54 ± 0.03 1.94 ± 0.08

Brownian motion
(CCA-model)

1.44 ± 0.04 1.77 ± 0.03

(RLCA-model, small
probability of stick-
ing)

1.60 ± 0.01* 2.11 ± 0.02*

* For polydisperse systems
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Structure and kinetics of fractal cluster growth. The structure and proper-
ties of FC growth are affected by many factors, including type of association
(particle–cluster or cluster–cluster), movement of associating particles, de-
gree of penetration inside the growing aggregate, length and thickness of
branches, anisotropy level of the cluster being built, and structural features
of its substrate.

The structure of FCs growing on a substrate is affected by its properties
which are more strongly displayed, the larger the cluster and the smaller the
fluctuations of its parameters during growth [32, 42]. When modeling a two-
dimensional DLA cluster, it turned out that the character of the growth of its
branches depended upon the symmetry of its substrate. A slight asymmetry
of the substrate in the model results in increasing growth rate of a branch in
a set direction.

Structural properties of a cluster are also characterized by the mean coor-
dination number [43] that is calculated as an average number of the nearest
neighbors of the cluster comprising particles. It slightly depends on the pe-
culiarities of the FC assembly model. It is 2.19–2.22 for a 2D cluster and
2.2–2.25 for a 3D one. The next branching in such a FC is observed after
every 4–5 joinings.

Fractal structures were mostly observed experimentally during conden-
sation processes of metal vapors. The first FCs with fractal dimensional-
ity 1.60 ± 0.07 [44] were investigated in condensation of Fe and Zn vapors.
Electron-microscopic studies of cobalt FCs obtained in condensation in an
Ar atmosphere (∼1.33 kPa) showed that the main volume in the condensate
was occupied by the pores (relative volume of cobalt is just 10−2−10−4) [45].
Self-organized processes were observed in the co-condensation of palladium
and paraxylenene [46]. At a concentration of Pd less than 1%(vol.) and over
8%(vol.) a regular structure is formed with dimension about 2. It was found
that aggregation of metal nanoparticles in the cured polymer matrix could
proceed on several mechanisms [47]. It is observed that the fractal dimensions
of the percolation clusters and aggregates presented in the matrix are close
to each other.

FC formation includes the stage of generation of multiatomic clusters
which during the next stage aggregate into FCs. The associate is affected by
the solution concentration, the pH of the medium, and the presence of surfac-
tants and stabilizers, including macromolecular ones. It is possible to regulate
the time of FC formation [6, 35, 36] by changing the acidity of the solution
during generation of metal nanoparticles in chemical transformations. This
effects the mechanism of FC formation. For short times of formation (about a
few minutes and less) the cluster acquires fractal dimensionality 1.75 ± 0.05
which corresponds to the CCA model. Increased time of cluster growth (from
hours to days) due to changed solution acidity raises D to 2.05 ± 0.05. This
proves the change of CCA mechanism for the RLCA regime of growth. Clus-
ters formed in the RLCA mechanism are usually more resistant to variations
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in fractal dimensionality as compared to those formed in the CCA regime.
Alteration of formation regimes (see Table 2.3) can also be observed when
the origin of the solvent is changed. This is evident in the formation of fractal
aggregates during cryochemical synthesis of metal-containing nanoparticles.
The production of silver nanoparticles by cryochemical co-condensation of
metal vapors with isopropyl alcohol, acetonitrile or toluene [48] may be used
as an example. Silver fractal clusters with different fractal dimensionality de-
pended on the organic solvent used (isopropyl alcohol – 1.9, acetonitrile – 1.7
and toluene – 1.5). The mean particle size in a cluster was, correspondingly,
16.0, 21.0 and 9.4 nm.

In the general case the dependence of the association rate constant versus
the characteristic size of colliding particles can be written as

k ∼ R2ω (2.25)

where the parameter ω takes into account the structure and motion of clusters
in space.

As the FC grows, the mean distance between clusters becomes commensu-
rable with their sizes and further aggregation results in generation of a single
large cluster. As with aggregation in colloidal solutions, this stage simulates
sol to gel transfer and displays its own specifics [49].

The physical process of sol transformation into gel is reflected in the sup-
position of cluster–cluster association. It is presumed that if clusters are small,
their agglomeration is connected with diffusion movement in the medium.
Large clusters grow as a result of capturing particles when moving in the
force of gravity.

FCs present a porous substance with maximum size R. FCs can be ob-
tained from small particles at a rather high material concentration in the
medium. When the time of cluster formation is not long enough, removal
of the building material from the zone of aggregation could hamper and
even prevent FC formation. The presence of charged particles in solution or
gaseous phase (in laser or electric-arc evaporation) hinders the formation of
fractal aggregates. This means a reduced probability of particles sticking to-
gether on contact according to the model considered. During reduction by
trisodium salt of citric acid in NaAuCl4 solution spherical aurum nanoparti-
cles are formed with a narrow distribution by size and about 14.5 nm mean
diameter [50]. The small size of Au particles is attributed to their probable
stabilization through sorption on the surface of citric acid ions. In this way
nanoparticles acquire a charge that hampers their further growth. The in-
troduction of a small amount of pyridine decreases the surface charge and
assists agglutination. The aurum FCs formed are a few micrometers in size
with fractal dimensionality D = 1.77 ± 0.10.

An interesting peculiarity of the process of the formation of fractal ag-
gregates is the generation of electric and magnetic charges on aggregating
particles under the action of electric and magnetic fields. Upon reaching a
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high density of original particles, e.g. in evaporation of metals by electric
explosion, cylindrical associates are formed in the gas-plasma system at the
initial stage of aggregation. Such agglomerates are called chain aggregates
and are found in systems of aggregating particles displaying high magnetic
activity. For example, aggregates of ferrite nanoparticles, being thermolytic
products of Fe and Co oxalate co-crystallizers as well as Ba and Fe formates,
also form chain structures.

Surface fractal clusters. Fractal cluster formation on the surface and two-
dimensional FCs are very important due to the role in catalysis [51] and the
production of metal-containing fine films.

Two extreme variants of surface FC assembly are possible. The first one is
connected with agglomeration of separate particles isolated on the substrate
surface. The second variant is the formation of fractal surface aggregates as a
result of deposition on the surface. It is used mostly for electrodeposition of
metals in thin amorphous films including metal–polymer films. FCs (Fig. 2.5)
can be formed during electrolysis on the substrate serving as an electrode [52].
The metal under the electrode voltage is isolated as a FC until the potential
difference surpasses some critical value. In this case the fractal dimensional-
ity is 1.66 ± 0.03 which corresponds to the DLA model. A higher potential
difference leads to variation in the deposition character and increasing fractal
dimensionality of the cluster. Zinc and copper deposition on the anode during
electrochemical reduction of their salts in a cell with central cathode and an-
nular anode, when disoriented fractal growth transformed into the generation
of FCs with radial geometry, was observed in [53] (Fig. 2.5).

a b

Fig. 2.5. (a) Fractal zinc cluster formed during electric deposition on electrode
surface [52]. (b) Dendrite aggregate of zinc with radial geometry obtained during
electrolysis of 0.03 M solution of ZnSO4 at a potential difference of 10 V [53]

Fractal patterns arise in thin film structures during transformation of
the amorphous phase into the crystalline phase. These FC display fractal
dimensionality close to 1.7. An example of a similar fractal formation in
nontraditional objects is crystallization in thin Al/Ge films in the course of
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self-propagating high-temperature synthesis (SHS) [54]. It is a combustion
process during which chemical transformations are supported by heat gener-
ated during reactions. Such clusters forming in the bulk have D = 1.60 ± 0.1
in the 2D case and D = 1.80–2.56 in the 3D case.

Surface FC could be formed on rough surfaces of solids mostly of porous
objects, including those of polymers.

Fractal filaments are similar in structure to aerogels whose porous volume
is strongly rarefied, the specific surface is high (300–1000 m2/g) and the
density is rather low. Almost all of the volume of formation is occupied by
voids or pores, bonded particles forming the aerogel skeleton that constitutes
just a small portion of the total volume. A small fragment of the aerogel
with a representative amount of separate particles present a FC. Aerogels
consisting of various natural particles, including oxides of Al, V, Fe, Sn, SiO2

were mostly obtained in solutions. Fractal filaments were produced from a
number of metals by exposure [55] to laser radiation of 106–107 Wt/cm2. The
mechanism of filament generation is the same in all the conditions described.
Small filiform structures display fractal properties. The number of individual
particles n(r) in a sphere of radius r with one of the particles of radius r0 in
its center is equal to

n(r) = (r/r0)D . (2.26)

The relation is true when R � r � r0, where R is the radius of the FC or
the maximum radius of pores in the structure. For the structures considered
D = 1.8–1.9. This value is lower than the fractal dimensionality in aerogels
D ≈ 2.1. It follows from (2.26) that the relation of the material mean density
in a fractal filament ρ to that of a separate particle ρ0 is ρ/ρ0= (r0/R)3D.
This relation in reality is about 10−3, which is commensurable with the den-
sity of atmospheric air and is characteristic of fractal formations. Chemical
composition plays a significant role in the formation of such structures.

Percolation clusters as objects with fractal properties. The percolation
cluster is another physical object showing fractal properties. The notion
of a percolation cluster is connected with the phenomenon of conductivity
in metal-filled composite materials, first of all in metal–polymer materials
(Chap. 11). According to theory, the volume concentration of particles in-
creases CnCC (0 ≤ CnCC ≤ 1) and isolated conducting particles of one of the phases
of a strongly inhomogeneous system are disordered inside a non-conducting
phase. These particles gradually tend to form small aggregations and then to
form conducting isolated clusters. The mean size of these clusters is condi-
tioned by the correlation length ζ. Conducting chains arise between separate
clusters at some critical value of concentration Cn,CC cr, called the percolation
threshold. They may include both individual particles and their aggregates.
Isolated clusters join through connecting chains into a new large conducting
cluster named the percolation cluster (PC). Starting from some density of the
substance in a PC density becomes infinite. When the concentration reaches
Cn,CC cr, the system transforms stepwise into a conducting state. Further PC



52 2 Nucleation Mechanism of Nanoparticles

growth as CnCC increases is connected with absorption of individual particles
and isolated clusters, the appearance of additional chains and a monotonic
rise of conductivity of the composite.

The presence of a percolation threshold is a general feature intrinsic to
disordered systems and lattice structures. It has been shown [56] that Cn,CC cr

is independent of the lattice type but is related to the space dimensionality.
For the 2D case Cn,CC cr = 0.45 ± 0.02; for the 3D case Cn,CC cr = 0.15 ± 0.01.
If the system is disordered and particles of the conducting phase are ran-
domly distributed, the percolation threshold can vary in a wide range and
is determined either by the distribution function of these particles or space
dimensionality.

Percolation and fractal clusters differ in their physical nature. To obtain
an infinite PC, it is necessary that the density exceeds some critical value. In
contrast, the FC density can be as small as desired. As for their geometry,
there is a certain correlation between structures of conducting systems, in par-
ticular, between the fractal dimensionality and percolation parameters. The
analysis of experimental concentration dependencies of metal-filled polymer
films (based on epoxy resin ED-20 with addition of nickel carbonyl particles)
and those of geometrical characteristics of the forming particle aggregates in
the vicinity of percolation threshold [57] showed the coincidence of fractal
geometry of PC and FC. This agrees with the familiar relation between PC
parameters and fractal dimensionality of the initial D aggregates

D/2 = θ/ι − (d − 2) , (2.27)

where ι is the critical factor of the correlation length, and d is the dimension-
ality of the system.

In conclusion it should be emphasized that fractal phenomena are a pe-
culiar indicator of the degree of disorder in a system. Fractal properties of
objects and processes of different physical nature are exhibited in a single
mathematical description. FC should be treated from the viewpoint of the
new phase formation as an intermediate state of matter at phase transitions
and a certain stage of phase transformations. At the same time, FC as a solid
body state presents special scientific and practical interest.

2.5 Brief Account of Major Production Methods
of Metal-Containing Nanoparticles

Methods for producing nanoparticles are numerous and diverse. The re-
searcher is furnished with unlimited potentialities in the choice of both al-
ready known and constantly perfecting optimum approaches that take into
account efficiency, ecological safety, energy consumption, physical and chem-
ical properties of the nanoparticles, and the aim and problems of the final
product. Let us consider the chief production principles of nanoparticles in
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the absence of polymers, recognizing that the polymer matrix might add its
own specifics to metal composite formation processes.

Methods of molecular beams consist in emission of atoms (molecules or
clusters) from a compact source that is a metal target heated to a high tem-
perature in vacuum and condensation of these atoms on a substrate mostly
cooled to low temperatures [58–60]. Modifications of the method differ in
beam intensity (low-intensity methods include beams with J = 1012–1014,
high-intensity methods have J = 1016−1018 particles·cm−2·s−1) and in evap-
oration methods of the material (most perfect is electronic beam heating).
Advantages of the method of molecular beams are the possibility of accurate
regulation of beam intensity (material feeding velocity to condensation zone),
simultaneous use of evaporated beams of several materials or their alloys and
readiness of adoption in industry for growing epitaxial layers and lattices
at the nanolevel (10–100 nm). A modification of the method is production of
metallic clusters in beams under supersonic emission of the particles from the
nozzle [61–65]. During motion of the thus-formed beam, clusters containing
up to 106 atoms are generated. The described method employs laser evapo-
ration of metals and acceleration of charged cluster ions by an outer electric
field aimed at changing the trajectory of their motion. Another method of
metal model evaporation is ion bombardment by high-energy fluxes obtained
under bombardment by inert ions of gases or some metals [66]. The method
of shock waves forms nanoparticles as a result of shock wave transit and
strong oversaturation with metal vapors induced by high-temperature decom-
position of metal-containing compounds with the vapor elasticity (carbonyl,
metal-organic) [67]. An original modification of the method is evaporation
of metals in vacuum followed by condensation on a solid surface [68], in-
cluding that in a cryogenic reactor (production of matrix-stabilized clusters
and nanoparticles during condensation of metal atoms on low-temperature
matrices) and cathode spraying. In the latter case the negative electrode
(cathode) is destroyed in a gas discharge under bombardment with positive
ions. Substrates are placed on the anode for depositing metal atoms evap-
orated from the cathode. A stationary glowing discharge is ignited between
the cathode and anode in the inert gas medium. The magnetotron regime of
cathode spraying which employs crossed electric and magnetic fields enabling
dispersion of high-melting metals and alloys is widely used [69]. Good results
have also been obtained by the aerosol method (gas evaporation). It consists
of metal evaporation [58, 60] in a rarified atmosphere of inert gas under low
temperatures followed by vapor condensation in a reactor. Its modification is
the levitation crucible-free method [70] that includes evaporation of a large
suspended metal or alloy drop heated by a high-frequency magnetic field in a
circulation setup with a laminar flow of inert gas. Another version is produc-
tion of metal nanoparticles using an electric burst of conductors in the inert
gas atmosphere [71].
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Low-temperature plasma is an important means of synthesizing nanopar-
ticle powders. It employs modern plasma installations incorporating plasma
generators, a reactor and a device for hardening reaction products [72, 73].
The latest design of a low-temperature plasma apparatus is the plasmatron
electric discharge generator. Its modifications are an electric arc, glowing
discharge, barrier discharge and high-frequency discharge. Plasma-chemical
processes are easily controlled and optimized. By using plasma technology
high-dispersed powders of practically any metals and alloys can be obtained.
Still most frequently applied modifications are plasma-activated chemical de-
position in the gaseous phase (PECVD) based on volatile metal-containing
organic compounds and metal–polymer nanofilms.

Dispersion is a widely used method of producing high-dispersed powders,
suspensions, emulsions and aerosols by dispersion of coarsely dispersed (>100
µm) metal particles. Dispersion metals containing even colloidal systems are
produced by mechanical or acoustic (supersonic) dispersion. Mechanical dis-
persion is used for loading (energy) to solid bodies and relaxation (distri-
bution) of absorbed energy within the material bulk [74–76]. Investigation
of physico-chemical transformations occurring in solids at deformation is the
subject of mechanical chemistry. There are three stages of deformation in this
case. The first one is structural disordering leading to amorphization of the
substance without destruction of its crystalline structure. The second one is
the structural mobility impelling multiplication and motion of dislocations as
well as onset and propagation of cracks. The third one is structural relaxation
related to shift of defects and system inclination to return to the equilibrium
state. There are two limiting cases here: 1. deformation of the substance in a
permanent field of mechanical stresses (e.g. under uniaxial tension); 2. effect
of variable mechanical loads (when grinding by mills, friction, ultrasound in
solutions).

Sometimes various mechanical effects are simultaneously acting in grind-
ing devices, such as crushing (compression), splitting, free and constraint im-
pact, attrition, rupture. Most promising grinding devices are planetary, differ-
ential, centrifugal and colloidal mills and disintegrators. They meet modern
technological requirements, include thermostating, sealing, inert atmosphere,
and ensure atomizing in the presence of polymers.

Although dispersion of metal containing particles under the effect of ul-
trasonic waves has not found wide application in industry, it is often used in
laboratory practice. This process is called sonochemical synthesis or sonolysis.
It proceeds in a dispersed medium consisting of water, organic solvents and
surfactants. It is stipulated by sonic oscillations of medium and high inten-
sity. Exposure to ultrasonic waves in a dispersed medium results in breakage
of continuity due to a drop of local pressure P below its critical value PcrPP ,
i.e. to acoustic cavitation. Contraction of the cavitation bubble of either gas
or vapor inside the liquid is accompanied by a sound pulse which leads to
an abrupt pressure rise (like at burst) and emergence of a compression pulse
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exerting a dispersion effect on the particles [77–80]. Ultrasonic wave fre-
quency and intensity, time of treatment, initial dispersity of the metal, and
the presence of surfactants, affect the efficiency of sonochemical synthesis.

Chemical methods of producing nanoparticles. These methods are most
applicable at present procedures for obtaining nanoparticles. Already Fara-
day reduced metal salts in the presence of stabilizers resulting in forma-
tion of metal colloids [81]. However, major investigations took place only
in the last 40–50 years (see Chap. 1). Hydrogen and some hydrogen con-
taining compounds (ammonium, hydrazine and its derivatives, hydrogen sul-
fide, hydrogen peroxide and aliphatic alcohols), hydrides of light metals,
boron and aluminohydrades, some amine and hydrazine boranes, hypsophos-
phates, formaldehyde, tartaric and oxalic acid salts, hydroquinone, dextrins
and many inorganic compounds, such as CS2, CO, NO, SnCl2, were used
as reducers. In this case metals are reduced in both gaseous and condensed
phases. The process of nanoparticle formation is influenced by the choice of
reducer–oxidizer combination, environment, its pH, temperature, concentra-
tion of reagents, diffusive and sorption characteristics of reacting particles
and stabilizing substances. Methods of heterogeneous reduction in gas–solid
systems under high temperatures and the systems of metals (Li, Na, K) and
metal–organic compounds, including boron, zinc and organoaluminium) are
employed less frequently.

The reduction methods and methods producing bimetallic colloids where
nanoparticles look like a nut whose core is formed of one metal, while the
shell by another, are widely used. Such a structure allows one to control prop-
erties of the core-forming metal. This approach is most often used when man-
ufacturing colloids having spherical particles of the core–shell type, namely
(Pd)Cu, (Pd)Pt, (Au)Pt with narrow dispersity and mean diameters (the core
diameter is in brackets): 2.0 (1.5), 3.5 (2.5), 22.5 (4.5) [82, 83]. It is possible
to obtain colloids presenting either a mixture of metal phase nanoparticles
or a core–shell structure.

The general picture of formation kinetics of the new phase in the bulk
might be applied to the description of nanoparticle nucleation and growth
in redox reactions. Chemical reduction of metals in solutions occurs with ac-
celeration [84]. There are three characteristic transformation regions on the
diagram of the being reduced metal consumption dependence in a solution
(η) versus time (Fig. 2.5): the induction region from 0–τinττ , and the regions
of transformation acceleration and attenuation. The induction period is con-
nected with the initial stages of the chemical reduction reaction during which
stable particles of a solid product are formed. At the end of the period 1 nm
size stable particles appear as a result of sequential incrementing of small
particles by metal atoms:

M+ + H ↔ M + H+

M + M+ ↔ M+
2

M+
2 + H ↔ M2 + H+
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...................................
Ml + Mm ↔Mj

Small particles Mj(j ≤ 100) are unstable and their thermodynamic be-
havior in solutions is determined by the difference ∆E of equilibrium potential
values Eredox of the solution: ∆E = E−Eredox. At ∆E > 0 the particle grows,
while at ∆E > 0 it dissolves and at ∆E ≈ 0 the state of thermodynamic equi-
librium is reached. Upon termination of the induction period metal cluster
nuclei cease their formation and further reduction occurs without increase
in their number but with increment of particle mass. As it has been already
mentioned in Sect. 2.3, growth of metal-containing particles presents a het-
erogeneous reaction during which kinetic regularities are conditioned not only
by correlation of the rates of sequential stages but by mass transfer processes
and sorption as well.

High-energy radiation-induced reactions are characterized by generation
of new highly reactive particles (electrons, atoms, radicals, unstable excited
particles, etc.) which are strong reducers. The reactions can be classified
as photochemical (photolysis, <60 eV), radiolytic (radiolysis, 60–104 eV) and
irradiation by a flow of high-velocity electrons (>104 eV). Plasma-chemical
methods stand close to them. Chemical processes stimulated by high-energy
radiation show the following characteristics [85]: high volume and surface
energy density; nonequilibrium properties displayed in non-Maxwell and non-
Boltzmann functions of particle distribution by the forward motion energies
and occupancy of quantum levels; approach and overlapping of characteristic
times τ of physical, physico-chemical and chemical processes; the leading
role of highly reactive particles in chemical transformations; multichannel
and nonstationary processes of the reacting system (Table 2.4).

Production of nanoparticles using photo and radiation-chemical methods
proceeds in dispersed media (aqua, aqua-alcohol, organic solutions of reduced
compounds). In this case organic compounds serve as secondary reducers
which are short-lived radicals. For example, photochemical reduction turns
out to be a phototransfer of electrons directly at photon absorption as a
result of excitation of the charge transfer band (CT) by light quanta along
the ligand–metal chain.

This method is used frequently and its significance has expanded con-
siderably due to the use of laser radiation for stimulating chemical reac-
tions. Along with silver and aurum colloids, photoreduction of light-sensitive
metal complexes of Cu, Rh, Pd, Fe and some other nanoparticles in the
presence of surfactants in aqua and aqua-alcohol solutions became popular.
Under radiation-chemical reduction γ radiation (60Co source) is used more
often [85–87]. Radiation-chemical gain, i.e. number of active, emerged, disin-
tegrated and recombined particles (molecules, ions, radicals, etc.) per 100 eV
of absorbed energy, depends upon a diversity of physical and chemical fac-
tors, and is a function of absorbed radiation dose and varies within a wide
range (from 10−6 to 108). Radiolysis in a condensed phase is conventionally
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Table 2.4. Some physico-kinetic characteristics of radiation effects

Methods High-velocity
Characteristics Photolysis Radiolysis Electrons

Reactive particles Oscillation excited Electrons, ions, Electrons, ions,
molecules, ions electron-excited electron-excited
and electrons particles particles

Initial processes hν+ M → M*→ e−,hν+ M→M+, e−+ M → M+, M*,
products e−, (M+)*→ (M+)*→ products

products

Hierarchy of τoττ < τcττ ≤ τeττ τcττ ≈ τdifττ τcττ ≈ τtττ
characteristic
process times

Generation velocity 10−2 −10−3 ∼10−3 ∼2 · 104

of reactive particles
(υ·10−15, cm3/s)

Notation: c – chemical reaction, o – oscillation relaxation, e – electronic relaxation,
t – transfer, dif – diffusion.

divided into three stages [85], namely a physical stage that is connected with
formation of the initial intermediate products (high-velocity <3·10−16 s), a
physico-chemical stage attributed to spatial distribution of the initial interme-
diate products as a result of transfer processes (10−8–10−7 s) and a chemical
stage which includes chemical transformations inside a homogenized system
lasting as long as the mean transformation time. Following the quick single-
electron reduction of metal ions they become disproportional and form either
simple atomic and ion clusters or intermediates. Their interaction leads to the
appearance of subcolloidal particles containing 10–20 atoms. These processes
terminate in an hour upon a γ pulse. Besides nanoparticles of Ag, Au, Cu,
Pd, Hg, In, it is possible to obtain by such methods colloids of bimetallic
particles with the core–shell structure, including (Ag)M, M = Cu, Pb, Au,
etc. [88]. Stimulation by a flow of high-velocity electrons differs just in high
generation velocity of reactive particles which is almost 106 as high as under
γ irradiation.

Thermolysis of metal-containing precursors (salts of inorganic and or-
ganic acids, metal colloids, covalent metal-containing compounds, including
metal-organic and molecular complexes) is widely employed in production of
nanoparticles of metals and/or their oxides. Thermolysis of the precursors can
be carried out in gaseous, liquid and solid states. Thermal decomposition in
the gaseous phase is performed at various regimes of chemical vapor deposi-
tion – CVD synthesis in conditions of low-temperature plasma. The main re-
quirement for precursors is rather high vapor concentration, and high volatil-
ity when the compound transforms into the vapor phase without noticeable
decomposition. Thermolysis in a liquid medium employs high-temperature
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solvents (e.g. paraffin) or their suspensions [89]. Platinum metal (Pt, Pd, Ru,
Os, Rh, Ir) compounds can potentially fit with a wide range of ligands for this
purpose. Decomposition in a solid phase can be exercised both in vacuum or
in gaseous atmosphere, including gaseous products of transformation (self-
generated atmosphere). A general feature for the decomposition mechanism
of metal-containing precursors is breakage of the metal–ligand bond. Mean
Gibbs’ dissociation energy ∆G(M–L) values are from 60 to 300 kJ·mol−1 for
various metals and differ much for various types of precursors. The reactions
of metal disproportionation, β-hydride elimination and others are important
along with homolysis of M–L bonds.

Direct thermal decomposition of ion metal-containing precursors usually
runs under high enough temperatures. The thermal transformation mecha-
nism in the solid phase resulting in high-dispersed metal-containing particles
was comprehensively studied in the example of decomposition of mono- and
polycarboxylates of transition metals incorporating nonequivalent in energy
links M–O, C–O, C–C. The velocity of their thermolysis is affected by the
chemical and physical prehistory of the salts, e.g. dispersity of the origi-
nal substance and its variation during the process, dehydration regime, and
nature of the thermolytic medium (inert gases, dynamic vacuum, air, self-
generated atmosphere). The dimensions of the forming nanoparticles can be
varied by changing the regimes of thermolysis of transition metal carboxy-
lates in conditions of self-regulating atmosphere and within 10–100 nm limits
reaching below 10 nm size using special treatment methods [90].

2.6 Metal Clusters as Nanoparticles
with Fixed Dimensions

There are metal nanoparticles of disordered structure with 1–100 nm dimen-
sions having 105–106 metal atoms, and clusters of ordered structure 1–10 nm
in size incorporating 20–40 and sometimes more atoms.

The chemistry of cluster compounds is a novel scientific direction at the
interface of inorganic, organoelemental and colloidal chemistry, surface chem-
istry, physics of ultra-dispersed particles and electronic materials science.
Clusters in terms of chemistry are metal compounds whose molecules con-
tain a skeleton of metal atoms surrounded by ligands. These metal atoms are
at such a distance from each other (less than 0.35 nm) that direct metal–metal
interactions occur. As applied to nanocomposites, the terms cluster materials,
nanoclusters or cluster metal compounds are more often used. Cluster for-
mations exhibit a nonmonotonic dependence of their properties to a greater
degree as compared to nanoparticles. Examples are ionizing potentials, ener-
gies of the links per metal atom, interatomic distances, optical and magnetic
properties, electron conductivity, electron–phonon interactions, and so on)
upon cluster size, i.e. on the amount of metal atoms in it [91, 92]. This is
a crucial fact conditioning the existence of so-called magic numbers – the
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discrete set of the number of atoms (N) corresponding to the formation of
clusters with the lowest energy value. The numbers equal to 13, 55, 147, 309,
561, 923, 1415, 2057, 2869 and so on are calculated by the formula [93,94]

N = 1/3(10n3 + 15n2 + 11n + 3)

where n is the number of layers around a central atom. Thus, a minimal
dense-packing core consists of 13 atoms: one central atom and 12 atoms of
the first layer. The formation of a molecular cluster core proceeds in ac-
cordance with the conception of dense atomic packing of bulk metal. The
dense packing core is the 12-apical polygon (cube-octahedron, icosahedron,
anticube-octahedron). The structure of small metallic clusters (3, 4, 5, 6,
10, 20, 38 atoms) has been determined by X-ray diffraction analysis. Metal
skeletons of clusters consist mainly of metal chains, cycles and polyhedrons
encircled by an ordered structure of ligands.

One of the major conditions of its success is the stability of the skele-
ton which, in turn, is determined by electronic, thermodynamic and kinetic
aspects. A significant role is played by ligand shells (including polymer shells).
They avert interaction between individual metal particles that may lead to
their sticking and formation of a compact metal and, on the other hand, they
hamper interaction between the core and active reagents able to break the
core due to easily polarizable metal–metal links, their high activity and com-
paratively low strength (100–150 kJ per electron participating in M–M in-
teractions). It allows us to raise the activation energy of the disintegration
reaction of clusters. Ligands are subdivided by their influence on the clus-
ter core into weak field ligands (halogenide-ions, carboxylates, amines and
phosphines) and strong field ligands (carbonyls, π acceptors). Ligands might
dictate the behavior of cluster interactions too. Chloride clusters (e.g. with
octahedral core [Mo6Cl8]4+) are most often isolated as islet complexes, car-
bonyl clusters of the type Os3(CO)12, Rh6(CO)16 enter into strong interac-
tions pulling together cluster fragments into some supercluster. Many cluster
compounds of high nuclearity (Pd38, Au55, Rh55, gigantic clusters whose
nuclearity reaches hundreds of units, e.g. Pd561Phen60O60 (Phen - phenan-
throline) [95] and even Pd-1415 [96]) crystallize as monocrystals. Such large
clusters are not individual compounds but include particles of various sizes
and composition within a narrow distribution range (like molecular-mass dis-
tribution of polymers).

These large clusters represent nanoparticles covered by a ligand shell
that protects them against the environment. High nuclearity clusters can
be not only homometallic but heterometallic as well, e.g. of the composi-
tion [Ni38Pt6(CO)48H2]4− (diameter of the metallic skeleton is 1.16 nm and
approximately spherical) [97]. The general principle of the production of
heterometallic clusters is substitution of the atoms of one metal in highly
symmetrical metal polyhedrals by some other metal while preserving the
total amount of cluster valent electrons and ligand type. The most used
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heterobi-, heterotri and heterotetra metal clusters are produced by the meth-
ods of addition, substitution, elimination and recombination. Centering by
µ3-bridges consisting of the main subgroup elements (C, S, P) improves their
stability. Problems of synthesis of such clusters, their structure and classi-
fication based on the topological and geometrical principles were analyzed
elsewhere [98]. In [99] carbon-containing bimetallic nanoparticles can be pro-
duced by hydrogen-induced reduction of molecular carbonyl clusters at 673
K. The nanoparticles were about 1.5 nm in size. This demonstrates the evo-
lution of metal clusters in nanoparticles.

The analysis has shown that in spite of a wide spectrum of available
methods for synthesizing nanoparticles, the choice and elaboration of new
procedures for obtaining nanoparticles with a narrow range of distribution
by size, control over their synthesis, i.e. a purposeful competition between
processes of nanoparticle nucleation and growth still remain actual problems.
These are fundamental problems of the physico-chemistry of the dispersed
state. Of no less importance is the question of stabilizing highly reactive
forming particles which is connected with the methods of production.
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3 Principles and Mechanisms of Nanoparticle
Stabilization by Polymers

The high chemical activity of nanoparticles with a developed surface is
the reason for various, often strongly undesirable spontaneous processes.
Nanoparticles are sensitive to impurities, binding in high solution concen-
trations during boiling or agitation under the action of radioactive energy.
The occurring processes are commonly irreversible. So far, one of the most
important goals is to raise the stability of nanoparticles during storage and
transportation. Various stabilizers are used with this aim. Previously they
were low-molecular organic compounds (carbonic acids, alcohols, amides) and
natural polymers (gelatin, gum arabic, agar-agar, starch, cellulose and so on).
At present more frequently synthetic polymers are employed. They solve the
problems of nanoparticle stabilization and introduction of a polymer ingre-
dient into the nanocomposite.

Stabilization of metal nanoparticles by high-molecular compounds presents
a major branch of modern polymer colloidal science. It studies generation reg-
ularities of dispersed systems with highly developed interfaces, their kinetic
and aggregation stability, different surface phenomena arising at the inter-
face and adsorption of macromolecules from liquids on solid surfaces [1]. The
theory of improving stability of colloidal particles by polymers is described
in [2–7]. This chapter will focus just on those questions that are connected
with nanoparticles and nanocomposites on their base.

3.1 Stability of Nanoparticles in Solutions

Nanoparticles in solutions present typical colloidal systems consisting of a
continuous phase which is a dispersed medium (solvent) and a dispersed
phase (nanoparticle). Such systems having a solid dispersed phase of non-
polymer and a liquid dispersed medium are called sols as contrasted to latexes
where the dispersed phase is of a polymer origin. Colloidal systems in organic
solvents are frequently called organosols, while analogous dispersions in water
are called hydrosols.

A distinctive feature of colloidal solutions is their relatively low stability
attributed to large particle size with perceptible free surface energy. Each
nanoparticle appears to be an aggregate of atoms or more or less simple
molecules. Any change in conditions might result in aggregate size variation
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and precipitate fallout. The stability of colloidal solutions is considered to
be one of the key problems of colloidal chemistry. A system turns out to be
stable when its dispersed phase can exist as separate individual particles for
a long time (a few months and even years).

There are two types of stability of colloidal solutions. The kinetic one is
stability of the systems relative to gravity forces. Crucial factors that deter-
mine kinetic stability of colloids are Brownian motion, dispersion, viscosity of
the medium, etc. The stability of such systems drops abruptly as the particle
size increases. Kinetically stable systems are where the velocity of dispersed
particle precipitation under the action of gravity forces is so slow that it can
be neglected. Stability is sometimes estimated by the presence of sediment
upon centrifuging, e.g. centrifuging of the platinum–PVA system at 6000 g/20
min acceleration. By varying centrifuging acceleration and time one can con-
trol the size of colloidal particles in the Pt–PVA system [8]. Aggregation
stability is the ability of the system to preserve the degree of particle dis-
persity. This type of stability is attributed to the ability of nanoparticles to
create large aggregates to adsorb low-molecular ions on their surface from
the solution leading to formation of an adsorption layer. This layer consists
of potential determining ions and counter-ions and a diffusion layer con-
taining residual counter-ions. Aggregation stability of these systems can be
also explained by the formation of solvate shells of dispersed medium mole-
cules round colloidal particles tightly bound with them. Investigations have
shown [1] that due to their elasticity and elevated viscosity the shells act as
wedges and hamper particles sticking together by drawing them apart. Ag-
gregation stability factors differ from those of kinetic stability. For example,
temperature rise hinders particle precipitation but assists their aggregation
or intensified Brownian motion hampers particle precipitation but promotes
particle sticking at collision.

Colloidal solutions are lyophobic and lyophilic types. The last ones are
characterized by so weak an interaction of the dispersive medium with the
dispersive phase (such systems are unstable in thermodynamic respects) that
the attraction between particles results in their aggregation. Nevertheless,
a noticeable repulsive barrier and remoteness of particles from one another
can retard the aggregation process so that the system becomes stable almost
without restrictions (kinetic stability). These colloids are often called ther-
modynamically metastable. The kinetic stability is commonly reached for
lyophobic particles through electrostatic (charged) stabilization. Such sys-
tems are stable and provide repulsion potential surpasses the aggregation
energy of colloidal particles [9], Fig. 3.1.

Lyophilic systems are thermodynamically stable. Their Gibbs shift energy
is negative. The dispersed state can be characterized as the low energy state.
Aggregation stability of these particles is attained through solvation.

Aggregation of colloidal systems is called coagulation in case densely
packed formations are formed. When the particles are separated by the
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In the absence of
steric interaction (van der Waals attraction)

  a b c

Fig. 3.1. Diagram of nanoparticle stabilization by polymers: (a) electrostatic sta-
bilization; (b) steric stabilization; (c) region of high polymer concentration

dispersive medium, it is called flocculation. Coagulation of nanoparticles on
polymer surfaces is considered as heteroaddagulation.

The state of colloidal systems changes in response to reducing dispersity
of the solid phase in two stages: particle enlargement or coagulation and sed-
imentation of the solid phase. Coagulation velocity depends on such factors
as the range of attraction forces, Brownian motion velocity, concentration
of colloidal solution, presence of electrolytes. Uncharged particles coagulate
quickly due to dispersive attraction. The coagulation mechanism is identi-
cal to that of the second order chemical reaction since two particles are to
meet in both reactions. The difference is only in the fact that the reacted
molecules might not participate in further reactions, whereas particle aggre-
gates continue to be involved in coagulation processes thus forming still more
intricate complexes. The process is described by velocity constants (kc) of
high-velocity coagulation by Smolukhovsky

k = 8kT/η , (3.1)

where η is the viscosity of the dispersive medium.
The constants kc characterize the long-range attraction between colloidal

particles. Attraction forces arising from interaction between molecules and
atoms of two neighboring particles are called van der Waalse forces. Three
models reflecting interaction between particles of the dispersed phase are
mostly used: Keesom’s orientation forces (interaction between molecules with
a constant dipole moment), Debye’s induction forces (interaction between the
constant dipole of one molecule and the induced dipole of the other) and Lon-
don’s dispersive forces (interaction between instantaneous dipoles). Ample
description of the phenomenon is given by London’s forces. The attraction
between individual atoms or molecules is extended only to a distance of a
few tenths of a nanometer. However, in the treated systems a multiatomic
(multicentered) interaction takes place: each atom or molecule of a nanopar-
ticle attracts each atom or molecule of another particle consisting of 106–1010

atoms. The strength of interaction of dispersed phase particles in coagulation
structures is estimated on the average in 10−10 N per contact. There is strong
attraction due to many interatomic interactions between nanoparticles.



68 3 Principles and Mechanisms

The potential energy of attraction UrUU between two spheres of particles of
radius r and minimum distance l0 between their surfaces can be given by the
following equation

UrUU ≈ Ar/12l0 when r � l0 , (3.2)

where A is the efficient Hamaker’s constant with dimension of energy.
The constant stands close to the kT parameter for latex particles, al-

though in metal dispersions it can be much higher. For example, for PMMC,
PS, Ag and Al2O3 the constant A equals 6.3 ·10−20, 6.15 ·10−20, 40.0 ·10−20,
15.5 · 10−20 J, respectively [8]. Energy of attraction of two latex particles
120 nm in size is ∼10 kT for each at a distance of 1 nm and 2 kT at 5 nm dis-
tance. This is enough for coagulation without the repulsion between particles
as long as the energy of attraction exceeds heat energy of the particles equal
to ∼ 3/2 kT of three translation degrees of freedom.

Coagulation and flocculation processes of colloidal particles were studied
by numerical methods [10, 11]. The aggregation process of colloidal particles
at N = 12 has been reflected in molecular-dynamic models and dispersion
evolution with time has been recorded [12]. It was found out that at a strong
attraction between particles equal to A = 10−20 J the depth of the potential
minimum reflecting the dense contact between particles is 5.5 kT .

It can be presumed that the region of van der Waalse attraction in the sys-
tems considered acts to a distance of 5 nm. The attraction value and its range
are the determining factors in choosing means of particle stabilization [2]. The
range of attraction forces limits essentially stabilization potentialities. In or-
der to stabilize nanoparticles, the repulsive forces between particles are to
be effective within the range of attraction forces. Coagulation onsets in the
isoelectric point when the particle charge becomes equal to zero.

Nanoparticles without stabilizers represent typical lyophobic colloids with
low steadiness, so charge stabilization is insufficient, especially for nonpo-
lar organic matter. High-molecular compounds and various substances are
used to stabilize nanoparticles. As a result of such stabilization, called steric,
nanoparticles turn out to be enveloped by a preserving barrier consisting of
a continuous layer of long solvate polymer chains (Fig. 3.1c). The colloidal
system becomes absolutely stable unless the protecting layer gets damaged.
These stabilized systems can be treated as complex ones whose nucleus is
lyophobic and outer layer is lyophilic.

3.2 Stabilizing Capability Characteristics
of Polymers

Early studies in protecting lyophobic sols by high-molecular compounds
presupposed a lyophilic adsorption layer formed on the surface of colloidal



3.2 Stabilizing Capability Characteristics of Polymers 69

particles. A metal particle acquires all properties of absorbed polymer mole-
cules. This is exhibited, in particular, in the elevated coagulation threshold
(or the least electrolyte concentration, mmol L−1) resulting in coagulation
within a certain time interval. What is more, in diluted solutions the dispersed
phase concentration is directly proportional to the minimum amount of poly-
mer stabilizer necessary for attaining roughly similar coagulation thresholds
by the electrolyte [5] (Table 3.1).

Table 3.1. Coagulation threshold γ+
Na of AgI and Sb2S3 sols by sodium chloride

versus solid phase content with the addition of PEO

CDF, CPEO γ+
Na, CPEO γ+

Na,
g/L (M = 1.7 · 104), mmol/L (M = 1.3 · 106), mmol/L

mg/L mg/L

AgI sol

0.5 3.2 140 1.7 240

1.0 6.4 145 3.4 250

2.0 9.6 140 5.1 250

Sb2S3 sol

0.2 12.8 60 1.7 350

0.4 25.6 65 3.4 325

0.6 36.4 65 5.1 340

However, contemporary experimental and theoretical findings on the
structure of macromolecules and their solutions corrected the understanding
of the protecting mechanism. These corrections were made from a comparison
of nanoparticle size and that of protecting macromolecules which surpasses
linear dimensions of colloidal particles of lyophobic sols by several fold. Par-
ticles of gold can be enlarged in the presence of quarternized poly-4-vinyl
pyridine (P4VP). This is evidence that macrocations are chemisorbed on
them and a soluble complex is formed [13]. The mean hydrodynamic radius
of such stabilized particles (21 ± 0.5 nm) is larger than the corresponding
radius of nanoparticles in water (13 ± 0.5 nm), Fig. 3.2. The mean hydrody-
namic radius of PVA-stabilized platinum particles (molecular mass – 60 000)
is 10.5 nm [8] and the metal particle size is small as compared to the protect-
ing layer thickness.

Steric stabilization becomes probable because spatial dimensions of low-
molecular compounds are commensurable with the range of London’s forces
of attraction or even exceed them. If we consider that the diameter of a
macromolecule of a linear polymer coincides with the r.m.s. distance between
its ends then the relation of the mean geometric radius of the particle 〈r2〉0.5
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13±0.5 nm

8±0.5 nm

Fig. 3.2. Structure of a soluble polyelectrolyte
complex formed by an aurum particle and macro-
molecules of a polycation

versus polymer molecular mass M can be expressed by the relation [14]:

〈r2〉0.5 ≈ 0.06M0.5 . (3.3)

The value reaches 20 nm for a polymer with M = 104, 〈r2〉0.5 = 6 nm and at
M = 105. Macromolecules of polymers with M > 104 are of the sizes needed
to stabilize colloidal particles (macromolecules are, of course, to induce re-
pulsion of particles).

First attempts to quantitatively estimate stabilizing capabilities of poly-
mers date back to Faraday’s times [15]. He was the first to study the effect of
gelatin on the variation of the color of gold from red to blue with the addition
of NaCl and the capability of soluble polymers to inhibit gold coagulation by
electrolytes.

To characterize various biopolymer stabilizers a notion of “golden num-
ber” was introduced. It corresponds to a polymer amount (mg) able to avert
flocculation of 10 mg of gold when 1 mL of 10% solution of NaCl is added. The
lower the golden number the more efficiently the polymer suppresses coagu-
lation of the dispersed phase. Although there is a skeptical attitude to such
empirically established numbers (more than ten are already known) [16], we
believe they can bring certain benefits in comparative analysis. For example,
golden numbers for gelatin, albumin, gum arabic and dextrin are 0.005–0.01;
0.1–0.2; 0.15–0.25 and 6–20 respectively.

The protective power of a polymer as its capability of stabilizing colloids
is sometimes estimated by the gold mass (g) which is stabilized by 1 g of a
polymer added to 1% water solution of NaCl. The protective power of gelatin,
PVPr with a mean polymerization degree P = 3250, PVS (P = 500), PAA
and PEI are 90, 50, 5, 0.07 and 0.04 respectively.

Stabilizing power of polymers can be estimated by critical concentration
of KCl (CKClCC ·103) necessary to change the red coloring of auric sol on blue in
the presence of a polymer of certain concentration (1.0 g/L). It is important
that CKClCC depends upon the molecular mass of the polymer. For example,
(CKClCC ·103) varies without polymers from 12.5 to 18, 22, 47 and to 480 in the
presence of PEO with molecular mass 4000, 6000 and 9000, correspondingly.
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A stabilizing macroligand during nucleation of nanoparticles undergoes con-
siderable structural (including variations in macromolecular conformation,
complexing of polymer functional groups) and chemical changes. The con-
sidered problems were so far scarcely elucidated in the literature. Three ex-
amples can be mentioned: 1. Oxidation of poly(2,6-dimethyl-1,4-phenylene
oxide) (PPO) till quinone derivatives in the process of Ag salts reduction
and formation of its nanoparticles in a chloroform–methanol solvent [17]; 2.
Oxidation of Langmuir–Blodgett films by ruthenium complexes [18]; 3. Less-
ening of ability to stabilize small silver clusters by PAA at its decarboxylizing
in the course of photoreducing salts [19,20].

3.3 Characteristics of Polymer Absorption
on Metal Surfaces

Polymer stabilizing power, often considered as screening by a protecting
colloid [21], is an after-effect of macromolecule absorption on nanoparticle
surfaces [22]. It is of fundamental importance to understand the processes
occurring in polymer interactions with nanoparticles since it will furnish in-
formation on the stabilization mechanism and the origin of adhesion on the
forming interface too. It will become possible to create a reliable protection
against corrosion and other undesirable factors [23–26]. The solution of these
problems presumes examination of structure and properties of the surface and
interfacial layers of the metal–polymer junction. The metal–polymer interac-
tion mechanism is governed by many phenomena, the most significant among
which are the origin of molecular forces, degree of perfection of nanoparticle
surfaces, internal stress and electrical charge, solvent nature, temperature,
and molecular mass of the polymer [1, 27, 28]. These factors are correlated
with a number of energy and kinetic parameters in the metal–polymer bound-
ary layer, including polymer cohesive energy, surface energy and segmental
mobility of chains. Cohesive energy can be modeled by Gildebrant’s parame-
ter and segmental mobility – the glass transition temperature.

Interactions between polymer chains and nanoparticles differ by their na-
ture and intensity, and might be displayed simultaneously. It is difficult to
distinguish between the effects generated by various forces as a change of
properties of high-molecular compounds at their contact with nanoparticles
reflects to a certain degree the total effect of interaction on the surface of dis-
persed phase particles. Furthermore, adsorption of polymers proceeds with
heat absorption, in contrast to that of low-molecular compounds. For exam-
ple, G = 0.0012 g g−1, Q1 = −25.9 kJ mol −1 in the system Fe–PVA–CCl4;
G = 0.0025 g g−1, Q1 = 37.8 kJ mol−1 in Cu–PVA–benzene [29]. This can be
attributed to processes where the total heat includes the heat Q1 of polymer
adsorption on the particle surface, the heat Q2 of solvent molecule desorption
from the surface and the heat Q3 of polymer–solvent interaction. Thus, the
negative value of the total polymer adsorption heat
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−∆H = q = Q1 − Q2 − Q3 (3.4)

shows that the latter two members of (3.4) are larger than the first one.
The protecting polymer might interact with nanoparticles in two ways.

The first presupposes that macromolecules fix on the particle surface through,
e.g. physical adsorption. Physical adsorption presumes processes induced by
van der Waalse forces, dipolar interactions and weak and easily broken hydro-
gen bonds. Noncovalent interaction of nanoparticles with a macromolecule is
extremely weak – about 10−4 J·m2. This is true for nanoparticle interaction
with homopolymers, including PE PVS [30–32], PEO [33], PVPr [34, 35],
polyethylene glycols [36] and others [37–41]. Homopolymers display high
stabilizing power since are easily expelled from the interaction zone dur-
ing Brownian movement of particles. Particularly, PEO interacts with metal
surfaces, so it is a poor stabilizer for colloidal aurum [42].

Stabilization of nanoparticles is affected by the polymer nature, its func-
tional groups and, in case of copolymers, by the composition and section
branching in its chains (alternative, statistical, block and grafted). The
comparison between the homopolymer P4VPy, the statistical copolymer of
styrene and 4-VPy [43,44] has shown that the size of iron particles formed in
P4VPy was less than that in the copolymer. Probably, excess fragments of
the homopolymer aggregation of nanoparticles hamper as compared to the
copolymer. The statistical copolymers are of low efficiency as stabilizers of
nanoparticles [45,46].

The second procedure is based on chemisorption of macromolecules from
the solution. The interaction of macromolecules (unfolded or globular) with
nanoparticles depends upon the amount of polar groups of the adsorbed
polymer per unit surface. A critical condition is that the polymer should
contain polar groups that interact with surface atoms of the metal. The more
electron-donator properties of polymer functional groups the stronger is their
adhesion to dispersed phase particles. During chemisorption polymer chains
can form covalent, ion or coordination links with the atoms of the metal
surface layer which increases the total heat of polymer adsorption. A typi-
cal example is coordination interaction of the surface atoms of a zinc clus-
ter with amine groups of methyl tetracyclododecene and 2,3-trans-bis(tret-
butylamide)methylnorbornene-5 (Fig. 3.3) [42].

n m

Zn

N

N

tret-Bu

tret-Bu

H

H

Cluster

Zn

..
.. Fig. 3.3. Structure of a polycomplex

zinc cluster with methyl tetracyclodo-
decene and 2,3-trans-bis(tret-butylamido)
methylnorbornen-5 copolymer
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Introduction of various functional groups into the polymer results in a
strengthened role of the acidic–base interactions in the polymer–metal sys-
tems and raised adherence of the polymer. Its adhesion to aluminum or copper
rises greatly as the amount of oxygen or nitrogen-containing groups increases
in styrene copolymer with acrylic acid or vinyl pyridine [47] (Fig. 3.4).
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Fig. 3.4. (a) Shear strength between copper/poly(styrene-co-acrylic acid) copoly-
mers (1), copper/poly(2-vinylpyridine) (2), copper/poly(4-vinylpyridine) (3) as
a function of comonomer content. (b) Shear strength between aluminum/
poly(styrene-co-acrylic acid) copolymers (1), aluminum/poly(2-vinylpyridine) (2),
aluminum/poly(4-vinylpyridine) (3) as a function of comonomer content

The efficiency of homopolymers and copolymers rises substantially in case
some centers of specific interaction are formed either inside the polymers or
on the surface of stabilizing particles similarly to centers with intricate in
native state structure (secondary, tertiary and even quaternary) forming in
polynucleotides. Such centers operate simultaneously analogous to charge and
steric stabilization mechanism. Sometimes, the joint action is also observed
when stabilizing clusters by synthetic polymers [48]. An example of specific
interactions observed between nanoparticles and polymers is stabilization of
Fe(OH)3 particles having up to 120 iron atoms in the presence of PVA or
polyvinyl ethers of various polymerization degrees (Fig. 3.5). The hydrolysis
of Fe3+ in aqua solution leads to precipitation of Fex(OH)3−xnH2O particles
in which x and n values are dependent upon reaction conditions. Occasionally,
α-FeO(OH) with 2 nm mean particle size is formed instead of Fe(OH)3.

The mechanism of polymer interaction with nanoparticles is strongly in-
fluenced by the solution pH. At low pH values interaction between polya-
zocrown ester and red auric sol is connected with a reversible electrostatic
interaction. At high pH values the interaction is conditioned by a strong co-
ordination binding macromolecules and particles [49]. The effect of pH on
PVP–30000 (polyvinyl pyrrolidone) adsorption on the surface of nanocrys-
talline particles of Ce2 has been expounded elsewhere [50]. It was proved that
the limiting adsorption reduced with rising pH of the solution (∼3.7–11.5)
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Fig. 3.6. Adsorption isotherms for polyvinylpyridine on nanocrystalline CeO2 par-
ticles in aqueous suspensions at pH values of 3.7, 8.1 and 11.5

(Fig. 3.6). The specific character of local surroundings of macromolecule in
water is connected with hydrophobic binding centers on the polymer chains
and solvate shell of bonded water molecules. The incompatibility between the
structures of water in polymer hydrated shell and hydrated metal cations was
observed [51]. It can be supposed that increasing the reactivity of hydrated
metal cations is determined by its particular dehydration near a polymer
chain [52].

In spite of their low adsorptivity, linear homopolymers appear to be a
convenient model for studying theoretical aspects of nanoparticle stabilization
by polymers, particularly adsorption of macromolecules on metal surfaces.

Adsorption is a slow process that can be subdivided into two stages: dif-
fusion of macromolecules to the surface of dispersed phase particles and the
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adsorption which is determined by the time of reaching an equilibrium state
of the polymer in the adsorption layer. The time of polymer chain diffusion
to the particle surface is a function of the dispersed phase concentration in
the colloidal solution, molecular mass of the polymer, time and intensity of
mixing and viscosity of the dispersive medium. The process runs quickly in
diluted media even when mixing (during a few minutes or seconds). The time
depends upon the contact between polymer chains and particles of the dis-
persed phase. Conformation of a macromolecule is usually stable and diffusion
velocity depends on collisions between particles. The equilibrium in the ad-
sorption layer is reached much more slowly. Sometimes it takes hours or even
days. This stage depends on the chemical nature of the polymer, metal and
adsorptive energy of elementary units on the surface, thermodynamic proper-
ties of the solvent and molecular-mass distribution of the polymer. Stability
of nanoparticles depends on conformation of macromolecules adsorbed on
the surface. That is why the stabilizing effect of high-molecular substances is
determined by the time of contact between macromolecules and particles [5]
(Fig. 3.7).
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Fig. 3.7. Adsorption isotherms of PVA-18 (18% of unsaponified acetate groups
in a molecule) with M = 5.9 · 104 particles of silver iodide sol at a duration of
macromolecule-to-particle contact: (1) 20 min, (2) 1 h, (3) 2 h and (4) 24 h

Adsorption of macromolecules on the surface of dispersed phase is, in
the majority of cases, irreversible. All polymer links with a large number
of surface links are strong enough not to let the adsorption run. In other
words, irreversible behavior of adsorption of the high-molecular compound is
more often conditioned by a relatively large amount of its contacts with the
surface because of which a simultaneous breakage of all sections connected
with it is statistically highly doubtful. Desorption velocity is so low that it
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is neglected in instantaneous contacts of nanoparticles in their collisions as
a result of Brownian motion. The contact constituting portions of a second
event in very viscous media can be calculated based on Stoke’s law.

Adsorption is commonly described by Langmuir’s isotherm

CpCC /G = 1/G∞b + CpCC /G∞ (3.5)

where G is the adsorption, CpCC is the equilibrium concentration of polymer in
solution, b is the constant, and G∞ is the limiting adsorption.

Isotherms of polymer adsorption on nanoparticle surfaces show a steep
ascent characteristic of monomolecular Langmuir adsorption (Fig. 3.8). Rel-
atively rigid macromolecules adsorbed on the surface are responsible for it.
The second layer of adsorbed polymer chains easily desorbs into the solution.
The experimental value of limiting adsorption G∞ corresponds to the for-
mation of the monomolecular layer. Based on (3.5) the value of G∞ for the
polymer can be obtained if the real adsorption saturation is not reached in
given test conditions. Polymer adsorption isotherms are, as a rule, described
by Langmuir’s relation only in the case of diluted solutions. The resultant
reduced equation fits the results of macromolecular adsorption on the surface
of dispersed phase particles [29]. The adsorbed polymer amount depends on
its molecular mass (Fig. 3.9).

Use of Langmuir’s equation with this aim is, however, disputable since it
presupposes an equilibrium between adsorption–desorption processes, whereas
in high-molar substances adsorption is commonly irreversible. Besides, some-
times observed discrepancies between experimental and theoretical curves
arise from violations of the main postulates of Langmuir’s equation which
says that only one active surface center and one molecule of the low-molecular
substance are to participate in the reaction and all unreacted centers are
equally reactive. It is obvious that these postulates are not met in adsorptive
processes.

Polymer adsorption on the nanoparticle surface is characterized by diver-
sified adsorption states. Most encountered states are three ones (Fig. 3.10)

CpCC

G

G∞

Fig. 3.8. Adsorption isotherm of poly-
mers on metal nanoparticles (Langmuir’s type
isotherms) characterized by fast adsorption
growth
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which correspond to horizontal and vertical positions of polymer molecules
relative to the absorbing surface (if we neglect types such as brushes, umbrel-
las, etc.) and the loop type. The limiting adsorption is related to the polymer
molecular mass through the relation

G∞ = KMα , (3.6)

where K and α are constants and α is the index of adsorptive state of the
polymer (see Fig. 3.10).

Horizontal adsorption links, no doubt, the polymer and the dispersed
phase surface most rigidly although the forming adsorption layer is very thin.

b

c

a = 0

a = 1

0< a <0.5

Fig. 3.10. The types of adsorption
state of polymers into a surface. (a)
Horizontal adsorption. (b) Vertical
adsorption. (c) Adsorption of loop
type
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In contrast, during vertical absorption a volume layer is formed but adsorp-
tive forces are so weak that polymer molecules can freely pass back into the
solution. Loops have corresponding intermediate variants of adsorption in-
teractions on the surface. Besides, when two nanoparticle surfaces especially
in concentrated solutions are found close to each other, then bridges could
arise when different ends of a molecule are adsorbed on two surfaces.

Major characteristics of the adsorption polymer layer are the share of ele-
mentary sections of the polymer chain being in direct contact with the surface
(v), that of the surface occupied by adsorbed sections (θ) and the mean (effi-
cient) thickness of the adsorption layer (δ). One can use various physical and
physico-chemical methods to measure them. Different theoretical representa-
tions on polymer adsorption from solutions and on metal surfaces have been
developed.

Adsorption of nonionic flexible-chain, water-soluble polymers on the sur-
face of hydrophobic nanoparticle dispersions is the best theoretically in-
terpreted. The adsorption layer is mostly described by the Boolas–Huve–
Hesselink model according to which the polymer shell surface consists of a
first dense layer and a second loose layer of polymer chains.

The first layer is characterized by a relatively large number of macromole-
cular contacts with the surface. The second one includes facing the solution
unequal chains and loops whose scattering by size is described by an ex-
ponential dependence. The density of polymer chains on the boundary of
the first and second layers changes jumpwise. The distribution of elementary
chain density along the normal to the surface within the periphery of the
adsorption layer bears, depending on conditions, either a linear, power or
exponential dependence. The latter one is the most followed. Conformation
of the adsorbed polymer chains on the metal surface varies constantly and
can be described only by using statistical approaches. The structure of the
adsorption layer and adsorption isotherms can be found from polymer mole-
cules state in adsorptive state and in a solution by the methods of statistical
thermodynamics based on the theories of polymer solutions.

The simplest model of the polymer molecule is the free conjugated chain
where each link was equal length but is devoid of volume. This model can
be studied based on Markov’s statistics which considers variations in entropy
due to limitations in conformation freedom of the polymer molecule.

The lattice model is another good model. The polymer unit can occupy a
certain place in the lattice at once, then the model is reduced to the notion
of a volume-free polymer chain. The formation of adsorption complexes of
the polymer chain + particle type has been examined based on this [53–57]
and Monte Carlo methods [58]. The nanoparticle radius Rj is considered
to be much less than the mean length of free chains in the solution. An
extended region is formed in the vicinity of the particle surface as a result
of such interactions [53]. The boundary layer with thickness ∆ is formed
of the polymer chain portions having loop conformation with an average
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length ∼∆ (Fig. 3.11) [57]. Two alternative models of the adsorption complex
structure are proposed – with long and short loops. In the first case the local
density of polymer chains ρ(r) inside the ∆ layer is constant and greatly
surpasses the mean density of links ρ in the nonadsorbed knot. So, ∆ � σ
of an individual polymer link (≈1.0–2.0 nm corresponding to a few links of
a real macromolecule) is roughly equal to the range of adsorption potential.
It quickly (exponentially) drops to ρ in the radial direction from the particle
surface at r � ∆ρ(r). For the case of the model with short loops, ∆ ≈ σ and
ρ(r) diminish more slowly at r ≥ σ than in the model with long loops. There
are no limiting regions with a constant link density.

Fig. 3.11. Models of the interaction of polymer chain with a particle. (a) A “long
loop”. (b) A “short loop”. 1 – the portion absorbed into surface of the particle; 2 –
the loop-type portions; 3 – nonabsorbed “tails” of chains

As there is no reliable experimental data on the structure of the adsorp-
tion layer and conformation of the polymer chain, of more importance become
calculations based on the Monte Carlo method [58] for different chain lengths,
Rj values and energy parameters which characterize attraction of polymer
links to nanoparticle surface. Calculations showed that polymer chain bond-
ing with a small particle reflected by the model of short loops did not bring
about elongated regions with a constant density of links.

As a result of polymer adsorption by a small particle, an energy E = nε
is generated (n is the number of contacting particle links, and ε is the energy
of link attraction to the particle surface in kT , which is independent of the
total chain length).

When solving the problem of interaction between the polymer chain and
a dispersed particle, it is important to know the relation of adsorption centers
in the polymer versus those in a dispersed particle. It may exert an essential
influence on interaction and spatial distribution of particles in the adsorption
complex and on conformation of the macromolecule. More than one parti-
cle can be bound by the polymer chain into a structure of necklace type in
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a system with several adsorption centers. Such structures form a spatial ad-
sorption polycomplex (Fig. 3.12) looking like a peculiar network or a web [14].
Polymer adsorption on particles could induce an efficient attraction of poly-
mer links by the polymer knot compressing or polymer addition at strong
adsorption could decrease aggregation stability of the dispersed phase [58].
Thus forming adsorption polycomplex shows intermediate (mesoscopic) in-
homogeneities whose size is on the average ∼10σ for a model system and
∼10–100 nm for a real one. An excessive amount of adsorption centers on
particles is exhibited in their mutual attraction and indirectly by the poly-
mer (Fig. 3.13). Configuration of a chosen pair of particles is beneficial when
the distance between particle surfaces equals the polymer link diameter and
each link of the chain section found in this gap contacts both particles si-
multaneously (Fig. 3.13). When there is an excess of dispersed particles in
the system relative to polymer content, then the dispersed particles of type
3 utilize some adsorption centers (Fig. 3.13) attracted by their free surfaces
to the polymer shells enveloping particles of types 1 and 2. This results in
formation of aggregates consisting of dispersed phase particles which violates
the initial uniform distribution of particles in the volume.

Fig. 3.12. Adsorption polycomplex of necklace type

Adsorption of water-soluble polymers by charged nanoparticles leading
along with variation of van der Waalse forces of attraction to repulsion of
the dual electric layers due to varied efficient Hamaker’s constant is very
interesting. In real dispersed systems these factors are manifested all together.
Their stability is conditioned by a joint action of some of them.

The effect of temperature on polymer adsorption is exhibited in the chang-
ing mobility of macromolecules in the solution, thermodynamic quality of
the solution, polymer solubility as well as a competing effect on polymer
and solvent adsorption. However, the effect of temperature on the polymer–
nanoparticle system is perceptibly less than that of the other factors.
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a

b

Fig. 3.13. The model polycomplexes. (a) The most favorable configuration for
two disperse particles and polymer chain locating between them. (b) Aggregates
consisting of a few disperse particles combined by polymer chain

3.4 Specifics of Polymer Surfactants
as Stabilizers

Amphiphilic polymers including block and grafted copolymers, one fragment
of which (anchor) is insoluble in the dispersive medium polymer and the
other is soluble, are perfect nanoparticle stabilizers. The anchor forms a
link with the surface [59], while the other component creates a steric bar-
rier necessary for stabilization. The chemistry and physics of these sys-
tems, called surfactants [60], has been explained in detail in various text-
books [61–65]. In solutions surfactants separate into microphase structures,
the simplest of which is a micelle forming in a diluted solution of certain
solvents [66–68]. Self-assembly of surfactants into micelles is a well-known
and studied phenomenon [69, 70]. This is true for micelle forming in block-
copolymers [66,67,71–73].

Modifications of surfactant microstructures are water micelles, inverted
micelles (e.g. water/sodium bis(2-ethylhexyl) sulfosuccinated/isooctane), mi-
croemulsions, vesicles, polymer vesicles, monolayers, Langmuir–Blodgett films
(precipitated organized layers) and two-layered liquid membranes [74]. Sur-
factants fulfill several functions, namely size regulation, geometrical control
and nanoparticle stabilization. They affect chemical properties of nanoparti-
cles through hydrophobic and electrostatic phenomena. Aggregate behavior
of surfactants depends on their nature, concentration, type of solvent and
production method. The most typical surfactant microstructures are shown
in Fig. 3.14. About 50–100 surfactant molecules are spontaneously joining
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Fig. 3.14. Typical microstructures of surfactants

into aggregates known as micelles when the micelle-forming concentration in
water is above critical (ACC).

The formation of water micelles is a cooperative process which is con-
ditioned by the forces of interaction between polar head groups and as-
sociation of the hydrophobic chains of surfactants. In a general case, the
longer the hydrocarbon tail, the lower is ACC. With increasing surfactant
concentration rod-like micelles and, consequently, liquid crystals start to
form. Water-soluble surfactants transform in a hydrocarbon solvent into in-
verted micelles and increasing amount of water fixed by surfactant leads
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at a given surfactant concentration to formation of microemulsions of the
water-in-oil type [75]. Such transformations are influenced by the hydrophilic–
lipophilic ratio. PLA blocks in case of poly(ethylene glycol)-poly(lactic acid)
diblock copolymers [76] is soluble neither in decane nor in water. Hydrophilic
PEO blocks occur only in one phase as a mushroom (Fig. 3.15) or a brush
(Fig. 3.15). Hydrodynamic diameters of these microemulsions depend on tem-
perature. Inverted micelles capture large volumes of water and present unique
systems. All water molecules at a relatively low water-to-surfactant ratio w
(where w = 8–10) are strongly bound by the head groups and cannot be
separated. A monolayer is formed at the water–air boundary when organic
solution of a surfactant is sprayed on a water surface. When a dry plate or
glass is dipped into the monolayer, the surfactant transfers onto the solid
surface. If we immerse the plate with the monolayer sequentially into the
solution, one can obtain Langmuir–Blodgett polylayered films. Depending on
the type of immersion various polylayers (plate–tail–head–tail–head (X-type
of polylayers), plate–tail–head–head–tail (Y-type) or plate–head–tail–head–
tail (Z-type) are produced. Monolayers are an ideal medium for studying 2D
processes, including those with nanoparticles.

Bound by their ends, closed two-layered aggregates of surfactants (vesi-
cles) present the most beneficial model of biological membranes. Lamella
vesicles with bulbiform 100–800 nm in size are formed as a result of liq-
uid film swelling in water. Ultrasonic treatment of such vesicles under the
temperature above which they transform from a gel into the liquid (phase
transition temperature) yields 30–60 nm diameter extremely homogeneous
simple two-layer vesicles (small unilamellar vesicles). Analogous systems can
be obtained by ultracentrifuging and either by membrane or gel filtration.

a b

Fig. 3.15. The change of adsorption layer structure from the mushroom type (a)
into a brush (b) with an increase in the concentration of absorbed surfactant
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Both types of vesicles are subject to time–temperature phase transitions.
A two-dimensional structure is formed at a temperature below that of the
phase transition. Kinetic stability of vesicles is considerably higher than mi-
celles. Particularly, there is no equivalent to ACC. Once formed, vesicles
cannot be destroyed by dilution. They are usually stable for weeks and
the stability can be elevated by polymerization. Vesicles have many places
for solubilization. Hydrophobic molecules can scatter among hydrocarbon
bilayers of vesicles, whereas polar ones are easily moving in vesicles cap-
tured by water. Ions are attracted to negatively charged outer ions or inert
surfaces of vesicles. Particles with charges identical to vesicles fix on their
surface thanks to long hydrocarbon tails. Block copolymers containing ion
and non-ion water-soluble units form stoichiometric complexes together with
low-molecular surfactants. The complexes generate small (120–85 nm) vesi-
cles [77]. Modified β-cyclodextrins [78, 79], and heterofunctional PEO (to
stabilize auric nanoparticles [80] and octylammonium bromide in combina-
tion with both high-molecular and low-molecular stabilizing agents, PVPr or
cellulose in combination with alkyl thiols to stabilize ruthenium [81,82]) are
used for stabilizing nanoparticles (Pt, Pd, Au) and producing water-soluble
materials.

Surfactants are capable of charged and steric stabilization [83]. For exam-
ple, stabilized by a low-molecular surfactant (Fig. 3.16) (3-(methyldodecyla-
mmonium)propanesulfonate), 6 nm size platinum clusters are obtained as a
1M solution in water [84]. An analogous procedure is used to stabilize bimetal-
lic clusters [85].

Low-molecular surfactants are less efficient than their polymer analogs.
In contrast to low-molecular amphiphilic substances formed by amphiphilic
polymer compounds, microphases are more stable in thermodynamic and ki-
netic respects. Besides, amphiphilic copolymers have expanded their range of
varying molecular properties. It is possible to control the chemical structure
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of these polymers by the choice of a recurrent unit, copolymerization with
functionalized comonomers and by the length and shape of individual build-
ing blocks.

The necessity of raising stability and control over reversible transitions
and morphology has focused attention on polymer surfactant vesicles. Vesicle-
forming surfactants are functionalized by vinyl, methacrylate, diacetylene,
isocyanide and styrene groups in either hydrocarbon chains or head groups.
Surfactant vesicles can be polymerized inside bilayers (Fig. 3.17) or head
groups (Fig. 3.17 and Fig. 3.18) [86]. Of interest is the production of vesi-
cles through polymerization of isodecyl acrylate in vesicles of sodium di-2-
ethylhexyl phosphate [87, 88] and from a bipolar liquid monolayer [89–92].
Polymer monolayers and two-layer liquid membranes turned out to be more
efficient stabilizers as compared to their monomer analogs.

Fig. 3.17. A scheme of polymerization of surfactant vesicle

Anchor fragments of surfactants join nanoparticles as a result of physical
adsorption due to van der Waalse forces, dipolar interaction and formation of
weak easily broken hydrogen bonds, or as a result of chemisorption spurred
by the formation of strong bonds of electrostatic or covalent origin or by the
acidic–base interaction. Metal compounds usually link with functional groups
of micelle nuclei thanks to formation of covalent and ionic bonds [93,94]. As
nanoparticle ligands it is possible to use surfactant groups, including Ag[bis(1-
ethylhexyl)sulfosuccinate] (AgAOT) or a mixture of AgAOT–NaAOT. Sizes
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Fig. 3.18. Structure of asymmetrical polymer vesicles

of micelles are from 1.9 to 3.5 nm, that of Ag particles is from 2.7 to
7.5 nm [95]. Styrene and ethyl methacrylate copolymers bind nanoparticles
of Au, Pd, In and Sn by a benzene ring of one monomer and ester group
of another comonomer [95–98]. Surfactants present molecules with both hy-
drophobic and hydrophilic fragments. Depending on their chemical structure,
they can be neutral (e.g., polyoxyethylene(9,5)octylphenol (Triton X-100)),
cation, anion or zwitterion (e.g., block-polyelectrolytes, block-ionomers). Hy-
drophobic portions of surfactants have different lengths (usually 8–20 carbon
atoms), contain double links and can include two and more hydrocarbon
chains. The vesicular architecture also furnishes effective templates for the
controlled construction of functional materials ranging from nano- to mi-
crometer dimensions. The ability to control the composition, morphology
and function of vesicles allows the formation of novel template materials
with a diversity of function, including organic capsules [99, 100], inorganic
capsules [101,102], and biological models [103].

The relation between block-copolymer size (total molecular mass, com-
position) and micelle structure (ratio of nucleus to shell and shape) is very



3.4 Specifics of Polymer Surfactants as Stabilizers 87

important. It is possible to use the micelle parameters (shape, size, and poly-
dispersivity) as nanoreactors or templates [104–107]. Diblock copolymers join
into films as soon as microdomains of lamellar, cylindrical or spherical shape
with sizes 10–100 nm are generated [108–112]. The geometry and size of mi-
crodomains can be forecasted during variation by matching each block length
against the total molecular mass [112–114] or by mixing with a homopoly-
mer [115, 116]. It is important to know, for the block copolymers, the ratio
of molecular masses of the first and second components (M1 to M2MM ). As an
approximation, it is convenient to take M1 ≈ nM2MM , where n is the number of
polymer chains of the second component linked to the polymer tail. M1 lies
within 104–105 and M2MM within 103–104. The higher the adsorption of an ele-
mentary unit (it is higher in water media), the lower the M1 value needed to
attain stabilization. M2MM magnitude should be high enough to make provision
for a steric obstacle at a few tens of nanometers distance from the surface.
A typical example is the epoxidation PS-block-PB further modified by var-
ious nucleophilic reagents [117]. Salts of valuable metals become soluble in
toluene micelles of the above polymer that are not soluble in pure toluene.
Formed polymer-stabilized nanoparticles have sizes ∼10 nm and show low
polydispersity. Described polymer micelles can serve as nanoreactors to ob-
tain, e.g. CdS [118]. Out of many examples we shall refer to only few: styrene
copolymers with 2-VPy [72, 119, 120], 4-VPy [75, 121], acrylonitrile [122],
4-methyl styrene [123], methyl methacrylate [121, 123], ethylene oxide [124],
and so on [75,125–133]. More complex block copolymers have been elaborated
lately, including carbazole-functionalized norbornene derivatives obtained by
the method of active metathesis polymerization with cycle opening [134].
These works are reviewed in [135].

Nuclei of such block copolymer micelles serving as nanoreactors for
nanoparticle synthesis stabilize, at the same time, nanoparticles by nonpolar
blocks of these amphiphilic block-copolymers (by corona). Metal ions dur-
ing the process generate a macrocomplex having units of a micelle nucleus
at first [135–137]. Gold and silver nanoparticles were stabilized using these
copolymers. The morphology of metal-containing polymers depends upon
metal origin (Table 3.2). In particular, silver-containing polymer (Ag-1 sam-
ple) shows a lamellar morphology where the thickness of microdomains is
about 9 nm and the gap between them is about 25 nm. Gold-containing poly-
mer (sample Au-1) is characterized by a morphology with hexagonal location
of metal-containing cylinders. The cylinder diameter is roughly 10 nm and
the gap between microdomains is 30 nm. If we mix these polymers with a
homopolymer (MpMM = 9200, γ = 1.04), the structure of the microdomains
changes in response to decreasing percentage of metal-containing blocks (see
Table 3.2). Cylinders with a short-range order and disordered spheres were
detected in the presence of metal-containing domains with diameter ∼10 nm.

The structure of a microdomain depends also on the method of obtaining
nanoparticles. This is true for application of the mentioned block copolymer
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Table 3.2. Morphology of metal-containing homopolymers

Sample Content of
Metal-
Containing
Block, wt.%

Content of
Metal, wt.%

Particle
Size, nm

Morphology

Ag-1 28 5.9 2–10 Lamellar

Au-1 25 11 1.5–4 Cylindric

Ag-2a 20 3.7 −c Cylindric

Au-2b 8.8 3.9 −c Spherical

aMixture of Ag-1 (70 wt.%) with homopolymer; bmixture of Au-1 (34 wt.%)
with homopolymer; cnot measured.

in the procedure during which samples with a spherical morphology of silver-
containing copolymers are produced where a metal particle is found inside
a microdomain (optimum control over clusterization is reached in spherical
morphology) [136]. Analogous metal and metal-sulfide clusters with spherical
microdomains inside micelles and vesicles have been studied elsewhere [133,
138–141]. Perfect correlation between the ionic nuclear radius of inverted mi-
celles and the size of PS-block-PAA-Cd nanoparticles forming in the system
was described in [131]. New block ionomers have been generated through
copolymerization of n-butylacrylate and sodium styrene sulfonate [142].
The ionomers turned out to be good stabilizers of nanoparticles. Self-
assembling organic and organometalic diblock copolymers, poly(isoprene-
block-ferrocenylphosphine) and poly(ferrocenylsilane-block-dimethylsiloxane)
produced by the active ionic sequential polymerization of corresponding
monomers are also referred to the class of stabilizers [143,144].

A promising approach has been proposed in [145] for producing and stabi-
lizing silver nanoparticles using PS-block-PVA. The structure of this copoly-
mer is divided into microphases where PVA plays the role of a nucleus located
inside the PS shell. The general production scheme of silver nanoparticles is
presented in Fig. 3.19. The maximum content of metal nanoparticles in the
copolymer appeared to be 17%, the larger portion being inside and the less
on the PVA nucleus surface. The forming nucleus in styrene block copolymer
with 2-VPy undergoes additional cross-linking with the help of, say, 1,4-
diiodbutane. As a result, 2-VPy links get quaternized [146–148]. Monodis-
persed microspheres are generated with a lamellar morphology and a “hairy
ball” structure. Their PS shell does not swell in water while the cross-linked
block phase of quaternized P2VPy does [149–151]. The thickness of the nu-
cleus of P2VPy is 35 nm and the space between domains of the lamellar phase
is 65 nm. The described structure of polymer stabilizers ensures localization
of metal compounds and consequently, arising from them, nanoparticles with
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Fig. 3.19. Scheme of silver nanoparticles embedding into PS-block-PVA

diameter from 10 to 20 nm. This takes place only inside the nucleus of quat-
ernized P2VP, whereas the PS phase does not contain metal. Nanoparticle
dimensions are governed by concentration of the solution used for metal in-
troduction and degree of P2VP cross-linking [152].

Analogous stabilizers were obtained from PS-block-PAA or PS-block-
PAAm (polyacrylamide). PAA or PAAm chains were subjected to cross-
linking which results in the copolymer outside block (Fig. 3.20) [153, 154].
These systems form spherical polymolecular micelles in water or in water
mixture with tetrahydrofuran during which the diameter of micelles increases
with cross-linking from 17 to 24 nm. The external shell can also be modified
by various transformation reactions analogous to polymers [155].

Styrene

+

tert-Butylacrylate

1) Successive anionic
polymerization

Hydrolysis

PS-block-PAA

PS core

2) Aggregation
into micelles

Fig. 3.20. Three-stage synthesis of block-copolymer with cross-linked shell. 1 – the
formation of amphyphylic PS-block-PAA; 2 – self-assembling of block-copolymer
into polymer micelle; 3 – cross-linking of hydrophylic segments of shell layer
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Stable nanoparticles are generated [156] in a three-component system con-
taining a metal phase, hydrophobic latex (e.g. PS or PVA) and a hydrophilic
stabilizing polymer (e.g. PVPr). Some polymer stabilizers based on such sur-
factants as PS-block-PAA and PS-block-PEO are known as [157,158] micelles
of large compounds. They present micro-size spheres of commonly high dis-
persity consisting of an ensemble of inverted micelles stabilized by a fine
layer of hydrophilic chains. Metal nanoparticles (∼3 nm) are inside the nu-
cleus of such micelles (Fig. 3.21). When the stabilizer content is 12% of the
total amount of the polymer, simple types of micelles of large compounds are
formed (Dav = 64 nm) containing on the average 58 inverted micelles and 87
stabilizing chains with mean area 148 nm2 per stabilizing chain. At 10% sta-
bilizer content two types of large compound micelles arise with Dav = 52 and
152 nm, correspondingly. If the stabilizer content exceeds 21%, a mixture of
micelles of large compounds and inverted micelles is formed. The chemical be-
havior of block copolymer of butylene–PEO is similar to alkane-oxyethylene
nonionic surfactants [159].

Interaction between the domain phase and the free interface is very impor-
tant for cluster growth [126] and formation of the nanocomposite structure.

Vesicular architecture also furnishes effective templates for the controlled
construction of functional material ranges from nano- to micrometer dimen-
sions. Control of composition, morphology and function of vesicles allows for
the formation of novel template materials with a diversity function, includ-
ing organic capsules [160, 161], inorganic capsules [162, 163], and biological
models [164].
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3.5 Mechanism of Nanoparticle Stabilization
by Polymers

The theory of “molecular solder” or so-called strong adhesive interactions
between components [165, 166] can be used to describe the stabilization
mechanism of nanoparticles by polymers. At the base of the theory lie
representations on structural and mechanical factors of stability of dispersed
systems and spatial nets of the coagulation structure type. A requisite con-
dition of the stabilizing effect of a high-molecular compound is adequate
activity (diophilic property) of a metal nanoparticle surface in relation to
the polymer forming an extremely strengthened adsorption-solvate structur-
ized film on the dispersed phase surface. Polymer protection generates strong
structural networks on the nanoparticle surface within the dispersed phase
bulk. The degree of steric stabilization varies in transitions from formation of
structures with adsorption layers only till structurization of the whole volume
of the dispersion medium. Adsorption layers arising at considerable concen-
trations of high-molecular substances are specifically stable. They represent
peculiar film gels (lyogels) that are highly solvated by the dispersion medium.
Under specific conditions a structural network appears in the solution where
metal particles are grouped so that they form chains of different shape and
length. The lyophobic colloidal particles serve to connect the links of different
and similar macromolecules [14].

Several processes run simultaneously in the system and influence one an-
other. These are processes of enlargement of the particles, and macromolec-
ular adsorption on the surface of the original and forming particles. Aggre-
gation stability depends on the relationship of the coagulation to adsorption
velocity constants. The amount of sol coagulated on a unit area in certain
time is calculated [167] by the equation

q = (C0CC − CeqCC )V1VV S1/m2S2 , (3.7)

where C0CC and CeqCC are the initial and equilibrium mass concentrations of sol
and metal, correspondingly; V1VV is its volume; m2 is the polymer mass; and
S1 and S2 are specific surfaces of metal sol and polymer, correspondingly.

Modeling of adsorption and coagulation processes presents a very com-
plex problem. We shall confine ourselves to enumeration of the most promi-
nent phenomena [2–7]. In the case of added macromolecules one can ob-
serve 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, floc-
culation and phase separation occur. The efficiency of sorption processes with
coagulation of nanoparticles are determined by the overall balance of surface
forces during interaction of different natural phases [168].

When two metal nanoparticles covered by a layer of adsorbed soluble
polymer chains approach to a distance less the total thickness of adsorption
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layers, the polymer layers start to interact (Fig. 3.1). The interaction brings
steric stabilization and leads, in the majority of cases, to repulsion between
the colloidal particles. It was endeavored repeatedly to clarify its nature and
determine the magnitude. Most frequently the problem is studied in terms of
changing Gibbs’ energy when two particles covered by an adsorbed polymer
are approaching from infinite remoteness to finest distances.

The quantitative contribution of the polymer constituent to the interac-
tion energy of particles is a function of 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 layer, layer thickness and so on) and those of macromolecules in the so-
lution. The surface phenomenon in small systems play the considerable role
surface phenomenon and plays the considerable role [169–171].

Polymer chains adsorbed on the surface of dispersed particles lessen the
attraction energy for steric reasons (the minimum distance to which particles
can approach increases) and change the efficient Hamaker’s constant value.
The attraction energy in expressions for UrUU dependence on A is a function of
not only the interaction constants of dispersed phase A1, dispersion medium
A2 and the phase with the medium A12, but of Hamaker’s constant for ad-
sorption layer A3 too. The effect of polymer adsorption layers on molecular
attraction of particles was considered theoretically in [2, 3, 5]. UrUU can be de-
fined by Lifshits macroscopic theory as:

UrUU = − 1
12

(
A

1/2
2 − A

1/2
1

)2

(r/l0) , (3.8)

and an equation to consider unlagging London’s forces in the microscopic
approximation (see notation in Fig. 3.22)

UrUU = − 1
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(3.9)

Polymer layers adsorbed on nanoparticles can be considered as an un-
usual medium, a polymer solution specifying interaction forces between the
dispersed phase particles. Evidently, the interaction between particles is neg-
ligibly weak when the adsorbed molecules are densely packed on the surface
and macromolecules nearly lie on it. As soon as the particles approach and ad-
sorbed polymer layers superimpose, the loops engage and an interaction with
model (Fig. 3.22) occurs. This superimposing region serves as the medium
(polymer solution). Interpenetration of two adsorption layers evokes the ap-
pearance 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
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Fig. 3.22. The loops engage in the interaction of polymer layers absorbed into the
surface of colloidal particles

of links in the zone of overlapping. This is accompanied by variation 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 poly-
mer layers is described by the equation

U = U1UU + U2UU + UrUU , (3.10)

where U1UU is the effect of osmotic pressure, U2UU is the entropic effect, and UrUU
is the interaction energy of particles solved by (3.2).

The interaction energy for mixed polymer blends is given by the expression

U1UU =
4
3
πBkTC2

aC (δ − l0/2) 2 (3r + 2δ + l0/2) (3.11)

where π is the osmotic pressure, B is the second virial coefficient determin-
ing the interaction between the solvent and substance solved, and CaCC is the
polymer concentration in the adsorbed layer.

The entropic effect can be calculated by the methods of statistical me-
chanics. Calculation results show that the energy of interaction U2UU is on the
order of U1UU .

The dependencies of U1UU ,U2UU and UrUU on l0 are presented in Fig. 3.23. U1UU
and U2UU tend to zero at distances twice as big as δ (2δ). The energy UrUU is
conditioned by the long-range London’s forces, so the total energy of interac-
tion U reaches its minimum value at a longer distance than 2δ. The transition
through point UminUU means coagulation of particles. For the process of particles
interaction with the adsorption layer one can take that the condition UminUU <
5 kT corresponds to repulsion and UminUU > 5 kT to coagulation. The depth
of the potential well UminUU is determined by a number of factors, including
polymer molecular mass, solvent–particle interaction, and particle size. With
increasing polymer molecular mass due to the forming loops, the adsorption
layer thickness increments too and the curve U1UU (Fig. 3.23) shifts to the right.
UminUU diminishes and the repulsion intensifies with growing thickness. The in-
creasing total amount of the adsorbed polymer elevates CaCC making U1UU go up
and UminUU go down. Once the solvent–particle interaction is intensified, the
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Fig. 3.23. The interaction energy of two particles absorbed into a surface polymer
layer

thickness of the layer of adsorbed loops increments leading to the growth of
the second virial coefficient B.

Two kinds of entropic effects are distinguished. The first one presupposes
desorption of polymer chains as a result of the lowered entropy of the system.
This augments the interphasal free energy and results in particle repulsion.
The second kind is characteristic of nondesorbed polymer chains when a si-
multaneous breakage of a great amount of polymer links with the surface of
colloidal particles is in fact improbable. It presumes that the adsorption equi-
librium between the polymer and particles remains invariant during particle
collisions. The free energy grows as a result of decreased entropy induced by
redistribution or compression of adsorbed links in the interaction zone. Two
limiting cases are to be mentioned in the model, called 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 ideal-
ized since it is impossible to separate two phenomena in real systems. The
effect of bound volume will dominate at high concentration of polymer units
on the surface when polymers with low-molecular mass are adsorbed and
the interacting surfaces converge most closely to each other. 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 dispersed phase is substantial.

The notion of enthalpic (∆H), entropic (∆S) and mixed (enthalpy–
entropic) stabilization at interpenetration of polymer chains is considered
in [2]. The mixing energy is

U = ∆H − T∆S. (3.12)
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The generalized Flory–Haggins parameter characterizing the thermody-
namics of the 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 is the additional entropic parameter specifying both volume effects of
mixing and various structural transformations (e.g. rupture and formation of
hydrogen bonds, conformation change, etc.).

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

and ψ = 1
2 − χs.

Proceeding from the above considerations, it is easy to define condi-
tions under which one or another type of steric stabilization dominates
(Table 3.3).

Table 3.3. Comparison of types of steric stabilization (by Napper [2])

K ψ ∆H ∆S ∆H/∆S U Stabilization type

− − + + > 1 + Enthalpic

+ + − − < 1 + Entropic

+ − − + > 1 < + Mixed

Many polymers show negative k and ψ values in water solutions. This is
connected with destruction of hydrogen bonds at growing polymer concentra-
tion in the system. Stabilization will be enthalpic in this case. Most polymer
solutions in nonpolar media display positive k and ψ, so far the entropic sta-
bilization can be expected. Systems with enthalpy type of stabilization show
a tendency to lose stability at heating. Entropic systems tend to flocculate
at cooling.

Adsorption of water-soluble polymers with numerous hydrophilic groups
by nanoparticles imparts a considerable water-absorbing capacity to the dis-
persed phase surface. As a consequence, the role of solvation factor gains
strength for stability. There are specific features of the microenvironment of
the macromolecule in water: the presence of hydrophobic binding centers on
the polymer chain and solvate shell of bound water molecules which differ
from unbound molecules. The reactivity of hydrated silver cations increases
and is determined by their partial dehydration near the polymer chain [172]
as in the case with other metal cations [173]. The wedging pressure plays
a critical role in the mechanism of stabilizing colloidal solutions using high-
molecular compounds.
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3.6 Stabilization of Nanoparticles by Electrolytes

Along with nonionic polymers, polyelectrolytes charged similarly with the
solid phase particles can work as efficient stabilizers of metal-containing dis-
persions. As an example, one can cite stabilization of nanoparticles by quat-
ernized P4VPy [13], PAA [33], PEI [30–32], polyvinyl phosphonic acid [35],
cation polyelectrolytes, including poly(diallyldimethylammoniumchloride),
poly(methacrylamidopropyltrimethylammonium chloride), poly (2-hydroxy-
3-methacryloxypropyltrimethylammoniumchloride), poly(3-chlorine-2-hydro-
xypropyl-2-methacryloxyethyldimethylammoniumchloride) [35]. Optimum
stabilizers turned out to be also polyphosphates [174–177]. Vistas in produc-
ing and stabilizing aurum salts with the help of a cross-linked poly(styrensulf-
onate) have been proved too [105]. There is great interest in procedures where
along with being a stabilizer the polyelectrolyte serves as a reducing agent for
generation of nanoparticles from corresponding salts. It was demonstrated on
the example of HAuCl4 reduced by a water-soluble oligomer-derived oligoth-
iophen. The mean size of Au nanoparticles in these polyelectrolyte complexes
is about 15 nm [178]. This procedure is rather often employed in practice.

Polyelectrolytes display an evident tendency to association of ionic groups
which gather into ionic regions like microphases in a hydrophobic polymer.
For example, in perfluoroalkyl acid (trade name “Nafion”) some morpho-
logical formations have been detected [179] that contain ionic regions 3–
4 nm in size consisting of sulfonate groups. These regions are interrelated
through hydrophilic channels of ∼1 nm diameter and enclosed into a fluo-
rocarbon matrix. Ionic centers concentrate in these regions that are given
preference in metal cluster formation [180]. Matrices of this type show a con-
fined diffusion of nanoparticles, like in solvate polymer networks in whose
pores the confined diffusion coefficient of iron hydroxide particles (3–9 nm) is
2·10−8 cm2·s−1 [181,182].

Radiation-chemical reduction of Ag+ ions in weakly alkaline water so-
lutions is accompanied by their bright-blue coloring in the presence of
PAA [183–186]. PAA molecules in the alkaline solution unfold into chains
due to repulsion of COO groups. As a result, a provision is made for Ag+

ions to interact actively with COO groups owing to which the resultant blue
silver displays higher stability even in air and can be isolated by boiling down.

Polyelectrolyte adsorption is more complex in contrast to nonpolar poly-
mers. Polyelectrolyte adsorption on the charged surface of a nanoparticle
depends on factors typical for noionic polymers (e.g. adsorption energy of
an elementary unit, polymer concentration, its molecular mass, thermody-
namic quality of the solvent) and upon the charge density on the surface of
a macroion, as well as the degree of screening of polyelectrolyte charges. The
contribution of the electrostatic factor might dominate over others in many
cases.

The lowering of specific adsorption of electrolytes is conditioned by in-
trinsic properties of macroions in the solution. Particularly, adsorption of
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proteins is apparently determined by conformation stability of their macro-
molecules and internal cohesion. The molecular structure of proteins is most
stable at the isoelectric point. Macromolecules are less subject to deformation
in this state which is the reason for their maximum adsorption at the iso-
electric point. Coulomb forces arise not only in polyelectrolyte adsorption by
uncharged nanoparticles but in adsorption of nonionic polymers on charged
colloidal particles as well and sometimes in nonionic polymer interaction with
uncharged nanoparticles. The reason is that polymer regions contacting metal
particles may charge negatively due to injection of photoelectrons into the
polymer that are further captured by the charge traps Ag+ [187]. An op-
posite process is probable when electrons drain into the positively charged
clusters from the neighboring to polymer regions. In both cases adjacent to
nanoparticles or clusters, polymer regions acquire some charge (either pos-
itive or negative) relative to other regions of the polymer surface. That is
why adsorption of nonionic polymer macromolecules on the charged surface
of colloidal particles might lead to variation of the dual electric layer para-
meters. It will influence the electric constituent contribution into the total
interaction energy of the dispersed phase particles.

Most typical changes are the following. First, the density of electric
charges on the surface of colloidal particles changes due to increased amount
of polymer chains in the adsorption layer. This happens because of variations
in dielectric penetrability and in the dual layer capacity interconnected with
adsorption leaps of potential (ϕd) in the oriented layer of dipolar links of the
polymer surface. A competing adsorption of polymer chains and potential-
determining ions on the nanoparticle surface yields an analogous result. By
providing a permanent potential leap at the interface (ϕo = ϕi + ϕd), the
emergence of potential ϕd of a similar sign with ionic potential leap ϕi spurred
by potential-determining ions and counterions will inevitably lead to lowered
ϕi (if ϕd < ϕi) and even to a change of sign (if ϕd > ϕi). These phenom-
ena were observed experimentally as recharging of colloidal particles in the
presence of a nonionic polymer.

Second, polymer chains adsorbed on the nanoparticle surface are able to
squeeze a portion of specifically adsorbed counterions out of the adsorption
layer which will surely lead to augment of the potential ϕo. This effect is the
cause of the initial growth of the kinetic potential of colloidal particles when
a small amount of polymer is present.

Third, a highly dense adsorption polymer layer with homogeneous highly
dense chains is formed on the surface of colloidal particles. The adsorption
layer thickness increments and both potentials ϕo and ζ start to grow (elec-
trokinetic zeta potentials generated at the interface of movable and steady
phases of the colloidal micelle). This means that the system will be finally
stabilized. The minimum stability and isoelectric point of dispersion do not
usually coincide. Adsorption of polyelectrolytes leads mostly to growth of
electrokinetic potential and stability.
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This suggests that adsorption of high-molecular compounds on metal
nanoparticles brings about various changes in the double electric layer struc-
ture. These changes are affected by the adsorption polymer layer characteris-
tics (density, thickness, distribution of macromolecular units), chemical origin
and molecular charge of the stabilizer. Similar charged polyelectrolytes show
common regularities with those of nonionic polymers. In both cases their sol
become stable under certain concentrations of high-molecular compounds and
without restrictions. They do not tend to coagulate even in concentrated elec-
trolyte solutions. In contrast to colloidal solutions stabilized by nonionic poly-
mers, the stability of solutions stabilized by polyelectrolytes depends strongly
on the coagulating ion charge. This is because the added multicharged coun-
terions are bounded by ionogenic functional groups of the stabilizer molecule
which leads to a seeming increment of the critical concentration of the elec-
trolyte. The stabilizing effect of similarly charged polyelectrolytes augments
with increasing charge of the macroion.

Polyelectrolytes admit both steric and charge stabilization [2]. To describe
the stabilization mechanism of nanoparticles by polyelectrolytes a variety of
theoretical models were proposed. For example, the effect of homopolymer-
based polyelectrolytes has been analyzed at various concentration of low-
molecular electrolytes in solution [188–193]. Stabilization of nanoparticles by
block-polyelectrolytes was studied as a function of the nature of the sol-
vent and the degree of low-molecular substance adsorption on the metal
surface [194, 195] proceeding from models of nanoparticle stabilization by
charged homopolymers and uncharged block-copolymers [196] in the pres-
ence of a selective solvent.

Israels et al. [197] consider adsorption of uncharged block-copolymers [198]
and that of polyelectrolyte [199] aimed at non-selective solvents. A model for
the case of a small amount of adsorbed uncharged block-copolymer was de-
scribed in [200]. The obtained data show that for the low-charged and long
unbound chains colloidal stability rises with increasing charge of the block.
In the high-charged regime the picture is just the opposite – electrostatic
repulsion enhances as the chain length or its charge lessens. This is attributed
to the effect of electrostatic interactions on the amount of the polymer ad-
sorbed. The stronger interactions lead to lower adsorption which leads to a
weaker repulsion. The value of pH has an impact on the processes too. Elec-
trostatic interactions are reversible under low pH whereas at high pH they
are stipulated by strong coordination binding of macromolecules by parti-
cles and water repellency of the forming adsorption layer. When the pH is
around its mean value, competition between the two kinds of interaction can
be observed.



3.7 Surface Proofing as a Method of Stabilizing Nanoparticles by Polymers 99

3.7 Surface Proofing as a Method
of Stabilizing Nanoparticles by Polymers

The above considerations deal with volume stabilization in solutions, gels, and
swollen polymers. Stabilization is often exercised on the surface, e.g. in thin
films or in the fine subsurface layer of a polymer powder. In real polymers,
including PE and PTFE with high, about 60–85 and 75–89%, crystallinity,
natural voids are abundant. They arise from the packing of the polymer chains
in transition from the amorphous to the crystalline phase. Amorphous regions
are looser and contain many more hollows since links between macrochains
are weaker than in crystalline blocks (Fig. 3.24). These voids might be the
place where nanoparticles can localize and stabilize. Thus, ligand-free iron
clusters (up to 35% by mass) stabilize in PE and PTFE matrices under a
narrow enough particle distribution by size (the maximum of the distribution
curve coincides with 1.48 and 1.81 nm size particles) [201].

Fig. 3.24. Scheme of crystalline polymer

Pores play a significant part and determine the stabilizing capability of the
matrix. The pores function as transporting arteries through which nanopar-
ticles or their precursors penetrate into the polymer bulk. The intrusion of
nanoparticles might distort the polymer structure as well. Porosity, estimated
by specific surface Ssp, total volume VoVV and pore radius r, also depends on
a number of parameters. The most significant parameter is density of cross-
links. The pores are subdivided according to their size into three groups: (1)
Micropores (r < 1.5 nm, <0.5 cm2/g, Ssp is meaningless in this case). (2)
Mesopores or transient pores (r = 1.5–30 nm, VoVV = 0.8 cm2/g, Ssp = 700–
900 m2/g). (3) Macropores (r = 30–6500 nm). The pores can also be closed-
type (isolated from each other and without an outlet on the surface), blind
(connected with the surface but isolated from each other) and through ones
(the channels interconnected with the surface and with one another). Poly-
mers contain pores of various types and sizes. Note that crystalline polymers
(PE, PVA, PTFE, etc.) are considered to be nonporous (although the amor-
phous phase of crystalline polymers can be rather porous) and have VoVV = 0,
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Ssp = 1–7 m2/g. Sometimes pores are intentionally created in polymers for
more efficient binding of nanoparticles.

Langmuir–Blodgett films appear to be good polymer stabilizers of nano-
particles too [202–209] (see Chap. 8).

Polyamide films were used to stabilize colloidal mono- (Pd, Ag) and
bimetallic (Pd/Ag, Pd/Cu, Pd/Co, Pd/Pb) particles showing homogeneous
distribution of 1–3 nm size nanoclusters. Notice that their size and distrib-
ution dependend strongly on production regimes, the nature of the solvent
(N-methyl-2-pyrrolidone or tetrahydrofurane) and mixing time [210].

Matrices of grafted polymers turned out to be rather efficient in surface
protection. The properties of these two-layer and most often macroporous
materials depend on the type and amount of the grafted polymer and its
distribution over the substrate polymer surface (optimum variants are PE,
PP, PS and PTFE). They are mostly used as fine films or powders [211].
Surface proofing of nanoparticles employs grafting of small amounts of the
monomer in contrast to widespread methods of grafted polymerization aimed
at polymer modification. For example, the formation of a monolayer of grafted
monomer with molecular mass 100 on a polymer with Ssp = 10 m2/g is
equivalent to its 1.5% grafting. The optimum thickness of the grafted layer
does not usually exceed 10–30 nm [212].

High-molecular compounds do not stay indifferent during stabilization
to the action of highly active nanoparticles. They undergo significant struc-
tural and sometimes chemical transformations. Generally speaking, for the
case of glassy polymers there exists the possibility of creating 2D ordered
lattices partially or fully submerged in the surface layer of the matrix [213].
The possibility is based on the known fact of a considerable reduction of
the glass transition temperature on the polymer surface (T s

gTT ) as compared
to the bulk. This can be attributed to the growing share of the free volume
in the surface layer due to segregation of the end groups of macromolecules
at the polymer–air interface (e.g. PS [214–216]). With this aim, copper or
auric particles obtained by different methods were placed on a specially pre-
pared film surface, e.g. PS [213,217] or polycarbonate [215]. The atomic-force
microscope (AFM) is used to observe Au particles (18–20 nm) and X-ray
photoelectron spectroscopy (XPS) to control the behavior of copper parti-
cles (1–4 nm). These particles are stabilized by the polymer surface layer and
sink into the polymer. The motive force of the immersion is the excess of
surface tension of nanoparticles (γm) over the sum of the interface tension
polymer-nanoparticle and polymer γm > γmp + γp [218]. For the case of PS,
its surface layer deglassification (for block PS, TgTT = 375 K) occurs already at
350 K and Au particles start to immerse to a depth of 15–17 nm. Particles
of Cu immerse into PS at a temperature lower than its TgTT by 48◦ and lower
than the glass transition temperature of polycarbonate by 20◦. So, the for-
mation of 2D nanocomposites through immersion of nanoparticles into the
polymer can become a new method of studying dynamic properties of the
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polymer surface in the vicinity of its glass transition temperature. Besides,
such investigations present considerable interest in view of polymer surface
modification by metal nanoparticles, especially in case of plastic metalliza-
tion. Modern physico-chemical methods allow us to control all stages of the
process. Scanning probe microscopes, SPM and STM, AFM allow us not only
to image the formed structures on the atomic and subatomic levels but to
carry out the transfer and localization of the separate molecule into a solid
surface [219–223].

3.8 On the Problem of Matrix Confinement

There exist two different means of stabilizing nanoparticles through matrix
confinement. The commonest method consists of the addition of a suspension
or solution of a polymer stabilizer into a ready particle dispersion (a variant
of micro-encapsulation). There are modifications of the method presupposing
mixing of metal powder with the latex. A latex is mixed with particles of
the metal phase whose size is much smaller than those of the latex (100
and 700 nm, correspondingly). As soon as the mixture has stabilized (often
coagulation takes place also) the dispersed medium is removed. After this,
the coagulators are heated and compacted into metal–polymer samples.

Another approach includes preparation of a dispersion with addition of a
stabilizer or isolation of the stabilizer from its precursors in a ready disper-
sion of nanoparticles. Of importance here is the origin of the polymer, metal
and dispersion medium as well. A widespread modification of the method is
the formation of nanoparticles in a polymer medium. This is one of the ways
in which nanocomposites can be produced in which mixing precedes the for-
mation of macrochains. The thus obtained materials differ not only in the
extremely homogeneous distribution of metal particles in the polymer bulk,
but by a stable chemical interaction of the metal and polymer as well. Very
rarely both the polymer stabilizer and nanoparticles are prepared in situ (see
Chap. 10).

Macromolecules are capable of affecting the formation of the new phase
and predetermine the size of the forming nanoparticles depending on the
polymer chain length. Noncovalent interaction between macromolecules and
the surface of the growing particles followed by generation of protecting
screens are considered to be the reason for ceased growth of the particles
and stabilization of colloidal dispersions [41,224]. As a result, distribution of
small particles by size turns to be considerably narrow. Attempts to estab-
lish quantitative relations between conditions of the new phase formation in
the presence of macromolecules the forming particles size were undertaken.
The model is based on a principal affinity between named processes and ma-
trix polymerization due to many reasons. The main one is noncovalent and
cooperative molecular interactions between a macromolecular matrix A and
growing daughter chain B:
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−A−A−A−
···

−A−A−A−
The role of the daughter chain is fulfilled by the whole surface of the grow-
ing nanoparticle or by the most reactive part of it (active centers). The
stability of derived interaction products intensifies as the sequence of links
A· · ·A increments in the generated complex. It is supposed that the appear-
ance of such a complex can be characterized by equilibrium A + B ↔ AB with
equilibrium constant K. K = KP

1 , where P is the degree of polymerization
of the growing chain, which in case of a nanoparticle is proportional to its
surface area. The size of molecule-matrix A characterized by the root-mean-
square distance between its ends is larger the growing object (i.e. at mutual
saturation the macromolecule is able to bind more than one nanoparticle).
The value of K1 is determined from

K1 = exp(−∆Gi/RT ) (3.13)

where ∆Gi is the total energy of the (i+1)-th molecular link A· · ·B after the
i-th one.

When a macromolecule interacts with a particle surface, the energy ∆Gi

is expressed through variation of the energy of surface atoms during com-
plexing. Absolute ∆Gi values for noncovalent interactions are usually rather
small and, consequently, the equilibrium constant K at low P will also be
small. The formation of any stable complex of the matrix with a growing
particle is doubtful. Meanwhile, K quickly grows with enlarging particles
and within some interval P (critical particle size) the matrix and the grow-
ing particle recognize each other. This results in the formation of a stable
complex. Two variants of events become probable. Growth of the particles
may either be stopped or prolonged. Upon recognition the macromolecule
acquires an ability to control particle growth and the process becomes the
master one. In case the macromolecule is incapable of controlling particle
formation but can specify its size through the recognition, then the process
is called a pseudo-matric.

The essence of the model for the formation of nanoparticles controlled by
macromolecular pseudo-matrices can be reduced to the following. The fate
of the growing particle is conditioned by two main competing processes, that
is, the initial growth of the particle in the solution without any contact with
macromolecules (see Chap. 2) and mutual recognition of the particle and
macromolecule resulting in the formation of a complex where the particle
ceases its growth due to its surface screening by the macromolecule (discon-
tinued growth means nanoparticle stabilization). Within the framework of
the model and supposing that the process is running in a solution with a
great excess of macromolecules, a relation for the distribution n(r) by size r
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of the growing spherical particles of radius r has been derived. It is expressed
through the probability of particle growth cessation �(r):

�(r) = KF (C)/[1 + KF (C)]−1 (3.14)

n (r) = ln [1 + KF (C)] exp

⎧⎨⎧⎧
⎩
⎨⎨
−

r∫
o

ln [1 + KF (C)]dr

⎫⎬⎫⎫
⎭
⎬⎬

(3.15)

where K = KS
iK , S ∼ r2; F (C) is a function of the macromolecular concen-

tration expressed either through a) concentration of macromolecular knots
F (C) = CoCC /P , b) concentration of links F (C) = CoCC , or c) through the vol-
ume fraction of the knots F (C) = CoCC /P 3χ−1; CoCC is the basic–molar share of
macromolecules; and χ is an exponent reflecting the dependence of the linear
size of the knot on P (χ < 1).

In Fig. 3.25 calculated dependencies n(r) and �(r) for various stability
constant values KiKK are presented for F (C) = CoCC . The gain in free energy
in formation of the macromolecule–nanoparticle complex is rather small. For
KiKK = 1.5 it is only 5·10−4 J/cm2, which is less than the specific surface energy
at the metal–water interface for a polymer–metal composite (of the order of
fractions of a percent). On conversion to a polymer unit this constitutes
the energy of the portions of kT . However, as can be seen from Fig. 3.25,
even such small energy parameters allow for the formation of a structurally
homogeneous nanoparticle of ∼1 nm diameter in the pseudo-matric process.
The mean particle size for this model will be determined by the relation

r2 = (α lnP − lnCoCC )/ ln K1 (3.16)

where α = 1.0 or 1–3χ depending on the type of function F (C).
The examples above describe different characters of particle-size depen-

dence on the degree of polymerization. The average particle size may ei-
ther grow with increasing P, (case a), remain constant (b) or diminish
(c), which is supported experimentally. If the mean particle size is known,
one can calculate ∆Gi, and from its temperature dependence define ∆HiHH
and ∆Si. Furthermore, values of ∆Gi equal to, correspondingly –2.8·10−4

(290 K) and −0.6·10−4 (320 K) J/m2 were obtained [191] by substituting the
corresponding mean diameters of the particles forming during the pseudo-
matric process at 290 and 320 K (5.5 and 12.5 nm). Subsequently the de-
rived polymer–surface interaction enthalpy and entropy constituted ∆HiHH =
−2.5·10−3 J/m2 and ∆Si = −7.4·10−6 J/(m2·K). Gibbs energy values for in-
teraction of the particle surface (e.g. nickel) with PVPr macromolecules are
of the order of magnitude of the interaction energy between polymers and
are by a few orders of magnitude less than the specific free surface energy
characteristic of metals.

The critical size of the pseudo-matric is a function of the process temper-
ature, providing it exerts some effect on the size of the forming nanoparticles.
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Fig. 3.25. The dependencies of the probability of particle growth termination on
their size (a) and the distribution function of particles on size (b)

The size of copper particles and their stability depend essentially on the mole-
cular mass of the stabilizing polymer and on the temperature of copper ion
reduction in the presence of PVPr.

The process of recognition can be of the type Mn + P1 + P2 → (P1·Mn) +
P2 in systems with nanoparticles and two types of macromolecules P1 and P2,
each of which is capable of interacting with Mn. The mean copper nanopar-
ticle size formed in PVPr solution is 4–7 nm and in aqua solutions of PEI it
is 7–10 nm which is evidence of better stabilization of nanoparticles by the
PVPr surface.

* * *

In conclusion, the following facts should be considered.
Although the chief theoretical postulates on the formation and stabiliza-

tion of colloidal dispersions are mainly related to polymer emulsions (la-
tex polymerization of vinyl and diene coatings, etc.), they can be certainly
applied to nanoparticles too. The differences are more likely quantitative
than qualitative. As a proof, we mention that forces of attraction between
dispersion particles of organic polymers are much less than those between
metal particles, their oxides or salts (compare to the above-cited Hamaker
constants).

The effect of additions of high-molecular compounds on the stability of
nanoparticles has been studied in many aspects, whereas the stabilization
mechanism of polymers has not been completely clarified and the theoretical
basis of their choice is just at its beginning. This is attributed to the great
intricacy of polymer-containing dispersive systems and diversity of factors
effecting stability of metal-containing nanoparticles. Based on experimen-
tal data a supposition can be put forward on a more promising stabilizer
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among nonionic polymers. They seem to be the stabilizers that form rea-
sonably thick and dense adsorption layers on the particle surface. As for
charged macromolecules, it is more expedient to use similarly charged poly-
mers with high charge density. In the general case, the stabilizing effect of
a high-molecular compound is determined by many supplementary factors,
particularly, by polymerization level, type and amount of functional groups,
character of their distribution along the chain and others. The strength and
toughness of protecting layers, their spatial stretch and the way the polymer
adjoins the particles are valuable characteristics of the stabilizing effect.

Two groups of problems can be singled out from the theory of the sys-
tems under study. The first one represents the subject of classical colloidal
chemistry and physico-chemistry of surface phenomena. This, for example,
includes the description of electric surface events in polymer-containing col-
loidal systems. The other group of problems is connected with traditional
fields of physico-chemistry of polymers. In this domain a researcher usually
digresses from treating details of interactions between colloidal particles but
concentrates his attention on a pure contribution of the polymer interrelated
with concentration of dissolved macromolecules, peculiarities of their inter-
action with particles, thermodynamic properties of the solvent and so on.
In a real situation a combination of such approaches is needed for a unified
general theory or perhaps for a multilevel scheme.

The quantitative theory of stabilization of colloidal particles proceeds
from the analysis of diluted colloids whose important property is the kinetic
(sedimentation) stability. In case of concentrated and highly concentrated
systems (up to 80% of metal-containing powder of nanoparticles) participa-
tion of the dispersed phase in Brownian movement does not play a decisive
role. Their distinctive features are a strongly developed interfacial surface and
high dispersed phase content in the liquid dispersed medium. These proper-
ties give rise to the main outcome. As a result of particle cohesion inside
the dispersion medium thermodynamically stable spatial structures appear
in highly concentrated systems [165]. Nanoparticles are fixed in the spatial
structure of the network thanks to either atomic or coagulation contacts be-
tween particles and their participation in Brownian motion is limited merely
to oscillations about the equilibrium position. This is consistent with the heat
propagation energy (3/2 kT ) that is considerably less than the total energy
of interaction between neighboring particles. The latter is conditioned by the
origin of elementary contacts, their number and distribution pattern in the
bulk. So far the protecting high-molecular compounds are useful in producing
concentrated metal hydrosols and dry preparations of their dispersed phase.

Thus screened sol acquire properties of reversible colloids. The dry dis-
persed phase which remained after evaporation of the dispersion medium is
able to form once again a stable sol upon contact with the medium. Lyophobic
nanoparticles in such systems are arranged as if in a cobweb of the protect-
ing polymer. These materials are in strong demand since significant variation
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in their properties (elevated thermal and electric conductivity, heat capac-
ity, ability to screen radiation, etc.) is reached only at a high content of
nanoparticles (often more than 50% by volume or 90% by mass). However,
the high viscosity of the polymer matrix melt inhibits the even distribution
of nanoparticles thus impairing dielectric and mechanical characteristics of
the material.

Synthesis and conservation processes frequently turn out to be separated.
As will be shown further, wide potentialities are seen in integrating synthesis
and conservation in a single production cycle of nanocomposites which is
attained during generation of nanoparticles in the presence of polymers.
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Nanoparticles are formed in two stages: molecular dispersion and grinding
or reduction followed by atomic metal condensation. These reactions alter so
quickly that they are in fact indivisible. They represent a single intricate
process of nucleation and growth of the solid phase.

Composite materials consist of a polymer matrix inside which ultra-
dispersed particles or clusters (an aggregate of adjoining discrete metal par-
ticles of indefinite form and value) are randomly distributed. Manufacturing
method can be subdivided into three large groups: physical, chemical and
physico-chemical. The division is very conventional and is based mostly on
the method of nanoparticle formation and the character of their interac-
tions with the matrix. The first group of methods includes the procedures
seemingly devoid of any chemical interactions between the dispersed phase
and the dispersion medium. Composites of this type are rare. More popular
chemical methods of manufacturing nanocomposites are based on interac-
tions between components anticipated or detected. The reduction reactions
and precursors are well-known. Nevertheless, the new approaches have been
elaborated from practical demands and many details of the chemical reduc-
tion are still unclear. The third group of methods are those when metal or
their oxide nanoparticles are formed using high energy processes of atomic
metal evaporation including low temperature discharge plasma, radiolysis and
photolysis in the presence of monomer and polymer. Recently such methods
have become widely used in vacuum metallization of polymer materials for
electronics. These methods allow controlling the concentration of components
and their size over a wide range. However, investigations devoted to synthe-
sis of metallopolymer nanocomposites are only qualitative and limited by
information about the dimensions of particles and the size distribution.



4 Physical Methods of Incorporating
Nanoparticles into Polymers

Among physical methods are numerous modifications of nanoparticle mixing
with either polymers or oligomers; their microencapsulation or conservation
into polymer shells through solvent evaporation; setting, surface polymer-
ization; heteroaddagulation of colloids based on polymer powders, films or
fibers; co-extrusion, etc.

Co-solution of the polymer or its precursor is performed usually to pro-
duce systems without chemical binding between components. It is followed
either by pouring of the film onto a suitable surface where the solvent is
evaporated or the ready polymer film is saturated with the precursor solu-
tion. Membranes, including polydimethylsiloxane, are used for this purpose.
These materials are sometimes additionally cross-linked.

Physico-chemical procedures include the formation of a new phase using
various physico-chemical means of metal evaporation, thermolysis of precur-
sors or the action of high-energy radiation on the metal–(monomer)polymer
system.

Polymer materials with incorporated nanoparticles can be manufactured
either by wet or dry methods. In the former case it is supposed that at
least one of the components and at least during one stage of the multistage
process is used in the form of a solution or dispersion in a solvent. Dry
methods of manufacturing metal composites are used where it is possible.
Poor solubility of the components (or chemical instability of some of them
in definite solvents) and difficulties in solvent removal (including ecological
reasons) limit the use of dry methods.

As has been noted in Chap. 2 the protecting polymer is brought into
interaction with nanoparticles by two different methods: physical (processes
induced by Van der Waalse forces, dipolar interactions or weak easily broken
hydrogen bonds) or chemical adsorption. Noncovalent interactions between
nanoparticles and macromolecules are very feeble (ca 10−4 J·m−2) and their
effectiveness is conditioned in case of chemisorption by the number of polar
groups of the adsorbed polymer per unit surface independently of whether the
macromolecules are unfolded or globular. So far it is critical for the polymer
not only to contain certain functional groups but also to make them interact
intensely with the surface atoms of nanoparticles when acting as, e.g. electron
donors [1]. Polymer efficiency enhances significantly in case it includes centers
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of specific interactions adhering to charge and steric stabilization mechanisms
simultaneously.

To gain further insight we will consider the main principles of producing
metal–polymers in which nanoparticles are incorporated into polymers real-
izing that the processes are undoubtedly accompanied by chemical binding.

4.1 Mechanochemical Dispersion
of Precursors Jointly with Polymers

Interest in chemical solid-phase processes can be explained in part by tough-
ened requirements on the development of ecologically safe technologies by
omitting liquid phase stages that employ toxic solvents or annealing fur-
naces. Mechanochemical synthesis runs at low temperatures, which clear the
way to manufacturing materials in nanocrystalline and amorphous states.
Mechanochemistry studies the effect of elastic and plastic strains on reac-
tivity of solids [2]. Mechanochemical deformation and fracture of solids go
together with mechano-emission phenomena that bring about oscillating and
electron-excited bonds, metastable atomic structures, emission of electrons,
static electrization, luminescence, and so on. The effect of stresses on the
chemical reaction rate constant k in conditions of elastically strained bonds
is estimated by the Eyring–Kozman equation

k = k0 exp[−(Ea − σV∗)]/RT , (4.1)

where k0 and Ea are the preexponential factor and activation energy of ther-
mal decay, σV ∗ is the work of elastic stresses in the reaction step (σ is the
stress, and V ∗ is the activation volume). The potential energy of the reac-
tive center is expressed through the sum of the chemical interaction energy
(UchemUU ) and strain energy (UstrUU ). The energy barrier height of the reaction
is equal to the system energy difference in the transient and original states.
The reaction barrier of the solid phase is

E = (U∗
chemUU + U∗

strUU ) − (U0
chemUU + U0

strUU ). (4.2)

The example is given further of the direct solid-phase synthesis of metal
nanoparticles during introduction into the polymer matrix.

Coarse dispersed particles of original metals (>100 µm) or their salts are
deformed together with the polymer matrix in different ways. High-speed
planetary mills, disc integrators, various vibrators, including ultrasonic vibra-
tors can be used to disperse magnetic particles (e.g. γ-Fe2O3) in a polymer
a magnetodynamic disperser.

Typical examples [3] combine fragmentation (dispersion) of solid halo-
genides TiCl3, VCl3, etc. in PE and PP matrices (Ssp = 10–13 m2/g) as well
as PP and PE modified with L groups through grafting polymerization of 4-
VPy or MMA (PE–L) [4]. The presence of PE initially affects the crystallite
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size slightly. Presumably, TiCl3 agglomerate is encapsulated by PE, which
does not however penetrate between crystallites and cannot hamper their re-
verse aggregation. Excess energy accumulated during mechanical operation
in the reactive mixture can be carried by the residual elastic stresses, inter-
faces and intergrain boundaries, amorphous regions or those of oversaturated
solid solutes and other metastable structures. Quantitative description of
solid-phase reactions of the polymer–inorganic precursor kind is complicated
by continuous variation of dispersity, phase composition and flaw structure
during mechanical operation. The observed dispersion limit of MCl3 can be
attributed not to indivisibility of monocrystals but to the dynamic equilib-
rium established between disordering and spontaneous relaxation just like
in other processes [5, 6]. This is what governs the dispersion limit, i.e. the
least crystal block size preserved invariable irrespectively of the mechanical
treatment time (45–20 nm) (Table 4.1).

Table 4.1. Variations of crystallite size during milling [3]

CSA in Directions of 300 and 003, nm

Milling Time, h

Sample 0 0.3 1 3 5 10

TiCl3/PE 47 14 13 14.5 12.5 13

25 18 17 19 22 20

TiCl3/PE-gr-P4VPy 47 32 20 10 ∼5 –

25 10 8 ∼5 – –

TiCl3/PP 47 – 25 – – –

25 – 5 – – –

TiCl3/PP-gr-PMMA 47 – 25 – – –

25 – 18 – – –

VCl3 /PP 300 – 45 – – –

VCl3/PP-gr-PAN 300 – 72 – – –

The combined milling of MCl3 and polymers having functional groups fol-
lows another mechanism where particle size (coherent scattering area, CSA)
depends upon milling time and L/M relation. This is connected not only
with physical processes but with chemical interactions of MCl3 with poly-
mer functional groups as well and results in corresponding complexes formed
simultaneously with size reduction of salt crystallites

PE–L + (MCl3)n → [(MCl3)n ↔ (MCl3)m] + MCl3·L–PE (m < n).
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More perceptible changes of chemical and physical character take place
during micromechanical transformations in the substance being milled when
part of the energy is spent on reorganizing the crystalline structure in MXn.
For example, during VCl3 division in a ball mill a new, earlier unknown
structure δ-VCl3 is formed [7].

The formation of nanocomplexes has been observed in [8] in the course of
mechanochemical milling of AlCl3·6H2O with styrene and divinylbenzene co-
polymers modified with aminodiacetate groups at a joint dispersion of salts
with PVA and others.

Much energy is consumed in flaw formation in such systems. The quan-
titative characteristic of mechanochemical transformations here is an energy
release G that depends upon the system susceptibility to mechanical effects
and does not as a rule surpass 10−4–10−1 mol MJ−1 [9].

Ultrasonic dispersion of metal suspensions with application of stabi-
lizing effects of water-soluble polymers is one of the modern methods of
mechanochemical milling. Surfactants are used to reduce adsorptive strength
of the milled substances (Rehbinder’s effect) and to stabilize the thus formed
suspensions. It seems promising to use metal monomers as surfactants, in par-
ticular sodium nitrate, capable of polymerization under high shear stresses
and contact loads in metal dispersion in the polymer–monomer solutions [10].
The influence of mechanical pulse methods on solid-phase mixtures [11] is
highly efficient. These can be due to, e.g., Bridgman’s anvil type effect on
formation of cobalt nanoparticles in the presence of a polymer matrix [12].
Methods of synthesizing colloidal aurum are based on mechanical disintegra-
tion of aurum by, e.g. an electric arc in a liquid medium.

Chemical composition of solid surfaces differ significantly from volume
phases. A newly formed surface is immediately involved in the interaction
with the environment, gaseous or liquid medium, as a result of which impuri-
ties from the solid bulk are accumulated on the surface. Therefore, the surface
always contains originally adsorbed substances, which are often difficult to
remove.

Although mechanochemical means of forming metal–polymer composites
have not yet gained popularity, they are the techniques of the near future.

4.2 Microencapsulation of Nanoparticles
into Polymers

The term microencapsulation means having particles of some substance in
protecting shells made of film-forming polymer materials [13] as well as the
very principle of creating protecting systems and methods of targeted delivery
of substances. The substance being encapsulated and forming the nucleus of
microcapsules can be metal-complexes and metal nanoparticles. The polymer
shell also functions as a stabilizing agent by separating nanoparticles from
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one another and from the environment. Various natural (proteins, polysaccha-
rides) and synthetic polymers of either polymerization or polycondensation
types (polymers or monomers to be polymerized) can shape the shell. Di-
mensions of the encapsulated substance can be tens of nanometers and those
of the stabilizing shell can be from a few to several hundreds of micrometers.

Microencapsulation is known to involve various procedures of coacerva-
tion, physical adsorption, deposition by nonsolvent or evaporation. To gen-
erate a developed surface, the solvent is removed in vacuum by sublimation
under low temperatures as the polymer remains in a glassy state. Methods
of extrusion (squeezing of the encapsulated matter through a film-forming
material during which the particles are encapsulated into a shell), spray-
ing in a fluidized bed, vapor condensation, polymerization on the particle
surface, etc. are widely used. Mixing of stabilized nanoparticles by polymer
melts also belongs to this way of producing nanocomposites. The procedure
is usually reduced to the introduction of well-dispersed ceramics or nanopar-
ticles into polymer solutes (infrequently in melts). For instance, a solution-
cast film has been prepared [14] by mixing silver nanoparticles stabilized
by surfactants and PEHD in p-xylene at 403 K through solvent evapora-
tion and heating to 453 K for 15 h. By further corotation melt-processing
in a twin-screw mini-extruder a uniaxially oriented PE/Ag nanocompos-
ite has been produced containing 2 mass % of nanoparticles with mean
size 4.5 nm.

Configuration of microcapsules commonly coincides with that of the sub-
stance encapsulated whereas the shell thickness depends on encapsulation
conditions and designation of the material obtained. The composition can be
reprocessed directly into articles or be used for better matching nanoparticles
with other polymers through the polymer shell.

Microencapsulation methods based on production of metal–polymer nano-
composites simultaneously with the polymer matrix are very interesting for
specific applications. Already in the early stages of their evolution [15–17]
it was reported that polymerization of vinyl monomers might be initiated
in the course of intense mechanical dispersion (peculiar mechanochemical
syntheses) of a series of inorganic substances, including metals Fe, Al, Mg,
Cr and W. The transformation degree of the monomer (styrene, vinyl acetate,
acrylonitrile, MMA) is a function of dispersion intensity. Freshly formed metal
surfaces serve as polymerization catalysts or initiators. During the reaction
electrons of the metal surface atoms are transferred onto the monomer thus
giving rise to particles of the ion-radical type. Note that colloids of certain
metals (Au, Tl and Pt) exert a strong effect on styrene polymerization in a
block or solution [17].

To enhance stability nanoparticles can be covered with a latex film like
some microencapsulating matter. For instance, hydrosols Fe2O3 with 3–5 nm
particle size are adsorbed on latex grains resulted from terpolymerization
of styrene, butadiene and acrylic acid and displaying negative charge on
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its surface (–COO− – polymer groups, –SO3 – emulsifier groups). Further
comonomers are introduced into the system and are then polymerized on the
encapsulated surface [18,19]. As a result, a triple nanocomposite is obtained
having TiO2 or Fe2O3 as the middle layer (Fig. 4.1). The Fe2O3 nanoparticles
(3–5 nm) were prepared by emulsion polymerization using PS–latex [20] to
obtain polymer/Fe2O3/polymer heterostructured microspheres.

Sample Dn, nm Dw, nm PDI σ, µK/cm2

Settling latex 52.39 56.23 1.07 7.5

Latex with fixed Fe2O3 62.2 68.4 1.08 45.2

Encapsulated particles 80.56 89.5 1.11 3.44

∗Dn, Dw – number-average size and mass-average size of particles,
PDI = Dw/Dn

TiO2

TiO2

TiO2TiO2

Surfactant

Polymer Monomer

( − radical)

Polymerization

Latex Fe2O3-particles

Fe2O3-particlesLatex 
bead

Pre-treatment

Monomer Amphiphilic
molecule

Polymerization

Copolymer
layer

Encapsulated particle

ba

Fig. 4.1. Emulsion polymerization diagram on nanoparticle surfaces (a) and their
encapsulation (b)

The size of nanoparticles during such polymerization increments, in con-
trast to their polydispersity index (PDI), remains invariable and the charge
density on the particles diminishes (Table 4.2).

Table 4.2. Size,∗ polydispersity index and charge density
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Shells of nanoparticles, e.g. from TiO2, are formed by treating with surfac-
tants during which the polymerization initiator is generated and the needed
monomer gets polymerized (Fig. 4.1a). The stabilization procedure also fits
Pt and Pd nanoparticles that are formed in reduction of their salts [21]. As an
alternative to this, Pd(AcAc)2 can be dissolving in MMA followed by poly-
merization. However, the palladium content in the metal-composite is below
0.5%, which is limited by solubility of Pd salt in MMA [22].

The production procedure of nanocomposites by metal–monomer poly-
merization means polymerization-induced transformations in lyotropic (am-
phiphilic) liquid crystals. The principle of the approach is presented in [23–
25]. A photoinitiator is introduced into the composition with Na, Co, Ni, Cd,
Eu and Ce compounds in a water mixture with xylol solution of 2-hydroxy-
2-methyl propiophenone. Photopolymerization is exercised leading to forma-
tion of a nanostructured polymer network. The nanocomposite is produced
during heating of the photopolymerized metal–polymer blend with poly(n-
phenylenevinylene) to 493 K in vacuum. Methods of acrylate, methacrylate,
and metal sorbate polymerization, followed by their transformation into
nanoparticles of respective metals, are described in [26,27].

There exist diversified approaches to microencapsulation of nanoparticles
in polymers. It is possible to use acetylcetonates or α- and β-hydroxy acids
substituted afterwards by other ligands, including polymerizable ones (MMA,
pyrrol, thyophene, etc.) as agents protecting against aggregation of nanopar-
ticles. Nanocomposites displaying ferromagnetic properties are produced in
turn by deriving γ-Fe2O3 and polyaniline and its copolymers in situ [28–30].

During this process the matrix is formed through polymerization or poly-
condensation. Epoxide or formaldehyde resins are most commonly employed
as the organic binder. The composites (e.g. conducting ones) are set under
the corresponding resin polymerization regimes. Polymer compositions are
prepared [31] by introduction of dispersed metal powders (Al, Fe, Cr, Ta, W)
into the oligomer, e.g. trioxiethylene dimethacrylate, and are set by exposing
to a flow of accelerated electrons. Since these processes are comparatively
time-consuming, there is a problem of ensuring sedimentation stability of the
systems being cured, e.g. the epoxy–thiokol system with colloidal Pb when it
forms under thermal treatment [32]. It is necessary also to deal with internal
stresses on setting [33].

Many modifications of microencapsulating methods are known in the art.
One typical example is described in Chap. 12. Efficient α-olefin polymeriza-
tion catalysts [34] are obtained by the radical homo- or copolymerization of
the corresponding monomers in solution or suspension of catalyst components
MXn (TiCl4, VCl4, ZrCl4, Ti(OR)4, TiCl3, VCl3, VO(OR)3, etc.)
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Monomer (monomers) + + solvent initiationMXn

MXn(in polymer solution) reduction

solvent removal
Mn (in polymer)

Mo (in polymer)

The thus forming macromolecules (e.g. PS) encapsulate MXn into a mi-
crocapsule. In principle, MXn can be a polymerization initiator too since
a microporous (microreticular) shell structure incorporating MXn is formed
upon solvent removal.

There is wide use of inorganic pigments encapsulating iron oxides, those of
aluminum, silicone in PVA matrix, titanium dioxide in PAA and its salts, iso-
lating and waterproof shells for lithium LiAlH4 from polyacrylates. Iron and
cobalt nanoparticles are encapsulated in PMMA aimed at magnetic tapes.
By irradiating dispersed AgBr particles in corresponding monomers pho-
toemulsions are obtained with argentums bromide microcapsules. Photocon-
ducting nanocomposites are formed similarly using CdS, microcapsules with
aluminum particles and air in one polymer shell is added to detonating com-
positions. There are many other applications of microencapsulated particles.
These particles are successfully used in chemical products of various purposes,
among which are dyes for carbon-free paper, toners, fire-retardants, includ-
ing liquid volatile ones, for polymer compositions and anaerobic sealants. In
addition, they are used in foodstuffs, bioactive additions to fodder, pharma-
ceutical means of programmed and prolonged action, transdermal carriage
systems, microencapsulated pesticides, and cosmetic components [35]. There
are no evident constraints on microencapsulation of heterometallic nanopar-
ticles (alloys).

4.3 Physical Deposition of Metal Particles
on Polymers

The paramount sphere of using chemical deposition is the application of solid
coatings on polymers, including usage of chemical metallization. Metallized
plastics are used in the production of various instruments and photomasks.
The conducting material is here most often copper that possesses high con-
ductivity. Composite materials of this kind are used for creation of sensors
and biosensors, and chemical monitoring systems [36]. Deposition of colloidal
metals on polymer surfaces presents an actual problem of obtaining func-
tional nanophase materials. Colloids deposited on polymer matrices are used
in catalyst design, components of selective membranes, anticorrosive coatings,
production of biological active medications, and compositions [37–40]. Special
attention is paid to polymer films with incorporated metal nanoparticles [41].
The study of polymer adsorption from their solutions on nanoparticle surfaces
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is very important. The adsorption layer can be treated as a polymer shell of
microcapsules as well.

We have reported in Chap. 3 that deposition (aggregation) of colloidal
particles is called coagulation, during which densely packed formations ap-
pear. The coagulation of nanoparticles on polymer surfaces is sometimes
termed heteroaddagulation. The simplest way of achieving polymer-immobili-
zed nanoparticles could be heteroaddagulation on polymer powders, films or
fibers [42]. Mostly inorganic materials along with heteroaddagulation [43] of
unstable hydro- (8–12 nm) and propionolo- (4–1 nm) sols of Fe, Zn and Cu
on lavsan and kapron fiber surfaces were investigated. The heteroaddagula-
tion rate on the former surface is higher because of specific interactions and
formation of M–O bonds, while the least heteroaddagulation rate is observed
in iron sols. The heteroaddagulation process has a topochemical character
since the reaction runs at the product–reaction medium interface. An inho-
mogeneous material is formed where nanoparticles are localized on polymer
surfaces. In this respect the method is in affinity to chemical metal deposition
on polymer from aqua solutions [44].

Deposition of layers is an intricate multistage process consisting of diffu-
sion of the original either gaseous or liquid reagents, their interaction yielding
intermediate products, adsorption, desorption, transformation of the inter-
mediate into final products on the polymer surface, creation of a solid layer
(film), and formation of complete structures. The actual process is much more
complicated [44]. The film begins to nucleate from formation of isolated col-
loidal particles on separate surface regions giving birth to adsorbed clusters.
Further the polymer gets filled by the new forming particles and films, and
formations grow into agglomerates. Parallel to augmenting the number of
particles on the polymer their inner structure undergoes changes. At the ini-
tial stages the prevailing amorphous particles are transformed into crystalline
particles. Sometimes crystallization processes are long-term; moreover rigid
matrices, including solid polymer layers of PVA, PEO, gelatin or quartz, are
able to prolong the life of the intermediates. For instance, photo-generated
∼1 nm diameter clusters of Agn in PVA stay stable for more than 2 days [45]
(Chap. 5). Presumably, the surface functions here as a stabilizer of the grow-
ing particles. In the case with silica glass and photocarbon membranes the
nanoparticle size is limited by that of the pores and channels. The films con-
sist of spherical particles forming regular chain structures and their size might
reach 50 nm (Fig. 4.2).

The processes of metal–polymer nanocomposite formation are usually
connected with generation of either nanoparticles or polynuclear complexes.
Another way of producing nanoparticles in polymers is metal or its oxide
deposition in situ on the polymer matrix involving polymer or its precursor
mixing with a soluble inorganic reagent. For example, metal alkoxides can
be mixed with polymers or monomers and subjected to hydrolysis to yield
nanoparticles of metal oxides in polymers. Nanoparticles and polymers can be
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Fig. 4.2. Diagram of photochemical formation (using Au as an example) of colloidal
metal film on quartz surface

formed simultaneously or in sequence. In a number of cases the polymer par-
ticipates actively in deposition in which its phase state and diffusion effects
govern the process. This is most peculiar to polynuclear hydrocomplexes of
various metals, e.g. Al, Cr, Ti, Zr some of which are analyzed in Chap. 7. The
processes of producing named nanocomposites are accompanied by the forma-
tion of hydrogen bonds between the polymer and polynuclear complex. Alkali
hydrolysis of Al3+ salts in the presence of poly-1-vinylimidazole (PVIA) is
accompanied by generation of a set of aluminum complexes of different nu-
clearity. Introduction of PVIA into the system shifts the reaction direction
almost fully to the side of formation of Al13O4(OH)7+24 [46] hydrocomplexes.
The latter form, together with PVA, a cooperative system of hydrogen bonds
with hydrolyzed aluminum particles.
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When the neutralization degree of Al3+ is rather high, polynuclear complexes
Al13 start to transform under the action of PVIA into the polymer forms of
aluminum hydroxide and crystallize into pseudoboehmite accompanied by
breakage of hydrogen bonds with the polymer.
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Thin films of semiconducting nanoparticles among which are those ap-
plied on polymers attract interest too. Use of colloidal solutions in practice is
hampered by the necessity of isolating nanoparticles from the solution after,
e.g. the catalytic process. So far, thin films of nanoparticle layers adsorbed
on a substrate (carrier) can be obtained by precipitation of presynthesized
nanoparticles from colloidal solutions on substrates through direct deposition
of the forming nanoparticles on the substrates or oxidative hydrolysis of cor-
responding metal salts on them as demonstrated earlier. These approaches
are especially convenient for application of semiconducting nanoparticles as
films, including SnO2, ZnO, TiO2, WO3, Fe2O3, etc. [47].

4.4 Formation of 2D Nanostructures on Polymers

Structure polymer surface layers are critical for improving adhesive and
frictional properties of polymers, imparting biocompatibility, making two-
dimensional metal–polymer nanocomposites by incorporating nanoparticle
ensembles into polymer surface layers, so it would be helpful to give a spe-
cial account. Processes on polymer surfaces on contact with nanoparticles is
of fundamental importance for understanding the nature of interactions and
adhesion on the interfaces [48].

Diffusion1 of copper deposited into a polyamide film is known to be pre-
ceded by copper clusterization. The metal evaporation velocity on the poly-
mer is significantly lower than in the case of a monolayer. This value consti-
tutes 0.03 nm/min for Cu [50] which is attained by evaporation and thermal
treatment in ultra-high vacuum (∼8·10−8 Pa). The post-deposition annealing
near and above TgTT of the film under high enough temperature (300–620 K)
leads to metal immersion into the upper layers of the polymer. The process
can be traced using the photoelectron spectroscopy method (ESCA) proceed-
ing from the normalized intensity peak ratio of Cu2p3/2 to C1s (Fig. 4.3).

Above TgTT temperature of the polyamide film (693 K) copper almost fully
dips into the subsurface layer of the polymer.

Many experiments showed that polymer surfaces at the interface with air
are characterized by increased segmental mobility. This means that the TgTT
of the polymer subsurface layers (about 1 nm thick) is lower as compared to
corresponding bulk values of TgTT (378 K for PS with Mw = 275 000).

The concept served as the basis for a novel substantiated experimental
approach to the solution of two problems. One of them is the creation of 2D
nanocomposites through incorporating multilayered nanoparticle ensembles
into the surface layers of glassy polymers [51, 52]; the other is experimental
evaluation of TgTT . The annealing temperature under which Au nanoparticles
of 18–20 nm in size begin to dip into the polymer is taken as TgTT . According

1 Diffusion of metals into polymers is conditioned by many factors. Its mechanism
is discussed in detail in [49].
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Fig. 4.3. Cu2p3/2/C1s peak intensity ratio in ESCA as a function of deposition
temperature after deposition of 1.6 nm Cu (nominal coverage rate 3s, deposition
0.16 nm/min) onto polyimide (TgTT is about 693 K)

to AFM, the results of probing the PS surface with Au nanoparticles have
proved noticeable immersion (∼4 nm) to begin already after 8 h of polymer
annealing at 313 K, and after 8 hour treatment at 338 K (40◦ lower than the
bulk TgTT ) the nanoparticles get immersed to 12–14 nm; and at 353 K to 16 nm.
Nanoparticles do not immerse fully into PS even after prolonged endurance
(7 days) of the samples at room temperature. But they can be easily removed
with a cantilever edge from the film surface (Fig. 4.4).

It is evident that TgTT of PS is lower than its bulk values, being just 313 K.
Au nanoparticles aggregated on a PS surface did not immerse into the

molten polymer matrix even after long-term annealing at above its TgTT [53].
These results were used to solve the second problem of developing 2D

metal–polymer nanocomposites by immersing nanoparticles into the surface
layer of a glassy polymer.

In Chap. 6 nanocomposites of this type produced by deposition of ther-
mally evaporated metal on the surface of a polymer or its melt will be ana-
lyzed in detail. The nanoparticles can be partially and even fully immersed
into the polymer depending on the wettability of nanoparticles with the poly-
mer. The first situation is realized when the wetting angle of nanoparticles
with the polymer is Θ > 0 which is true in case the free surface energy of
metal nanoparticles exceeds that of the nanoparticle–polymer interfacial sur-
face (γm > γmp). In case γm > γp + γmp (γp is the free surface energy of the
polymer), when the adhesion of the polymer–nanoparticle system surpasses
the polymer cohesion, then full immersion of metal nanoparticles takes place.
Two main forces affect the dipping particle in opposite directions [54]: the Van
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Fig. 4.4. AFM image of one and the same area of PS surface (1 µm2) with deposited
Au nanoparticles after four sequential scanning cycles

der Waalse force carries the particle into the polymer bulk and the entropic
force induced by the polymer chain compression near the particle pushes it
out onto the surface.

Calculations prove [52] that stabilization of a <50 nm radius monolayer
of nanoparticles in the surface layer of the polymer melt is improbable since
Brownian motion mixes nanoparticles sufficiently quickly within the polymer
volume. Functionalized polymers present additional difficulties for designing
2D nanocomposites because their functional groups elevate the wettability of
nanoparticles with the polymer and enable regulation of immersion into the
polymer surface layer.

Formation of 2D nanocomposites will be explained further in the example
of Langmuir–Blodgett films (Chap. 8).
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4.5 Formation of Metal Nanoparticles
in Polymer Matrix Voids (Pores)

It is possible to monitor the growth of metal nanoparticles in the polymer
matrix by generating nanoparticles in polymer voids or pores. The size of
nanoparticles is to be constrained by the void dimensions in which they are
grown and should not exceed this critical size. In real systems this limitation
is not always observed (see Sect. 5.1.5). Physical binding of nanoparticles in
pores is exercised in case there are no functional groups capable of reacting
with metal compounds and nanoparticle surfaces. An example is the forma-
tion of metal nanoparticles in the pores of a supercross-linked polystyrene
(SCLPS) [55, 56]. This represents a stiff polymer network of unusual topol-
ogy and its formal cross-linking degree is 200%. The polymer has acquired a
large internal surface reaching 1000 m2/g, narrow pore size distribution with
the maximum about 2 nm, and the ability to swell in any liquid medium
(Fig. 4.5).

Fig. 4.5. Schematic diagram of SCLPS internal microstructure. Dark phenyl rings
are on the foreground, light rings are on the background. An individual pore of the
supercross-linked net is denoted by the circumference

SCLPS matrix is used for formation of Co and Pt nanoparticles [57,58].
A cobalt compound from DMF solution (Co2(CO)8) is introduced into

the SCLPS matrix or in iso-propanol. Cobalt nanoparticles are formed during
thermolysis at 473 K. According to TEM the particle mean diameter is 2 ±
1 nm for samples containing 5 mass % of Co and 2.6 ± 1.5 nm for 10 wt.%.

The reason for the controlled growth of Co nanoparticles within nanosize
voids of SCLPS matrix can be unspecific interaction between phenyl rings
and metal surfaces leading to steric stabilization of nanoparticles. Coarse
nanoparticles start to grow when the Co content reaches some saturation
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limit (above 8 wt.% concentration). Their size may be a reflection of the
statistics of SCLPS pore distribution by size or recombination of SCLPS
internal structure induced by the presence of metal which is because cobalt
clusters can easily travel between SCLPS pores at 473 K and form cobalt
nanoparticles.

Pt nanoparticles are formed in such pores through another mechanism [57].
They are produced by sorption of H2PtCl6 from THF solutions or in methanol
followed by reduction with gaseous hydrogen under moderate temperatures,
i.e. in conditions that limit platinum migration inside SCLPS. The mean size
of Pt nanoparticles is about 1.3 ± 0.3 in contrast to those containing Co
(ca. 2 nm). This difference can be explained by the formation mechanisms of
Co and Pt nanoparticles. In the case with Pt the reduction occurs at room
temperature and atoms or clusters and molecules of the precursor do not mi-
grate, therefore nanoparticles coincide fully in size with those of the precursor
filling the pores. When Co particles are formed, SCLPS matrix governs the
size of metal nanoparticles by limiting their growth with the pore size (2 nm).
As for Pt nanoparticles, the pores restrict the amount of the precursor filling
an individual pore and the precursor volume diminishes (increase in particle
density) in the course of reduction to a nanoparticle volume. This approach
is a path to structurally organized synthesis of calibrated nanoparticles.

4.6 Physical Modification and Filling
of Polymers with Metal

Polymers are often used just as stabilizers so in ingredient concentrations. In
the latter case they speak of metal-polymer nanocomposites.

It allows one to form composites according to which the highest modi-
fier concentrations (metal nanoparticles, oxides, salts, stabilized surfactants)
are usually about 1–2 wt.%. It improves the physico-mechanical properties
of nanocomposites due to interactions with the polymer matrix (adsorption,
solubilization, encapsulation). Elastomer properties (natural, polyisoprene or
polydiene rubbers) are regulated [59,60] by introduction of CaSO4 nanopar-
ticles in the form of a stable sol in organic solvent into a rubber solution.
Nanoparticles are synthesized in situ by mixing balanced micellar solutions
of CaCl2 and Na2SO4 with AOT micelles. They represent a polynuclear col-
loidal complex consisting of calcium salts AOT, – (Ca-SO4)-segments and
bound water 3–4 nm in size. The concluding stage is isolation of the modi-
fied rubber through water degassing and drying till a constant mass remains.
Introduction of such colloidal clusters into the elastomer matrix assists in ac-
celerating orientation and crystallization processes through adding mobility
to macromolecules. The share of chains in the viscoelastic state drops to 5–
10%; areas having strongly elevated (∼4 times) electron density are 8–10%.
This approach promotes targeted regulation of the physical structure forma-
tion in elastomers leading to raised elastic and strength characteristics. Some
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examples of incorporating metal nanoparticles in polymers can be found in
Chaps. 8–10.

Incorporation of nanoparticles in polymers allows us to obtain nanocom-
posites with properties different from those observed in composites synthe-
sized by other methods. Synthesis of such materials is poorly reproduced
and colloids of base metals undergo fast oxidation in some cases. Synthe-
sis of structurally homogeneous nanoparticles and materials with optimum
electric, magnetic, optical and physico-mechanical properties on their base is
improbable unless a specifically prepared matrix is present.

New vistas of nanotechnologies are related to molecular layer spraying.
The layers are formed in conditions of self-assembling when structural orga-
nizations from nanoscale to micrometer level are governed by the structure
of molecules being sprayed and their interactions. These molecular layers can
arise from pliability of molecules to aggregation just as in precipitation in
solutions, so in depositing on various substrates.
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5 Chemical Methods
of Metal–Polymer Nanocomposite Production

Chemical methods are the most popular methods of manufacturing nanocom-
posites. They are characterized by narrow nanoparticles size distribution, rel-
ative simplicity of control over synthesis, and reliable stabilization of nanopar-
ticles in the systems. The methods are based on various reduction procedures
involving polymers or copolymers, dendrimers as well as thermal decomposi-
tion of metal-containing precursors.

A general scheme of metallopolymer nanocomposite synthesis by chemical
immobilization into polymers can be presented as follows (Scheme 5.1).

Metal ions

Monomers Reactive polymers
and oligomers

Functional group free
polymers

Colloids stabilized  by polymers

Nanoparticle

Nanoparticle stabilized
by polymers in situ

Polymer-immobilized
nanoparticles and clusters

Surface of polymers
modified by nanoparticles

Scheme 5.1

As has been analyzed in Chap. 1, the term “embryo of solid phase” is am-
biguous when referring to nanoparticles. Thus, already as many as 25 atoms
of Pt in the cluster is enough to reveal the adsorption properties characteris-
tic of bulk metal. The ion assemblies display the typical properties of metal
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in the reduction of gold chloride only when the aggregates accumulate as
many as 300 or more gold atoms. The dimensions of some particles can be
estimated by the change of color of their solution. For example, Faraday’s red
gold sols change from red to blue when the aggregation of particles occurs.

Sol colour red violet lilac blue
Size of Au 23.7 ± 0.9 24.3 ± 0.7 32.5 ± 1.4 33.2 ± 2.0

particles, nm

Later we will address the color of nanoparticles of other metals too.

5.1 Reduction of Polymer-Bound Metal Complexes

The reduction methods are considered as the main procedures for obtain-
ing metal–polymer nanocomposites with diversity of variants and resultant
products. We shall review most typical modifications as an example.

5.1.1 Reducers and Reduction Processes

Similarly to reactions without polymers (see Sect. 2.5) the reducing agents are
H2, hydrogen-containing compounds NH3, NaBH4, NH2NH2, NH2NH2·H2O
(heterogeneous slowly reducing agent), hydrazine borane, phenylhydrazine,
and photographic reducers (hydroquinone, n-phenylene diamine, pyrogallol
and other). Highly effective reducers are sodium borane related to the class
of strong reducers [1], superhydride LiAlEt3H, triethylsilane Et3SiH (homo-
geneous but slowly reducing agent), different alcohols (both monatomic and
polyatomic) most often ethylene glycol (EG), diethylene glycol (DG), tri-
ethylene glycol (TG), etc., dextrins, aldehydes (formaldehyde, benzaldehyde),
hydrogen peroxide,and tetraethylammonium chloride hydrate (C2H5)4NCl·
xH2O. The reduction is going on until metals can run just as in the polymer
solution in its suspension. The chief regularities of metal ion reduction under
the effect of chemical reducers Sect. 2.5 are also true for metal-polymer sys-
tems. Typical metals used to form nanoparticles by this method are found in
the series of hydrogen. Metal ions having higher potential are reduced more
easily. The reduction of metal ions with a positive electrochemical electrode
potential by hydrogen is preferable in thermodynamic respects. Let us re-
view the stoichiometry of some typical reactions, particularly the formation
of zero-valent Pd and Au under the action of hydrazine aqua solution:

2H2PdCl4 + N2H5OH → 2Pd0 + 8HCl + N2 + H2O
4HAuCl4 + 3N2H5OH → 4Au0 + 16HCl + 3N2 + 3H2O.

The reduction of Cu2+ ions by formaldehyde occurs only in alkali media
through the reaction
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Cu2+ + 2HCHO + 4OH− → Cu0 + 2HCOO− + H2 + 2H2O.

It is interesting that high-molecular reducing agents can function as metal
ion reducers and stabilizers of the forming suspension of nanoparticles. The
possibility of reducing chloroauric acid, PEO, PEI and PVPr [2] exists too.
The kinetics of the process differ essentially from that of the traditional
citrate reduction of HAuCl4. Colloidal particles of Ag, Au and Pd are pro-
duced from aqua solutions of their salts using the reducers polyvinyl alco-
hol and polyethylene glycol functioning also as stabilizers [3–5]. As a result,
low-dispersed metal nanoparticles close to spherical shape are formed. Silver
reduces quickly and forms nanoparticles [6] when Ag salt is added to the
chloroform solution poly(2,6-dimethyl-1,4-phenylene oxide). The most prob-
able mechanism includes the oxidation reaction of polymer groups. This path
is taken when Au particles are formed in the presence of amphiphilic deriv-
atives of oligothiophenes [7] as a reducer-stabilizer. It results in formation
of quasi-crystalline Au particles whose size is from ∼1.1 nm (40 atoms) to
1.9 nm (∼200 atoms) [8].

Commonly the reducer is slowly added in an inert atmosphere at room
or slightly higher temperature (in case of noble metals). This proceeds dur-
ing boiling of alcohol, aqua, alcohol–aqua and other media where the molar
ratio of the reducer versus metal ions is ≥1:1. The substance being reduced
can be introduced directly with a polymer, e.g. RuCl3 solution with PVP,
in waterless acetone (in this case, the probability of performing macromole-
cular metal complexes in the system is higher) or a solution of the reduc-
ing agent with the polymer. Sometimes the average size of nanoparticles in
polymers starts to gradually grow at moderate velocities of introduction of
metal ions. In contrast, the reduction often ceases at the stage of formation
of low-valent metal ion complexes with a macroligand at high introduction
velocities.

Changes in formation process of nanocomposites are expressed in vari-
ations of the reacting solution color (its UV-vis-absorption spectra), e.g. in
the course of Ru nanoparticle formation from RuCl3 · nH2O solution under
the action of Na2B4O7 in the presence of PVP (Scheme 5.2) [9]:

0−10 min
Dark red
r.t. − 433 K
Starting solution

15 min
Light yellow
453 K

20 min
Dark green
Reflux (471 K)

25 min
Dark brown
Reflux (471 K)

180 min
Dark brown
Reflux (471 K)
Ru colloids

Scheme 5.2

Chemical reduction is an intricate multistage process. The resultant low-
valent metal forms are unstable and decompose spontaneously with metal
isolation upon which intermediate particles become capable of catalyzing
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further reduction. There is also a probability of interaction between the metal
being reduced and the reducer transformation products. Unfortunately, no
attention is given to these aspects in many works. Nanocomposites are stable
usually during storage in dry air. However, the reduction products of base
metals get oxidized quickly during drying in air or contact with moisture.
The composition of the forming composite (share of deposited substance) can
be estimated by a chemical analysis or by overweight (∆m = (mb−mp)/mp,
where mb is the mass of the original polymer) of the substance reduced. It
might reach from fractions of percent to hundreds of a percent depending
on the initial concentration of reagents, their ratio and origin of the reactive
medium. Furthermore, phase composition, characteristics of the forming layer
(its thickness and compactness), layer location within the polymer, and sizes
of nanoparticles and crystallites are determined.

The reduction methods can be subdivided into two groups. The method
of impregnation is brought to either chemical reduction of a metal from so-
lutions or suspensions of its salts. Ammonia solutions such as Cu, Cr, Ag
are often used in electrochemical or radiation-chemical reduction in the pres-
ence of macroligands. In this case in fact an unbounded amount of metal
can be introduced into the polymer. Methods of the other group involve the
reduction of preliminary obtained mononuclear metal complexes chemically
combined with the polymer. As a rule, 1–3% of metal, sometimes 3–15%, is
introduced into the polymer in one cycle of binding of metal ions – reduc-
tion. The concentration of metal ions bound by the polymer functional groups
and dependent upon composition of forming complexes (sorptive capacity)
is low. The degree of metal binding in multistage processes can reach tens
and sometimes hundreds of percent relative to the polymer. This is because
the complex-forming capacity of the majority of polymer functional groups
(e.g. carboxylic in PAA) in reduction media is almost fully restored once the
metal, its oxide or sulphide phase are formed. It is not excluded that a part of
the polymer functional groups participate in the formation of chemical bonds
with surface atoms of nanoparticles.

Both methods admit chemical interaction between the compound being
reduced and the polymer matrix. For instance, a polyacetylene–MXn macro-
molecule in polymer-based systems devoid of functional groups acts as a
peculiar ligand, which hampers multicentered association of complexes and
prevents enlargement of nanoparticles [10].

The first method gained popularity mainly thanks to the needs of catal-
ysis, in particular, by the necessity to get niello and ultradispersed powders.

5.1.2 Reduction in Polymer Solutions

Kinetic rules of metal ion reduction in the polymer matrix are conditioned
by many factors: diffusion rate of metal ions and reducer in the polymer,
velocity of their motion in pores (in case of ion-exchange porous materials,
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suspensions, polymer extraction in adsorption active media) or in polymer
balls (in the subsurface layer), the speed of the reduction process itself, and
the crystallization rate of isolated metal or its oxide. The kinetic curve of ion
silver reduction in a water–ethanol solution with addition of PVP [11] has
an induction period and the effect of secondary self-catalytic acceleration of
the reaction (Fig. 5.1). This can be attributed to the behavior of PVP as a
polymer catalyzer that changes the solvate state of silver ions and transforms
the reaction complex into an excited state (PVP· · ·Ag0 · · ·Ag+ · · ·HOC2H5)∗.
The next stage is electron transfer to silver cation and proton to the alcohol
molecule since the reduction of silver ions by ethanol does not take place in
the absence of PVP. PVP can act as a polymer reagent also participating
in the reduction of silver ions through its end aldehyde group. The latter is
formed from depyrrolidonization of the end 2-hydroxypyrrolidone fragment
of the PVP macromolecule during its water treatment [12]. Hence, the kinetic
curve presented in Fig. 5.1 is a superposition of two parallel processes.

νmax = 22990 cm−1

Time, s

Fig. 5.1. The kinetic curve of the reduction of Ag ions in water–ethanol in the
presence of PVP

The forming nanoparticle size is affected by the origin of the polymer
(functional groups), molecular mass and, in the case of copolymers, their
composition and even the type of their link distribution within the copoly-
mer chain (alternative, statistical, block, grafted). The comparison of re-
duction products obtained in the presence of P4VPy to those of statistical
styrene copolymer with 4-VPy shows that [13,14] the Fe particle size formed
in P4VPy is less in conditions of equal molar concentration of metal salts in
the systems. Excess vinylpyridine fragments hamper aggregation of nanopar-
ticles. On the contrary, elevated concentration of salts in the solution brings
about more coarse nanoparticles. Although the size of nanoparticles is within
20–200 nm, these are almost always cluster particle aggregates. This tendency
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is common in production of nanoparticles by reduction methods [15]. The
styrene monodispersed copolymer with 4-vinylpyridine containing nanopar-
ticles of Ni and Co display ferromagnetic properties [16].

Polymetal-chelate films from aqua solutions of polyvinyl alcohol PVA and
AgNO3 are reduced by photographic reducing agents [17] yielding corre-
sponding metal-composite materials. Monodispersed ultrafine gold [18, 19]
and platinum powders [20–22] are produced during metal salt reduction in
the presence of protecting colloids in the same way.

Let us consider PdAc2 reduction in thin films of polyamidoimine from 10%
solutions of THF or in N-methylpyrrolidone with application of NaBH4 [23].
The mechanism of nanoparticle formation consists of three stages (Fig. 5.2).
The first one includes mixing of components and uniform distribution of
MXn in the polymer solution (possibly with formation of chelate structures).
During the second stage a film is formed from the solution by the pouring
method and the solvent is gradually removed (10–15 h) until there is a residual
content of 5-10%. This results in the formation of a metastable membrane
film which is washed off initial salts with methanol or water. The third stage
is a very fast reduction in which the formed nanoparticles are chemically
combined with polymer chains. Different estimates give different Pd particle
diameters depending on the synthesis conditions which constitute 3, 2 and
1 nm (correspondingly, ∼960, ∼290 and ∼36 atoms) and Ag particles – 1.5–
3.5 nm. Polymers of cation (most often PDAAC) or anion (PMMA) types as
protective colloids [24], sometimes in combination with SAS [25], are used in
synthesis of nanoparticles in solutions.

Film after
reduction

Fig. 5.2. Possible mechanism of nanoparticle formation

It seems important that there are favorable conditions for simultaneous
emergence of a large number of nuclei of colloidal metal particles as a result of
adsorption of reduced ions by protective polymers (see Chap. 3). The reduced
metal is spent mostly on the formation of nuclei, whereas only a small portion
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is expended on their growth. This results in fine nanoparticles, which is in
part spurred by high aggregation stability of sols.

The formation mechanism of nanoparticles in reducing systems is the sub-
ject of numerous discussions. Most likely metal condensation in a liquid phase
occurs directly at the moment when its ions are reduced but not by reaching
an oversaturated solution of metal atoms. Nuclei of nanoparticles are gener-
ated spontaneously mostly in places where the concentration of metal ions
is the highest and their growth is induced by the reduction of ions adsorbed
on the surface or from solution. This process is apparently affine to parti-
cle growth during cryochemical synthesis (see Chap. 6). It is critical for the
chemical reduction rate to be limiting, in which case the size of nucleating
nanoparticles remains in fact constant under these reaction conditions.

The probability of control over the shape of the forming nanoparticles
must be specified separately. It can be attained by regulating the ratio of the
protected polymer content against that of the forming nanoparticles. This
fact has been studied in [26, 27] on Pt2+ reduction in 0.1 M water solutions
of sodium polyacrylate by hydrogen at pH = 7.5. With varying γ–polymer
relation: Pt = 1:1, 2.5:1 and 5:1, the preferred form of nanoparticle plates
changes (Fig. 5.3) from square cubic (89%) to triangular tetrahedral. Seven
tetrahedral, polyhedral and irregular prismatic particles are formed when
γ = 2.5:1. Mainly tetrahedral (60 ± 10%) are formed with slight addition
of polyhedral and irregular prismatic particles at γ = 5:1. The reasons are
still unclear but γ is seen to depend upon particle size and their distribution
(Fig. 5.3c) and their mean sizes are correspondingly 11.0± 0.5, 8.0± 0.5 and
7.0± 0.5 nm. Polymer-stabilized nanoparticles of Rh acquired only a sponge-
like shape [28], Ag are decahedral, Au are rod-like and plate like [29].

Choo et al. [30] studied how the reduction of H2PdCl4 ran in a single-
stage procedure [31] in a boiling mixture of methanol (46% by volume) and
water (54% by volume) with addition of different amounts of PVP. It was
done to exclude the influence of the reducing agent on such fragile structural
characteristics as the shape of the forming nanoparticles and to clarify the
effect of the stabilizing polymer matrix on them. Concentration of the stabi-
lizing polymer affects not only the size of the forming Pd nanoparticles, but
also their morphological control.

The reduction mechanism of metal ions chemically combined with the
polymer is comparatively complex and was studied only for formation of
clusters of zero-valent Pd, Ru, Rh, Ag, Os, Ir, Pt, Au, Ni [32–35]. Salts
of these metals during boiling in proton–donor solutions in the presence of
polymers (particularly, RhCl3 in methanol–water–PVA mixture) create the
next chain of chemical transformation (Scheme 5.3).



142 5 Chemical Methods

O

H

P RhCl2

H
-HCHO

P OH RhCl3+ P O

H

RhCl3

-HCl

+ CH3OH

O

H

P RhCl2

OCH3
-HCl

+ CH3OH

Scheme 5.3

RhCl3 is coordinated with hydroxylic PVA groups within the first stage, then
an oxonium product is derived, further transformed through the alkoxide
into a polymer-bound hydride complex. These reactions are critical for a
homogeneous colloid arising from disproportioning rhodium hydrides followed
by particle growth
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Fig. 5.3. Transmission electron micrographs of Pt nanoparticles with cubic (a) and
tetrahedral (b) structures (N) and histograms of particles with different shapes (c)



5.1 Reduction of Polymer-Bound Metal Complexes 143

P O

H

Rh13

CH3OH
P O

H

Rh3 (particles with diameter of 0.8 nm)

(d = 1.3 nm)

P O

H

Rh3+

Growth

Scheme 5.4

The structure of the forming 13-nuclei clusters presents a face-centered
cubic lattice with coordination number (NC) of rhodium atoms equal to
12 and 1.3 nm diameter (Scheme 5.4). They enter into interaction with the
protective polymer via electrostatic attraction forces or physical adsorption,
and may yield coordination links. It is possible to achieve metal-polymers
with different cluster particle size by changing the reaction conditions, and
the nature of the medium (ethanol, butanol, toluene/butanol), by introducing
additional ligands (e.g. PPh3), employing different polymers like PVP, MMA
with N-vinyl-2-pyrrolidone, polyacrylamide gel, etc. [36–38]. For example,
0.9–4 nm nanoparticles for Rh0, and 1.8 nm for Pd0 which are stable in a
protective PVP colloid, have a narrow particle size distribution range by
size, show high stability and are not liberated from gel with pH variations
from 2 to 12. Attempts to compare the reduction rate as a function of the
metal ion being reduced turn out to be a success very rarely. Notice that,
other conditions being equal, the reduction of Ru3+ in the presence of PVP
ions [PtCl6]2 and [PdCl6]2− [39,40] proceeds less readily [9]. This also relates
to the formation of PVP-Ir.

Water-soluble polymers and alcohol work as a protective colloid and re-
ducing agent, correspondingly, in these systems.

When studying the reduction of water solutions of H2PtCl6·6H2O (4 MPa
H2, room temperature, 96 h), a supposition was made [41] on the participation
of both the carbonyl group and nitrogen atom with an unshared pair of PVP
electrons in binding [PtCl6]2− ions. The Pt particle distribution and mean
size depend negligibly on the nature of the solvent they were formed in and
prepared. The nucleus–shell structure of Pt particles protected by PVP can
be established by comparing the results of scanning tunnel microscopy (STM)
and high-resolution transmission electron microscopy (TEM) [42]. The former
detects the size of the enveloping polymer shell, the latter visualizes the inner
metal nucleus size (3.5 and 2.6 nm, respectively) (Fig. 5.4).

A convenient method for studying the size of metal nanoparticles (in-
cluding Pt stabilized in PVP matrices whose particle size is <1–7.5 nm) is
spectroscopic investigation of CO adsorption on their surface [43]. The geom-
etry of adsorbed CO binding depends upon particle size. For example, CO
is chemisorbed on coarse platinum nanoparticles following only the bridge
link mode (ν(CO) = 1944 cm−1), on minor cases it follows the terminal type
(ν(CO) = 2037 cm−1), and on intermediate (1.8–2.3 nm) a combination of
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Fig. 5.4. Curves of particle distribution on the size with mean diameters of 2.6 (1 )
and 3.5 nm (2 ) and histograms of particle diameters (N is the number of particles)

both binding types. This is consistent with the NMR of 13C and IR spec-
tra of adsorbed 12CO/13CO mixtures [44]. Although this analysis can also
establish the size of Ni nanoparticles [45] in nickel-boride sol (obtained by
NiCl2 reduction by NaBH4 in ethyl alcohol in the presence of PVP), it is
more appropriate for obtaining organic sols of noble metals.

One can observe [46] a gradual increment of the mean Ni nanoparticle size
in PVP or PEO under moderate rates of introduction of NiSO4 (0.5–1.5)·10−4

mol/min−1. The reduction runs not till a zero-valent state but ceases at the
stage of Ni+ complex formation with macroligands under high introduction
rates.

The reduction products of Fe2+ are resistant to storage in dry air, but
quickly oxidize on contact with moisture (polymers PVP, PEO, PAAM). The
formed metal nanoparticles are often oxidized until corresponding oxides, e.g.
Fe nanoparticles, are oxidized to Fe3O4 crystallites by NaOH at pH = 13–14
by intensive mixing for 2 h at 333 K followed by washing out until the pH is
neutral. In the matrix of water-soluble polymer sols of Au, Fe and Cr were
obtained by reduction of hydroxides of corresponding metals by hydrazine
hydrate, in rubber films Pd (1–2 nm particle size) and Au (1–10 nm) were
dispersed [47]. Reduction products of H2PtCl6·6H2O in water–alcohol media
with addition of poly(N-isopropylacrylamide) possess specific properties [48].
This polymer displays unusual temperature-dependent properties, namely
a reversible phase separation occurring above the lower critical solution
temperature (LCST) in water (305 K). Pt nanoparticles 1–5 nm in size are
formed in such systems (the mean particle size is 2.38 nm) [49].

Formation of nanoparticles in polymer solutions is similar to matrix poly-
merization due to its cooperative character of macromolecular interactions
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with the growing nanoparticle surface. This fact served as the basis for
constructing a model of pseudo-matrix control over nanoparticle growth
processes [50,51]. It is presumed that macromolecules are capable of capturing
and stabilizing nuclei of the metal phase owing to cooperative interactions be-
tween chain segments of the type of matrix recognition by the growing chain
during matrix polymerization [52]. A schematic diagram depicting complex
formation between a macrochain and metal ions of the growing nanoparticle
can be presented as follows (Scheme 5.5) [53]:

~M M MM M

+ M

Scheme 5.5

The stability of this macrocomplex, characterized by the equilibrium con-
stant K, rises as its size increments provided the macromolecular size is larger
than the forming particle (see Chap. 3).

5.1.3 Reduction in Block-Copolymers in Solution

The reduction of metal ions in the presence of block-copolymers is very
interesting. This is the way ligand-controlled synthesis of nanoparticles is
realized. These systems are frequently called metal–supramolecular block
copolymer micelles. It has been noted previously (Sect. 3.4) that block-
copolymers, e.g. poly(styrene-4-vinylpyridine), poly(styrene-2-vinylpyridine),
PS-PEO, and PS-PAA (block-ionomers) exist in the form of reverse mi-
celles [54]. Block-copolymers segregate into microphases with spherical, cylin-
drical and lamellar morphology in organic solutions [55]. Metal ions combine
with functional groups of micelle nuclei through generation of covalent or ion
bonds. Salts of many metals insoluble in pure toluene can be dissolved in
toluene micelles of similar copolymers. Their micelle structure is retained in,
e.g. supramolecular micelles [56] of the diblock-copolymer PS20-[Ru]-PEO70.
In the case of triblock-copolymers polystyrene-polybutadiene, Pt-, Pd- and
Rh-containing complexes before reduction are combined through formation
of π-olefine or π-allyl structures [57].

The situation with block-copolymers is analogous to synthesis of nanopar-
ticles in situ in reverse micelles [58–61]. Almost calibrated particles of
nanometer size are formed in these systems during reduction of metal
salts [60] in which surface-active groups are acting as ligands, e.g. Ag[bis(2-
ethylhexyl)sulphosuccinate] (AgAOT). The mixture AgAOT + NaAOT is
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used sometimes. The sizes of micelles are from 1.9 to 3.5 nm, that of Ag par-
ticles ranges from 2.7 to 7.5 nm depending on conditions (AgAOT-NaAOT-
water-isooctane). Synthesis of nanoparticles of different metal salts can be
exercised, including ZnS [62], BaSO4 in mixing micelle emulsions of the
reagents BaCl2 and Na2SO4 in a toluene medium [63]. Surfactant groups
can be simultaneously the reducing, stabilizing (e.g. tetra-n-octylammonium
carboxylates (n-Oct)4N+(RCO2)− [64], and self-organizing agents [65]. More
complex block-copolymers have been developed lately for production of
nanocomposites. These block-copolymers are norbornen derivatives function-
alized by carbazole groups through the living metathesis polymerization with
cycle opening [66–68]. Nuclei of block-copolymer micelles may serve as pecu-
liar nanoreactors for synthesizing nanoparticles that are simultaneously stabi-
lized by nonpolar blocks of these amphiphilic block-copolymers (corona) [69].
This procedure for the production of metal nanoparticles in microsegregated
blocks of polymer films was first reported in [70–74].

A general approach can be demonstrated on the example of formation of
Ag, Au, Cu, Ni, Pb, Pd, Pt and some other clusters stabilized inside a segre-
gated diblock block-copolymer (methyltetracyclododecene)400-(2-nonbornen-
5,6-dicarboxylic acid)50 (Fig. 5.5). Ions of the reduced metal are commonly
preliminary forming a macrocomplex with segments of micelle nuclei (load-
ing can reach here high values, in optimum variants – above 1 g/g of
polar comonomer in a block-copolymer, Fig. 5.6). Metal ions are reduced by
traditional reducing agents, particularly H2 at 388 K over 6 days and then
nanoparticles are formed [68].

Block-copolymers
with separated microphases

Nano-reactor

Metal salt

COOH

COOH

COO

COO
M

2+

Reduction

COOH

COOH

Nanocluster

Fig. 5.5. Principal scheme of nanoparticle formation in block-copolymers



5.1 Reduction of Polymer-Bound Metal Complexes 147

 0 2 4 6 8 10

200

400

600

800

1000

1200

τ, days

C, mg/g

Fig. 5.6. The change of the degree of loading of the block-copolymer
(methyltetracyclododecene)400-(2-norbornene-5,6-dicarboxylic acid)50 with time (C
is the capacity, mg of metal/g of polymer)

In styrene block copolymers with vinylpyridines the forming nucleus
can additionally undergo cross-linking, as, e.g. in the case of PS-block-
P2VPy [76] with 1,4-diiodobutane accompanied by quarternization of 2-
VPy segments [77]. As a result, monodispersed microspheres of a hairy
ball structure are formed. The thickness of swelling in a water quarternized
polyvinylpyridine nucleus is 35 nm and the microdomain space of the lamel-
lar phase is 65 nm. This structure of the polymer phase is able to local-
ize nanoparticles (10–20 nm in diameter) only in the block-copolymer nu-
cleus. From the water–dioxane solution of Ag acetate (10% by volume)
Ag+ ions are introduced into the block-copolymers. The thus formed AgI,
or the original argentic salt, is reduced by photochemical methods in the
polymer film from 10 to 20 nm diameter nanoparticles. Unreacted compo-
nents are washed out by Na2S2O3. These polymers appeared to be effective
for production of nanoclusters γ-Fe2O3, Cu and CuO [78]. Diblock copoly-
mers as micelle-forming matter may include diphosphine-containing norbor-
nen blocks [79,80] to effectively bind Ag+ ions followed by their transforma-
tion into nanoparticles. They can also include norbornen with tret-butylamine
groups for binding Zn2+ ions [81]. In [82] crystallization of ZnO nanoparticles
in PEO-block-PMAA diblock copolymers has been presented on models of
biomineralization.
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Each water-soluble micelle nucleus can form many cluster particles (e.g.
10–1000 [83]), can form in colloids of noble metals and are able to enlarge.
Moreover, not only the size but also the shape of the arising nanoparticles
might change during reduction. The example of Au stabilized by PS-block-
P4VPy (Fig. 5.7) showed that at the beginning of reduction by hydrazine
fine nanoparticles appeared. In 10 min particles turned into aubergine-like
particles with mean dimensions 24×10 nm and after 24 h they become spheres
12 nm in diameter [84]. The reduction conditions and origin of the reducing
agent have a significant impact on nanoparticle size. Tiny spherical particles
are generated in the microgel of cross-linked polystyrenesulphonate micelles
(Fig. 5.7a) during fast reduction of AuCl3 in water with the addition of
NaBH4. A diminished reduction rate and changed pH of the medium (0.1 M
of NaOH), all other conditions being equal, bring about fine wriggling threads
of Au (Fig. 5.7b). Reducing by hydrazine gives “nanonuggets” looking like
sea algae (Fig. 5.7c) [85]. If we subject AuCl−4 in PS-block-P2VPy micelles
to pyrrole [86], the latter undergoes polymerization simultaneously with Au
ion reduction and formation of nanoparticles ∼7 nm with dendrite-like shape
(Fig. 5.7d).

When part of the salt being reduced will not embed into the micelle nu-
cleus because of stoichiometric or other reasons and stays in the solution,

a b

 c

d

100 nm 100 nm

100 nm

100 nm

Fig. 5.7. Morphology of nanoparticles obtained under different conditions of re-
duction (description in the text)
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it becomes a source of metal for further nanoparticle growth in micelles.
Exchange of nanoparticles between micelle nuclei can be averted using cross-
linking agents or by imparting better mobility via a selective solvent such as
methanol. Micelle size after formation of nanoparticles in them, in particular
Au, remains in fact constant. It is possible to realize the idea of nanoreac-
tors under optimum regimes when the nanoparticle size is strictly observed in
terms of micellar parameters. The particle diameter of Au is 3 nm and of Pd is
1.8 nm. Regeneration of protonolytic functional groups occurs along with for-
mation of nanoparticles in micelles under the influence of the reducing agent
(Fig. 5.5). The process of micelle loading by metal ions – reduction can be
repeated more than once. It was found that [87] the second sequence is accom-
panied by an enlarging nanoparticle, e.g. in reduction of Ag+ or [PdCl4]2− by
H2 nanoparticles of 15–35 and 10–20 nm are formed after the first cycle; after
the second cycle the nanoparticles reach 50–90 and 20–30 nm, respectively.
Some variants are known when incorporating into a block-copolymer micelle
metal ions are reduced without additional introduction of the reducing agent.
In just this way Au nanoparticles were prepared in the triblock copolymer of
polystyrene-oligothiophene-polystyrene [88].

The existence of micelles in conventional surfactants is possible at above
critical concentration (CCM), usually making up 50–100 surfactant mole-
cules. This equivalent is unavailable for polymer micelles. It is known that
such micelles are formed in diblock PS-block-PMMA ionomers [89] if the
number of insoluble replicate units (NbNN ) is less than the number of sol-
uble replicate styrene (NaNN ) units, i.e. in case NbNN � NaNN . A compact nu-
cleus and large corona are shaped. The relation of the aggregation num-
ber Z versus nucleus ion radius R is a function of block lengths Z ∼
N0.74±0.08

bNN and R ∼ N0.58±0.03
bNN which decrease within the metal series Ni2+>

Cs+>Co2+>Ba2+>Cd2+>Pb2+.
This original nanoreactor that appears to be the block-copolymer can

be used for chemical synthesis of chalcogenide semiconducting nanocrystals
CdS,1 PbS, CuS, ZnS, CdSe, (CdSe)ZnS as well [91–99]. The interrelation
between the size of CdS nanoparticles and that of the micelle nucleus is
shown in Fig. 5.8 [98].

A typical scheme of their formation with participation of micellar func-
tional groups used for template synthesis of metal–sulphide nanoclusters
includes interaction with a metal–organic compound. The scheme is used
with, e.g. diethyl zinc Zn(C2H5)2, dimethyl cadmium Cd(CH3)2, tetraethyl
plumbum Pb(C2H5)4 as well as ZnPh2, Cd[3,5-(CF3)2C6H3]2, etc., fol-
lowed by transformation of metal–carboxylates into metal–sulphide clusters.
The micelles are often loaded by metal–organic compounds CdCl2, PbCl2,
CuCl2 and soluble metal salts, while treatment is exercised by H2S, Na2S,

1 A clear-cut dependence [90] is observed between CdS particle size and their
frequency in absorption spectra for particles of 2.1, 3.0, 3.9 and 5.7 nm; that of
a massive CdS λmax makes up 286, 367, 416, 461 and 490, correspondingly.
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Fig. 5.8. Dependence of the CdS particle diameter on micelle core ionic radius

etc. [100–103]. Monodispersed nanoparticles with sizes 1.7–2 nm for PbS and
6 nm for ZnS are formed in these nanoreactors and their size is conditioned by
a number of factors, including the nature and concentration of sulphide sub-
stance, temperature and treatment time, origin of coordination solvent, etc.
The micelle size and copolymer morphology are critical parameters. It is very
important that such reactions can be realized inside the micelles as binding
of ZnF2 followed by its conversion into ZnS through treating with H2S [104].
Optical examinations have proved that the formed nanoparticles are not al-
ways monodispersed and the degree of homogeneity rises significantly if the
following requirement is met – one micelle incorporates one particle. It is
possible to conclude that nanocomposites on the base of metal chalcogenides
can be produced by other means too, namely by incorporating into layered
structures, Langmuir–Blodgett films and even during biomineralization.

5.1.4 Formation and Architecture
of Metal Nanoparticles in Dendrimers

The size of dendrimer polymer chains is in the range of 1–15 nm. Precursor
ions are accumulated within the dendrimer molecules due to electrostatic
interaction, coordination to the amine groups or chemical reactions.

New types of nanocomposites with unusual architecture induced by the
uncommon structure of strongly branched polymers have received a great
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deal of attention lately. Their place in macromolecular systems (Fig. 5.9) is
assigned to dendrimers that represent a new class of regular spatially hyper-
branched polymers characterized by an arborescent structure issuing from
one center, a large number of branching centers and the absence of closed cy-
cles. The star-burst dendrimer poly(amidoamine) (PAMAM) has been used
as a stabilizer and template for inorganic nanoclusters in a solution [105–111].
It was shown that [112,113] dendrimers were not simply a new modification
of polymers but a new form of polymer matter organization. Their chief pe-
culiarity is correlation of properties of a macromolecule and a particle. They
are sometimes called cascade polymers having controlled molecular architec-
ture [114]. Batch-produced polyamidomine or polypropylenamine possessing
a diaminobutane nucleus are often employed. Nanomaterials are produced
during metal ions sorbing inside the dendrimer whereupon the ions form a
complex with amine groups. Chemical reduction generates metal nanopar-
ticles encapsulated in dendrimers, where nanoparticles are composed of as
many atoms as there were initially introduced into the dendrimer. The vary-
ing size of dendrimers (or their generation) and loading of metal compounds
leads to a change in the size of metal nanoparticles. The range of particle
distribution by size is very narrow and a fine control can be provided within
the particle growth because of the absence of metal ion exchange between
dendrimer macromolecules. The thus obtained nanocomposites are soluble in
water and are stable over prolonged time (months). They form reverse mi-
celles with a collapsed nucleus in toluene. Metal salt absorption gives rise to
cylindrical multidendrimer structures with a swollen nucleus able to break up
the metal salt [115]. Generation of dendrimers exerts a perceptible influence

Fig. 5.9. Macromolecular architectures
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on nanocomposite architecture as well. Low-generation dendrimers aggregate
during nanoparticle stabilization [116–121] while dendrimers of high (to 10)
generation stabilize just one or a few nanoparticles in a dendrimer.

End fragments in such formations play a critical role and their number
grows exponentially with generation number. The spatial structure of den-
drimers of third and fourth generations is close to spherical with a dense core
and more friable periphery [122]. Metal–organic derivatives of dendrimers
have been obtained [123,124] as well as their numerous macromolecular metal
complexes, e.g. ruthenium, palladium, platinum, etc. [125]. It was found that
large voids remained inside certain dendrimers which can be used as mole-
cular containers. They served as the base for designing dendrimer-template
nanocomposites [126, 127]. The formation of dendrimers following the di-
vergence type (a) and copper-containing nanocomposite on its base (b) are
presented in Fig. 5.10 for the example of polyamidoamine of the fourth gener-
ation (repetitive segment [–CH2CH2C(O)N(H)CH2CH2N–], I is the initiator,
(NH3) is the radial molecular direction from the nucleus to the surface, Z is
the surface groups). Cu2+ forms a macrocomplex with polyamidoamine dur-
ing the first stage and it forms Cu0 nanoparticles of 4.5–6 nm size in the
course of reduction by hydrazine hydrate. Copper nanoparticles synthesized
in a template way in a dendrimer nanoreactor continue to be stable for more
than three months at room temperature without oxygen. The formation dy-
namics of Cu0 nanoparticles in polypropylenimine dendrimers (Amn) with a
diaminobutane nucleus (DAB) was studied as a function of generation using
different physico-chemical methods [128–131], including EXAFS. It was con-
firmed that the complex DAB-Amn-Cu(II)x (n = 4, 8, 16, 32, 64; x = n/2)

N

Z

Z

N

Z

Z

Z

= CH2N(CH22 2CH2C)2

O

2
; NH(CH)2N22

(CH2)2CO

(CH2)2CO

I - initiator (NH3); Z - the end groups

core shell

Fig. 5.10. Construction of dendrimer nanocomposites on the base of poly(ami-
doamine) and Cu2+
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is formed during the first stage. The geometry of tripropylenediamine com-
plex Cu(II) with end groups of any generation of dendrimers is repeated as
a square pyramid with three nitrogen atoms and two oxygen atoms (includ-
ing axial). In the course of the macrocomplex reduction by NaBH4 a system
DAB-Amn-Cu0

cluster is formed in which a systematic diminishing of the form-
ing cluster size is observed as dendrimers generation rises since cluster size is
a function of the n/x relation. Clusters of this type are monodispersed and
small, e.g. at n = 64, x = 16 rcluster = 0.80 ± 0.16 nm.

It is necessary to use dendrimers functionalized by specific groups, e.g. by
thiolic dendrimers for Au nanoparticles [132] to achieve dendron-stabilized
highly stable nanoparticles with narrow distribution range by size. In this
case the dendrimer has a dual role as stabilizing agent and as a permanent
selective ligand intended to form a shell round Au nanoparticles. A diagram
for a dendron-stabilized nanoparticle system (1–3 generations) is shown in
Fig. 5.11. The distribution by size is very narrow in this case too, as it is
with the dendrimers of the second generation, where nanoparticles acquire a
monodispersed nucleus of 2.4 ± 0.2 nm. Organic–inorganic nanocomposites
including metal sulphides in dendrimers can be obtained through sulfonation
of macrocomplexes stabilized in them, e.g. copper [133]. Dispersed mixtures
of dendrimers with polymer matrices can be used to create still new types of
polymer–inorganic nanomaterials.

Higher generations of polyamidoamines in water are introduced into
swollen polymer networks of poly(2-hydroxyethyl methacrylate). Besides,

Fig. 5.11. Dendron stabilized Au nanoparticles



154 5 Chemical Methods

Cu2+, Au3+ or Pt4+ ions are added which are complex-combined with the
dendrimer [120]. Metal ion reduction in these compositions gives rise to a
new type of organic–inorganic hybrid material.

Dendrimers are the objects of supramolecular chemistry. The micros-
turcture of nanocomposites on their base depends on Van der Waalse forces,
weak hydrogen, hydrophilic or hydrophobic interactions. Their transforma-
tions are template directed and self-organized like in biological processes. It
is worthwhile mentioning the strategy of assembly of coarse self-organizing
nanoparticles with deposition of negatively charged macromolecules onto
positively charged metal complexes [134]. Positively charged cetyltrimethyl
ammonium-stabilized 73 ± 14 nm diameter PS has been used as a template.
A nanocomposite whose layers contain 7600 metal ions each is produced by
sequential adsorption of polystyrene sulfonate and Fe2+ complex with ter-
pyridine (Fig. 5.12), where centrifuging alters with polyelectrolyte washing.
The methods based on the layer by layer deposition technique will intensively
develop in years to come.

Fig. 5.12. Template assembling of nanocomposites
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5.1.5 Formation of Nanoparticles
in Heterogeneous Polymer Systems

Such materials are often called nanoheterogeneous composite materials. This
term is most frequently applied to describe thin film structures and is referred
to either metal or semiconducting nanoparticles incorporated in a dielectric
matrix. These materials display unusual photo- and electrical properties im-
parted by specific types of processes during which minor charged particles
interact and join into ensembles whose properties are dependent upon charge
redistribution within the nanocomposite.

The formation of nanoparticles in the systems based on insoluble polymers
is hampered by the necessity for the reduced ions to diffuse into the polymer
matrix. This fact was studied in the example of Ni2+, Cu2+, Fe3+ metal ions
by sodiumborane in water–methanol media in highly porous isotropic isotac-
tic polypropylene films predeformed in adsorption-active liquid media. An
original or annealed film of glassy or crystalline polymers is subjected to cold
stretching in alcohol or aqueous-alcoholic media up to ∼200% of elongation.
As a result, the polymer disperses to fine (1–100 nm) aggregates of oriented
macromolecule-fibrils disunited in the space by microcavities (of the same
size), i.e. it is in a high-dispersed oriented state [135]. It appeared possible to
develop a porous structure with pore volume up to 45% and pore diameter 3–
6 nm after the treatment following the mechanism of delocalized crazing in the
matrix. This is a system permeable for reagents interpenetrative open pores
separated by areas of a block unoriented polymer. Various substances dis-
solvable in the adsorptive active medium can be introduced. Metal salts start
to crystallize forming highly ordered structures as soon as the liquid phase
evaporates in the porous structure of the polymer matrix. Many authors [136]
attribute this phenomenon to epitaxial crystallization on microcavity walls.
The original reagents (metal salts, reducers) can be delivered into the poly-
mer in different ways at the stage of polymer porous structure formation or
counter-current diffusion into the preliminary prepared polymer matrix [137].
In such pores the reduced metal is localized in several stages, including metal
ions and reducer permeation into the polymer matrix, diffusion of reagents
inside it described by Fick’s first law and, finally, the chemical reaction in
the zone where the flows intermix.

Investigation of the kinetics of these processes consists of the analysis
of diffusion rate and chemical reaction constants as well as their correla-
tion. The size of the forming nanoparticles depends rather upon the inter-
action conditions and parameters of the polymer porous structure than on
the nature of the metal [138, 139]. The amount of metal in the polymer is
increased mainly through the growth of particle size but not their number.
This fact makes it possible to obtain metal nanoparticles microencapsulated
in pores 3–10 nm and agglomerated into polycrystalline formations of control-
lable size and narrow distribution range. In photography the generation of
silver halides was used through exchange reaction of AgNO3 and KI followed



156 5 Chemical Methods

by their decomposition in a standard developer for photographic films and
formation of colloidal silver in porous structure of PTFE. In the course of
studying chemical processes underlying photography, amorphous PTFE film
in a high-dispersed state stretched to 400% in KI solution (propanol–water)
was used as the matrix. It was found that the process was accompanied by
total disorientation of the crystalline structure of nanoparticles [140].

Table 5.1 shows the reduction of salts in a polymer stretched in an
adsorptive active medium (aqua-alcoholic) to a high dispersed state (with
known parameters of the porous structure) that allows one to achieve 5–
30 nm nanoparticles. Their mass concentration is a function of production
conditions (Fig. 5.13). Pores can have a discrete or layerwise distribution of
the new phase particles depending on how metal salt is introduced into the
polymer. Most likely, pore and fibril walls present a heterogeneity on which
the new phase nucleates and grows. Nanocrystals grow until there exists the
possibility of moving apart fibrils connecting craze walls, leaving them in-
tact. Aggregates can form from metal nanocrystals or its oxides and polymer
fibrils [141–143].

Table 5.1. Dependence of the mean size of crystallite of different metals on the
nature of the matrix [138]

MjM , nm

Matrix Pore Diameter, nm Ag Cu Ni Fe

PETF 3 12 12 12 –

PP 10 – – 10 11

PE 16 30 24 13 –

Membrane of Swelling 8

naphionic film matrix

Copper oxide is formed in swelling matrices (cellulose hydrate, Nafion,
PVA, cellophane), while mostly copper is formed in porous matrices (PE,
PETF). One distinguishing feature of such systems is the reversibility of the
nanoparticle formation reaction in swelling polymers, at least that of cop-
per. Due to the formation of the galvanic pair Cu0/Cu2+ nanoparticles ≤3
oxidize with time (a few hours) and convert into mononuclear ones where
copper ions migrate and characteristic metallic glitter of polymer films dis-
appear. Although the metal layer is not dense and compact (Ni spherical
particles of 30–40 nm diameter are threaded on polymer bars), intimate con-
tact between nanoparticles are not excluded at comparatively high degree
of polymer filling. Such nanoparticles can have an isolated structure unable
to form percolation (fractal) aggregates important for conducting materials.
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Fig. 5.13. Dependence of weight concentration of nanoparticles in a polymer on
the duration and temperature of reduction

Dimensions of the nucleating crystallites are several times as big as the matrix
pores (see Table 5.1). It is most likely that nanoparticles during their growth
move fibrils apart thus increasing their size. Nanocomposites have low volume
concentration of nanoparticles (1–2%) at which the percolation threshold of
electric conductivity is reached [144]. At the same time the topochemistry
of the metal layer along the polymer matrix cross-section depends on the
reactive region width dependening on the diffusion factor D versus chemical
reaction constant k ratio. For D � k the rate of metal particle deposition
is bounded by the diffusion rate and the reactive region width is minimal,
whereas for D � k the situation is the opposite, where the reaction region
extends over the whole cross-section of the polymer film [145]. An optimum
correlation between rates of the process stages and of metal layer parame-
ters is reached in conditions of elevated viscosity of solutions and binding of
Ni2+ ions in a complex with glycerin [146]. It follows that by adjusting rela-
tionships between named parameters it is possible to obtain nanocomposite
materials possessing different model schemes (Fig. 5.14).

Since with temperature rise k grows much faster than D, the process
transfers into the diffusion area and is accompanied by diminishing metal
layer dimensions (from 20–25 to 10–12 and 5–7 nm at, correspondingly 3,
20 and 323 K, correspondingly). Though the formation of Ni4B3 and NiO
admixtures is recorded in this case, Ni particles show strong stability (in
PEO, PVP, acrylamide and acrylic acid copolymer, hydrogels of the urea-
formaldehyde interpolymer complex and PAA [147]. Nickel obtained in the
absence of a polymer oxidizes readily in water and air. The dispersion of
reduced Ni mixed with the polymer solution does not result in stabilization
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Fig. 5.14. Model of nanocomposite cross-section (dots are nanoparticles)

either, unless reduced in a polymer matrix Ni is oxidized during two weeks
and more in water and is dried for half a year. Screening with the polymer
evidently averts further growth of particle nuclei and imparts high resistance
to oxidation.

The amount of introduced semiconducting filler (e.g. CuS with 10–20 nm
average particle size) into swollen polymer films consisting of two poly-
mers [148] (film-forming component PVA and PAA or PEI as complexing
agents, and PA-6) may reach 150 mass % of the polymer mass, ∼50% by
volume. The films are subjected to a high-cycle successive treatment with
CuSO4 and Na2S. As a result, monocrystalline (∼15 nm) and polycrystalline
(∼60–70 nm) nanoparticles are formed [149]. It is believed that along with
concentration and diffusion factors nanoparticles and their distribution in the
matrix are also effected by thermodynamic and kinetic processes. The most
critical of them are the molecular interaction energy (energy of adhesion) and
free surface energy at the polymer–particle interface (see Chap. 3).

One of the first attempts of using polymer films as matrix materials is
related to CdS synthesis in phosphorus-containing PS [149]. The particle size
increased up to 4.4–8.2 nm as the content of phosphorus-containing groups
was raised. There are many options for introduction of metal chalcogenides
in situ into insoluble Nafion-CdS films [150, 151], CdS and CdSe in PVA or
PMMA [152].

The formation of nanoparticles in micelles of diblock copolymers has
been extensively studied. Indeed, more homogeneous in structure, rather sta-
ble and with controlled size cluster particles are formed in these nanore-
actors. Nevertheless, strong passivating and, in the first place, in catalysis
may impose negative influence when diffusion limitations will turn essential
too for reagents and reaction products. Most likely the methods involving
grafted polymers as the matrix appears to be the most promising for produc-
tion of nanoparticles. Though the method itself for grafted polymerization
of monomers and ligand-carrying functional groups has been elaborated to
impart new properties to modified materials, it can be equally employed
to produce immobilized mononucleus metal complexes [153] or synthesize



5.1 Reduction of Polymer-Bound Metal Complexes 159

nanocomposites. The properties of such two-layered microporous materials
are interrelated with the localization of the grafted layer on the substrate
surface (optimum variants are PE, PP, PTFE, PS) being in the form of thin
films or powders. General schemes for manufacturing materials of this type
are described in Chap. 3. Just slight amounts of a monomer are necessary to
be grafted for synthesis of polymer-immobilized nanoparticles. Particularly,
formation of a monolayer of 100 molecular mass on a polymer with Ssp = 10
m2/g is equivalent to grafting of 1.5 mass % and the optimum thickness of
the grafted layer does not exceed 10–30 nm.

Grafted polymers have been created (in a sense block-copolymers) by this
method. They were covered by a protonolytic functional sheath and fragments
containing heteroatoms with unshared pair of electrons effectively combining
different metal compounds and after reduction by standard methods possess-
ing nanoparticles (Fig. 5.15) [153, 154]. Examples of metal ion reduction in
polymer suspensions, including macrocomplexes, are numerous.

Fig. 5.15. The scheme of nanoparti-
cle formation in a grafted layer

Fixed by the ion exchange method Rh, Ru and Pt compounds on fully
fluorinated Nafion resin are reduced in a H2 current at 473 K. As a result,
metal clusters of 2.8, 3.3 and 3.4 nm size, respectively, are formed [155,156].
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Rhenium nickel is stabilized [157] by incorporating into the silicone rubber
followed by polymer curing at room temperature.2

Natural polymers (gelatin, gum-arabic, agar-agar, proteins and their hy-
drolysis products, sodium prothalbuminate, starch, cellulose and its deriv-
atives) and polymer substances soluble in organic media (rubber, linolein,
naphthenic acids) have long and frequently been used as protective high-
molecular compounds for producing metal sols, including silver, mercury,
bismuth, copper, platinum group metals by reducing the corresponding ions
(see Chap. 3). The stabilizing agent for colloidal Rh, Pt and Pd (with 1–
100 nm particle size) can be β-cyclodextrin [159] while its thiolate derivatives
(e.g. per -6-thio-β-cyclodextrin) stabilize water-soluble Pt (14.1 ± 2.2 nm par-
ticle size) and Pd (15.6 ± 1.3 nm) nanoparticles formed by reduction of their
salts subjected to BH4 [160,161] as well as Au clusters [162]. Ultra-dispersed
Ni particles (5–20 nm) are obtained by [163] diffusion of Ni(NO3)2 in gel
membranes of cellulose acetate followed by H2 induced reduction.

In this chapter we mention only the most used reduction mainly by poly-
atomic alcohols under elevated temperatures with addition of corresponding
stabilizers and mixing of derived products with the polymer matrix.

5.1.6 Production of Nanocomposites by Reducing
with Metals and Organometallic Compounds

Strong agents like aluminum hydride, its derivatives, tetrahydroaluminates
of alkali and alkaline-earth metals, organometallic compounds are not often
used as reducers in polymer systems. Out of a few examples we shall consider
the generation of nanoparticles of Fe/Al alloys through reduction of Fe3+ salts
using LiAlH4 [164], and those of nickel through reduction of its salts in diethyl
ether with addition of Et2AlH [165]. Less attention was given in the literature
to methods based on reduction of complexes, including the polymer matrix-
bound, in an ester or hydrocarbon medium following the reaction with alkali
metals (A):

MXn + nA → M0+ nAX.

This variant is used in the production of Fe, Ni, Co and some other
nanoparticles. Silver colloid (2–50 nm) that remains stable for a long time
is formed at reduction of its salts by solvated electrons (metallic sodium
dissolved in liquid ammonia) [166]. A special technique has been developed
for polymer metallization by plating-out, whose essence is in the following.
Metal–polymer chelate films are reduced by metals whose ion potential is
higher than that connected with the polymer. For example, according to this
method Cu2+ ions under the action of different metals [167] are reduced in
the polymer till metallic copper is formed. Another way is to disperse powders

2 Rubber can be cured by salts of unsaturated acids too, which yields cured metal-
polymer structures [158].
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of different metals showing low reduction potential in PVA water solution,
dry and treat them with some other metal salt showing high reduction po-
tential [168]. This reaction can run spontaneously due to the positive net
electromotive force value (E0

net), e.g.

Zn0 + Cu2+ → Zn2+ + Cu0, E0
net = + 1.100 V

Cu0 + 2Ag− → Cu2+ + 2Ag0, E0
net = + 0.462 V

Pb0 + Cu2+ → Pb2+ + Cu0, E0
net = + 0.463 V.

The reduced metal is strongly fixed to the metallized surface of a PVA
film possessing low surface resistance (∼100–101 Ω/cm2).

Polyatomic complexes chemically bound to the polymer may undergo
various transformations that increase their nuclearity under the action of
organometallic reducers. For example, the formation of polymer-immobilized
metal clusters during a catalyzed reaction is prevailing, especially in applied
onto polymers complex catalyzers [169, 170]. Important information about
metamorphoses of immobilized Ni2+ during interactions with AlRxCl3−x [171]
was obtained by measurements of magnetic susceptibility under high mag-
netic field intensities (up to 70 kE) and low temperature (4.2 K) [172]. The
susceptibility of various spin states under such conditions depends nonlinearly
on the magnetic field intensity. It allows obtaining the distribution of nickel
states in terms of the magnetic moment values. The formation of ∼1 in size
particles contained from 10 to 30 Ni atoms that are not ferromagnetic (super-
magnetic) but representing polymer-immobilized clusters with ferromagnetic
exchange. Hydride nickel complexes being active in ethylene dimerization are
known [173] to arise from nickel compounds at usual oxidation degrees (+2)
through a series of transformations and participation of organo-aluminium
compounds. Cycle regenerates active centers by involving the forming Ni0

into the reduction. These centers are deactivated by formation of the col-
loidal nickel.

Similarly, the share of Co2+ is reduced till it is a metal in polymer-
immobilized cobalt systems (butadiene polymerization catalyzers) and at
least 90% of all ferromagnetic cobalt is accumulated in relatively coarse
∼10 nm particles [174]. Increasing nuclearity characterizes other catalyzers
as well. The reducing agents can be the very substrates, e.g. Ag, Cu, Rh,
Ru, Pt and Ir cations combined with either perfluorethylenesulfacid, or par-
tially sulfonated PS. They oxidize CO, NO, NH3, N2H4, C2H2 at 373–473 K
accompanied by formation of 2.5–4.0 nm colloidal particles [175].

5.1.7 Bi- and Polymetallic Nanoparticles in Polymers

Many problems can be solved by use of not monometallic but polymetallic
nanoparticles (e.g. multicomponent catalysis, model investigations of alloy
surfaces).
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All methods of producing nanocomposite materials were treated previ-
ously as based on monometallic nanoparticle type. It is possible to produce
such materials obtaining particles with two and more metals. Cryochemical
syntheses can be used (see Chap. 6) [176]. Organosols of bimetallic particles
of below 5 nm diameter have been produced by combining condensation of
silver, tin and MMA with vacuum evaporation on the cooled surface of the
glass reactor and subsequent melting and heating. This method, however,
complicates the characteristics of the forming products, their composition,
distribution and morphology.

To get a bimetallic colloid of the nucleus–shell structure it will be most
efficient to deposit the other metal M′ on the preformed surface of either
colloid or cluster of the first metal M. In this case the preliminary formed
metal nucleus should not be protected by some ligand of triphenylphosphine
type or a stabilizer:

Mx + yM′n+ + ne− → MxM′
y.

This reaction is analogous to nanoparticle growth following the stage of
nucleation if we ignore differences in velocities and metal nature. Prepara-
tion of bimetallic nanoparticles of the Pt/Pd or Cu/Au kind [177] stabilized
in reverse micelles turned out to be a complex problem. Nevertheless, the
conditions of generating Au/Pd nanoparticles in reverse AOT micelles by
reduction of respective salts [178] using hydrazine hydrate have been opti-
mized and bimetallic nanoparticles had sizes up 2–3 nm depending on their
composition.

This reduction procedure appeared highly useful for synthesizing colloidal
dispersions of polymer-protected bimetallic clusters Pd/Pt or Pd/Au [179–
181]. It was made by combined reduction of PdCl2 and H2PtCl6 or HAuCl4
in the presence of PVPr (boiling in a water–ethanol mixture, in methanol
or in exposure to visible light). The products stay stable during months at
room temperature, and their size were, for Pd/Pt, about 1.5 nm, and 3.4 nm
for Pd/Au clusters. The size of the latter depends essentially on the reduction
scheme and correlation of the initial concentrations of components [182]. A
mixture of metallic phases is generated following the scheme of simultaneous
reduction or reduction of Au3+ on Pd2+, whereas structures of the nucleus–
shell type are formed only in case of sequential reduction of Au3+ on Pd2+.
The formation of Pd/Pt clusters in the presence of PVP was studied in [183]
and proved that the corresponding alloy with particles of the same size is
formed at molar ratio Pd/Pt = 4/1 (Fig. 5.16).

The coordination numbers of Pd and Pt atoms calculated on the basis of
EXAFS spectra (Table 5.2) comply with a nanoparticle model incorporating
55 atoms: 42 atoms of Pd and 13 atoms of Pt.

The coordination numbers match up only the model where Pt atoms are
not randomly arranged but constitute the nucleus of a cluster while Pd atoms
are localized on the nucleus surface (an onion-shaped model).
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Coordination Numbers

Metal
Adsorbed in Solute Interatomic Statistical
Metal (scattering) Distance r, nm Observed Pt Nucleus Distribution

Pt Pd 0.274 ± 0.003 4.4 ± 0.4 4.6 6.0

Pd Pt 0.273 ± 0.003 2.3 ± 0.2 2.0 1.9

Pt Pt 0.273 ± 0.003 5.5 ± 0.05 5.5 1.9

Pt Pd 0.272 ± 0.003 3.1 ± 0.7 6.5 6.0

The problem is simple only when ions of the deposited metal have lower
redox potential in contrast to the metal forming the nucleus. Otherwise, some
of the atoms making up the nucleus would transfer into the solute through
the redox reaction

Mx + M′n+ → Mx−1M′ + Mn+.

To avert such reactions it is proposed [185] to use the protective function
of hydrogen, which is based on the ability of H2 to absorb on atoms of noble
metals, form surface M-H bonds (α direction in Fig. 5.17) and break-up on
them [186] (direction b in Fig. 5.17). The adsorbed hydrogen atom will furnish
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Fig. 5.16. Model of core–shell structure for a bimetallic cluster with a molar ratio
Pd/Pt = 4/1 (a) and its projection (b)

Interactions between Pd and Pt bring about alloys [184]. Furthermore,
electron spectroscopy has shown that with increasing Pd/Pt ratio absorption
in the short-wave part of the spectrum shifts to the region of longer waves
(to the side of Pt absorption) and reaches a shift maximum at Pd/Pt = 1/4.
The long-wave part of the spectrum does not show any changes.

Table 5.2. Coordination numbers of Pd and Pt atoms in bimetallic cluster Pd/Pt =
1/4 (according to EXAFS spectroscopy) [183]
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electrons for reduction (they leave the Pd surface as a proton) (direction c,
Fig. 5.17) during interactions between metal ions with higher redox potential
(e.g. Pt2+ and Pt4+) and hydrogen-adsorbed Pd nuclei not palladium). The
nucleus is surrounded by the stabilizing polymer PVP. It does not exert any
essential effect on diffusion of the second metal to the nucleus (route d).

Pt2+

Pt2+

Pt2+

Pt2+e−

b

 d
 +2e−

+2e−

c

−e−

e−

  a

Fig. 5.17. The protective function of hydrogen in the synthesis of a bimetallic
cluster with core–shell structure

The number of Pt atoms necessary to cover the Pd nucleus with a
monometallic layer is calculated by the equation

R =

fi∑
fi=fmin

fiff
[
10(ni + 1)2 + 2

]
fi∑

fi=fmin

fiff [1/3(10n3
i + 15n2

i + 11ni + 3)]
, (5.1)

where R is the atomic ratio Pt/Pd needed for covering with a monolayer; fiff
is the particle share of size di; ni is the number of layers of Pd atoms in a
nucleus of size di; di: ni = (di − r)/2r(r is the Pd–Pd distance).

Calculations prove that for this coating 90% of Pt atoms of Pd ones are
required. This fact is supported experimentally by absorption of molecules
checked by IR spectroscopy (see IR-CO analysis below).

Polymer-protected Pt/Co bimetallic colloids with Pt/Co ratio 3:1 and
1:1 have been derived by the reduction of respective precursors [187]. Pd/Cu
alloys stabilized by polymer matrices (mainly PVP) are very interesting too.
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They are produced [188–190] by boiling bivalent metal acetates in alcohol
solutions in the presence of PVP (MwMM = 40,000). Thus, nanoparticles are
formed with a proportion of components PdxCu1−x (1 ≥ x ≥ 0.37) and mean
size ∼4.5 nm. The model of these cluster particles is strongly debatable (in
the part concerning the composition of the nucleus and its surface environs).
These alloys [190–192] (of Pd80Cu20PVPr and Pd90Cu10PVPr composition)
have enriched with Pd atoms surface that is consistent with IR spectroscopy
data on CO adsorption.

Vistas in using this method for detecting nanoparticle size was discussed
earlier. It can be employed to define their composition; in particular, the
valent oscillation frequency is ν(Pd–CO), ν(Cu–CO) and ν(Pd–Cu–CO), and
constitute, correspondingly 1940, 2090 and 2050 cm−1.

The preparative method [190] ensured the formation of only bimetallic
Pd/Cu particles since in conditions of synthesis in the alcohol solution only
Pd2+ could reduce to Pd0, whereas copper deposited on Pd0 particle surfaces
only in redox reactions. Relative redox potentials of Pd0/Pd2+ and Cu0/Cu2+

pairs as well as Cu2+/Pd0 hamper copper reduction till zero-valent state at
the expense of Pd0 and the most probable form of the reduced copper could
be only Cu+. Hence, when reducing in the alcohol solution (343–408 K) cop-
per deposits on Pd0 particles quickly covering their surface and then slowly
dissolves in the subsurface layers of the colloidal alloy forming a solid solution
in this concentrated zone [193] thus enriching it with palladium.

Almost all bimetallic clusters Pd/Ag, Pd/Cu, Pd/Co, Pd/Pb (Table 5.3)
are 1–3 nm in diameter and Pd/Pb is the least of all (<1 nm). A more detailed
description of structural parameters (EXAFS) of Cu/Pd alloys of different
compositions stabilized by PVP is presented elsewhere [192].

In contrast to Cu-containing bimetallic nanoparticles, the production of
Ni-containing nanoparticles is restricted because Ni possesses a lower redox

Table 5.3. Coordination numbers n and interatomic distances r between bimetallic
nanoparticles incorporated in polymer membranes [23]

Pd/X n n r

nanocomposite (X–O) (X–X) (Pd–Pd)

Pd/Ag (3:1) 8.8 2.75

Pd/Pb (1:1) 2.0 2.75

Pd/Pb (9:1) 1.5 2.78

Pd/Cu (1:1) 4.1 2.73

Pd/Cu (3:1) 4.2 2.71

Pd/Cu (9:1) 3.6 2.76

Pd/Co (9:1) 6.7 2.75
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potential value (E0
Cu2+/Cu0 = 0.342 and E0

Ni2+/Ni0
= −0.257 V, respectively).

Therefore, Pd/Ni clusters (Pd/Ni = 3:2, 1:1 and 2:3) protected by PVP are
obtained by [194] reduction of corresponding amounts of NiSO4·7H2O and
Pd(CH3COO)2 (pH = 9–11) by glycol at 471 K over 2 h. Parallel to this col-
loidal dispersions of Ni and Pd in PVP are formed. Particles in compositions
Pd/Ni = 1:1 are about 1.6–2.0 nm in size (means size are 1.89 nm) and they
represent an alloy (Fig. 5.18).
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Fig. 5.18. Fourier transformation of the EXAFS spectra of Pd and its clusters
with Ni in the ratio Pd/Ni 3:2 (1 ), 1:1 (2 ; 2 ′ – the same ratio for Pd/Ni film) and
2:3 (3 )

Metal–polymer compositions based on low-melting multicomponent alloys
(PE, PP and so on with Bi, Pb, Sn, Zn, Cd) are used [195] as electrode
materials for batteries, PVP - Pt- MCln (MCln = NaCl, ZnCl2, NiCl2, FeCl3)
are used as selective catalysts [196].

It is possible to catalyze nanoparticles of Pd stabilized by aqua-alcoholic
solutions of sodium polyacrylate (mean molecular mass is 2200). PVP (Mn=
40 000) are modified by Nd3+ ions through the introduction of a rated
amount of NdCl3·6H2O or lanthanide ions into a ready suspension [197].
Nd-containing particles localize on the Pd nanoparticle surface.

Bimetallic Pd/Pt or Pd/Rh nanoparticles are used embedded in polymer
films for electrocatalytic hydrogenation [198].
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The treatment of different metal salts in polymer matrices with a com-
mon reagent could be effective for generation of other types of alloys and
heterometallic materials, e.g. (ZnCd)S2. H2S of the triple co-polymer styrene-
diacrylate zinc-diacrylate of cadmium (Mn = 4.7 · 104, atomic ratio Zn/Cd =
3.3:1) [199] assists in the production of polymer composites having ZnS/CdS
crystal with luminescence properties (see Chap. 11). Polymer polymetallic
nanocomposites are anticipated to be promising for various protecting coat-
ings, e.g. polyphenylensulphide with Ni-Al nanoparticles to inhibit corrosion
and steel oxidation [200], and surface modification of CrSi2 [201] nanocrys-
tals.

Some acoustic-chemical methods of deriving nanoparticles of two met-
als were developed for homogeneous systems (NiFe2O4 from Fe(CO)5 and
Ni(CO)4 [202], Fe/Co alloys from pentacarbonyl iron and tricarbonylnitrosyl
cobalt [203]). There are no apparent principal restrictions for these reactions
in polymer media. For example, polydispersed sols of plumbum chromate
PbCrO4 (20–30 – 70–80 nm particle size) [204] are obtained by precipitation
of Pb(NO3)2 and K2CrO4 in the presence of PVA or gelatin functioning simul-
taneously as stabilizers of nanoparticles and film-forming agents. The concept
of nanoreactors established in the generation of monometallic nanoparticles
in block-copolymers (Sect. 5.1.3) is also applicable to the production of metal
composites based on heterometallic nanoparticles, particularly of mixed metal
oxide composition. With this aim, FeCl3 and CoCl2 were introduced into the
block-copolymer formed by ring-opening metathesis polymerization of nor-
bornene derivatives so that chloride ions were substituted and reduced at
room temperature with addition of NaOH [205]. Emerging in the polymer
matrix CoFe2O4 nanocrystals were of 4.8 ± 1.4 nm size with unimodal dis-
tribution and oval-shaped morphology. Inorganic synthesis of these particles
proceeds as a rule under high enough (598 K) temperatures [206,207].

PEO [208], PVA [209], PAA [210, 211], starch [212] and some other sub-
stances can be used to produce mixtures of metal oxides. The reaction follows
the concept of rocket propellant chemistry where the reagents are treated as
the propellant or oxidizer components and their ratio should correspond to
the maximum combustion energy liberation [213]. It is possible to reach self-
ignition of the polymer precursor yielding mixed metal oxides with PEO and
PVA.

The situation is much more complicated if nanoparticles include three
and more metals (multimetallic nanoparticles). γ-Radiation of correspond-
ing salts results in formation of colloidal dispersions of trimetallic Au–Pb–
Cd particles of 33 nm diameter and incorporating a Au nucleus acquiring
a 18 nm size Pb mantle [214]. Surely, this complicates investigation of such
particles structure still more. These metals are used in production of pre-
cursors in manufacturing superconducting ceramics, and specific multicom-
ponent steels. In particular, the traditional methods of preparing melting
stock for high-temperature superconducting (HTSC) ceramics (direct mixing
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of oxides, carbonates, oxalates, nitrates and other salts of respective met-
als) are strongly limited in reproducibility. This is attributed not only to
the quality of ground matter and mixing of initial solid components (see
Chap. 2) but also to intricate physico-chemical and mechano-chemical trans-
formations occurring during preparation of samples. It results in the for-
mation of microinhomogeneities, various, including nonconductivity, phases
leading to low-quality HTSC ceramics with a fuzzy superconducting transi-
tion (Meissner’s effect,TsTT ).

The initial components like Y(NO3)3·6H2O, Ba(NO3)2 and Cu(NO3)2·
2H2O are intermixed at the molecular level in a solution to eliminate the
above phenomenon and to achieve structurally homogeneous superconduct-
ing ceramics of YBa3Cu4O8 type. A homogeneous dispersion of HTSC pre-
cursor is obtained upon solvent evaporation (congruent evaporation). This
problem applied to polymers can be solved in two ways. According to the
first approach, ready HTSC ceramics is introduced into the polymer matrix,
in the other case the ceramics are synthesized in the presence of the polymer
matrix. In the first case, the dispersed HTSC phase YBa2Cu3O7−δ (Y-123 ce-
ramics) or (PbxBi1−x)2Ca2Sr2Cu3Oy [215], as well as Tl2Ba2Ca2Cu3Oy [216]
(TsTT ∼ 90, 110 and 125 K, correspondingly) are introduced into the polymer
matrix of polychlorotrifluoroethylene, PVC and rubber. The amount of ce-
ramics makes up 50–75%. The advantages of HTSC in the composition of an
optimum formulation (high TsTT value are preserved, although the supercon-
ducting transition is somewhat widened along with magnetic properties and
levitation) correlate with those of the polymers (mechanical strength, flex-
ibility, machinability, resistance to atmospheric effects, hostile media, etc.).
In addition, the procedure helps to eliminate the drawbacks of HTSC ceram-
ics, including their high porosity, brittleness, and liability to degradation.
However, this procedure necessitates rather coarse (of micron size) ceramic
particles to be introduced into the polymer.

The second way is synthesis of nanoceramics through prior polymer syn-
thesis that presupposes use of the polymer matrix with metal ions dispersed
in it at the molecular level. This can also take the path of nanoparticles gener-
ation during polymerization or polycondensation. For instance, [217] citrates
of corresponding metals are introduced into aqua solution of acrylamide and
polymerized till a gel-like state is reached in the presence of radical initiators
and chain conductors (N,N,N′N′-tetraethylenediamine). Metal cations turn
out to be captured in the polyacrylamide gel traps. Upon calcinations ul-
trafine multicomponent oxide powders are produced, such as YBa2Cu3O7−x

or LaAlO3. YBa2Cu3O7−x ceramics [218] are derived with addition of either
acrylic or methacrylic acids as chelating ligands following gel–sol synthesis.
Polymer-salt solutions which are afterwards dried and sintered are often used
to prepare Y-123 ceramics. Polymer alcohols and acids like PEO and PVP
(see [219–221]) are suitable for this purpose. Compaction, agglomeration and
oxygen annealing of these blends are exercised by the usual procedures.
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The dimensions of all salt crystals in the presence of any polymer are con-
siderably less than in crystallization of purely salt solutes. This is connected
with complexing in solutions and macromolecular adsorption on a crystalline
embryo that does not exclude crystallization processes because of the pres-
ence of a concentration gradient of the components across the film thickness.
Sometimes, the films appear to be homogeneous since their formation occurs
just as on the surface so in the bulk. The blocking capability of polymers
depends upon their molecular mass as well. The final dimensions of ceramic
crystallites obtained in powders in fact correspond to their dimensions in the
films.

One more variant is when polymer complexes Y3+, Ba2+ and Cu2+ with
PMAA [222,223] and YBC-chelates with polyamides [224,225] are produced
by polymer-analogous transformations using jellification with PVA [226]. The
thus obtained HTSC ceramics show TsTT = 80–92 K while the critical current
density is 150–160 A/cm2. Besides, epoxy polymers (YBC-epoxy composites)
are known to be used with this aim [227]. Not only powders but also films
and fibers can be produced from such materials. For example, it is possible to
produce long fibers (>200 nm) of 1 mm diameter at TsTT = 92–94 K and current
density 300 A/cm2 (at 77 K) [228] by dry molding using thermoplastic gels
based on Y-123 ceramics and PVA.

A trend of polymer synthesis in the presence of HTSC components is
known, i.e. polymerization of acrylic acid in a mixture with aqua solutes
of Y3+ nitrate along with Ba2+ and Cu2+ acetates [218]. It has been estab-
lished [229–231] that PVA fibers (PVAc precursors) of different saponification
degree (DS) with incorporated YBC-123 ceramic components form a mate-
rial with different current densities JcJJ . The minimal JcJJ value is observed at
DS = 67% (mol), and the maximum (JcJJ = 3.5·104 A/cm2, 77 K) is at DS =
81% (mol). These parameters are affected by the preparation conditions of
the samples (annealing and pyrolysis) that is attributed to the peculiarities
of the distribution of ceramics on fibers.

One of the most promising trends in HTSC ceramic synthesis is copoly-
merization of corresponding metal-containing monomers [232]. A more ho-
mogeneous distribution of metal ions can be attained by introduction of a
monomer in their molecules, i.e. prior to synthesis, after which copolymer-
ization is carried out. These reactions run as follows. Either acrylates or
acrylamide complexes Y3+, Ba2+ and Cu2+ are mixed in molar proportions
1:2:3 in a minimal methanol quantity, dried and then copolymerized in a solid
phase [233]. Similarly, bismuth ceramic components, acrylamide complexes
Bi3+, Pb2+, Sr2+, Ca2+ and Cu2+ taken in molar proportions 2:0.3:2:2:3
are spontaneously copolymerized in concentrated water solutions [234]. The
resultant metal-containing copolymers are subjected to a standard thermal
treatment aimed at burning out the organic phase. Figure 5.19 illustrates
properties of HTSC ceramics produced by this method.
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The analysis of the R(T ) dependence proves that at T < TsTT the ceramics
behave like metals although their TsTT is not so high as that of monocrystals. It
is a matter of common experience that the quality of a polycrystalline sample
is to a greater extent attributed to that of its intergrain contacts than to the
quality of the grain structure itself. The superconducting transitions (87 and
110 K, correspondingly) are sufficiently abrupt and their width is within 0.1–
0.9 of the full resistance drop. The behavior of the magnetic susceptibility
dependencies on temperature χ(T ) is also evidence of the abrupt transition
and the presence of a single superconducting phase. The total volume of
the diamagnetic screening of the phase estimated from the Pb bench-mark
reaches 100%.

This method looks especially challenging for production of superconduct-
ing bismuth cuprates for which reproducible synthesis is highly problematic
(phase admixtures are in fact always present at TsTT = 85 K due to microinho-
mogeneity of the ceramics and sequential phase transition 2201→2212→2223).
Products obtained from spontaneous polymerization are perfectly repro-
ducible samples with TsTT = 110 K and critical current density up to 240 A/cm2.
This approach will be useful for production of other single-phase materials
in a nanocrystalline state too.

The use of nanostructured polymetallic materials is very important in
multicomponent steels of M50 type in which size and homogeneity problems
are much more important [235, 236]. M50 steel is used mostly in aircraft
building for journal-bearings and turbine engines. It represents an iron-based
alloy incorporating Cr – 4, Mo – 4.5, V – 1, C – 0.8 mass %, the rest being
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Fe. The steel contains a large number of micron size carbon particles able
to initiate fatigue cracks in bearing material. It was proposed to improve
the mechanical characteristics of these structured materials by diminish-
ing the grain size in flaw sites (microcrack healing). PVP was used in
M50 steel as the polymer surfactant; the precursors were M50 – Fe(CO)5,
Cr(EtxC6H6−x)2− bis-(ethylbenzyl)chrome, x = 0 − 4, Mo(EtxC6H6−x)2–
bis(ethylbenzyl)-molybdenum, x = 0 − 4 and V(CO)6 in dry decalin under
ultrasound exposure (acoustochemical synthesis). Upon removal of the sol-
vent and gaseous phase, the thus formed colloidal particles were 7 nm in diam-
eter and represented a homogeneous alloy. Chemical reduction of steel M50
precursors (FeCl3, MoCl3, CrCl3 and VCl3) by lithium triethyl-borohydride
in THF is followed by solid LiCl removal with sublimation in vacuum at high
temperature.

These approaches may turn out to be useful too for the creation of mag-
neticmaterials based on, e.g. polymetallic nanoparticles of LaSrCrxNi1−xO4+δ

type. A new method [237] has been proposed for preparation of La1−xSrxMnO3

(x = 0; 0.2; 0.4; 0.6) ceramics through presynthesis of the polymer (Fig. 5.20).
Its essence is in binding metal nitrates in definite shares with a gel precur-
sor PEO (M = 20 000), in which the molar ratio between polymer segments
and the metal sum made up 1.25–10.0. Self-ignition was exercised at 573 K,
oxidizers were −NO3 groups and further thermal treatment of combustion
products led to formation of a homogeneous phase. Its morphology and sur-
face dimensions (1–7 m2/g, crystallite size – 24–150 nm) were a function of
concentration and production conditions.

La2O3, SrCO3 Mn(NO3)2 solution

Metal ion mixture in solution

PEG (R = 1.25, 2.50, 5.0, 10.0)

PEG/sol of metal ion

Drying, 60−80 oC

Gel precursor

Sintering, 300 oC

Annealed powder

Heat treatment,
600, 900 and 1200 oC

La1-xSrxr MnO3

+ HNO3 (dilute)

Fig. 5.20. Block scheme of La1−xSrxMnO3 synthesis using PEO
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The analysis of the above phenomena showed that the reduction methods
of metal ions immobilized in polymer matrices represented broad, unlimited
vistas in designing polymer nanocomposites.

It does not present any difficulty for investigators to choose an opti-
mum variant. This fact can be demonstrated by way of example of designing
polymer–chalcogenide systems. It can be derived depending on the required
nanocomposite properties through interactions between metal sulfides with
addition of soluble polymers, in heterogeneous conditions using homo- and
copolymers (with block-copolymers as well), even by incorporating into lam-
inated structures and also by mineralization.

Many theoretical problems are awaiting their solution. They include
physico-chemistry of nanoparticle nucleation and growth and the effect of
composition and structure of the polymer matrix, formation of the metal-
polymer phase, structural features and kinetic regularities of fractal cluster
and fractal fiber growth in the polymer matrix, as well as the specifics and
reasons that limit cluster–cluster aggregation in such systems.

These peculiarities have been extensively studied with respect to nanocom-
posites without polymers and quantitative relations have been derived (see
Chap. 2). Investigations of metal–polymer systems will no doubt be progress-
ing in this direction too. The level of quantitative investigations of named
composites has immeasurably grown lately. A number of researchers have at-
tempted to explain the reactive capability of atomic metal towards a polymer
surface in terms of metal ionization potential and the lowest vacant molecu-
lar orbital of the polymer. Investigations have recently started in achieving
bicomponent redox-active films through electrochemical reduction of C60 of
Pdn(C60) type [238] or buckminsterfullerenes into unidimensional channels
of microporous aluminum phosphates [239].

5.2 Nanocomposite Formation
by Metal-Containing Precursor Thermolysis

A new and rapidly developing field in nanocomposite science is based on
controlled pyrolysis of organic and nonorganic acid salts, metal complexes
and metal-containing compounds in the presence of polymers or nanocom-
posite formation from thermolysis products. Such processes can be carried
out into a gaseous phase (different variants of CVD synthesis), liquids (in
high temperature solvents, in the suspension decomposition products from
high-molecular liquids or polymer melts [240]) and solid state (in vacuum
or in a self-generating atmosphere of gaseous transformation products). The
processes temperature can be kept constant (isothermal conditions) or can
be program-controlled (non-isothermal conditions, thermal analysis mode).
The processes rate can be controlled by the amounts of evolving gaseous
product, the change of the initial or final products or by the spectral and
magnetic properties of the reacting system as a whole. Below we will consider
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the thermolysis of the most common precursors – the high-volatile metal-
forming compounds, such as metal carbonyls and carbonitrosyls Ma(CO)b,
M(CO)x(NO)y, formiates, acetates and some π-allyl complexes. Naturally
the metal-containing monomers are of special interest.

5.2.1 Metal Sol Formation in Polymers
by Thermal Decomposition of Metal Carbonyls

The metal carbonyls are thermolysed according to Scheme 5.6:

Fe(CO)5 →Fe2(CO)9 →Fe3(CO)12 →Fe0
n

Scheme 5.6

forming nanoparticles.
Such reactions in the presence of polymers are the most widely used way

to obtain polymer compositions having a large fraction (up to 90% in mass) of
the colloidal metal particles. It is the main method to produce ferromagnetic
nanoparticles incorporated into polymers due to macromolecule chemisorp-
tion on the nanoparticles directly at their moment of formation.

Metal carbonyl decomposition under special conditions can be accompa-
nied by formation not only of metals but their compounds too. For example,
one can obtain not only the α-ferrum but also Fe3O4 and FeOOH particles
and ferric carbides using reactions (Scheme 5.7):

COFe

+CO

+ CO2Fe3CCO+Fe3O4

++ Fe3CFe3O4

0.5CO2 0.5CO

Scheme 5.7

It was shown in [241,242] that there were two methods to fabricate homoge-
neous polymer-immobilized dispersions of colloidal metal particles (Fe, Co,
Cr, Mo, W, Mn, Re, Ni, Pd, Pt, Ru, Rh, Os, Ir) using the thermal decom-
position of the precursors. In the former case an “active” polymer solution
(containing amino-, amido-, imino-, nitrilo-, hydroxy- and other functional
groups) is used. In an inert solvent a labile metal compound is gradually
added to the solution (this operation creates the favorable conditions for
the chemisorption interaction) followed by the thermal decomposition of the
suspension at 370–440 K or by radiation.

A “passive” polymer in the second method is used. It can react with an
initial metal complex if one ligand is lost (in our systems it is the CO group).
Such polymers (e.g. PS, PB, styrene-butadiene copolymers, etc.) gradually
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added to the solution of the inert solvent of the initial complex at proper
temperature lead to ligand separation, an anion complex binding with the
passive polymer followed by its thermal decomposition.

Some stages of this multistep process (especially the particle growth) are
similar to the mechanism of metal vapor condensation on the polymeric ma-
trix, which we considered in Chap. 4. The thermolysis in the presence of
polymers was studied to a great extent for carbonyls of cobalt (see for exam-
ple [243,244]) and iron [241,244–246] (Table 5.4) when the process proceeds
by direct Ma(CO)b vaporization over polymers or by preliminary adsorption
on them.

In particular, Fe(CO)5 thermolysis in a xylol solution (cis-PB or styrene-
butadiene copolymer at 408 K, 24 hr, Ar atmosphere) has gone through
the successive stages and led to the formation gave rise to the tricarbonyl
iron(diene) chains [C8H12Fe(CO)3]n (Scheme 5.8):

HC

(CH2)n
CH

CH
HC

(CH2)4-n CO COCO

Fe

m

-CO
Fe(CO)4

-CO

Fe(CO)5+

Scheme 5.8

At the initial stage of thermolysis a very active Fe(CO)−4 anion is formed re-
acting with the isolated double bonds after which chain double bond isomer-
ization proceeds generating π-complexes with the tricarbonyl iron residues.
The product is composed from the η4-(butadienyl)tricarbonyl iron chains
with trans–trans and cis–trans units. The tricarbonyl iron complexes, having
two double nonconjugated bonds, are unstable and the intermolecular prod-
ucts in this situation can be formed. A distinctive feature of the process is
that the same type of tricarbonyl iron complexes connected with allylic frag-
ments were identified [254] in the Co2(CO)8 or Fe3(CO)12 interactions with
polystyrene-polydiene block-copolymers. For polystyrene the M(CO)3 frag-
ments connected through the π-complexes with the phenyl ring are formed
from M(CO)6 (M = Cr, Mo, W) [255].

Such polymer-immobilized π-allylic complexes under thermal decomposi-
tion can form nanoparticles in polymer [256], during which the thermolysis
can be carried out even without a solvent (for example by heating of the
formed metallopolymer films using an infrared lamp). The nanoparticle sizes
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Table 5.4. The thermal decomposition of metal carbonyls in polymer matrices

Polymer Content

Polymer Thermolysis (mass %) and

Ma(CO)b Matrix Conditions NPs Size (nm) References

Co2(CO)8 (Without polymer) Toluene >100 [243]

Co2(CO)8 PP(atactic) Toluene 75%, >100 [243]

Co2(CO)8 PS Toluene 75%, 10–30 [243]

Co2(CO)8 Polyurethane Toluene 75%, 5–30 [243]

Co2(CO)8 Polychloroprene Toluene 93%, 30–60 [243]

Co2(CO)8 Polyesters Toluene 75%, 6–20

Co2(CO)8 Terpolymer MMA- Toluene 20–30 [244]
ethylmethacrylate-
vinilpyrrolidone
(33:66:1)

Co2(CO)8 Copolymer Benzene 75%, 7–47 [243]
vinylchloride- chloride
vinylacetate
alcohol (91:6:3)

Co2(CO)8 Copolymer MMA- Benzene 75%, 6–25 [243]
vinilpyrrolidone chloride
(90:10)

Co2(CO)8 Styrene- Toluene 75%, 6–13 [247]
acrylonitrile
copolymer (88:12)

Fe(CO)5 PB Decalin, 5–15 [241]
413–433K

Fe(CO)5 PB Decalin, ∼6 [246]
433 K

Fe(CO)5 Cys-PB Xylol, [245,246]
408 K

Fe(CO)5 Cys-PB 1% solution 37% Fe [243]
dioxane-
xylol, 408 K

Fe(CO)5 PTFE DMFA, 5–15 [246]
413 K

Fe(CO)5 Natural 8% solution 17% Fe [245]
rubber dioxane-

xylol, 398 K

Fe(CO)5 Polystyrene Dichlorobenzene, 7–8 [241]
-block- 418K
polybutadiene
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Table 5.4. (Cont.)

Polymer Content

Polymer Thermolysis (mass %) and

Ma(CO)b Matrix Conditions NPs Size (nm) References

Fe(CO)5 Styrene Decalin, ∼6 [248]
-butadiene 433K
copolymer
(5.8:1)

Fe(CO)5 Styrene-4- o- 2% [249]
vinilpyridine Dichlorobenzene Fe; ∼6
copolymer

(1:0,05)

Fe(CO)5 Styrene-4- o- 1.8 [248]
vinilpyridine Dichlorobenzene Fe, 16
copolymer
(1:0,1)

Fe3(CO)12 trans-PB Benzene, 23% Fe [242]
10% ethanol,
353 K

Fe3(CO)12 Styrene- Benzene, 8% Fe [250]
butadiene 10% ethanol,
copolymer 353 K
(25:75)

Fe3(CO)12 PB (81% Benzene- 16% Fe [241]
1.2–chains) dimethoxyethane

353 K

Fe(CO)5 Isotactic 5% Fe [251–253]
PP (melt)

Fe(CO)5 Atactic 5–30% Fe [251–253]
PP (melt)

Fe(CO)5 PE (melt) 1–29% [251–253]
Fe, 1.5–7

Cr(CO)6 PTFE 0.5–4% [251–253]
(fluoroplast-40) Cr, 1–5
(melt)
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depend on many factors such as the characteristics of the used dispersant
polymer, its molecular mass (the optimal value is MwMM ≈ 100 000), the nature
of the functional groups (L) and solvent. The polymer crystallization pro-
ceeds in the solvent removing from the reacting systems. The formation of
supermolecular structure depends on the cluster particle concentration and
their size distribution. The nature of the solvent is very important because the
Ma(CO)b complexes in the basic solvents (e.g. in DMFA) can disproportion-
ate forming ionic type complexes where the metal formal charge equals +2.
The product composition identified by IR-spectroscopy depends on the com-
ponent ratio (Scheme 5.9):

nFe(CO)5 + 6DMF

Fe2+(DMF)6[Fe(CO)4]2− + CO

Fe2+(DMF)6[Fe2(CO)4]2− +  7CO

Fe2+(DMF)6[Fe3(CO)11]2− +  9CO

Fe2+(DMF)6[Fe4(CO)13]2− + 12CO

Scheme 5.9

In the general case one has:

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

where Nu is a nucleophyle (Py, N-methylpyrrolidone, etc. and x = 2–6), n =
2 or m = 8; n = 3, m = 11; or n = 4, m = 13.

The octacarbonyl–dicobalt transformation scheme in these conditions
takes the form:

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

The basic solvents and high temperatures are favorable to metal carbonyls
bonding by polymers and allow one to obtain stable colloidal dispersions
(e.g. with iron particles 5–10 nm in size) by carbonyl thermolysis in dilute
polymeric solutions. Such nascent nanoparticles are very reactive; in addition
the small particles (<10 nm) are superparamagnetic and the larger ones (10–
20 nm) exhibit magnetic hysteresis [248].

In solvents having a low dielectric permeability (e.g. in toluene) the ob-
tained Co particle size (from 2 to 30 nm with a narrow size distribution) can
be controlled by the reaction conditions (temperature, reagent concentration)
or varying the polymer composition (tercopolymer of methylmethacrylate-
ethylacrylate-vinylpyrrolidone [244]).
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The nucleophilic fragments of macroligands (particularly in styrene-N-
vinylpyrrolidone copolymer) bring about a polymer-catalyzed decomposition
of the metal carbonyl [241] by Scheme 5.10:

k-2k2

k-1

k1

P

P L + P L + CO

P LMnLMn+m
mMa(CO)b

Ma(CO)b Ma(CO)b-1

k3

yCOxM
k4kkMxM (CO)y +

Scheme 5.10

In the first stage a soluble macromolecular complex is formed with functional
groups L. The complex transforms to a polymer-immobilized cluster particle
which after the cleavage of CO groups undergoes a rise up to a nanoparti-
cle. Actually we see the same development stages as in the above considered
processes of nanoparticle formation in polymer, i.e. the initiation, particles
growth and reaction termination (which can be presented as a simple dis-
proportionation at the particle surface). The main condition for a proper
matching of a functionalized polymer is connected with the greater reaction
rate on the polymer surface to reduce the decomposition in the solution to a
minimum, i.e. to provide

k1 + k2 − k−1 − k−2 > k4,

k3 > k4.

The metal carbonyl decomposition in polar media as a rule proceeds by the
main reaction routes. First is the main process, i.e. particle growth from the
“hot” metal atoms and the formation of NP of 1–10 nm in size:

Mn + M → Mn+1, Mn + Mm → Mn+m.

Coincidentally with the sizes of the forming nanoparticles the probability
of termination of particle growth increases due to their noncovalent surface
interactions with the macromolecule (it was mentioned in Chap. 3 that this
interaction is very weak). For an interaction strength of order 10−4 J/m2

even the particles of size 1–10 nm will be captured by the macromolecule and
its growth will be stopped (as a result of a screening effect). The stronger the
interaction the smaller the particle size. For small and modest-sized particles
the reaction with the polymer is described by the scheme



5.2 Nanocomposite Formation by Metal-Containing Precursor Thermolysis 179

MnP+ PMn

(in effect it is a chain termination) which usually leads to the formation of a
non-magnetic material.

The disproportionate reaction products interact with the polymer chain,
giving rise to some new side reactions (reticulation, chain destruction or iso-
merization and mononuclear carbonyl complex immobilization). As for in-
stance in 1,4-cis-PB (containing 92% of 1,4-cis-, 4% 1,4-trans- and 4% 1,2-
units with MwMM = 246,000) after interacting with Fe3(CO)12 for 2 hrs at
350 K there proceeds a geometrical isomerization of the chain 1,4-units and
the 1,4-trans-unit content rises up to 76% [245,257].

Both processes run spontaneously and their competition (connected with
the differences of the nature of the reacting particles and the various reaction
conditions) is characterized by the ratio of the thermolysis and the M particle
diffusion to the “hot” metal centers in a solid polymer matrix. If big particles
(i.e. big in relation to the distances between the chains, crystalline blocks or
polymer lattice points) are introduced in the system the polymer structure
and its physical and mechanical properties degrade.

Carbonyl thermolysis in the absence of solvent can be accompanied by
some peculiarities. In some systems the Fe, Cr, Co, Ni and Mn carbonyls
can have a catalytic action on the polymer carbonization and graphitization
processes, for example in petroleum mesogenic pitches (the specific matrices
with polycondensed aromatic structures) being able to act as π-ligands sta-
bilizing the metal clusters [258,259]. Even the 1% content of metal carbonyl
catalyzed the mentioned processes but the iron content rise up to 5% (at
423 K) leads to noticeable growth of the structures similar to the graphitic
layer compounds.

Polymers having more polar groups promote the finest particle growth
and the same can be said about the metal carbonyl concentration in the
polymer. For a thermal Fe(CO)5 decomposition in a PELD matrix a bimodal
distribution of the iron particle size is observed (with the mean sizes of the
distribution modes equal to 2–3 and 4–10 nm) and the particle content is
∼20 and 80% (in volume) correspondingly as shown in Fig. 5.21 [260]. The
majority of the oxide Fe3O4 particles have dimensions ∼5 nm.

An original method of metallopolymer production by precursor thermal
decomposition is to localize the particles being formed due to fast monomolec-
ular decay of the solutions containing the metal compounds in polymer melts,
i.e. in the natural voids of the polymer matrix (as PE, PP, PTFE, etc.). Such
materials are called “cluspol” [251–253, 261] and for their production it is
necessary to provide the highest possible melt temperature which must be
considerably above the temperature of the initiation of carbonyl decay. For
this purpose carbonyl dilute solutions are used under the conditions of the fast
and complete removal of the split out ligand from the reaction system. This
approach has many advantages because the temperature rise, on one hand,
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Fig. 5.21. The curves of Fe nanoparticle distribution on the size in a PELD matrix
(m1 and m2 are the first and second modes of the distribution)

promotes the metal forming precursor decomposition and on the other hand
decreases the byproduct yield. Besides in a melt (as distinct from a solution)
the short-range order of the initial polymer structure is preserved and its
voids become readily available for the localization of the forming nanoparti-
cles. The obtained polymer-immobilized nanoparticles are characterized by a
relatively high dispersion, a uniform distribution through the polymer volume
and nonreversible macromolecular sorption on their surface. They are local-
ized primarily in the disordered loosen interspherulite regions of the matrix,
between the lamellas or in the spherolite centers. Such disposition hampers
the segmental motion of the amorphous phase for a free volume decrease
and possible interlacing. As a result the polymer thermostability increases
(e.g. the TmTT value for atactic PP rises by 50–80 degrees) and the products
represent monolithic (pseudocrystalline) materials. The spatial periodicity of
the ferrum clusters in such structures depends on concentration and averages
between 9–12 nm for high (20–30% in mass) and 20–22 nm for low (2–3% in
mass) concentrations. The particle size distribution is narrow (the half-width
is about 1 nm) and moreover it is possible that the nanoparticles in the ma-
trix intermolecular voids favor polymer crystalline phase destruction and its
transformation to an amorphous state.

It is of interest that neither the physical nor chemical properties of such
materials allow the detection of a metallic phase for the strong polymer-NP
interactions to provide the polycrystalline matter formation. In other words
such products at the some ingredients ratio present the monophase metal-
lopolymers. The NP size and distribution depend on the chemical nature of
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the polymer, e.g. is it PELD, an alternating copolymer of ethylene and car-
boxide, polyacetonaphtalene, polycarbonate, etc. [260]. With a rise of the NP
content in such polymers naturally their coherent scattering region (CSR)
is widened and the crystallinity degrees of PELD and polycarbonates rise
(Table 5.5). At the same time the polymer matrices cannot preserve the
nanoparticles from oxidation (for example, the ferric nanoparticles in PELD
with the mean size 50 nm after oxidation transform into Fe3O4 particles of
the same size). It is of interest that metal carbonitriles as Co2(CO)8, form
complexes with polyionic ligands (such as ethynylbensene-Co2(CO)6) can
be decomposed explosively [262] at 513 K (generating CH4 and H2) and at
1070 K (forming multilayer nanotubes). It is possible that metabolized poly-
gon pyrolysis can lead to moonwalk nanotube formation too [263] just as
Fe(CO)5 pyrolysis (at 1320 K) in the presence of other carbon sources [264].
The thermal treatment of platinum and cobalt containing poly(phenylene
diacetylenes) leads to Pt (1–3 nm) or Co (5–100 nm) cluster formation in car-
boglasses [265]. The varied methods such as flame pyrolysis are described for
synthesis of metal oxide nanoparticles [266].

Another method of production of metallocomposites by precursor ther-
molysis is metal carbonyl decomposition in haloid-containing matrices. Using
the above mentioned classification such methods can be related to the “pas-
sive” ones. The PETF modifications can be performed by Fe3+ or Mn4+

oxides [267–269] using the sorption of the proper carbonyls and their follow-
ing decomposition under the action of KMnO4 or H2O2. After these reac-
tions the oxides are introduced into the amorphous regions of PETF. The
most common situation is that nanoparticles, derived in a polar solvent,
form complicated complexes with metal carbonyls (see above) able to re-
act with fluoropolymers. The main factors affecting the selective interaction
of Fe(CO)5 or CO2(CO)8 with PETF during the thermolysis are general-
ized in [270–272]. The IR-spectral method allows us to fix the cation–anion
[Fe(DMFA)6]2+[Fe3(CO)11]2−–PETF and [Co(DMFA)6]2+[Co(CO)4]2−2 –PE-
TF complex formation during adsorption that allows performing kinetic stud-
ies of the process as a whole and thermal decomposition in particular. The
thermolysis of intermediates (413 K, DMFA) is a first-order reaction but the
rate constants and activation energies of these processes differ essentially
(Table 5.6).

Attention is drawn to the fact that the rate constant of polymer-immobili-
zed cobalt carbonyl is very high (its order of magnitude is comparable with
the value for ferrum carbonyl) and correlates with a higher reactivity of the
cobalt carbonyl anion. The very high value of Ea for neutral Fe(CO)5 decom-
position in PETF (as compared with the immobilized compounds) suggests
that the reactions have different mechanisms. The thermolysis of Fe and
Co carbonyls in situ leads to the formation of heterogeneous metal domains
in a polymeric matrix. The polymer-connected carbonyls (both for Co and
Fe) generate systems with uniformly distributed ferromagnetic particles of
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Table 5.5. XRD data characteristics of Fe-composites materials [258]

Composite CSRP, nm Crystalline
Phase
Content, %

Particle Size, nm

An alternating
copolymer of ethylene
and carboxide

20 – –

+ 10% Fe 21 – –

+ 30% Fe 23 – –

+ 50% Fe 23 – α-Fe, 16.5 nm

Fe3O4, 5 nm

Polyacenaphthylene 2.5 – –

+ 0.1% Fe 2.6 – –

+ 1% Fe 2.6 – –

+ 10% Fe 2.6 – Fe3O4, 3.5 nm

Polycarbonate 8.0 65 –

+ 0.5% Fe 9.0 60 –

+ 1.0% Fe 9.0 60 –

+ 5.0% Fe 10.0 50 –

+ 10% Fe 10.0 40 –

PEHP 21.5 30 –

+ 1.0% Fe 21.5 30 –

+ 5.0% Fe 26.5 20 –

+ 10% Fe 25.0 15 Fe3O4, 5.5 nm

Table 5.6. The characteristics of metal carbonyl thermolysis in PETF matrices

The Constants PETF–Fe(CO)5 PETF–Fe3(CO)2−11 PETF–Co(CO)−4

k·10−5, s−1 8.41 12.2 104

Ea, kJ/mol 142.6 51.62 45.80
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5–10 nm in size and mean surface areas from 80 to 700 nm2 per particle.
Electron diffraction analysis of such systems [271] has revealed the forma-
tion of γ-Fe2O3 and FeF2 particles for initial Fe(CO)5 and Co, Co2O3 and
CoF2 for initial Co2(CO)8. The formation of metal fluorides is connected with
the reactions involving the polymer chain and attended with the C–F-bond
splitting (Scheme 5.11):

+ +P C

F

F
~ FeF2Fe2+(DMF)6[Fe2(CO)4]2- ~P C

Scheme 5.11

It follows that in such systems the two processes take place synchronously.
The main process is nanoparticle formation due to thermolysis and the side
process is the attack of the polymer chain by metal ions whereby the poly-
mer goes through various transformations (destruction, cross-linking, bind-
ing with the metal complexes, etc). Moreover the secondary carbonium ions
(formed from PETF) are very active and can be involved in many chemical
reactions. As an illustration atomic zinc interacting with a PETF surface
formed ZnF2 [273,274]. The characteristics of the bonds between the formed
clusters and nanoparticles with a polymer matrix and their topography have
not been established conclusively but it is evident that the polymer–metal
particle interactions are defined by the reactivity of metallocenters formed
during the decomposition.

It is possible [275] that introducing Co2(CO)8 into the toluene solution of
styrene block-copolymer with 4-VPy also gives rise to cation–anion complexes
localized into micelle having 4-VPy-units (similar to DMF) with composition
[Co(4-VPy)6]2+[Co(CO)4]2−. The topochemistry of such nanoparticles and
their sizes or forms are defined by the molar ratio [4-VPy]/[Co] because the
bounded (in micelles) cobalt forms small particles growing at the expense
of dissolved Co2(CO)8 up to spheroids (∼10 nm in size) or star-like parti-
cles (with nonregular forms and mean sizes 20–23 nm) built up from the
initial anisotropic clusters. Only if Co2(CO)8 is present in large excess do
the nanoparticles begin to originate and grow out of the micelle (cubes with
mean size 21 nm). Such particles are vastly larger than the particles formed,
for example, during CoCl2 reduction by superhydride Li(C2H5)3BH [276].

In the last few years there are new trends in metal carbonyl decomposition
in the presence of a polymer, namely the sonochemical reactions [277–279]
connected with acoustical cavitation, including bubble initiation, growth and
explosive “blow-in” into a high-boiling solvent. The process is characterized
by a high local temperature (several thousand degrees), pressure (150–200
MPa) and acoustical emission of excited particles called sonoluminescence.
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The acoustic field helps to generate the high-volatile metal compounds (par-
ticularly from metal carbonyls) with their following agglomeration in the
presence of the polymer (e.g. PVP [280]) up to polymer-stabilized nanopar-
ticles. The general scheme of such sonochemical synthesis of nanostructured
materials can be present as follows (Scheme 5.12):

M(CO)x(NO)y

Mn

Nanophase
of metal powder

UV-radiation Alkane

Silica gel Polymer ligand

Nanophase
of fixed metal

Nanophase
of colloidal metal

n = 100−1000

Scheme 5.12

Such reaction of Fe(CO)5 (at 293–363 K, PVP) without ultrasonic radiation
proceeds very slowly and only after a few days is material formed with very
low Fe content (2%, isolated particles 2–5 nm in size). The sonochemical de-
composition of Fe(CO)5 does not proceed in the presence of PVP if THF is
used as the solvent, but the reaction is very effective when anisole is used as
the solvent and PFO as the polymer matrix [281]. As shown in Fig. 5.22, the
black product formed contains up to 10% (in mass) of the spheric particles of
non-oxidized Fe (mainly γ-Fe, with little content of α-Fe) with 1–12 nm size
(the mean diameter is 3 nm). It is likely that the big particles present flocks of
little ones (∼2–2.5 nm). Sonochemical synthesis allows one to get functional-
ized amorphous nanoparticles of ferric oxide 5–16 nm in diameter [282–284].
The ultrasonic irradiation in the presence of PFO also allows the production
of stabilized nanoparticles of copper and gold. In the literature the evidence
is not about bimetallic particle formation in ultrasonic fields by carbonyl
metal reduction in the presence of polymer matrices (as was made, for ex-
ample, in the case of carbon-supported Pt/Ru from PtRu5C(CO)16 reduced
clusters [285]).



5.2 Nanocomposite Formation by Metal-Containing Precursor Thermolysis 185

0 1 2 3 4 5 6
0

20

60

100

140

Radius, nm

N

Fig. 5.22. Experimental histograms of Fe/PFO nanoparticle distribution on the
size (N is the total number of particles)

5.2.2 The Features of Metal-Containing Polymer
Thermolysis

This promising method of metal-polymer nanocomposite formation involves
the synthesis of both nanoparticle and its stabilizing polymer matrix in one
place and in one stage. This approach conceptually is unique and the systems
under consideration are chemically self-regulating ones. They embodied the
best solution of the problem (i.e. nanoparticle formation and stabilization
in polymer systems). Although the method is realized on transition metals
acrylates and maleates only, there are no principal limitations for its use with
the other types of metallomonomers.

The kinetic studies of the thermal transformations were carried out
in the self-generating atmosphere of many simple and clustered acrylates:
Co(CH2=CHCOO)2·H2O (CoAcr2) [286], Ni(CH2=CHCOO)2·H2O (NiAcr2)
[287], Cu2(CH2=CHCOO)4 (CuAcr2) [288], Fe3O(OH)(CH2=CHCOO)6·
3H2O (FeAcr3) [289], their cocrystallizates [Fe3O(OH)(CH2=CHCOO)6]·[Co
(CH2=CHCOO)2]2.4 (FeCoAcr) and [Fe3O(OH)(CH2=CHCOO)6]·[Co(CH2=
CHCOO)2]1.5·3H2O (Fe2CoAcr) [290, 291], maleate Co(OCOCH=CHCOO)·
2H2O (CoMal2) [292] and acid maleate Fe3O(OH)(OCOCH=CHCOOH)6·
3H2O (FeMal3) [293]. Some common features can be presented as fol-
lows [294–297].

The thermal decomposition is attended with evolution of gas and mass loss
of the samples. The processes have similar characteristics for the iron(III)-
methacrylate thermal decomposition in the TA regime, studied by EPR- ,
NMR- and IR-spectroscopy methods [297]. It is due to the fact that the
transformations go through three main macrostages with different tempera-
tures [288–294,298,299]:
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(1) Initial monomer dehydration (desolvation) at 303–473 K;
(2) The stage of solid-state homo- and copolymerization of the dehydrated

monomer (at 473–573 K);
(3) The produced polymer decarboxylation to a metal-containing phase and

oxygen-free polymer matrix at TexTT > 523 K (for copper acrylate TexTT >
453 K) with an intense gas emission.

A little weight loss of samples takes place during the polymerization and
the monomer IR-spectra change due to absorption in the range of the sym-
metric and asymmetric valence vibrations of C–O and C=C bonds.

The gas emission kinetics with reference to a value η(t), the degree of
transformation for all compounds, can be approximated adequately by the
expression

η(t) = η1f [1 − exp(−k1τ)] + (1 − η1f )[1 − exp(−k2τ)],

where k1, k2 are effective rate constants; η1f = η(t) at k2t → 0 and k1t → ∞;
τ = t – th; and th is the sample warming up time.

The transformation kinetic parameters are presented at Table 5.7. The
change of ratio m0/V (m0 is the initial mass of the sample; V is the reaction
vessel volume) does not practically affect the studied carboxylate transforma-
tion rate. It is particularly remarkable that for FeAcr3 thermolysis there are
low- and high-temperature ranges of the gas emission characterized by the
different kinetic parameters. It seems likely that this difference in the formal
kinetic description of the transformation rates for the FeCoAcr5, Fe2CoAcr8,
NiAcr2, FeMal3 thermal decomposition (with other kinetic factors held con-
stant, including η1f too) is connected with these two parallel gas emission
processes. The studied MAcrn compounds can be ordered according to their
transformation initial rates (i.e. by a decrease of the ability of gas emission) in
the following manner: Cu ≥ Fe > Co > Ni. The analysis of the thermal trans-
formation of the gaseous products and the composition of the solid product
(decarboxylated polymer, including metal or its oxide) allows determining a
general scheme of metal acrylate thermal transformations (Scheme 5.13).

One of the main transformations is the origin of the acrylic CH2=CHCOO
radical in the primary decomposition act that initiates metal-containing
monomer polymerization with a consequent decarboxylation of metal-
containing units. The process temperature has an impact on the product
yield and their composition. It was shown [293, 300] that even at the dehy-
dratation stage the surrounding metal ligand changes and during the process
such reconstruction is growing. At high temperatures the decarboxylation is
accompanied by practically complete removal of the oxygen-containing units
from the polymer matrix.

Studies of the specific surface of nanocomposites and its topography [301,
302] (Table 5.8) show that they are powders where crystallinity does not
exist on the distances correlating with transmitted light wavelength. The
produced samples have high values of specific surface (15–30 m2 g−1) and
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Table 5.7. Thermolysis kinetic parameters of transition metal unsaturated car-
boxylates

MRn TexTT , K η1f , ∆αΣ,f
η1f , ∆αΣ,f =
Aexp[–∆H/(RT )]

k
k =
A exp[–Ea/(RT )]

A ∆H,
kJ/mol

A Ea,
kJ/mol

CuAcr2
463–513 η1f 1.8 · 104 48.1 k1 9.5 · 1011 154.7

∆αΣ,f 3.6 12.5 k2 9.2 · 1011 163.0

CoAcr2
623–663 η1f 1.0 0 k1 3.0 · 1014 238.3

∆αΣ,f 1.55 0 k2 0 0

FeAcr3

473–573 η1f 1.0 0 k1 4.2 · 1021 246.6

∆αΣ,f 1.6 · 102 25.5 k2 0 0

573–643 η1f 1.0 0 k1 1.3 · 106 127.5

∆αΣ,f 1.7 · 102 26.3 k2 0 0

NiAcr2

573–633 η1f 2.6 1.1 k1 1.7 · 1017 242.4

∆αΣ,f 1.4·1011 125.4
(<613 K)

∆αΣ,f 1.2 10.5
(>613 K)

k2 7.5 · 108 156.8

FeCoAcr 613–663
η1f= 0.45(663 K) – 0.65(613 K) k1 2.3 · 1012 206.9

∆αΣ,f 5.25 · 102 7.5 k2 6.0 · 108 137.9

Fe2CoAcr 613–663
η1f= 0.35(663 K) – 0.50(613 K) k1 2.6 · 1012 204.8

∆αΣ,f 1.9 · 102 6.0 k2 6.6 · 105 125.4

CoMal2 613–643
η1f 1.0 0 k1 1.6 · 106 125.4

∆αΣ,f 1.3 · 102 23,4 k2 0 0

FeMal3 573–643
η1f 0.59 · 102 23,4 k1 3.3 · 107 133.8

∆αΣ,f = 4.78(573 K)–
7.40 (643 K)

k2 1.0 · 107 110.8

a corresponding dispersity. The mean size of the metal-containing particles
(using data on Sf

sp and assuming complete polymer decarboxylation) is ∼20–
30 nm. In some special cases (CuAcr2, CoAcr2 and partially NiAcr2) the
dispersion of the big aggregates, a decrease of particle mean size and a growth
of Ssp [286,288] were observed. At deep stages of metal carboxylate pyrolysis
the small (<1 µm) opaque particles sometimes generate fractal-type chain
structures 50–70 µm in length constituted by the agglomerates from the 6–7
primary particles.
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Scheme 5.13

The topography and composition of the solid phase products were studied
using electron microscopy and electron diffraction methods [289,291,292,298]
and the results present for them a morphologically similar picture. There are
the electron-dense metal-containing particles of oxides with a form near to
spheric. They are presented as individual particles and aggregates (from 3–10
particles), being uniformly distributed through the matrix space with lower
electronic density. The particles have a narrow size distribution with mean
diameter d = 4.0–9.0 nm (Fig. 5.23) and the distance between them in the
matrix is 8.0–10.0 nm. At the same time there are some big aggregates in
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Table 5.8. Dispersity of starting metal carboxylate samples and the thermolysis
products

Sample S0,sp, m2/g Sf,sp, m2/g LOM,av, µm

CuAcr2 14.7 48.0 (463 K) – 5–50
53.8(473 K) –
43,8(503 K)

CoAcr2 20.2 24.1 (623 K)– 100–150
42.1(663 K)

FeAcr3 15.0 15.0 1–5

NiAcr2 16.0 55.0–60.5 60–100

FeCoAcr 9.0 13.6 5–10

Fe2CoAcr 8.1 11.3 10–15

Fe2NiAcr 8.5 13.5 100–200

CoMal 30.0 30.0 5–70

FeMal 24.0 26.0 30–50

the form of cubic crystals 10.0–20.0 nm in size [292]. The uniformity of the
metal-containing particle space distribution and the narrow size distribu-
tion suggest that the decarboxylation and new phase formation processes are
largely homogeneous. The estimates show [299] that the mean distance be-
tween forming nanoparticle centers is in the range 7.5–13.5 nm, i.e. near the
above mentioned value 8.0–10.0 nm.

Fig. 5.23. Transmission electron micrographs of the product of thermolysis of
Co(OOCCH=CHCOO)·2H2O (TexTT – 623 K) and the particle size distribution
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Nanoparticle synthesis was combined with their synchronous stabiliza-
tion by the forming decarboxylated matrix in the system of transition metal
unsaturated carboxylates [298,303].

5.2.3 Post-Thermolysis of Other Types of Precursors
in Polymer Matrices

Besides carbonyls some other metal-forming precursors (usually formates,
acetates, oxalates or organometallic compounds) are used in producing
polymer-immobilized nanoparticles by thermolysis. For example, a metal–
polymer composition can be prepared by thermolysis of copper format
triethylene-diaminic complex [Cu(EDA)3](HCOO)2 into PS through a com-
mon solvent (DMF) [304]. The complex decays at 443 K and forms metallic
copper in a highly dispersed state. The process temperature in PS is 20 de-
grees lower than in bulk copper formate. It may be associated with polymer
catalytic action on the complex thermal decomposition.

The mechanism of the process is that the polymer reactive centers pro-
mote metal nucleation and aggregation, after which thermolysis occurs and
the metal-containing substance is redistributed. The maximum amount of
copper being introduced in PS through a common solvent is about 10%. At
the same time the presence of the polymer increases the temperature of cad-
mium trihydrate-oxalate decomposition [305] and the decay products increase
the initial temperature of the intensive destruction of PETF. The copper for-
mate thermal decomposition in the highly dispersed PETF allows producing
a metallopolymeric composition (20–34% of copper) where the nanoparti-
cle size distribution is maximal at ∼4 nm, without any chemical interaction
between the components.

The metal clusters had formed in high temperature thermolysis (1270 K)
of cobalt acetate in the presence of PS, PAA, PMVK catalyzing an oxygen
electrolytic reduction [306]. As the result of thermal decomposition of silver
trifluoro-acetyl-acetonate at 613 K polyimide film [307–309] becomes metal-
lized (a structure called “film on film”) and a nanocomposite is formed with
high surface conductivity and light reflection coefficient (above 80%).

There are some examples of nanoparticle formation in polymers by metal
hydroxide decomposition. The thermal decay of silver hydroxide ammonia so-
lution in the isotactic PP melt (temperature range 543–563 K in polymethyl-
siloxane) goes by the scheme:

4[Ag(NH3)2]OH → 4Ag0 + 8NH3 + 2H2O + O2.

The silver content in PP varies from 3 to 15% (in mass), the particle sizes
change in a wide range (2–25 nm), the small particles (<5 nm in diameter) are
roentgen-amorphous but the bigger ones have a crystalline structure [310].

The Pd particles (with Ssp = 26 m2/g), produced by the decomposition
of a palladium hydroxide fine dispersion in PVC formed the space structures
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with nodes where the high-dispersed Pd particles are located [311]. Such
structure increases the temperature of complete dehydrochlorination of PVC.

An original method of copper containing composite production on porous
PELP base is connected with using of Cu2+-monoethanolamine complex [312].
The complex simultaneously combines the functions of an adsorption active
medium, a complex-forming agent and a copper ion reductant. Under com-
plex decay (at temperatures from 363 to 398 K) the copper nanoparticles form
in the porous PE. They have a wide size distribution (from 60 to 320 nm)
and the metal mass content is about 8%. Even a small amount of such filler
(1–2 vol.%) improved considerably the mechanical properties of the polymer.

There are some examples with limited evidence of nanoparticle formation
by organometallic compound decomposition in polymers. The cryochemically
synthesized bisarene complexes (C6H5CH3)2M (M = Ni,Co) were subjected
to a fast decomposition in PELD at temperature higher than the com-
plex decay one. The metal content in then produced material achieved 1.4–
4.3% [313]. The cobalt nanoparticles (mean size ∼1.6 nm, a narrow size
distribution) were obtained by H2 reduction of organometallic precursor
Co(η3–C8H13)(η4–C8H12) in the presence of PVP at 273–333 K [314]. As
a precursor bis(cyclooctatetraen)-iron Fe(C8H8)2 can be used too [315]. By
contrast, the similar ruthenium complex Ru(η4-C8H10)(η6-C8H12) decom-
posed slowly even at 0.3 MPa in the presence of PVP. The Mo, Cr and W
hexacarbonyls did not photochemically decompose at high pressures (∼35
MPa) of N2 or H2 and low temperatures (∼30 K) in a polyethylene matrix
but gave different substituents [316] as well as ferrum carbonyls in PE matrix
at 190 K [317]. The nanoparticles of Ru (∼1.2 nm [318]), Pd and Pt [319,320]
can also be produced from the organometallic precursors in PVP matrix
at 298 K. Nickel dicyclo-octadiene Ni(COD)2 can spontaneously decay (at
room temperature in a PVP dichloromethane solution), forming particles
with mean size 2–3 nm [321]. The nanocomposites can be obtained in the
same manner (by precursor decomposition) on the base of Nafion-type films
of ionic polymer [322–324].

An original method is developed for orgametallic compound impregnation
into the PS, PELD , PETF amorphous regions and polyacrylates with their
consequent structural modification and clustering. The method is based on
the usage of some liquids in a supercritical state (CO2, 8–25 MPa, 303–313
K), as shown for cymanthrene (η5-C5H5)Mn(CO)3) [325]. In another method
the platinum dimethyl-cyclooctadiene(II) precursor was dissolved in CO2 and
the thin films of poly(4-methyl-1-pentene) or PETF were impregnated from
the solution [322, 326]. The polymeric nanocomposites are formed with Pt
particles (15–100 nm in size) after thermolysis or hydrogenolysis reduction.
The kinetic data of impregnation for manganese cyclopentadienyl-tricarbonyl
and copper hexafluoro-acetylacetonate, dissolved in the supercritical media
(CO2), show that the process is very intense in the polymer amorphous
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regions, very weak in the partially crystalline regions and practically absent
in crystalline regions [323].

In summary of this section it must noted that, in spite of numerous stud-
ies, we still know very little about the thermolysis of carbonylhydrates and
other substituted (mixed) carbonyls in polymeric systems, as well as in re-
active plastics. For example, in some experiments the decomposing metal
carbonyls were placed into an epoxide resin heated up to allow nanoparti-
cle deposition on the forming polymer surface [219]. It is possible that the
high reactive metal particles in such systems can initiate the epoxy cycle
cleavages following by the formation of a three-dimensional space structure.
Ferrum carbonyl being decomposed into polybenzimidazole suspension (in
transformer oil at 473 K) forms ferrum nanoparticles (1–11 nm) capable of
polymer thermostabization [327].

The simple picture of nanocomposite formation is observed only when
the thermally unstable substances are used (e.g. the metal containing pre-
cursors) for the thermolysis. Otherwise the thermal destruction of the poly-
mer matrix, the reactions connected with the chemical bond breakage and
radical generation begin to play an important role along with nanoparticle
formation processes. The thermodestruction products present low-molecular
volatile compounds of complex type (including monomer) and nonvolatile
residue. These products become a carbonized structure in the course of time.
On the other hand, the highly dispersed metals of alternating valence or their
lowest oxides (Fe, FeO, Ni, Cu, etc.) with a defective structure are often in-
troduced in polymer specially for inhibiting its thermal or thermooxidative
destruction processes [328,329]. For example, a small amount of iron particles
in PELD (0.05–1.0% by mass) increases its thermal stability in comparison
with the pure polymer.

The transformations are more complicated for thermolysed polymer com-
posites with metal halogenides such as MXn–PMMA (M = Cr, Mn, Zn; X =
Cl, Br) [330]. For example, the CrCl3–PMMA composite lost under pyrolysis
at 523–773 K is about ∼62% in mass. The volatile fraction contains monomer,
carbon oxides, HCl, methane traces and non-identified organic products (in
the condensed phase there are present, along with nonsaturated oligomers,
highly dispersed solid chromium anhydride and oxides) [331–335]. A quanti-
tatively similar picture of PMMA destruction was observed (at 373–873 K)
for MnCl2 [336], when manganese oxide formed during PMMA manganese
ionomer thermolysis. The compound CuBr2 (in concentrations 5–10%) has a
thermostabilizing property for PEO [337].

Metallopolymeric systems under pyrolysis permit us to produce some
other important and interesting products. For example, carbonic films with
cobalt nanoparticles can be produced by macrocomplex pyrolysis (CoCl2 with
PAN at 1570 K) [338]. Thermotreated PAN complexes with copper halo-
genides have an electrical conductivity [339]. Macrocomplexes with two met-
als (e.g. Co, Ni or Rh) demonstrate a synergy in thermostabilization [340].
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The Fe, Co and Ni nanoparticles can be used as catalysts for low-temperature
graphitization of amorphous carbon [341]. Many such examples demonstrate
that metal acetylacetonates in polymer matrices can perform a double func-
tion. They interact with the matrix forming the metal-containing products
and initiating depolymerization and destruction [342].

The metal-containing precursors and nanoparticle interactions with the
polymer matrix, and the product topography are not sufficiently well studied.
But the role of metal centers and their activities are very important for metal-
particle interaction with a polymer matrix.

5.3 Nanocomposite Formation
in Monomer–Polymer Mixtures in Thermolysis

The separate components (monomer and nanoparticle precursor) are inserted
into a polymerizing system by this method. The specific of this method is
that post-thermolysis is used to get a nanoparticle-containing composite. A
material produced by polymerization is heated and transformed into a metal–
polymer composite with uniform distribution of the metallic component. This
permits us to omit the tedious stage of ingredient mixing. But some other
problems arise. The precursor affects the polymerization of matrix-forming
monomer. It was shown that moderate amounts of potassium-organic com-
pounds did not have an impact on the initial rate of MMA radical polymer-
ization [343–345]. There are two ways to form nanoparticles in these condi-
tions. The first one is based on the use of organometallic compounds, such
as cadmium bis(triethylgermyl), with the decomposition temperature being
near to the polymerization temperature. Another way is warming up the
formed composition, containing components with the decomposition tem-
perature higher then the polymerization temperature, e.g. MMA (cadmium
alkyl compounds). The presence of such Cd-organic compounds decreases the
forming PMMA molecular mass (e.g. from 800 000 to 60 000 at the content
of only 2.5% mass). This can be explained by a chain transfer reaction to
the organo-metallic compound. The nanoparticle formation scheme in such a
monomer–polymer mixture can be as follows (Scheme 5.14):

t°
R

+ [( C2H 5)3G e]2C d C djd +MMA /PMMA 2G e ( C2H 5)3

Formation
of nanoparticles
immobilized in PMMA

(a) initiation
of MMA polymerization
(b) macroradical termination
(c) recombination

Scheme 5.14

The sizes of Cd nanoparticles formed during the polymerization stage are
from 6.3 to 300 nm with the change of initial component content in monomeric
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mixture in the range 8–40% mass. The larger nanoparticles (up to 100 nm)
with correct hexagonal form characteristic for Cd crystals are formed under
heating.

The processes depend upon the rates of decomposition of organo-metallic
components (or other precursors), the monomer polymerization, as well as
the sedimentational stability of the formed metal dispersions in the monomer.

The same principle was used in [346] to get Rh, Pd, Pt, Ag or Au sols
in PMMA at the stage of MMA polymerization. The process included dis-
solution of metal salt and initiator (benzoyl peroxide) in MMA with the
consequent heating to 343 K for 0–60 min. The nanoparticles were formed by
post-heating of the eliminated products at 410-430 K (Scheme 5.15):

MMA + MXn Solution Initiation

MjMHeating /PMMA

Solid sol

MnMM + /MMA n+M /PMMA+

Solid solution

Scheme 5.15

The nanocomposite thermal decomposition temperature (Table 5.9) is well
above the decomposition temperature of PMMA (373 K).

Table 5.9. The properties of nanoparticles produced by Scheme 5.15

Composite Particle Concentration, Decay
Sizes (nm) After µ mol Temperature, K
Heating to
433K

Rh-AA 5–10 50 >493-503

Pd-AA 1.5–2 0.5 >458

Pd-AA 1.0–2.0 50

Pt-AA 1.5–2.0 0.5 >4685

Ag-CN-STMA 2.0–4.0 0.5 >230

Au-Cl-STMA 8.0–10.0 0.5 >503

Notes: AA is acetyl acetone residue; STMA is styryl-trimethyl-ammonia
residue

MMA polymerization initiated by AIBN or BP in the presence of silver
trifluoroacetate (AgCF3CO2) followed by thermal treatment (at 393 K) leads
to Ag0/PMMA–nanocomposite with the mean diameter of Ag particles 3–
10 nm [347, 348]. The introduction of metal salt into the system decreased
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the polymerization rate (Fig. 5.24). Ag+ reduction by the growing polymer
radicals was observed even in the polymerization stage (333 K). The formed
small silver clusters, dispersed in the polymer matrix, act as nucleation agents
and give rise to a cluster aggregation and the formation of bigger nanopar-
ticles under thermal treatment. Metal-composite materials based on the Au,
Pt and Pd can be formed in the same conditions but with thermal treatment
at 413 K [346,349].
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Fig. 5.24. The influence of AgCF3CO2 on the polymerization of MMA (333K,
initiator AIBN, 2.85 · 10−2 mol/L) at the concentration [AgCF3CO2]·103 mol/L:
1 – 0, 2 – 1.3, 3 – 8.0, 4 – 14, 5 – 20)

Another technology of nanocomposite production is based on monomer
polymerization and afterheating. This approach transforms liotropic (am-
phiphilic) liquid crystals into an inverse hexagonal phase. The main principle
is that a photoinitiator is added into the composition, containing monomer
(M = Na, Co, Ni, Cd, Eu, Ce), water and 2-hydroxi-2-methyl-propiophenone
xylolic solution. It allows one to carry out the photopolymerization resulting
in the formation of a nanostructured polymer network [350–352]. A mixture of
the photopolymerized metallopolymer with poly(p-phenylene-vinylene) forms
a composite after heating to 493 K in vacuum. There are other methods of
polymerization of metal acrylates, methacrylates [353] and sorbates [354] with
their subsequent transformation into nanoparticles of corresponding metals.



196 5 Chemical Methods

5.4 Nanocomposites on the Base
of Polymer-Immobilized Metalloclusters

In many cases it is necessary to introduce a cluster-containing group into a
polymer chain. For example, polymer-immobilized metal catalysts are pro-
duced for the various organic reactions. Such systems are interesting theoret-
ically as they allow one to study the dimensional effects in catalytic activity,
to consider and illustrate many general notions of catalysis theory and to
“construct bridges” between homogeneous and heterogeneous catalysis. The
cluster formations are very useful objects for metal–polymer interface mod-
elling, the study of metal-polymer adhesion, atomic metal vaporization on
the polymers or polymer surface decoration. The clusters are widely used
to improve the tribotechnical characteristics of the material or antifrictional
coatings and to get new components of greases. In general metalloclusters
are the most promising for producing hybrid polymer-inorganic nanocom-
posites [355]. In recent years methods of cluster immobilization with known
composition MmLn on polymers were widely recognized.

5.4.1 Monometal-Type Cluster Immobilization

Many problems of cluster bonding with polymers (e.g. a justified macroli-
gand choice, the reaction conditions, the product characteristics and compo-
sition) still remain unsolved. The functionalized macroligands, especially the
phosphorylated styrene-divinylbenzene copolymers (SDVBC–PPh2) or their
species are the most widely used. Styrene-divinylbenzene-vinyl(styryl)diph-
enylphosphine triple block-copolymers (P–PPh2) are used as powders or
grains (with particles 0.1–0.05 mm, high Ssp and porosity) and sometimes
as thin membranes. The preparation of the functionalized phosphorus con-
taining polymers and films with thickness 11 µm is described in [356]. The
metallocluster bonding is carried out by the methods of ligand or ionic ex-
change, oxidative addition, decarbonylation, and ligand addition. The prepar-
ative methods of the phosphorylated PS and CSDVB synthesis and cluster
addition to them can be presented as the simplified Scheme 5.16. The first
attempts to prepare the polymer-bonded clusters relate to Rh6(CO)16 and
Rh4(CO)12 with CSDVB–PPh2 [357]. Sometimes at cluster bonding by poly-
mer the cluster is decomposed to a mononuclear complex, as for photogen-
eration of polymer-bonded ferrum carbonyls [358]. The synthetic methods of
nondestructed carbonyl clusters on such surfaces were reviewed in [359], the
data on bonded triosmium clusters are presented in [360] and tetrairidium
clusters are in [361]. The tetrairidium carbonyl cluster was composed in situ
on a polymer with mononuclear complex [359].

The main types of clusters chemically bonded with polymers and pro-
duced by polymer-analogue transformations are listed in Scheme 5.17. Com-
parison of IR and NMR spectra of the initial or model compounds and the



5.4 Nanocomposites on the Base of Polymer-Immobilized Metalloclusters 197

+

(

PPh2hh

MmM LnLL −2

P PPh

MmM LnLL

MmM LnLL

PPh2hh )xMmM LnLL −x−

PPh2hhP PPh

BuLi

LiP(Ph)CH2CH2PPh2hh

P

ClPPh2hh LiPPh2hh

LiPPh2hh

P PPh2hh

P CH2Cl
Br2

CH3OCH2Cl

PPh2hh Br

P BrP Li

P Br2

(x = 1−3)

Scheme 5.16

formed products define the structure of such formation. This is especially
true for three-nuclear Ru and Os clusters because the absence of bridge lig-
ands and high symmetry in such clusters provide important spectroscopic
information. These methods are often used for clusters with higher nuclear-
ity too, e.g. Ir4 (Fig. 5.25); at the same time they serve as initial structurally
characterized subjects. Sometimes other methods are used, such as EXAFS,
UV-, XP- or γ-resonance spectroscopy.

The most common and characteristic peculiarities of polymer-immobilized
cluster formation are listed in [362–367].

The metalloclusters are connected with macroligands through the only
one PPh2-group at low concentrations of phosphine groups (i.e. when the
phosphorylated benzene ring ratio is less than 2%, see Scheme 5.16) or when
PPh2-groups are statistically distributed in the polymer (this is particu-
larly true for iridium metalloclusters). If the PPh2-group concentration in
ligands is sufficiently high (i.e. more than 3% of benzene rings are function-
alized), a mixture of cluster units bonded with one or two groups in the
polymer occurs. The clusters connected with two groups only are formed
if styrene-divinyl-benzene-vinyldiphenyl-phosphine block copolymer (having
8–15% PPh2-groups) is used.
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Fig. 5.25. IR spectra of P–PPh2Ir4(CO)11 (1 ), P–DIOP[Ir4(CO)11]2 (2 ) and
Ir4(CO)11PPh3 (3 ) in methylenechloride

The ligand exchange of the equivalent (by electron number) functional
groups is the standard method of cluster immobilization if the latter are
subjected to a fast dissociation that is most pronounced for H4Ru4(CO)12
type clusters. The phosphine ligand is changed to the polymer phosphorus-
containing group at milder conditions such with the exchange of the carbonyl
cluster ligand on a phosphorus-containing one in the polymer. Therefore
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attempts to bond Ir4(CO)12 on a phosphorus-containing polymer have failed.
For this reason the precursors of the polymer-immobilized clusters are of-
ten constructed as mixed (i.e. phosphorus and carbonyl containing) ones, as
shown in Scheme 5.17.

Sometimes the immobilization processes are accompanied by indefinite
structure aggregations, e.g. more than hexarodium compound formation for
Rh6(CO)16. Such polymer-bonded particles can be reversibly carbonylated or
decarbonylated to the given structure clusters in accordance with the reaction
conditions. Thus, if Rh4(CO)12 contacts with P–PPh2 in hexane at 298 K
(instead of 323 K), the two-nuclear clusters were formed [365], but when
this operation is proceeded in benzene with Rh4(CO)16 [366], a deposition
of metallic rhodium (in the form of small black spots 2.5–4.0 nm in size, i.e.
about 100 Rh atoms in every spot) was noted at the reactor walls. A lower
temperature and use of CO in the reaction led to cluster immobilization.
The IR spectrum corresponded to Rh6(CO)13(PPh3)3 (absorption bands with
maxima at 2078 and 2008 cm−1) (Table 5.10).

Temperature rise affects the genesis of immobilized Ru clusters that
are decomposed at 373–423 K, forming ruthenium clusters in the polymer.
The cluster anion [Ru5Cl12]2− bonded on P–PPh2 has some steric hin-
drances, preventing this penetration of the cluster anion into the polymer
matrix and as a result the cluster is split into two immobilized complexes
(mono- and binuclear). Decarbonylation parallel with the bonding reaction
can takes place. It is most pronounced for iron and cobalt clusters, prob-
ably because the values of their M–M and M–CO bond energies are close
(about 113 kJ/mol) [368, 369]. For example, addition of Fe3(CO)12 to P–
PPh2 is accompanied by fragmentation and formation of a monosubstituted
P–PPh2Fe(CO)4 complex with traces of P–PPh2Fe(CO)3 [370]. In the homo-
geneous variant Fe3(CO)12 reacts with an excess of PPh3 and the mono- and
disubstituted product yields are practically equal. Thus the polymer ligand
can carry out some steric control of the reaction. The following thermal or
photochemical action leads to mononuclear carbonyl complex decomposition
and forming of “ligandless” clusters being dispersed in the polymer.

Other P-containing macroligands, modified by optically active DIOP
groups, are used for immobilizing Ir4(CO)12 cluster fragments [371] (see
Table 5.10).

The uniformity of the functional groups and forming cluster distributions
over particle volumes or surfaces is very important. The dispersion uniformity
is the main factor of the uniformity of the polymer characteristics. Distribu-
tions of Pd and P along the diameter of spherical granules of the immobilized
trinuclear Pd clusters were studied in [379]. The reaction can proceed in such
a way that the metalloclusters will be either distributed along the granule
diameters uniformly (cross-linking degree – 2%) or localized in a thin near-
surface layer (cross-linking degree – 20%) with thickness up to 0.2 mm (for
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Table 5.10. Spectral characteristics of molecular and polymer clusters

Cluster IR-Spectrum
(ν(CO), cm−1)

NMR-
Spectrum
(δ, ppm)

References

Ir4(CO)11PPh3 2088, 2056, 2020,
1887, 1847, 1825

– [372]

P–Ir4(CO)11 2087, 2055, 2017,
1848 (membrane)

– [372]

Ir4(CO)10DIOP 2070, 2040, 2011,
1986, 1870, 1833,
1791 (CH2Cl2)

– [372]

P–DIOP[Ir4(CO)11]2 2088, 2057, 2020,
1845

– [372]

P
DIOP[Ir4(CO)10]

DIOP[Ir4(CO)11]2 2068, 2040, 2012,
1991, 2088, 2054,
2021 (membrane)

– [373]

Os3(CO)8Cl2(PPh3)2 2079, 2014, 2004,
1967, 1943

– [373]

Os3(CO)8(PPh2−P)2 2096, 2073, 2036,
2007, 1997, 1959,
1939

– [373]

Os3(CO)10Cl2(PPh2 − P) 2096, 2073, 2060,
2029, 2007, 1994,
1955, 1940

– [373]

(PPh3Cu–µ3)FeCo3(CO)12 2074, 2012, 1978,
1972, 1850

– [374]

(P–PPh2Cu–µ3)FeCo3(CO)12 2065, 2000, 1969,
1956, 1840

– [374]

(PPh3Au-µ3)FeCo3(CO)12 2075, 2003, 1969,
1930, 1823

– [374]

(P–PPh2Au-µ3)FeCo3(CO)12 2066, 1993, 1960,
1930, 1813

– [374]

(µ–H)Os3(µ–4-VPy)(CO)10 2101, 2061, 2051,
2020, 2008, 2000,
1988, 1973

8.01; 7.25;
6.52; 5.72;
−14.85
[Os2(µ-H)];
(CDCl3)

[375]
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Table 5.10. (Cont.)

Cluster IR-Spectrum
(ν(CO), cm−1)

NMR-
Spectrum
(δ, ppm)

References

(µ–H)Os3(µ-4-
VPy)(PPh3)(CO)9

2087, 2047, 2012,
2004, 1997, 1984,
1975, 1945

7.32; 6.51;
5.71; -14.13
[Os2(µ-H)];
(CD2Cl2)

[375]

Os3H(CO)9Py 1940, 2040 10.5; 12.0;
13.75 (CDCl3)

[376]

(µ-H)Ru3(µ-
SCH2CH=CH2)(CO)10

2108, 2069, 2059,
2022, 2020, 2000,
1988, 1955, 1636

5.87; 5.28;
2.82; –15.38
[Ru2(µ-H)]
(CDCl3)

[375]

Rh6(CO)15(4-VPy) 2104, 2068, 2038,
2010, 1788

7.39; 8.88;
6.68; 6.10;
5.68 (CDCl3)

[377]

Rh6(CO)14(4-VPy)2 2090, 2056, 2028,
1760

7.35; 8.81;
6.65; 6.06; 5.63

[377]

P–PPh2

Fe(CO)4PPh3

2060, 1975, 1940,
1897, 1875
1875

–
–

[378]
[378]

Note: DIOP-2,3-isopropylidenedioxy-1,4-bis(diphenylphosphino)butane
groups.
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Fig. 5.26. Distributions of Pd (1 ) and P (2 ) on the granule diameter in palladium-
immobilized phosphorylated polystyrene with cross-linking degrees of 1 (a) and
20% (b)

granules having 1 mm in diameter), though the phosphorus-containing group
distribution over the granules volume is uniform in both cases (Fig. 5.26).

The polymer-immobilized cluster structure depends on the [P]:[Pd] ratio
and for polymers with 2% of cross-linking (at [P]:[Pd] = 0.5) can be presented
as
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It is difficult to imagine the hypothetical structures formed at [P]:[Pd] =
1:4 (if for no other reasons than steric), but they can have the following forms:
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Phosphorylated SDVBC (with cross-linking from 2 to 20%) readily bonds
Mo6Cl12L2 type clusters forming a covalent bonded cluster core Mo6Cl12 [380].

The cluster immobilization by polymers with other functional groups is
poorly known. Some works were devoted to nitrogen-containing polymers,
such as aminated PS, P4VPy, ion-exchange amine resins (Amberlyst A-21,
etc.). Thus the interactions of Rh6(CO)16, Rh4(CO)12 and Rh2(CO)4Cl2 with
aminated PS proceed by Scheme 5.18 [381]:

P

H 3C

N Rhx( CO )yC H2

H 3C

H

C H2N (C H3)2H [R hxh ( CO )y]

R h6( CO )16

P

C H2N (C H3)2 H 2O+ +P

+ −

Scheme 5.18

The product of Os3 cluster bonding with this ligand [382] is HOs(CO)11
+

N
Et3CH2–P.

In a similar way Ru3(CO)12 is fixed on macroporous chelated polymers,
functionalized by dipyridylic, 2-aminopropylic, 2-aminophenolic and other
type groups. An anionic triferrum cluster is bonded to an ion-exchange resin

(in the form of a membrane with thickness 10 µm) by +NR4

+

NR4-groups. The
[Pt15(CO)30]2− cluster can be bonded with anion-exchange resin, containing
diethyl(2-hydroxipropyl)-aminoethyl groups (the trade mark of the polymer
is QAE-SEPHADEX) [383].
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The reactions of nitrogen-containing macroligands, contrary to the reac-
tions of phosphorus-containing ones, proceed by forming many by-products
(especially with the polymer having primary and secondary aminogroups).
Thus in ruthenium and osmium carbonyl cluster reactions an activation of
α- and β-C–H-bonds, a transalkylation (at 298–315 K) and even a C–N-bond
cleavage (for the tertiary amine clusters with Os3 at 398–416 K) are observed
that clearly are complicated by the polymeric nature of the reagents.

The mechanism of Rh4(CO)12 bonding by poly-4-vinylpyridine has not
been adequately investigated. At the same time the interaction of Os3(CO)12
with P4VPr [364] is a very peculiar one, because a cluster is bonded in DMF
(at 383 K, CO atmosphere). Its structure is very complicated to interpret
(there are two intense absorption bands with maximum at 2040 and 1940
cm−1). Using the NMR data (see Table 5.10) one can propose that the clus-
ter is bonding by the polymer with two pyridine rings, one of them being
chelated. Such bonding is provided by the polymeric chain flexibility:

H
Os(CO)3(CO)3Os

Os(CO)4

N N

There are some interesting examples of these systems. For example, the
Mo6Cl12 cluster (immobilized on P4VPr, cross-linked by 2% of divinylben-
zene) has unusual physical properties and singlet oxygen chemistry [384],
because in the cluster every nucleus is connected with polymer chain by two
pyridine fragments. Polypyrrole with a covalent bonded trinuclear ruthenium
is described in [385], and [Fe4S4(SPh)4]2− was introduced into ion-exchange
polymer (based on N-substituted polypyrrole) by an electrode process [386].

The conservation (or decay) of the polynuclear structure depends on the
specific nature of the cluster ligand groups. Usually the surrounding ligand
gives its own contribution to the cluster total energy, which is sufficiently
large and is decreasing when the nuclearity rises [387]. The binuclear structure
and oxidation degree of Rh2+ are conserved in systems of the acetate binu-
clear complex Rh2(OCCH3)4 with polymers (containing 3(5)-methyl-pyrasol
or imidasol groups) [388]. But the Rh–Rh bond breaks and the rhodium oxi-
dation degree grows for the binuclear complexes (such as sulfate, acetonitrile
and hexa-fluoroacety-acetonate ones). The main factor preserving the clus-
ter structure is initial cluster equatorial ligand inertness, because the labile
ligands substituted to aminogroups would favor Rh–Rh bond breaking. The
bridge acetate groups for the binuclear structure of Rh2+ have a tightening
effect.
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Sometimes for cluster immobilization the O and S containing matrices are
used (specifically, polymeric alcohols and ketones). For example, a triosmium
cluster can join to polymeric alcohols (just as to inorganic oxides) by an
oxidative addition mechanism [389]:

P+   Os3(CO)12CH2CH2OH CH2CH2OOs3H(CO)10.P

Scheme 5.19

The very stable di- and trinuclear ruthenium complexes (Ru3+–O–Ru4+–O–
Ru3+-type) are easily bonded by ion-exchange resin Diaion CR-10 containing
iminodiacetate groups [390]. This is typical for the Mo2 clusters in PEO or
PPG [391].

A generic connection between synthetic and inorganic polymers can be
demonstrated by immobilization of the formally polynuclear keggin type 12-
heteropolyacids, as Hn[XM12O40] (X – heteroatom, M – Mo or W) [392]
with polymers. Under mixing with P4VP (303–308 K) in such systems
a product is formed [393] where (as a chemical analysis and IR spec-
troscopy show) four protonated vinyl-pyridine units are bonded with one
H4[SiMo12O40]·13H2O molecule (or three units are bonded with H3[PMo12

O40]), i.e. the repeating units of such structures can be expressed in the form
(H–PyCHCH2)4[SiMo12O40] or (H–PyCHCH2)3[PMo12O40]. The same type
of bonding was found in 12-heteropolyacids immobilization by some water-
soluble polymeric eletrolytes, such as alkylated poly(2-methyl-5-vinylpyridine)
or poly(dimethyl-diallyl-ammonia) chloride [379]. The oxidized forms of het-
eropolyacids react due to heteropolyanion negative charge compensation by
the positive charged groups of the polymer chain.

This type of metallocluster can be used to produce hybrid organic–
inorganic nanomaterials. For example, dendrimers Mo6(µ3-Cl)8(OR)6 where
R are the focally substituted phenol dendrimers can be received by substi-
tuting the outer spheres ligands [394]. Removing the outer spheres chlorine
ions in (Mo6Cl8)Cl4 at interaction with Na+-montmorillonite a molybdenum
pillared montmorillonite was obtained [395]. The surface hydroxyl groups re-
action with the silica gel supported clusters are a potentially useful medium
for photochemical transformations.

The same is true for self-assembling inorganic–organic networks on the
base of molybdenum clusters and SDVBC-PPh2 [396].

5.4.2 Heterometallic Clusters, Chemically Bonded
with Polymers

The heterometallic polynuclear centers are favored over monometallic ones in
catalysis, alloy surface models and many other situations. Such immobilized
particles can be considered as a model of bimetallic catalysts (similarly the
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contact surface crystallites) widely used in industry of the oils refineries. In
contrast to alloy surfaces, the bimetallic clusters are structurally uniform.

The same methods of heterometallic cluster bonding and identification are
usually applied to monometallic ones. The most frequently used method is as-
sembling from the monometallic complexes or clusters (for example, by a syn-
chronous decomposition of H2PtCl6 – Fe(NO3)2 or Rh4(CO)12– CoCl2·6H2O
mixtures in polymer systems). It was proved in Sect. 5.1 that the bimetal-
lic clusters can be formed [179–181, 393] into PVP stabilized dispersions of
Pt and Pd at initial molar ratio [Pd]:[Pt] = 4:1. Sometimes the cluster-type
(but not monomeric) compounds of different metals are used in such systems.
For example, a mixture of Rh4(CO)12 and Co4(CO)12 in molar proportions
3:1–1:1 was reacting with ion-exchange resins [371].

It looks favorable to use heterometallic clusters of the identified structure
(just as for monometallic type cluster bonding).

It should be considered that the general number of molecules with more
than one type of metal atoms is over a hundred. Generally they are syn-
thesized by changing one metal atom to another into high-symmetric metal-
lopolyhedrons (on retention of the total cluster valent electron number and
ligand type).

The most frequently used matrix is P–PPh2, and the immobilization
methods are the ligand and ionic exchanges. The most reliable method of
polymer-bonded products identification is based on the comparison of their
carbonyl group IR spectra with model molecular spectra. On Scheme 5.20
typical examples of the immobilized heterometallic clusters on P–PPh2 are
presented [239,363,373,397,398].

There are a few other interesting examples: bonding of H2FeOs3(CO)13 by
cross-linked macroporous chelating type polymers [399]; fixation of Co2Rh2

(CO)12 on Dauex-1 type ion-exchange resin [400]; H2FeRu3(CO)13, [FeRh4

(CO)15](NMe4)2 and Rh4−xCox(CO)12 (x = 2; 3) fixation on various macroli-
gands. The mechanisms of such reactions are not properly explained.

The mechanisms of bimetallic keggin hetepolyacids bonding to P4VP are
identical to that of monometallic ones, e.g. H6[CoW12O40] with repeating
units, having a composition (H–4-VPy)4H2[CoW12O40] [393]. These processes
can also be realized with polyoxoanions of niobium-containing polytungstates
such as [(CO)2Rh]5[Nb2W4O19]3−2 , [(CO)2Ir]2H[Nb2W4O19]5−2 [401].

The above listed compounds are formally trimetallic type clusters. The
trimetallic clusters bonded to P–PPh2 can be produced by the assembling
method [374], i.e. through the polymer interaction (L is a functional group)
with MPPh3Cl (M = Cu or Au) and a consequent contact of the product
with tetranuclear bimetallic cluster FeCo3(CO)12. The general strategy of
heterometallic polynuclear clusters production can be expressed by Scheme
5.21:
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P
P PPh2hh (m-M)FeCo3(CO)12

n = 1; 2

P
-+
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Scheme 5.20
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The reaction most probably proceeds through heterometallic cycles forma-
tion and this type of trimetallic unit are the “structural blocks” of cluster
chemistry [402].

A pentametallic cluster bonded with polymer can have the following struc-
ture [374]:

P

(CO)2

(CO)2

CO

Co
((

CoCo

M

Ph PhP

OC CO)

Fe(CO)3

(CO)2
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The polymer-immobilized clusters of polymetallic type are more stable than
the initial ones. For example, the decay temperature of the above mentioned
initial cluster (M = Cu) is 443–451 K, but its polymer analog is decomposed at
459–466 K. In all instances the Cu-containing clusters were more stable than
Au-containing ones (436–438 and 444–449 K correspondingly). In general,
the immobilization increases the thermal stability of both the clusters and
bonding polymer.

The “layering-up” method was used [403] to bond Berlin blue and its
analogs with polyvinylamine hydrochloride. The MCl2 (M = Fe, Co and Cu)
compounds were fixed on the polymer in water solutions and to the ions
[Fe(CN)6]n−(n= 3; 4).

In general, nanocomposite production on the basis of both mono- and het-
erometallic clusters is being intensively developed, although there are many
unsolved problems, related mainly to the interaction mechanisms (e.g. be-
tween the cluster and polymer functional groups), the transformations of the
immobilized reactants (including the change of nuclearity) and the structure
of the products.

5.4.3 Cluster-Containing Monomer Synthesis
and Copolymerization as a Way
to Produce Metallopolymeric Composites

Nanocomposite formation in the polymer-analogous transformation was con-
sidered above and it was shown that a synchronous forming of matrix
and nanoparticles is possible (see Sect. 5.1). By analogy, cluster-containing
monomer copolymerization might be a simple, one-step process directly lead-
ing to cluster-containing polymer production. Thus we suppose that the prob-
lems may be connected with the corresponding monomer synthesis only.

Cluster-Containing Monomers

In recent years the two promising methods of cluster-containing monomer
synthesis were developed [404]. A polymerizable group was introduced as
a ligand surrounding typical clusters LnMm (the own specific ligand sub-
stitution to their analogs with multiple bonds, their oxidative addition, an
addition by M–M bonds at mild conditions). Such reactions can proceed with
increase or decrease of nuclearity. For example, the different complexes with
various nuclearity are formed in the interaction of Ru3(CO)12 with dimethyl-
fumarate in boiling heptane and their relative yield depends on the reagent
ratio and process duration [405]. But the same cluster with dienyl derivatives
can form µ3, η2-type structures [406].

The mechanism of Ru3(CO)12 interaction with styrene and its derivatives
(4-methylstyrene and trifluorostyrene) was studied in [407]. It was shown that
the polymerizable double bonds during the reaction took part in a π-bonding,
resulting in cluster aggregation and fragmentation (Scheme 5.22).
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Below a representative example when traditional type monomers are added
on by clusters is given: the cluster monomer formation on the base of n-
vinyldithiobenzoic acid methyl ester [408]:

CH2=CH

C

S S CH3

Fe2(CO)9 Co2(CO)8

CH2=CH

C

(CO)3Co Co(CO)3

Co(CO)3

S

S
Fe(CO)3(CO)3Fe

C

CH2=CH

CH3

Scheme 5.23

Usually the target product yield of such reactions is low (<40%) because
of side reactions (desulfuration, metal sulfides and organometallic product
formation, nanoparticles generation). It is important that during the process
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the cluster skeletons are reserved and the forming monomers are able to go to
the different polymerization transformations. The µ-ethynyl groups are split
off even under mild conditions in various clusters on the Fe2 base, including
the thiolate-bridged [Fe2(CO)6(µ-η2-HC=CH2)(µ-SR)] [409]. The tricobalt-
alkylidene complexes Co3(µ3-CR)(CO)9 react with vinyl-phosphine ligands
in heptane 308 K. The compounds Co3(µ3-CR)(CO)9−x(PPh2CH=CH2)x (x
= 1; 2; 3) were derived and characterized by this method [410]. The product
(with x = 2) on heating to 343 K is a split CO group (Scheme 5.24) with
additional coordination between the vinyl group and cobalt atom.
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Scheme 5.24

The diphenyl-vinylphosphine ligand is very versatile in carbonyl cluster re-
actions and form both the terminal type clusters with a phosphorus atom
and the µ2- or µ3-bridges including vinyl group π-coordination by Scheme
5.25 [411]. In Table 5.11, some characteristics of the products are given.

The high product yield can be obtained on the base of trinuclear clus-
ters M3(CO)12 (M = Os, Ru) or Os3(CO)11(CH3CN), Os3(CO)10(CH3CN)2,
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(µ-H)Os3(CO)10(µ-OR) (R = H, Ph) and the traditional type monomers:
4-VPy, acrylic acid (AA), allylamine (AllA), allylsulfide (AllS), etc. [375]
(Scheme 5.26).
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Table 5.11. Spectral characteristics of vinyldiphenylphosphine based mono- and
heteronuclear clusters

Cluster IR-Spectra 1H NMR 31P NMR Mass References
(νCO, cm−1) (δ, ppm) (δ, ppm) Spectra

(m/z)

Os3(CO)11
(Ph2PCH=CH2)

2104, 2064,
2050, 2026,
2016, 2000

7.71–7.42 –150.88 – [412]

Os3(CO)10
(Ph2PCH=CH2)2

2084,
2058,1999,
1965, 1986

7.70–7.15 –156.7 1280 [411]

Ru3 (CO)11
(Ph2PCH=CH2)

2095, 2043,
2025, 2010

7,70–7,15 –115.0 823 [411]

Ru3 (CO)10
(Ph2PCH=CH2)2

2069, 2020,
1994

7.70–7.15 –115.0 1007 [411]

Os3(µ-H)(CO)9(µ3-
Ph2PCH=CH2)

2089, 2061,
2032, 2013,
1990, 1975

7.70–7.15 –150.1 1040 [411]

Ru3 (µ-H)(CO)8–
(Ph2PCH=CH2)
(µ3-
Ph2PCH=CH2)

2070, 2032,
2017, 1998,
1970

7.93–7.07 –103.4 – [412]

MoMn(µ-
C5H4PPh2)2(CO)6–

(PPh2CH=CH2)

2042, 1978,
1967, 1925,
1897, 1847

8.0–7.4 –114.3 – [413]

MoMn(µ-
C5H4PPh2)2(CO)5–

(PPh2CH=CH2)2

1931, 1920,
1906, 1883,
1817

8.1–7.5 – – [413]

The noncoordinated allyl fragment is transformed with a terminal double
bond migration to the α-position and a new (µ-H)Os3(CO)10(µ-OCNHCH2

CH=CH2) cluster formation even at room temperatures [414]. The pyridine
ring for a monomer based on the 4-VPy is chelated (just as for the above ana-
lyzed complex Os3(CO)12 immobilized on P4VPy). The Os3(CO)10(CH3CN)2
complex readily reacts with 2-VPy, forming a trinuclear cluster HOs3(CO)9L
(NC5H4 CH=CH2) (L = CO or PMe2Ph). The triosmium alkylidene cluster
H2Os3(CO)9(µ-CNC5H4-CH=CH2) can be used as an initial compound to
obtain the planar hexaosmium carbonyl cluster with an open structure [415]
(Scheme 5.27).
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4-VPy interaction with Rh6(CO)16 in the presence of acetonitrile or
trimethylamine N-oxide proceeds in mild conditions and gives a main prod-
uct – monosubstituted derivative of Rh6(CO)15(4-VPy) with a small amount
of disubstituted compound Rh6(CO)14(4-VPy)2 [377], which is easily sep-
arated by chromatographic methods in the individual states. Contrary to
the Os3-derivative, the Rh6(CO)15(4-VPy) monomer is an octahedral clus-
ter with 11 terminal and four µ3-bridged carbonyl ligands. The vinylpyridine
group is connected with the rhodium atom by a nitrogen atom only and its
coordination position is the twelfth terminal group (the mean length of the
Rh–Rh bond is 0.2762 nm, which is near to the value for other Rh clusters).
The Rh6(CO)14L2 composition clusters are identified also in solutions with di-
ene (cyclooctene, dimethylbutadiene) [416] and 1,3,5-hexadiene ligands [417].
The rhodium clusters interact with the allyl ligand Ph2PCHCH=CH2 prob-
ably by the same mechanism, because X-ray analysis shows that the allyl
group forms a π-complex with the Rh atom and the unshared electron pair
of the phosphorus atom forms a donor bond [418–420].

These metallomonomers include the carbonyl type clusters only, although
the other clusters containing monomers and polymers are of interest (e.g.
halogen-containing ones). The halogenides derivatives Mo(II) are forming
polynuclear complexes such as Mo6Cl12 with a strong associating tendency
of bivalent molybdenum to an association [421] including the stable group
[Mo6Cl8]4+ (Fig. 5.27). They present a weakly distorted octahedron, com-
posed from six molybdenum atoms, inscribed into a cube, having in chlorine
atoms at the eight vertexes. The surrounding of every Mo atom is near to a
plane-square one (when every Cl atom is coordinated at the same time with
three Mo atoms). Such a cluster has diameter 1 nm (the Cl–Cl cube diagonal
is 0.6 nm plus two Cl ions, having a radius about 0.18 nm). The cluster group-
ing can add up to six axial ligands in the form of negative ions or polar groups
(including the groups having multiple bonds) able to the polymeric transfor-
mations. The possibility was first noted in [422], when N-vinylimidazole (NVI)
polymerization was studied in the presence of a molybdenum cluster, but the
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MCM itself was not separated and characterized. The main problem con-
nected with such reactions is the task of all out-sphere chlorine atom
substitution by the labile ligands and this was solved only recently. Use
of the intermediate trifluoric groups CF3COO− allowed substitution to
the acrylate groups (in mild conditions). The outer-sphere substitution

Fig. 5.27. Staffilonuclear structure [Mo6Cl8]
4+

principle is a base of our own synthesis of many cluster-containing monomers
(Scheme 5.28) [423,424]:

[(Mo6Cl8)Cl6]2−
CF3COO−

[(Mo6Cl8)(CF3COO)6]2− CH2=CHCOO−

[(Mo6Cl8)(CF3COO)6-n(CH2=CHCOO)n]2−

Scheme 5.28

The stable staffilonuclear group is the central one for the complex reac-
tions [425]. It is able to add up to six axial ligands L, being negative ions
or polymerizable polar molecules, including the multiple bonds (many tradi-
tional vinyl type monomers, 4-VPy, acrylonitrile, acrylamide). Unfortunately
many of the required monomers are still not synthesized.

In general, this direction of synthesis and polymerization of the cluster-
containing monomers is new and very promising. There are no principal lim-
itations for the use of these methods (see Sect. 5.1) of atomic metal vapor-
ization in the following way (Scheme 5.29):
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The case in point is to use in the polymerization processes not only the
polynuclear and cluster MCM, but to produce higher nuclearity compounds
(for example, nanoparticles 1–100 nm in size). A hypothetical structure of
such a metallomonomer (it can be called a nanomer) can be presented (with
MMA, for example) in the following form:
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The monomeric shell can stabilize, in this structure, the energetically filled
nanoparticles. But at the same time it can be involved in a copolymeriza-
tion with some traditional monomers. The way directly leads to forming and
production of metallopolymeric nanocomposites

The analyzed methods refer equally to monomer construction on het-
eropolynuclear clusters. One of the methods is to introduce multiple bond for-
mations into the heterometallic complexes. Treatment of the iron-ruthenium
complex [FeRu(CO)4(η5-C5H5)2] by olefins gives the µ-vinylic complexes
(R = H, Ph) with the Fe–Ru bond [426]. The double bond in the µ-vinylidene
Mn–Pt-complexes is not coordinated [427], because the σ-bond is with Fe,
but the π-bond is with Ru:

Ru
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Fe COOC
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CO Mn Pt
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Ph H
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The reactivity of the polymetal complexes (in particular, relative unsaturated
hydrocarbons) is similar to that of homonuclear ones, but different by a se-
quence: FeRu > Fe2 > Ru2. To the same group of potentially heterometallic
monomers can be related FeCo(CO)7(µ-CH=CHR) [428] and some others. As
for monometallic monomer vinylphenylphosphine coordination can be carried
out by different mechanisms using both the unshared electron pair (of phos-
phorus atom) and the double bond π-electrons [413] (Scheme 5.31).
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Polymeric Transformation of the Cluster-Containing Monomers

There were attempts to (co)polymerize the cluster monomers. But the pres-
ence of the cluster fragments with specific electronic structure and radicals
or ionic particle interaction with cluster-containing monomers often results
in their decay. Therefore such exotic monomer homopolymerization is prac-
tically precluded. The most successful was the described copolymerization
of monomers, produced from dicobalt octacarbonyls or diferrum nanocar-
bonyls and dithioethers or thioamides (see Scheme 5.23) with styrene or N-
[tris(hydroximethyl)methyl]acrylamide. The products included up to 1–2%
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(mol.) units with nondestructed cluster skeletons (Table 5.12). The copoly-
mer molecular mass was sufficiently high.

The homopolymerization of (µ-H)Os3(µ-4-VPy)(CO)10 is connected with
difficulties: it proceeds in benzene at 343 K; an oligomer was produced (by
an AIBN initiator) with yield 1–2%, containing 5–6 units in the chain. The
Os3-containing monomer copolymerization with styrene or acrylonitrile leads
at these conditions to the content of cluster units in the chain (up to 3%),
but does not change the cluster composition and structure [429]. The cluster
skeleton carbonyl IR spectra correspond to the initial monomers and a small
intensity change and some absorption line widening are observed. A conjuga-
tion with the double bond in (µ-H)Os3(µ-4-VPy)(CO)10 leads presumably to
an electronic density redistribution on the Os–Os bonds and their shortening.
This shortening in the polymer disappears and the skeleton photoelectronic
spectra are near to the spectra of nonsubstituted Os3(CO)12 clusters. It al-
lows us to suppose that the Os3 monomer is attached to a growing macro-
radical and limited the chain growth, but this process does not decrease the
active particle concentration due to fast chain transfer (Scheme 5.32). The
Rh6(CO)15(4-VPy) copolymerization with styrene in toluene [430] proceeds
sufficiently easier and the cluster monomer content can achieve 10%. This can
be explained by the fact that 4-VPy is connected with the cluster skeleton by
a donor0-acceptor bond only. It can be supposed that the cluster metal par-
ticles are only slightly bigger than the initial clusters, lower in their content
in copolymers, because a forming polymer segment (from the copolymer) is a
stabilizing factor, preventing an associative process. There is direct evidence
of that based on radical block-copolymerization of Mo6Cl6(VIA)6(CF3COO)4
(VIA − N-vinylimidazole) in solubilizing monomer media [422]. In this case
VIA was used coincidentally as a cluster monomer solvent (0.1 and 0.5 mol/L)
and comonomer. The fast homogeneous copolymerization is observed at 343
K. It was followed by cross-linking and reacting media thickening (including
the chemically bonded monodispersed clusters of comparatively high concen-
tration). The polymer-immobilized cluster dimensions are near to the ini-
tial ones and are about 1 nm (Fig. 5.28). Therefore it is possible that the
“monomer as solvent” method will become the main method of polymer-
immobilized monodispersed cluster fabrication.

The introduction of cluster monomers into a copolymeric chain (even their
number is small) improved the characteristics both of the metalloclusters and
polymer. For example, this happened in Os3-copolymers, where the mutual
stabilization of PS and connected clusters were observed [431]. Cluster decar-
bonylation begins at about 470 K, but in copolymers it increases up to 620 K.
The thermal stability of the cluster increases only if they were connected with
the polymer chain and no such effect was found in the mechanical mixtures.
One of the main reasons for this may be an energy transfer at high tempera-
tures from the rotational–vibrational degrees of freedom to the translational
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ones of the polymer chain segments. The temperature of the polymer decay
begins to rise at 323–333 K, the effective thermal destruction activation en-
ergy rises at 50–60 kJ/mol which can be explained by the stabilizing action
of the metalloclusters. It was found that the glass transition temperatures
for polyvinylimidazole and its copolymers with imidazole clusters (0.1 and
0.5 mol/L) are equal to 437, 493 and 530 K, correspondingly [422].

At the present time we have only scattered data on polymer-immobilized
cluster formation in situ. In principle it is possible to create nanophase ma-
terials by a controlled deposition of the clusters with high kinetic energy on
the polymer surface, similar to the ordered Cu147 cluster deposition on the
cooled substrates [432], followed by the implantation, disordering and cluster
spreading over the surface.

All these clusters were produced in the various polymer systems by the
polymerization methods. There are no restrictions for the polycondensation
reactions use for this purpose. But there are problems with the synthesis of
the metallomonomers, containing the required bi- and polyfunctional ligands
just as in the polymerization methods.

Such pyrolysis (Sect. 5.2) will allow us to produce high dispersed metal
powders. Heteronuclear cluster polymer pyrolysis is a potential method
for nanosize powder alloys (similarly to the pyrolysis of initial compounds
HFeCo3(CO)12, [Co(MeCOMe)6][FeCo3(CO)12] [433]).

The metal nanoparticles capsulated into the carbon flakes [434] are
produced by the thermolysis of chromium, palladium or platinum metallo-
complexes, immobilized on hexo-2,4-diin-1,6-diol polymer (at 670–770 K, in
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Fig. 5.28. Micrographs of Mo6-polymer clusters in transmitted beam: a – phase-
contrasting image; b – Z-contrasting image; c – “star formation” of monodispersed
clusters with diameter ∼1 nm at 106 magnification

argon). The incorporation of platinum clusters into a glass-carbon precursor
was carried out [435] by mononuclear ethylene–bis(triphenylphosphino)-plat-
inum(0) immobilization, using the triple bond of the poly(phenyldiacetylene)
oligomer. A toluene-soluble complex (of 1:4 or 1:2 composition) heated to
870 K produces a platinum doped glass-carbon in the form of thin films with
narrow Pt cluster distribution (mean diameter 1.6 nm). The big Pt particles
(600 nm) were formed when the separated complexes (not bonded to a poly-
mer) were used. The cluster-containing diacetylene olygomers pyrolysis (at
1620 K) gives ceramics with composition MxSiyCz (M – Fe, Co) [436].

The metallocluster polymeric transformation is now one of the most
promising directions in nanopolymeric material science. There are two dis-
tinct ways of development: the synthesis and description of convenient
monomers and their polymerization. The first favored one includes the new
developed synthesis methods, optimized reactions and product preserving
methods (including the remaining reactive multiple bonds, their activation
on the bimetallic centers). Some exotic products such as buckminsterfullerene
containing clusters of {[(C2H5)3P]2Pt}6C60 type are produced and described
in [437]. The second less popular way includes studies of the cluster containing
monomers involving in the polymerization processes. The theoretical notions
of the role of metal cluster formations in the reactions and the problems of
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such monomer copolymerization with traditional polymers are under devel-
opment.

* * *

It is clear that the reduction methods of nanoparticle synthesis in polymer
matrices give great possibilities for the creation and production of polymer
nanocomposites. The main problem now is to find an optimal way amongst
the many others. This can be clearly demonstrated by the example of a
polymer–chalcogenide system, when a nanocomposite can be produced by
metal sulfides (including synthesized in situ) with soluble polymers, by a
polymerization in heterogeneous conditions (with homopolymers, copolymers
or even block-copolymers), by introducing the compounds into layered struc-
tures (see Chap. 8) or even by biomineralization (see Chap. 9).

There are many theoretical problems connected primarily with the physi-
cal and chemical aspects of the reduced generation and growth of nanoparti-
cles, as well as the role of polymer matrix structure and composition, a metal-
polymer phase forming, the fractal clusters or filaments growth peculiarities
in the given polymer matrices, and cluster–cluster aggregation characteris-
tics. These problems for the nanostructure in nonpolymeric systems are well
studied and are described by quantitative relations (as was shown in Chap. 2)
and there is no question that studies of metal–polymer systems will be devel-
oped in this direction, because a quantitative description of nanocomposites
is growing and now there are attempts to describe atomic metal reactivity (in
relation to a polymer surface) on the basis of the metal ionization potential
and the lowest unoccupied molecular orbital of the given polymer.
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6 Physico-Chemical Methods
of Metal-Polymer Nanocomposite Production

There is no distinct boundary between physical, chemical and physico-
chemical methods of producing nanocomposites. One may refer to the proce-
dures during which metal nanoparticles are deposited on polymers, especially
on thin polymer films, as physico-chemical methods. They differ in means of
evaporation of the atomic metal on the polymers heated to different temper-
atures. The methods should meet requirements such as reliable generation
of nanoparticles of a needed size, high homogeneity degree, stability, good
reproducibility of syntheses, etc.

Investigations of the processes on polymer surfaces during atomic metal
deposition are very important as they help us to understand the origin of
interactions and adhesion at the forming interface [1–3]. Certain polymer
areas contacting nanoparticles can be negatively charged due to injection of
photoelectrons from metal clusters into the polymer and their capture by the
charge traps [4]. The opposite process of draining of electrons into positively
charged clusters from the neighboring areas of the polymer is possible too.
In both cases such areas of the polymer are to acquire some charge either
positive or negative with regard to the rest of the polymer.

6.1 Cryochemical Methods
of Atomic Metal Deposition on Polymers

Cryochemical methods are based on atomic metal (gasiform) deposition in vac-
uum (10−1–10−4 Pa) on low-temperature fine polymer materials (∼1000 nm).
High-molecular paraffins, polyesters, oligo- and polyolefines, polydienes, vinyl-
and phenyl siloxane polymers are usually used for these purposes. Metal
atoms are deposited at below 77 K (the so-called technique of “naked”
atoms) [5–12] upon which fine clusters are stabilized. A schematic diagram
of the reactor is presented in Fig. 6.1.

At an evaporation rate of 10−8 mol·min−1 both homo- and heterometallic
cluster particles are generated and then stabilized.

Scheme 6.1 illustrates the formation of a metal atom linked with func-
tional groups of the polymer (I), further growth of the metal–polymer chains
(II) and stabilization of the full-grown clusters through closure (III) or their
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5
2

4

1

Fig. 6.1. Scheme of the reactor – electron gun for preparation of nanoparticles in
polymers by vaporization: 1 – reaction volume, 2 – metal source, 3 – cooled carrier,
4,5 – fluid inlet and outlet, 6 – rotary vacuum vessel with gland

inclusion in a highly viscous metal–polymer network (IV), and finally enlarge-
ment of cluster particles (V) (∼O–O ∼ – functional groups or heteroatoms
of the polymer chain maintaining the interaction with nanoparticles – may
be ionic, electrostatic, covalent, hydrogen bonding, and so on).

This results usually in formation of mini-clusters whose dimensions de-
pend upon process conditions and the nature of the metal (most often tran-
sient). In the case of chromium they consist of 2–3, Mo has 2–5 metal atoms,
and in other metals they do not exceed 10.

Spectral methods are used to identify polymer-immobilized clusters. It is
known that molybdenum mono-, di and trimers fixed on polydimethylphenyl-
siloxane (PMPhSi) absorb at λmax = 318, 418 and 502 nm, respectively, while
tetra- and pentanuclear absorb at λmax = 598 and 640 nm. It helps to trace
the cluster particle growth velocity.1

Condensation kinetics of metal vapors are analogous to coagulation
processes of an ideal metal, found in an unstable state suspension that can be
quantitatively described by Smolukhovsky’s equation for rapid coagulation
(see Chap. 2).

In accordance with Scheme 6.1, the process kinetics are described by a
sequence of irreversible bimolecular reactions

M + L k1−→ ML

ML + L k2−→ ML2

ML2 + M k3−→ M2L2

.................................

Mj−1 + M kn−→ MjL2

1 These formations become stable only below 290 K upon which they are rapidly
decomposed by oxygen (even at 133 Pa). For comparison, the bonding energy
of Cr–Cr is 150, and Mo–Mo is 400 kJ·mol−1. Chromium is referred to reactive
metals vigorously interacting with polymers [13].



6.1 Cryochemical Methods of Atomic Metal Deposition on Polymers 239

+ M~ ~
M

M

M

M

M

~

M

M

I

II III

V

~ ~

~ ~

M

M M

~ ~ ~ ~

~

M M

~

~

~

~~

MpM

~

M

MnM

MnM MmM

~

MnM
MmM

∆

Scheme 6.1

and by a series of linear differential equations of the kind

d(ML2)
d(L)

=
k3

2k1

[ML2]
[L]

, (6.1)

d(M2L2)
d(L)

= − k3

2k1

[ML2]
[L]

, (6.2)

d(ML2)
d(M2L2)

=
k1

k3

[L]
[ML2]

− 1. (6.3)
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The velocity of cluster formation can be presented as a continuous depo-
sition of metal atoms on the polymer film in time t at velocity V :

d[M]
dt

= V −
p∑

j=0

km[M][MjL2] , (6.4)

d[MnL2]
dt

= km[M]{[Mn−1L2] − [MnL2]}. (6.5)

The concentration of cluster centers of different nuclearity [MnL2] on the
polymer is expressed by the relation

[MnL2]
[ML2]

= [Mo]
n−1 2n−1

n![Lo]
n−1 = k[Mo]

n−1
, (6.6)

where Mo is the total mass of metal atoms deposited on polymer films in
time t.

The slope of the curves lg[MnL2]/[ML2] – lg[Mo] gives a value n−1, in
agreement with experimentally derived results for systems of a polymer and
clusters Vn, Crn and Mon (Fig. 6.2). This approach presumes cooling of the
matrix as a modification of the cluster series. It means [14] there is a sequence
of clusters with monotonically growing nuclearity, and one and the same
pattern of ligands (MnLm, where n = qx; x is the nuclearity of an elementary
unit of the pattern; and q is a whole number). The major structural elements
(elementary building blocks) in these patterns are individual metal atoms
serving as models of the atom-by-atom growth of metal particles. It is possible
to visualize their formation by enlarging these “bricks” as the elements of
nucleation.
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Fig. 6.2. Linear kinetic curves for determining nuclearity of the clusters formed
from mononuclear Ar2Mo centers



6.1 Cryochemical Methods of Atomic Metal Deposition on Polymers 241

It is possible to produce not only homometallic but heterometallic polymer-
immobilized cluster particles by the cryochemical method (see Chap. 5). For
example, by sequential or simultaneous vapor deposition of different metals
(e.g. Mo/Ti or Ti/Cr), especially at their high concentration, it is possible to
obtain non-solvated bimetallic clusters M1

xM2
y approaching colloidal particles

in size (Scheme 6.2).
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The resultant fine particles are chemically bonded to the polymer and
are, probably, cross-linking its chains.

One can obtain polymer-immobilized nanoparticles of other metals, e.g. of
colloidal Ag 1.0–20 nm in size [9] and 2 nm mean size by selecting evaporation
regimes.

Absorption of colloidal Ag particles <40 nm in diameter is observed within
the ∼400 nm region [15] (see the λmax dependence on cluster size below). Au-
rum vapors of an organic solvent [16] condensed on poly(diphenylbutadiene)
at 77 K are of about 2 nm size. Ferromagnetic nanoparticles can be generated
similarly [17,18].

The dimensions of ultra-dispersed particles produced by vapor deposi-
tion on a frozen organic solvent with polymer additions depend linearly on
the gas-carrier (helium) pressure. Ag microclusters are 1.0 nm in diameter
under 100 Pa [19]. Just as with the solvent [12], the origin of the polymer af-
fects the reaction direction in cryochemical synthesis and the stability of the
products formed [20–22]. For example, macromolecular sandwich complexes
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and polymer-immobilized cluster particles were obtained by low-temperature
interaction between chromium vapor and oligoarylen matrices in different
solvents [23]. To generate structurally homogeneous products sometimes it is
necessary to avert the direct interaction of the atomic metal with the matrix
through a co-condensation of the metal and solvent vapors (e.g. chromium
and diglyme [24]). This unusual procedure replaces the direct metal–matrix
interaction by the process of exchanging one stabilizing ligand by another
high-molecular one (called resolvation).

Sometimes non-ionogenic surfactants are added to substitute a colloidal
dispersion medium. Particularly, organic silver sols cryochemically produced
in acetone (3–12 nm) are stabilized by 0.2% aqua solution of Triton X-100
and are embedded into a cross-linked polyacrylamide gel [25]. Resolvation
may precede the formation of polymer-immobilized nanoparticles. In partic-
ular, cryochemical synthesis of colloidal Ag particles is conducted in acetone
substituted afterwards for formamide. Such dispersion is stable for several
days. Another approach is feasible too. An Ag (2–5 nm)–formamide system
is employed as a solvent for obtaining cross-linked polyacrylamide gel [26,27].
Three resolvations were tried out for synthesizing metal–polymer nanocom-
posites [28]:

1. Cryochemically produced Co-nonadecane composite is mixed with the
nonadecane solution of the polymer and is subjected then to ultrasonic treat-
ment;

2. Co or Ni nanoparticles in toluene are introduced in PE solution in
toluene at 363 K;

3. The polymer solution in toluene (383 K) is cooled down to 185 K and
the cryochemically obtained nanoparticles are introduced into this jelly-like
medium and the whole system is exposed to an ultrasonic effect.

These options assist in avoiding particle aggregation at all intermediate
stages, although even more complex interactions between nanoparticles and
the solvent can be observed along with peptization and resolvation.

A method based on the solid-phase cryochemical synthesis of nanocom-
posites was realized [29–31] in the variant of concurrent formation of the
matrix and nanoparticles. Condensation of metal vapors (Cr, Ag, Pb, Cd or
Mg) and monomers was arranged on a substrate (most often quartz) cooled
by liquid nitrogen. These monomers are capable of polymerizing at rather low
temperatures with, e.g. p-xylylene synthesized through pyrolysis of strained
di-p-xylylene (p-cyclophane). The sublimation temperature at 10−1 Pa pres-
sure is Si – 1405 K, Ni – 1653 K and PbS – 887 K. Poly-p-xylylene films with
metal nanoparticle distribution of narrow size range were produced (Scheme
6.3)

Tiny metal clusters are also formed along with macromolecular bisyringic
complexes (except for Fe). The process [33] includes the zones of sublima-
tion and pyrolysis, a polymerization reactor, liquid nitrogen-cooled substrate
and a metal source (Fig. 6.3). Monomer-p-xylylene vapors get condensed on
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Fig. 6.3. Setup for synthesis of thin-film nanocomposites: 1 – quartz tube for
pyrolysis, 2 – glass ampula with p-cyclophane, 3 – reactor, 4 – metal flange, 5 –
quartz substrate layer, 6 – outlet to vacuum pump, 7 – tantalum trough, 8 –
evaporated metal, 9 – molybdenum wires

the cooled substrate which is simultaneously hit by a flow of metal atoms.
The last ones come from the block metal heating in a tantalum container up
to the melting point of the metal. The concentration of metal atoms in the
flow and in the nanocomposite can be changed by varying the metal heating
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conditions. The composite (aggregation of atoms) is formed as a result of
p-xylylene polymerization under UV exposure (at 80 K) or during heating to
170–190 K, which is just 50 degrees lower than the monomer melting point.
These films present a partially crystallized poly-p-xylylene matrix with in-
corporated metal clusters having less than 20 atoms [34]. The clusters and
nanoparticles organized in planes between stacks of crystalline lamellas are
formed at room temperature in free spaces. The probability of tiny cluster
liberation from such traps and their movement towards nuclei depends upon
the matrix structural relaxation barriers, defrosting of chain mobility and
recombination of the matrix in the vicinity of the cluster. The nanoparti-
cle size, e.g., of Ag is 12 nm [33]. It is possible to produce nanocomposites
incorporating Cu, Ag, Fe, Pd, Pb and other some clusters [35].

Polymers with incorporated ZnS and PbS can be produced too. Poly-
merization starts 10–20 degrees lower as compared to the original monomers
with 0.1–6.5% of Pb and the particle size is 3.4–6.7 nm. Metal–organic poly-
mers are produced by cryohemical polymerization [36] with p-cyclophanes
as monomers and Ge and Sn as organic bridges (their synthesis has been
described in [37]) during which Ge and SnO2 nanocrystals are formed in
polymer matrices.

Thin-film metal–polymer composites are also produced [38] by palladium
and paraxylylene co-deposition in vacuum on a substrate cooled to 77 K. The
nanocomposite structure is defined by the proportion of initial ingredients.
Analogous regularities have been observed in part in cryochemical synthesis
and polymerization of chloro-p-xylylene complex with Ag [39] and Mg [40,41].

Polymer–metal cluster composites were also generated [42] during metal
vapor deposition on liquid styrene or MMA followed by polymerization. Like
in the case with Cd organic compounds polymerization of styrene in the
presence of silver, palladium or auric salts are accompanied by the decreasing
molecular masses of the forming polymers (Table 6.1).

The kinetic regularities (particularly, sequence of reactions) are similar to
those of styrene homogenization. Particle sizes in a liquid monomer and in the
arising polymer are identical, so long as no particle agglomeration takes place
at polymerization. Similarly, Ag organosols with particle size below 15 nm
are produced [27] by joint condensation of Ag and MMA vapors on the surface
cooled down by liquid nitrogen followed by heating to room temperature.

The matrix is not usually indifferent to metal fixing in almost all produc-
tion methods of polymer-immobilized nanoparticles. This can bring about
abrupt reduction of the polymer molecular mass (e.g. oligoarylenes [24]),
structurization of the matrix leading to solubility loss and sometimes fis-
sion of ether and other bonds. Besides, interaction products are formed
out of the polymer functional groups with the metal (e.g. CrCl3 due to
chlorine end atoms splitting off the oligobenzyl matrix synthesized with-
out benzylchloride). There is still no answer to the question of how the
cryochemical chain reactions and auto-wave regimes of transformations in
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Table 6.1. Polymerization characteristics of styrene and Au-styrene systems

System AIBN, Yield of PS Molecular Color
% (mol) PS, % Mass

Styrene 0,1 2,0 128000 white

Styrene 0.2 2.3 83000 white

Styrene 0.5 4.2 65000 white

Styrene 1.0 6.2 47000 white

Au-Styrenea 0.1 2.1 53000 light pink

Au-Styrenea 0.2 3.2 50000 light pink

Au-Styrenea 0.5 6.2 24000 white

Au-Styrenea 1.0 7.3 21000 white

Au-Styreneb 0.1 2.2 72000 pink

Au-Styreneb 0.2 6.6 41000 pink

Au-styreneb 0.5 11.0 32000 pink

Au-styreneb 1.0 16.6 22000 pink

Note: in all tests styrene – 10 mL, a[Au] = 1.09·10−3 mol·L−1, b[Au] =
1.5·10−3 mol·L−1

systems subjected to radiolysis and especially at matrix devitrification influ-
ence processes [43]. The interaction of atomic Zn with polymer surfaces is
accompanied by a deep going destruction of its subsurface layers after which
Zn interacts with the destruction products [43, 45]. When strong ferromag-
netics (Fe, Co, Ni) are used, alkane is destroyed even in inert matrices like
nanodecane and PE [46] on the highly active cluster surfaces forming weakly
magnetic structures.

There are many other types of cryochemical synthesis with application
of polymers, e.g. using an oscillatory circuit in electric condensation-induced
dispersion of metals [47]. Dispersions such as Ag, Al, Bi, Cd, Cu, Co, Mo,
Fe, Ni, Zr, Pt, Sn, W with 1–10 nm particle size are unstable in nonpolar
media unless stabilizing polymer rubbers capable of forming bulk structures
are present. They immediately coagulate without the rubber.

Cryochemical modification, the so-called relaxation self-dispersionmethod,
has special application [48]. The method is based on a thin film (a few mi-
crometers thick of wax-like consistency) thermal deposition in vacuum. This
can be, in particular, nylon-11 film deposition on a glass plate cooled to liquid
nitrogen temperature which is subsequently overlaid with ∼600 nm thick Au,
Ag or Cu layer. This method is distinguished by the formation of a thermo-
dynamic metastable system that upon heating for 10 min to 393 K (above
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polymer TgTT , ∼343 K) displays an effective thermal relaxation and creation of
stable nanocomposite with ultrafine (1–10 nm) metal particles homogeneously
distributed over the matrix. CeO2 nanoparticles (∼4 nm) in nylon-11 matrix
(150 nm film thickness) were made by this method too [49, 50]. Composite
films of cerium were produced and then they were oxidized in air into CeO2.
The relaxation self-dispersion method is hundreds of times more efficient
than all other methods of manufacturing nanocomposites by co-evaporation
or co-fission.

6.2 Metal Evaporation Methods
on Polymers Localized at Room Temperature

Thermal procedures (see Chap. 2) presuppose that a stream of atomic metal
deposited on the polymer kept at room temperature is spurred by either
sublimation or thermal evaporation of a heated block metal, ion sputter-
ing, evaporation induced by accelerated electrons, or by laser pyrolysis, etc.
These methods are grouped into so-called vapor phase deposition of polymers
(VPDP).

They are used mostly in vacuum metal-plating techniques of polymer
materials where they have replaced galvanic technologies, in electronics in
production of switching boards, ribbon cables and many other devices for
microelectronics [52,53]. In recent years this trend was explored for design of
nanocomposites with emphasis on the details of metal evaporation processes
and their optimization.

Bombardment of the polymer surface by hot metal atoms is accompanied
by deeper penetration as compared to cryosynthesis destruction processes
in the subsurface layers and chemical interactions between metal atoms and
polymer functional groups. This process may not affect the adhesive strength
of the metal–polymer pair. No destruction of the polymer layer during ther-
mal deposition of chemically inert aurum on the polyimide surface [4] but
only injection of photoelectrons emitted by metal clusters into the polymer
were detected. The first stage of this process is condensation of metal atoms
on the polymer surface after which it gets aggregated to nanoclusters and
metal atoms start to diffuse either into the polymer subsurface layer or into
the bulk (see Chap. 4). The technique of radioactive tracers (110Ag) allowed
us to define condensing coefficients of silver on polymers [54], which appeared
to be a function of the polymer surface energy and diminishing abruptly at
temperatures approaching the polymer TgTT .

There are strict requirements to metal finish, e.g. metals with 99.997% [47]
finish are needed in Cr evaporation. As Cr is deposited (evaporation rate is
∼0.1 nm/min) on poly(bis-phenol-A-carbonate) films the metal interacts with
the π-electron system of benzene rings leading to formation of semi-sandwich
structures, and afterwards with carbonyl groups. The latter direction dom-
inates in case with Al. Evaporation of bis(acetylacetonate)palladium(II) on
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thin PA-6 (15 µm), PETF or PMMA films [55] gives perfect results, in which
case the coatings consist of palladium nanoparticles 3.9–4.3 nm in size. This
approach was also realized for epoxy resin films (500 µm). The surface layer of
such metal–composite films with Pd nanoparticles reaches 500 nm thickness,
although strongly cross-linked polymers are limited with respect to diffusion
of inorganic salts. Probably, it is worthwhile using acetylacetonates of Pt and
Cu for these purposes.

Thermal deposition of metals in polymer film metal plating, especially
polyimide ones, is widely used in food packaging, integrated circuits in micro-
electronics, etc. Fundamental problems of polymer metallization have been
summarized recently in [56, 57]. Certain efforts are spent on provision of
control over the microstructure and thermal stability of interfacial metal–
polymer layers, improvement of adhesion and elimination of degradation.

It is very important that thermal evaporation on polymers employs not
only metal nanoparticles but metalloid ones as well. For instance, selenium
is introduced into thin carbon films through evaporation of selenium and
acrylic acid at 1170 K [58] or Si crystals on silicone-organic polymers [59]
accompanied by formation of polymer–semiconductor composites.

Evaporation of solid polymer particles is rarely used (at considerable py-
rolysis) and co-deposition of volatile products (mainly radical ones) with
metal vapors. As a result, it is possible to obtain copper islets 10 nm in diam-
eter in a PE matrix [60]. A modification of the method is flash evaporation of
a polymer-coated metal wire (metal evaporates instantaneously and polymer
breaks into fragments as a result of short circuit) [61]. Another example is
the wire electric explosion technique used to produce selective catalyzers and
for silver nanoparticle deposition on inorganic powders [62].

The method of microwave heating was reported to be often used for
synthesis of chemical compounds [63]. It consists of heating the substance
through interactions of the dipole moment and ions in the electric field that
accelerates their chemical reaction. Nickel nanoparticles (4–12 nm in size and
7 nm in diameter) are generated in Ni(OH)2 reduction in ethylene glycol
containing PVA under microwave irradiation (2.45 GHz, 200 W, 423 K,
5 min) [64]. In addition, 0.5 mol% of H2PtCl6 is introduced as the nucle-
ation catalyzer [65].

Metal is often evaporated under the action of accelerated electrons. Par-
ticularly, an adhesive interfacial Ti layer (5 nm) is deposited on a PMPhSi
surface at a 0.1–0.3 nm/s rate [66]. Local heating of the PMPhSi surface is
insignificant, although new cross-links can appear besides the formation of
Ti–C and Ti–O links. Afterwards, a thick silver layer (20–25 µm) [67] is de-
posited on this modified PMPhSi surface, and the thus formed material can
be used in lithography for production of surface nanolithographic templates
from a previously prepared mono- and bimetallic clusters [68, 69], in optical
sensors. The methods of laser pyrolysis of metal-organic compounds aimed
at production of nanostructure materials are not so widely used [68,69].
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Laser-induced CO2 pyrolysis of Fe(CO)5 [70,71] is known to result in the
formation of a pure γ-Fe with particles from 30 to 85 nm. The formation of
carbide titanium clusters was recorded [72] from Ti3C−

8 to Ti9C−
15 during

laser evaporation of Ti (CH4 + He mixture)
Ion sputtering of metals on polymer surfaces consists of bombardment

of a metal target by ions of noble gases with application of standard ion
guns (see Chap. 2). Their energy reaches a few keV (for Ar+ = 2 keV) and
the average energy of the metal ions being sputtered makes up several eV,
which corresponds to 104 K temperatures [73]. The high kinetic energy of
the implanted ions is transmitted to the polymer matrix and increases the
probability of polymer destruction and promotes chemical reactions with the
polymer surface functional groups in which the usual metal atoms do not
participate.

Modification of the polymer surface by ion beams includes physical and
chemical processes during which interactions of the colliding ions with the
multiatomic target are accompanied by the radiation and pyrolytic processes
of the transformation of the polymer matrix. Ion sputtering of high kinetic
energy has an impact on the surface layers (∼10 nm long) in contrast to
thermal treatment. For example, Au sputtering evokes destruction of PE,
PTFE and PFO surface layers. In the case with PTFE, there is defluorination
that follows the nucleation mechanism, as for PFO there is breakage of benzol
rings and loss of oxygen atoms. Ion sputtering of more reactive Zn on PE,
PTFE or PI surfaces is accompanied with much deeper processes [45]. At
the initial sputtering stages Zn is first combined with oxygen on the PE
surface and then deposition occurs. This is accompanied by dehydration of
PE surface layers, partial destruction of its chains and cross-linking. When
PTFE is bombarded by Zn atoms, the polymer undergoes defluorination and
about half the fluorine atoms are removed from the surface, while Zn becomes
fully bound (ZnF2). In case PI is used, its surface layer undergoes destruction
during the first stage and then Zn oxidizes to ZnO.

Analogous regularities were observed in Cu sputtering on PI and PTFE
surfaces that are widely used in electronics thanks to their unique dielectric
properties [74]. Ion sputtering is characterized by a deep destruction of the
polymer in contrast to thermal deposition of Cu on the PI surface, which
is accompanied only by changes in its chemical structure in the vicinity of
carbonyl groups and formation of univalent copper compounds ∼O–Cu+. De-
fluorination of the polymer surface layers in the Cu–PTFE system did not
promote the formation of any copper compounds with the polymer decay
products. Metal permeation inside the polymer bulk impaired its dielectric
properties. Properties of polymer surface layers modified by ion implanta-
tion and diffusive alloying aimed at imparting conducting properties are re-
viewed in [75]. Ion implantation of Cu on PI [76, 77] is connected with more
perceptible structural changes in PI than in the case of its thermal modifi-
cation [78] but it is affined to changes occurring at thermal destruction in
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vacuum at 800 K. Deposition of thermal evaporated metal into the surface
of polymer melt is described in [79,80].

Less applicable methods are pulsed laser sequential deposition [81,82] and
the co-deposition method of the polymer and metal [83].

6.3 Synthesis of Nanocomposites
in a Plasma-Chemical Process

Polymerization in glowing discharge (low-temperature plasma) is initiated
by ions, exited molecules and photons of rather high energy. The functional
diagram of the setup and reactor for plasma synthesis of composite films
is shown in Fig. 6.4 [84]. The pressure of vapors (monomer concentration)
during polymerization in plasma is too low (10−1–1000 Pa) for production of
polymers by traditional methods in a plasmatron, but is quite sufficient for
formation of thin films.

Monomer

4
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2 3
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4 4
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Fig. 6.4. Scheme of the setup (a) and reactor (b) for the deposition of nanoparticles
into a polymer film: 1 – plasma camera, 2 – substrate, 3 – metal source, 4 –
electrodes, 5 – vacuum pump, 6 – stand for electrodes and vaporizer

Compounds like CH4, CF4, benzol, chlorobenzol, perfluoropropane, hexam-
ethyl disalazan and carbon disulfide are used as the film-forming substances.
Complex compounds like p-xylylene dimers (N parylene) and
traditional monomers are used rarely. In particular, homogeneous beryllium-
enriched coatings are produced by simultaneous thermal evaporation of beryl-
lium and deposition of the plasma polymer from trans-butene-2 [85]. Gaseous
mixtures of monomers and argon are added during the process and the dis-
charge parameters (current, pressure, treatment time, substrate tempera-
ture, metal source to substrate distance) and the nature of the film-forming
substance are varied. The reactions between active particles dominate in
the macrochain growth mechanism, which is sufficiently rapid and step-
wise. These reactions are called polymer-combination reactions. The chain
mechanism does not affect essentially the polymer vapor deposition. The
resultant products are referred to as polymers, although having little in com-
mon with the polymers in their structural specifics. They are usually 3D
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highly cross-linked products mostly in case of prolonged plasma treatment
(5–10 min). The plasma-activated thermal decomposition of PP on metal sub-
strates leads to formation of coatings (50 nm thick film) with a diamond-like
structure [86–88].

During polymerization in plasma two competing processes take place:
polymer deposition from the gaseous phase and etching (destruction), which
lead to removal of the formed polymer. The ratio of the processes at indi-
vidual portions is conditioned by the energy of excited particles, their con-
centration, surface temperature and the origin of the monomer. For example,
polymerization dominates in the case with C3F8 [89]. A method of gener-
ating ultra-thin polymer films by activating the electron beam destruction
products, e.g. PTFE, became popular recently. These films grow mostly at
the expense of the free radical particles CF3 and C3F5 [90].

The main difference of plasma-induced polymerization from traditional
polymer production procedures is in the formation of defectless ultra-thin
(50–100 nm) films on various substrates. Polymerization in plasma as a
method of surface modification of polymers is not limited in the choice of ma-
terials and substrate shape. It allows obtaining microencapsulated nanopar-
ticles – so-called metal-doped polymer films [91].

Thin composite films may also be formed in the course of simultaneous
polymerization of respective compounds and metal evaporation in vacuum.
The plasma polymerization technique and metal deposition on such films was
first reported in [92] and modified in [93–96]. The following variants of syn-
thesis were developed based on manufacturing metal-filled fluorine polymer
thin films [50,97–100]:

(i) sputtering of a metal target in the glowing discharge plasma of a fluorine-
containing monomer;

(ii) plasma polymerization of a fluorine-containing monomer simultaneously
with metal evaporation;

(iii) combined sputtering and condensation in the glowing discharge plasma
of the metal target and PTFE.

Metal films with 2D and 3D distribution of metal particles in the polymer
matrix can be attained depending on the reaction conditions (Fig. 6.5).

a b

Fig. 6.5. Two- (a) and three- (b) dimensional distribution of nanoparticles in a
polymer matrix
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Two-dimensional films are produced by either sequential plasma-poly-
merization and metal deposition or by simultaneous short-term polymeriza-
tion and deposition. The 3D structures are formed as a result of prolonged
simultaneous plasma-polymerization and metal deposition with multiple rep-
etitions of these cycles at high velocities of monomer feeding.

All modifications differ in the hardware used, and in the means of in-
troduction and formation of nanoparticles.2 According to one of them [60]
the polymer and metal are evaporated simultaneously from different sources
(plasmatrons); another more widespread procedure includes plasma-poly-
merization and metal evaporation simultaneously [91, 94]. An original new
method uses simultaneous plasma-induced grafted polymerization of tradi-
tional monomers (e.g. vinyl imidazole on PI films [107]) and metal evapora-
tion, e.g. Cu. Such treatment improves metal adhesion to the polymer like in
the case with Cu and polyimides containing imidazole segments of the main
chain [108].

Decorative coatings are applied on polymer surfaces (PE, PVC, PTFE,
polyester) in glowing discharge conditions. Heated vapors of phthalocyanine
or copper acetylacetonate Cu(AcAc)2 [109] are supplied on cold substrates
through the discharge zone and a hole in the anode. Molecules of copper
phthalocyanine do not experience any essential changes on transfer on the
polymer Cu(AcAc)2 decomposes partially forming copper oxide. This phe-
nomenon may occur both in the gaseous phase and on the polymer surface as
well. Thin-film composite materials from copper phthalocyanine vapors (hav-
ing several α, β and γ polymorphous forms) and benzene were synthesized in
a high-frequency plasma of glowing discharge at a plasma-forming gas pres-
sure ∼50 Pa and deposited on different substrates (100–600 nm thick) [84].
Gas-flame synthesis allows receiving composites of high mechanical strength.
The films include microcrystals of α-form and the particles of the initial cop-
per phthalocyanine. The latter dispersed in polyimide and polycarbamide
have the same structure [110].

It is important that the plasma-polymerization of metal–organic com-
pounds [111] distinguished by simplicity of hardware is used for plasma-
polymerization of diethylberillium.

Limited information is available about the plasma-polymerization of two
or more monomers. For example, there are only descriptions of the production
of films from a mixture of organic and silicon-containing compounds [103,104],
tetraethyl and tetrafluoroethylene in the electric discharge plasma [112]. In
the latter case amorphous copolymer films are formed and tin is chemically
bound and the C/Sn ratio changes within 3:6 limits. Tin isolates in tetraethyl
into a self-maintained phase in the form of coarse (to 300 nm) almost spheri-
cal particles under high temperatures of the substrate. Nanoparticles of other
metals can be introduced into the polymer, e.g. Te and Se by Te(C2H5)2

2 The conditions of low-temperature plasma formation and plasmo-chemical
process technology have been described in [101–106].
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evaporation or Se(C2H5)2 [113], or tellurium-containing alloy of the type
As20Te60Se20. As the precursor concentration raises from 40 to 80% by vol-
ume, the size of tellurium nanoparticles increments from 2–20 to ∼40 nm.
GaAs particles were obtained on fine polyimide films under the effect of
plasma generated in conditions of electronic cyclotron resonance [114].

Especially often, combined targets are employed that contain a metal
and a polymer [50]. In this case the target materials are sputtered with the
help of plasma and the sputtered product deposits usually outside its area.
This is convenient when the metal source is the cathode itself (Mo, Cu, Au).
Thus, in the trifluoropropanemetal systems the amount of metal in the form-
ing thin-film material reaches 18–26 mass%. Metal–polymers with the formal
composition (C3F4O0.6Mo0.3)n and (C3F3.9O0.3Cu0.3)m [101] were isolated
and characterized. In the same manner Al-containing material with improved
adhesive properties was produced in a magnetron system of the glowing dis-
charge by plasma polymerization of CH4 having Al as the electrode material.
Even under comparatively low frequency (10 kHz) the electrode surface un-
dergoes such a strong ion bombardment that Al evaporates and gets included
into the growing macromolecule and the metal is evenly distributed over the
deposited material thickness.

The volume share (filling factor) ϕ of the metal included in metal–polymer
materials is found from the equation [115]

ϕ = [S(ϕ) − CfCC ]/[SM − Sf ] , (6.7)

where S(ϕ) is the forming metal film density; and CfCC and SM are the density
of the metal-free film and block metal, correspondingly.

The value of ϕ varies within 0.1–1.0 and affects the structure of polymer-
immobilized nanoparticles. 2D particles are derived from silver and benzene
plasma-polymers formed under low ϕ values within a short period of plasma
treatment [116]. It was shown that [117] three different structural zones with
different ϕ values were observed in composite plasma-polymersilver films.
Figure 6.6 has a metal zone consisting of predominantly metal particles with
polymer inclusions, (c) a percolation zone devoid of any metal particles, but
where cluster metal particles start to be formed (d-h) the zone consisting of
fully isolated by the polymer cluster particles – microencapsulated polycrys-
talline silver particles.

Cu, Au and Ag particles of colloidal size encapsulated into thin films [118,
119] have acquired a similar structure (Fig. 6.6 d–h). They can be encapsu-
lated in fluorine polymers as well – Au [89, 91, 120–122], Co, Al, Mo [123]
and Cu in PE [60], Ag in chlorobenzene [94] and benzene [116] polymers.
Distribution of Au nanoparticles in a polymer formed in plasma treatment of
a C3F8–Ar blend was examined. The mean Au particle size was 5.5 nm (ϕ =
0.15). The dimensions of silver crystallites shaping in thin composite films
at chlorobenzene polymerization and vacuum evaporation of Ag [94] are 5 to
10 nm, and at high Ag content they are 100 to 200 nm. In this case AgCl and
silver carbide were not isolated.
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Fig. 6.6. Electron microscopic micrographs of plasma–Ag composite films (filling
degree decreases from a to h)

Vinyltrimethylsilan and tetraethoxysilan were used as polymer-forming
precursors for production of polymer cluster films [124–127]. Silicone-organic
films as a result of thermal treatment are inert, insoluble, stable in mechanical
and thermal respects, and can be used as membranes or protecting coat-
ings [128]. The mean Au particle size depending on the reaction conditions
constitutes (mean atomic numbers are in brackets): 1.4 (85); 2.0 (248); 2.5
(484); 3.7 (1571) and 5.0 (3876) nm. Absorption spectra depend on particle
size from 449 nm (2 nm) to 545.5 nm (5.0 nm). Similarly, palladium/plasma
polymer composites using vinyltrimethylsilan monomer are obtained with
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particle size 1.4–5 nm [129]. Thus, (hexamethyldisiloxane monomer) copper
particles forming in plasma treatment are from 2.9 to 5.4 nm and depend on
treatment conditions and can exist, just as in the form of Cu0, so CuO and
even Cu2O [130].

Hence, a gas-discharge plasma is more efficient than conventional pro-
cedures in situ formation of thin metal–polymer films of controlled size on
nanoparticle surfaces in conditions of low temperature. A drawback of the
method is in difficulties of correlating the metal spraying rate and its incor-
poration into the forming polymer.

6.4 Radiolysis in Polymer Solutions

Radiation-chemical (γ-radiolysis, exposure to a flow of electrons, etc.) and
photoreduction (photolysis) are preferable to hydrogen-induced reduction
when small particles are generated with a narrow distribution range by size.
This is because of diminished starting concentration of initiating particles
due to diffusion of gaseous hydrogen through the aqua solution [131].

The radiation-chemical reduction is based on generation of strong reducers
within the reactive system, including electrons, hydrogen atoms, organic and
inorganic radicals. The process is terminated by precipitation of a sediment
unless stabilizers like polyphosphates, PAA, PVA and others participate in
the process. For example, there is the procedure of obtaining “blue silver”,
during which weakly alkali (pH = 8–10) aqua solutions of Ag+ containing
isopropyl alcohol are exposed to γ-radiation accompanied by coloring into a
bright blue color (absorption bands λmax at 290 and 700 nm) [132]. The value
of λmax is a criterion of the mean nanoparticle size [133,134]. It is also believed
that [135] the blue silver presents a PAA-stabilized linear silver cluster. Its
formation mechanism consists of Ag+ binding by carboxylic groups of PAA
macromolecules unfolded in the alkali medium and further reduction by γ-
radiolysis.

During further radiation–chemical reduction it is transformed through a
series of sequential stages [the λmax band shifts from 320 to 270 corresponding
to clusters Ag+

2 , Ag2+
4 (λmax = 277 nm)]. In this case, the hypsochromic band

shift responding to dimerization and formation of more coarse atomic aggre-
gates (λmax at 365 and 460 nm) [136] is evidence of the formation of coarse
atomic clusters and their shape variation from spherical to ellipsoidal.3 The
low-intensity band with λmax = 325 nm is related to the cluster Ag+

9 [140],
while absorption in the region of 360–380 nm is related to the two-charge
cluster Ag2+

14 [141] closed by coalescence into immobilized colloidal silver.

3 Formation of silver aggregates in inverse micelles under the effect of γ-
radiation [137–139] brings about the usual spherical silver nanoparticles
of λmax = 430 nm along with light-absorbing aggregates at 380 and 530 nm iden-
tified as particles of irregular shape able to form complexes with SAS.
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The thus formed colloidal metal phase catalyzes further reduction of metal
ions.

Evolution of silver clusters is accompanied by changes in coloring from
blue through green, red and brown to intensely yellow – the color of the
subcolloidal silver (not yet exhibiting metallic properties since it has only
8–16 metal atoms).

Coagulation of these particles results in formation of colloidal metal of
a narrow plasmon band at λmax = 380–394 nm with particle diameter from
1–10 to 5–20 nm [142]. The extinction coefficient of the blue silver linear
cluster is estimated as ∼2·104 L·mol−1·cm−1 which is very close to that of
Ag+

2 , Ag2+
4 , Ag2+

8 [143]. Blue silver in oxygen over several days has high
stability, and it can be isolated in a pure form [135, 144, 145]. Such silver
clusters represent long-living oligomers stabilized by the polymer chain. Agn

clusters of different size are generated [146] with absorption bands having
λmax = 280, 295, 335, 370 and 480 nm (subcolloidal particles) depending on
the reactions (pH, correlation of Ag2SO4 aqua solutions and polyacrylic acid
or polyacrylate anion content, γ-radiation dose).

Nanoparticles are very effective in preparation of homogeneous and evenly
distributed across the polymer matrix volume. It was used in the method
of combined γ-radiation of AgNO3 aqua solutions and acrylamide at room
temperature [147]. In the course of irradiation (0.05 mol of AgNO3 and 3.52
mol of acrylamide, at 2.7 ·104 Gy radiation dose) Ag+ ions get reduced under
the effect of hydrated electrons yielding the particles

Ag+ + e−eq → Ag0,

n Ag0 → Agn.

This results in a brown-red transparent jelly-like product which can be
dried. The dimensions of its quasi-spherical particles are from 2 to 20 nm
with the mean size 10.8 nm. It is believed that this approach can be used for
manufacturing nanocomposites of the polymer–metal oxide or polymer–metal
sulfide type, where other precursors can also be used as the polymer matrix,
e.g. mixtures of butyl acrylate, styrene and 2-hydroxy-α-methacrylate [148].

Radiolysis-induced formation of islet films of other metal nanoparticles
from their salts has been studied less than that of silver. Interaction of H2

with colloidal Pd obtained by radiation-chemical reduction of Pd2+ in aqua
solution of PAA does not affect the size of Pd nanoparticles (2–4 nm) but
is accompanied by hydrogen sorption on the nanoparticle surface [149, 150].
The reduction processes of Pt ions under the effect of various stabilizers
have been compared: radiolysis, H2, and citrates in the presence of poly-
mer stabilizers [151]. The radiolytic reduction of PtCl2−4 with addition of
sodium polyphosphate and methanol leads to formation of pointed parti-
cles, irregular in shape, 1–3 nm in size (35–900 Pt atoms in a particle). The
reduction follows at least partially the autocatalytic mechanism. Autocom-
plexes of the type PtCl2(H2O)2, PtCl3(H2O)− are reduced by H2 in the
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presence of polyphosphate or sodium polyacrylate and isolate particles of
regular shape (5–8 nm), while citrate platinum particles are of about 2.5 nm
size. Spectra of the first two nanoparticle types show an absorption band with
λmax = 215 nm, whereas unstabilized Pt clusters are absorbed at 260 nm. Dif-
ferences in spectra and in reactivity towards O2, H2, etc. are attributed to
dimensional effects and different oxidative states of nanoparticle surfaces.

6.5 Photolysis of Metal-Polymer Systems
as Means of Obtaining Nanocomposites

Optical excitation of a transient metal promotes a single-electron reduction of
the metal ion (S – solvent) complexes within the regions of the ligand→metal
charge transfer

(MXn)s
hν←→ (M+Xn−1,X·)s

(M+Xn−1,X·)s −→ (M+
n−1)s + X + S·.

Under definite conditions the process might terminate in the formation of
zero-valent forms and metal nanoparticles

M+Xn−1)s
(hν, S·)←→ (Mo)s ←→ (Mn).

The analysis of the phenomenon proves that only highly light-sensitive
compounds whose quantum output of the reaction is above 0.1 can be used
for these purposes. Complexes with ligands such as carbonic or amino acid
anions, tetraphenyl borate, etc. in the inner or outer coordination sphere
belong to such compounds. Besides, the accepting media (solvents, polymers)
should behave as secondary reducers of intermediates that contribute to the
reduction process.

Investigations in the photolysis of silver salts derived in a microemulsion
medium (polymer solutions, e.g. gelatin, are introduced in the micelle solu-
tion [152]) are important for the nanotechnology of halogen-silver recording
materials [153]. A band with λmax = 1100 nm strongly shifted to the red re-
gion was registered for coarse (15–20 nm) ellipsoidal silver particles in gelatin
photo emulsions [154].

Nanoparticles in situ formed by simultaneous photopolymerization (acry-
lamide, 0.08% of N,N-methylenbisacrylamide, exposure to a full spectrum of
a mercury lamp) and photoreduction of Ag+ ions show high stability (nascent
samples in the presence of oxygen for a few weeks, and already formed films –
during several months) [52].

Ag particles with sizes less than 20 nm are commensurable with those
obtained by low-temperature co-condensation of metal vapors. These com-
posites can be obtained by polymerization in the presence of MMA or acry-
lamide with addition of AgNO3 in aqua media (or by the latter dissolving in
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MMA) in UV radiation during 48 h at room temperature [155]. Silver parti-
cles and the stabilizing polymer matrix are formed similarly to the case with
γ-radiation. Silver particles in Ag/PMMA composite are 10–20 nm in size.
Polymerization of PMMA or acrylamide does not occur at UV radiation in
room temperature probably because Ag+ ions diminish the electron density
of C=C bonds by coordination with the monomer molecules thus promoting
the formation of radicals at exposure and initiating polymerization.

Photolysis of silver salts consists of intermediate stages during which low-
atomic charged silver clusters are formed and catalyze further synthesis of
nanoparticles incorporating more than 103 atoms. They are formed at the
stage when photoelectrons enter into interaction with interstitial silver ions
e + Ag+

o → Ago or as a result of interactions between silver ions and atoms:
Ag + Ag+

o → Ag+
2 . The final stage of the process is Ag+

n + e → Agn. Study
of polymer-stabilized silver nanoparticles is very important as knowledge of
specific properties of its clusters and colloidal particles helps to correlate the
position and form of bands in absorption spectra with the size, concentration,
aggregation level and shape of particles. For instance [156], the band λmax =
277 nm belonging to the doubly-charged silver cluster Ag2+

4 has been recorded
during both chemical and photochemical reduction of silver ions in polymers.

Islet silver clusters were detected [157] in photochemical reduction of
AgNO3 or [Ag(NH3)2]BF4 in DMPA in PVA, PEO and gelatin matrices
exposed to monochromic light of λexc = 254 at light flow intensity 2·1016

quantum·cm−2·s−1. The intensity threshold is attributed to simultaneously
running processes of dark re-oxidation of the forming atoms and tiny nuclei,
at higher intensities the colloidal particle breakdown. Photochemical forma-
tion of colloidal silver in polymer matrices is preceded by photo-generation
of low-atomic clusters agglomerating afterwards into subcolloidal particles
(growing of nuclei). Bands in the absorption spectra of photolysis products
at various expositions have stable position, probably because clusters incre-
ment in mass as a result of their concentration growth but not the size.
Initially, concentration of silver clusters is proportional to the degree of light-
ing, while the distribution by size corresponds to the logarithmic variance
value. It was presumed [158] that nanoparticles start to grow due to photore-
duction of the initial complexes on their surfaces in the photolyte proceeding
from high enough viscosity of the polymer and comparatively low cluster
mobility at the photolysis stage. Diminishing of their starting content should
noticeably decrease the nanoparticle size, which is in fact observed during the
experiment. Photoresponse (0.15–0.28) augments the complex concentration
growth in the photolyte too. The kinetic dependencies of silver photoreduc-
tion are significantly affected by the polymer nature as well. The rate of silver
colloid formation in PEO is 10 times as low as in PVA. Optical density of
silver plasmons in PVA continues to grow even after photoradiation [158]
since PVA is a rather strong secondary reducer of silver ions. However, the
dark process flows far too slowly (∼50 times) compared to the photochemical
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process. Therefore the particles arising from catalytic reduction of the ini-
tial silver ions on their surfaces continue to grow further. Despite the fact
that the rated values of the submicrocrystalline lattice constant are identical
to the block metal, the 3d-electron bonding energy of colloidal particles is,
according to ESCA, (373 eV) considerably higher than the massive crystals
have (368.1 eV) and is a function of the particle size [159]. It was established
that coarse rod-like silver nanoparticles of 15–20 nm size and 250–300 nm
length stabilized by a deprotonized form of PVA were formed during the
process. The particles can be presented as cylinders 20 nm in diameter and
300 nm height. The light-sensitive gelatin layers based on AgBr nanocrystals
and a physical macromolecular network on model layer surfaces of a PTFE
film [161] are produced by in situ synthesis of Ag nanoparticles.

Photolysis of MXn–macroligand systems may be accompanied by the pho-
tolysis of the polymer matrix. This results, e.g. for PAA, in its decarboxy-
lation reaching 68% in 90 min [162] and even destruction [163, 164], which
happens, probably, because of the forming of radicals in UV-induced photol-
ysis and their interaction. The photo-oxidative destruction at UV radiation
was observed in PS [165] during which the PS surface layer transformed
gradually with increasing radiation dose even at room temperature from the
glassy into a highly elastic state and then into the viscous flow. The glass
temperature in the surface layer of PS is lower than that for bulk polymer. Es-
pecially, it is decreased after UV modification [166]. In contrast, when a thin
Au layer (10 nm) is deposited in vacuum on PMPhSi films followed by UV
exposure [167] the films get oxidized as a result of catalysis and the Si–Si and
Si–O–Si bonds get broken. The phenomenon was detected in polysilane-Au
systems only.

Metal–polymer nanocomposites were produced on the base of cobalt salts
and styrene copolymer with acrylic acid under UV radiation [168]. The poly-
mer in the form of spherical particles (300 nm in diameter) obtained by emul-
sion copolymerization is brought into interaction with Co(CH3COO)2 and is
exposed to the radiation of a mercury lamp for 50 h at room temperature. The
reduction is induced by hydrated electrons whose redox potential is 2.27 V,
whereas that of cobalt is 0.277 V

Co2+ + 2e−eq → Co0 (reduction)

nCo0 → Con (aggregation).

Thus, spherical polymer particles of nanometer size get overgrown with
cobalt nanoparticles of 15 nm size.

Photosyntheses was compared of silver, copper (reduction of (Cuen2)
(BPh4)2) and gold (reduction of (Auen2)Cl3) in the presence of PEO, PVA or
in nafionic membranes [158]. It is proved that the particles formed are spher-
ical in shape and they don’t agglomerate during photolysis. The presence of
intensive narrow bands of copper, silver and gold with λmax 580, 430 and
580 nm, correspondingly can be seen in Fig. 6.7. Photometry is very useful
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λ, nm

Fig. 6.7. The change of adsorption spectra of copper (a), silver (b) and gold
(c) colloids in nafionic membranes obtained in photoreduction of [Cuen2](BPh4)2,
[Ag(NH3)2]BF4, and HAuCl4 (0.05 mol/L) in DMF (λexc 254 nm, intensity (I) is
7.0·1015 quantum/cm−2· s−1)

because metal nanoparticles have the specific plasmon absorption in UV and
visible spectra. The maximum, intensity and form of plasmon bands are a
qualitative criterion of the structure of nanophase materials. Rated extinction
coefficients of colloidal metals are (L·mol−1·cm−1): 5.2·103(Au), 5.8·103(Ag),
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6.4·103(Cu), 4.8·103(Ni) 4.6·103(Pd) [169]. As expected, the transition from
liquid to solid photolytes (reduction of Ag+, Cu2+ and Au3+ ions in poly-
mer membranes) is hampered due to difficulties in mass exchange. According
to the data of XPS, the energy of the 4f-electron bond (90.2 eV) for colloid
particles of Au is substantially higher than that for crystal bulk Au (84.0 eV).

Some other metal complexes can be used for photolytes as well, e.g.
Ni(en)2(BPh4)2, Pd(en)2(BPh4)2, Pd(ClO4)2 and even Al (polymer–poly
(styrene)-co-(4-chloromethylstyrene) complexes [170].

Nanoparticles grow during photosynthesis to definite photo-stable size in
PVA and constitute for Cu 30–40 nm, for palladium nanoparticles in the film
∼50 nm. Ag, Au, Pd colloids in PVA films preserve their spectral proper-
ties for up to two years during storage in darkness in air; those of Cu – for
2 to 3 months. Most probably, the formation of intra- and intermolecular
cross-links, isolation of a microgel from PVA and their photolysis products
in the vicinity of nanoparticles ensure their electrostatic and steric stabiliza-
tion, high aggregative stability and resistance to oxidation of nanoparticles
in aqua solutions. The diminishing capability of stabilizing silver clusters was
observed in acrylic acid copolymer with acrylamide in the course of decar-
boxylation [171].

Approaches used in practice are much wider than we’ve just considered.
For instance, the template technique of optical lithography employs special
masks covered with a thin layer of a light-sensitive polymer. To bind Ag+, a
process of chemical or photochemical reduction [172] is used aimed at selective
metallizing of the thin polymer film. Another way [173,174] of producing thin
photoactive 2D films consists of UV exposure of Au nanoparticles stabilized
by ammonia salts with addition of paraffin derivatives from which a polymer
lattice is shaped during irradiation.

As can be seen, among the advantages of the physico-chemical methods is
simplicity of the equipment employed, low operation cost, high purity of re-
ducers subjected to a flow of electrons, light quanta, bombardment with ions,
high-energy excited molecules, atomic metal flows deposited in deep vacuum
on a polymer obtained by sublimation or evaporation of a block metal, etc.
Besides, among merits of the methods under study are the reduction rapid-
ity and efficiency of numerous metal ions, and perfect reproducibility of ob-
taining nanoparticles within a broad spectrum of temperatures and polymer
matrices.

The method of joint vapor deposition of a monomer and a metal is very
interesting too. During this procedure it is possible to stabilize a wide range of
nanoparticles of different metals and monitor their concentration. It displays
many advantages over other methods of producing nanocomposites: very neat
substances are achieved since deposition proceeds from the gaseous phase and
at deep vacuum; separate control over gaseous flows allows regulating the
concentration of components in the material; the method does not impose
any limitations on chemical or temperature parameters, on metal type, etc.
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6.6 Electrochemical Methods
of Nanocomposite Formation

The electrochemical and electroflotation methods are well known in produc-
tion in situ of macromolecules with chemisorbed metal colloidal particles. The
electrochemical polymerization reactions are heterogeneous, i.e. the initiation
occurs at the electrode surfaces but the next stages (chain growth, limitations
or termination) proceed usually in the surrounding of liquid media. The phys-
ical and chemical nature of the electrode and its special surface properties
(such as the electrode overvoltage potentials, current density, etc.) affect these
reactions. The nature of the electrode material (metals, alloys, thin coatings
and so on) can have an impact on the characteristics of the electron transfer
(i.e. the initiation) and polymerization reaction. The optimal processes of
electrochemical polymerization are based on the direct electronic transitions
(between the electrode and monomer), cathodic decomposition and anodic
metal dissolution, when metal salts (an precursors of nanoparticles) can in
principle serve as a peculiar electrochemical activator carrying out a direct
chemical addition to the monomer (by a transfer, decomposition or cataly-
sis). In general the electrochemical polymerization has limited application in
the nanocomposite production.

The effective method of metal organosols production is based on use of
double-layer electrolysis bath methods [175] (Fig. 6.8) with moving electrodes
(rotation rate ∼60 rpm) wetted by a dispersed medium. The nanoparticles
are giving off from the water solutions as highly dispersed cathodic deposi-
tions at the upper organic layer of the electrolytic bath. The layer presents a
low-concentrated polymeric solution in the organic solvent (sometimes with
SAS additives). The colloidal metallic particles interact with the solvent on
the phase interface just in the moment of formation in situ. Nanoparticle
formation rarely proceeds on polymers mainly by electrophoretic or electro-
chemical metal deposition on a polymeric suspension used as a dopant in
electrolysis [176]. In this case the metallopolymer formation stage is defined
both by a polarization interaction between polymeric and metal particles dur-
ing the coprecipitation at the electrode and a macromolecule chemisorption
interaction with the metal surface in the escaping moment.

The process is obviously multistage (Mn+ ion discharge, metallic depo-
sition crystallization, parallel electrochemical reactions, etc.). The transition
from polymer-immobilized nanoparticles to metallic dense electrochemical
coating depends on the dispersed phase and electrolyte concentrations and
the particle charge. At the same time the screening characteristics of the poly-
meric particles result in a blocking effect for the metal particles or electrode
surface that gives rise a specific type of interaction, namely electrophoretic
polarization which can markedly influence the metal electrocrystallization.
The polymer deposits usually as a separate phase (solid or liquid) on the
electrode surface. As a result, the transfer of ions, electrons or neutral parti-
cles proceeds through the new phase layer and is accompanied by the serious
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Fig. 6.8. A scheme of double-layer electrolytic bath for synthesis of metallopoly-
mer: 1 – water solution of electrolyte, 2 – diluted solution of polymer and SAS in
hydrocarbon, 3 – cathode

kinetic limitations connected with the polymeric coating permeability. The
deposited polymer layer decreases the electrode general activity and the cur-
rent but this effect can be partly reduced using liquid electrodes such as
mercury-dropping electrodes. Some examples are given below.

The colloidal Pd particles in a nascent state were obtained [177] by the
electrolysis of palladium chloride solutions at pH = 1 into a double-layer
bath in the presence of a hydrocarbon solvent and epoxy-dianic resin or SAS.
The particles arise because the polymer chemisorption bonds stabilize the
formed colloidal Pd organosols. The products (after removing the solvent
and electrolyte remains) were defined as metallopolymers, containing up to
90–95% of Pd. Their formation proceeded at the high polarization of the
cathode and was accompanied by abundant release of hydrogen adsorbing on
nanoparticles (5.5–7.8 nm in size).

The coprecipitation of Ni nanoparticles with PTFE suspension from the
nickel sulfaminoacid electrolyte at room temperature leads to polymer incor-
poration into the Ni deposit (up to 20% by mass). The process is controlled
by the cathodic current density and suspension concentration [178]. The re-
lation between the homo- and heterocoagulation processes (i.e. between the
metal particles and polymer) defines the rates of electrochemical deposition
and metal release in Ni–PTFE systems [179]. The electrode material can
be a precursor for noble metal nanoaprticles introduced for example in the
polypyrrolic films being functionalized by 4,4′-dipyridyl, ammonium alkyl
or other groups [180–184]. The electrochemically formed fine ferrous disper-
sions (∼200 nm) can be used as the modification coatings of many materi-
als [185]. Such metallopolymeric systems can be obtained electrochemically
using porous films deformed into the adsorption active [186]. With this pur-
pose, a cathode is covered by a thin porous film (Fig. 6.9) in the pores of
which the metals (Cu, Ni, Co, Fe, Ag, etc.) can be released. The amount
of deposition metal is controlled by the electrolysis process time and matrix
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Fig. 6.9. Scheme of the electrochemical cell: 1 – cathode, 2 – film of porous
polymer, 3 – metal salt solution, 4 – anode

porosity. All the craze volume in the ideal case must be filled by metal (for
example, by Cu crystals 12–20 nm in size). Co nanoparticles 1–2 nm in size
and with narrow size distribution can be generated electrochemically [187].
Dissolution of anode and formation of nanoparticles in a near cathode layer
occur under current in a standard electrochemical cell containing tetraalky-
lammonium halide solution in ethanol.

There is little evidence about semiconductor type nanocomposites form-
ing by electrochemical methods. For example, the formation of colloidal CdS
(with particles 80–150 nm in size) in polypyrrole or polypyrrole/polystyrene-
sulfonate system on the electrodes can be marked [188] where two conve-
nient approaches were found. In the former case cadmium ions were bound
with a composition (obtained by pyrrole electrochemical polymerization) and
treated by disulfide ions (HS−). In the latter case the HS− ions were electro-
chemically oxidized to elemental sulfur in a matrix from a polypyrrole thin
film using the necessary cadmium ions in the electrode system.

The electrophoretic deposition of polymer-immobilized metal particles on
the electrodes is very interesting too. For example, the H2PtCl6·6 H2O (sta-
bilized by SAS) reduction on cuprous electrodes in spirit-water media allows
us to form 2D coatings having the mean size of Pt particles 1.9–3.3 nm [189].
This method is suitable for the production of colloidal silver (on PAA) or
gold stabilized by cationic PDDA polymer [190]. The polymeric films can be
used for an effective charge separation between metal NP and solution in the
different electrochemical devices [191]. There is little evidence about electro-
chemical methods of multimetallic nanoparticle formation in the polymers.
The problem is very complicated because of differences in the electrochemical
potentials during the various metals deposition. For example, the reduction
potential of AuCl−4 is superior to PdCl−4 and therefore AuCl−4 in mixtures is
reduced more rapidly than PdCl−4 [192]:

AuCl−4 + 3e− → Au + 4Cl−
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PdCl−4 + 2e− → Pd + 4Cl−4 .

The deposition of electrochemical nanoparticles on polymers can be
used for the production of materials having special properties. The thermal
methods have the essential advantages over electrochemical ones, because
an intense decomposition of the dispersed media, a strong oxidation of the
forming colloidal particles, etc.
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These nanocomposites have in common the nanometer parameters of their
structure, distances between lattices and layers formed by the polymer and
inorganic ingredients, and the nanometer size of the forming particles, in-
cluding metal-containing ones.

This class of advanced materials displays synergism of properties of the
original components. Their organic phase may entrap metal particles inside
peculiar traps of optimum parameters of the oxide network or a polymer
grain. Silicone, titanium, aluminum, vanadium and molybdenum oxides along
with glass, clay, lamellar silicates, zeolites, phosphates, metal chalcogenides,
ferric oxychlorides, and graphite are used as inorganic precursors. The use of
natural silicates and zeolites with methods of regulating pore size looks very
interesting too.

In the past decade a lot of attention was given to the issue of develop-
ing sol–gel analysis in production of hybrid materials and to intercalation
of polymers and nanoparticles in layered systems using the chemistry of the
intracrystalline guest–host structures. The combinations of the mineral and
organic components in their formation processes were tested with sol–gel
synthesis and control over the formation of inorganic and polymer networks.
Synthesis procedures and properties of metal–polymer Langmuir–Blodgett
films were studied too. Many natural composite materials have similar struc-
ture (e.g. bone, borosilicate glass). The major synthetic methods of hybrid
nanocomposite production are allied to the living nature and are observed in
various bioprocesses, biosorption, and biomineralization.



7 The Sol–Gel Process in Formation
of Hybrid Nanocomposites

Polymer–inorganic materials are distinguished by elevated mechanical stren-
gth and thermal stability in combination with optimum heat transfer fea-
tures [1–3]. These materials are widely used in components of metal matrix
composites, where they improve the strength and hardness of soft materials,
and their thermochemical, rheological, electrical and optical properties [4–6].
These composites are used as chromatographic carriers, membrane mate-
rials [7], and as new classes of plastics for aerospace applications. Control
of surface properties of colloidal materials is one of the major problems in
pharmaceutical, cosmetic, semiconductor, catalysis, printing, food, biologi-
cal, and medical fields. These problems have been generalized in a series of
monographs and reviews [8–28], and special issues of journals were devoted
to these aspects [29–32].

Optimum in the ecological respect is zero-discharge methods of composite
material production, to which belong the sol–gel or spin-on-glass processes.
They employ materials such as ceramics, luminophores, carriers, catalyzers,
plastics and rubber reinforcing agents, binders, adsorbents in pharmaceuti-
cal and cosmetic industries [33–40], and photocatalysts for cleaning water
and air. According to [41], sol–gel processes were used since 1980s for study-
ing organic/inorganic hybrid materials.1 In 1996 the review [42] on the use of
sol–gel materials in electrochemistry only contained more than 300 references
and the peak of investigations in this domain hasn’t been yet reached. The
sol–gel process is a convenient means of producing dispersed materials often
called ceramers through growing metal-oxide polymers in solutions based on
inorganic polymerization reactions. Organotitanium acrylic polymers, like ti-
tanium alkoxides, appear to be self-polishing free of toxicity coatings (release
of biocides) and are completely nontoxic for the marine environment [44].

Hybrid nanocomposites depend on the prehistory of the organic and in-
organic phase introduced into the material. The organic component can be
introduced as: (a) a precursor, which can be a monomer or an oligomer [45],
(b) a preformed linear polymer (in solution, molten, emulsion states) [46–50],

1 Generally speaking, this statement isn’t strictly accurate. The production process
of low-density silica by tetraethyl ortosilicate hydrolysis in the presence of cation-
ion surfactants was patented in 1971 (USA patent 3,556,725, Jan. 19, 1971,
V. Chiola, J.E. Ritsko, C.D. Vanderpool).
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or (c) a preformed polymer network, physically or chemically cross-linked [12,
34, 39, 51]. The mineral ingredient can be included into a hybrid material in
three different ways: (a) as a metal-oxide monomer (see [39, 45–49, 53, 54]),
(b) as preformed nanoparticles [55,56], or (c) as an existed nanoporous struc-
ture [10,20,57,58].

7.1 General Characteristics of Sol–Gel Reactions

The following methods of manufacturing ceramics with required proper-
ties are the most well known: coprecipitation, sol–gel processing of col-
loids or organometallic compounds, hydrothermal processing, spray pyrolysis
processes, gel processing of organic polymers or polymerizable media in the
presence of metal complexes.

The sol–gel process is a two-step network-forming process and consists
of the following main stages: preparation of the solute → gel formation →
drying → thermal treatment. The initial agents of the process are metal
alkoxides which are brought into the reaction in the organic solvent medium
where water serves as the reagent evoking hydrolysis M(OR)n (M = Si, Ti,
Zr, VO, Zn, Al, Sn, Ce, Mo, W, and lanthanides). Further condensation of
the forming compounds leads to formation of a gel. The acidic hydrolysis (for
alkoxides with n = 4) and subsequent condensation can be presented by

M(OR)4 + 4H2O → M(OH)4 + 4ROH;

mM(OH)4 → (MO2)m + 2mH2O.

The real process is naturally more intricate and follows a multiroute mech-
anism. Hydrolysis of alcoholates can result in oxoalcoholates of metals as in-
termediate formswhich may include polynuclear forms of the TixOy(OR)4x−2y

type many of which have already been discovered and characterized [59]. In
the course of formation of the solid phase of a monodisperse TiO2 powder,
the sequential stages can be observed: hydrolysis → condensation → nucle-
ation → particle growth [60].

During a traditional sol–gel process oxooligomers or polymers with rather
high molecular mass as well as network polymers are formed:

Oxolation:

Alcoxolation:

Si OH EtO Si
H+

OH−
Si O Si EtOH+ +

Si OH
H+

OH−
Si O Si+ +SiHO H2O
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The particles are supposed to grow by the diffusion mechanism [61] and
the diffusion constant is about 10−9 cm2·s−1. Nevertheless, by a combination
of Fourier transform infrared spectroscopy (FTIR) and small-angle X-ray
scattering (SAXS) it was proved that the major stage of Zr(OBu)4 hydroly-
sis started in the very early moments of the process (in 1 s) and condensation
occurred even at that so instantaneous period [62]. Heat effects during the
Ti(OBu)4 hydrolysis reaction in ROH (R= Et, Pri, Bu) at different ratios of
H2O/M(OR)n = γ within the γ = 0.2–70 range intensify till γ ≈ 1 (mean
value is 19.3 kJ·mol−1). The heat effect corresponds to the substitution re-
action of one alkoxyl group [63].

Critical factors are the optimization of the process conditions, use of cat-
alyzers, including nucleophylic catalysis of NH4F trifluoroacetic acid [64] and
polystyrenesulfonic acid of a polymer origin [43]; nature of the metal and
that of alkoxy group. The hydrolysis rate of Ti(OBu)4 is almost 150 times
less than that of Ti(OEt)4 [65]. A perceptible effect is exerted by other lig-
ands too in case of alkoxides of mixed type, especially of the chelate com-
ponent: β-diketone, α and β-hydroxyacidic, polyolic, etc. in compounds like
Zr(OSiMe3)2(acac)2) applicable in metal–organic chemical vapor deposition
(MOCVD) [66]. Besides, the process depends upon the degree of alkoxide
association, e.g. [Ti(OEt)4]n n = 2; 3. The rate of hydrolysis of oxide and
alkoxy-cluster structures of the [Ti18O22(OBu)26(acac)2] kind is by far slower
than that of the initial Ti(OR)4 hydrolysis. Many procedures for the described
products are known today, e.g. production of TiO2, highly important in in-
dustry, (Table 7.1) [67]; nevertheless the sol–gel process is believed to be the
most promising.

The reactivity of alkoxides of four-valent metals M(OR)4 augments in
the series [48] Si(OR)4 � Sn(OR)4 (R3Si groups are known to be non-
hydrolysable) and Ti(OR)4 < Zr(OR)4 < Ce(OR)4. The ion radius of the
central atom increases in the same series 0.04, 0.06, 0.64, 0.087 and 0.102,
respectively, as does its coordination number CN (4, 6, 6, 7, 8) as well as its
nonsaturation degree (CN to valence difference 0, 2, 2, 3 and 4) [51]. Nev-
ertheless, the γ ratio is the most important. On particular, for VO(OPr)3 a
homogeneous transparent gel with an alkoxide polymer lattice in n-propanol
is derived at n = 3. At n > 100 the forming gel has a different structure inca-
pable of generating the inclusion compounds [68]. Proceeding from the above,
the sol–gel process consists of the gel-precursor polymerization (chemically
controlled condensation) [69], tetramethoxysilane (TMOS) or tetraethoxysi-
lane (TEOS) able to form a silica gel structure (host) round a dopant (guest)
as if encapsulated into a specific cell-trap. In case the jellification (gel forma-
tion) runs quickly, the method is called a fast sol–gel method.

Sols are thermodynamically unstable systems possessing a high free
surface energy and can exist only in the presence of the stabilizing col-
loids. One of the efficient means of their stabilization is an electrostatic
method governed by the system pH value. Stabilization of highly concentrated
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sols presents a complex problem. Stabilization of nanoparticles in the sol–
gel is observed through binding of the sol surface by special molecules –
monomers [53,54,70,71].

Carboxylic acids, including polymer ones [72], have strong bonding with
the surface of SiO2, ZrO2, TiO2 or Al2O3 particles. Amines are capable of
peculiar adsorption on metal particles of Pd and Au. More specific reagents
for Au are thiols. It is possible to use bifunctional molecules incorporating
a double bond along with hydrolysable silane or Zr–OR groups. Then the
corresponding precursors can be obtained upon controlled hydrolysis with
ZrO2 particles of ∼2 nm size prone to copolymerize via the double bond of
methacrylic acid (MAA) functioning simultaneously as the surface modifier
(see Scheme 7.1).

Moreover, zirconium alkoxide Zr(OR)4 displays high reactivity towards
hydrolysis, so during the direct process a sediment ZrO2·aq precipitates which
is fit for production of a homogeneous composite material.

Zr(OPr)4

OR

Zr

OR

O

O
C C CH2

CH3

Zr OR2 HO2+ Zr O Zr ROH+

Si(OMe)3(CH2)3O

O

C

CH3

CCH2

+ H2OR Si O R

HO Si R+R Si OH

ROH;+R Si OHH2OR Si OR

H2O
MeOH+H++

Hydrolysis:

Condensation (latent water):

The complex formation:

Removing the free and latent water
by condensation reaction:

Photoinitiator

Clear liquid

Block Thin film

Scheme 7.1



278 7 The Sol–Gel Process

Once the MAA is bound, the ability of Zr(OR)4 to hydrolysis drops
abruptly leading to formation of well dispersed ZrO2· nanoparticles in the
presence of latent water in the silane being hydrolyzed and condensed.

It should be noted that to deposit silica layers very often a well-known
sequence of reactions is used [73]:

SiCl4 + 4H2O → Si(OH)4 + 4HCl
Si(OH)4 → SinO4n−xH4n−2x + xH2O

Similarly, the anatase and rutile modifications of TiO2 are obtained [74].
Their stability in aqua dispersions as well as in acidic and alkali solutions
was studied in [75].

Oxopolymers synthesized by sol–gel synthesis acquire an ultrafine porous
network similar to zeolites with pore size 1–10 nm. They are sometimes called
nanoperiodical or mesostructural materials whose specific surface (130–1260
m2·g−1) depends on the synthesis conditions. Of importance, especially for
catalysis are titanium-containing silica mesoporous molecular sieves of the
type of hexagonal MCM-41 and cubic MCM-48 materials (Mobil codes), Ti-
MCM-41 [76–78]. The dimensions of their pores (above 2–3 nm) present a base
for modification of their inner surface aimed at regulation of hydrophobic–
hydrophilic and acidic properties and design of catalytic active centers [79,80].
The TiO2-gel-monolite pore diameter is about 4 nm, and the material porosity
reaches 50% depending on production conditions [81,82]. Their drying regime,
during which the volatile products are removed, governs the product texture.
For example, low-dispersed xerogels, upon long drying in air, may be formed
due to coalescence of gel particles. The preparation temperature of TiO2

by the sol–gel method plays a critical role too and its specific surface area
(SSA, m2·g−1), mean pore diameter (nm) and porosity (%) are given in
Table 7.2 [83].

When the action of capillary forces is excluded by drying conditions, then
high-dispersed aerogels are formed. CO2 in a supercritical state is commonly
used today for this purpose. The formation of the structure and texture of the

Table 7.2. SSA, porosity and mean pore diameter of titanium samples

Temperature,K SSA (m2g−1) Porosity (%) Mean pore
Diameter (nm)

As prepared 332.8 57.6 4.4

570 123.7 54.4 1.4

670 118.4 53.6 10.5

770 90.5 45.6 10

870 25 18.6 9.8
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target product are terminated at the stage of thermal treatment [8, 84–89].2

The pyrolysis atmosphere affects their inert, vacuum or oxidative properties
as well [100].

The sol–gel synthesis is used in production of vanadium oxide nan-
otubes [101–103], which implies that the sol–gel synthesis is run in the pres-
ence VO(O-i-Pr)3 or α, ω-diamines, and is followed by a hydro-thermal reac-
tion in an autoclave at 453 K for 2–7 days. After drying and washing the tube-
shaped vanadium oxide with mixed valence represents nanoparticles with
diameter 15–150 nm (5–50 nm inner diameter) and 15 µm long. The tubes
consist of 2–30 layers of a crystalline vanadium oxide and amine molecules
intercalated in between. The distances between the layers of about 1.7–3.8 nm
are proportional to the amine length and are functioning as a structurally
guiding template.

It may be concluded that the classification of materials produced by the
sol–gel synthesis was formulated on the base of bonding type between the
organic and inorganic components. According to [70, 71], the organic groups
introduced into R′

nSi(OR)4−n may fulfill two functions: as modifying the net-
work and forming the network in case of silica-based materials – ORMOSIL
(Organically Modified Silicates) and ORMOCER (Organically Modified Ce-
ramics). Low-percentage polycarbosilanes contain 2–30 vol.% of ceramics
while those with high-percentage acquire 45–75 vol.%. For example, the mate-
rial named “rubber ormosil” based on TEOS and polydimethylsiloxane with
MwMM = 1700–2000 contains more than 70 vol.% inorganic components [57].

Classification of the sol–gel technique [104] based on the structure, the
forming network sources and bonding type is given in Table 7.3.

7.2 A Combination of Polymerization Reactions
and In Situ Sol–Gel Synthesis of Nanocomposites

Convenient method for production of hybrid composites is based on polymeri-
zation-induced transformations of hybrid monomers. The compounds with an
inorganic component may serve as precursor and a polymer-generating group.
2 The sol–gel process with application of a highly porous silica gel in a polar so-

lution can also be used for microencapsulation of various large molecules like
dyes (e.g. [88, 90]), photochromic fluorescence substances, scintillators [15], por-
phyrins encapsulated into a sol–gel matrix generated in combined hydrolysis of
Si(OEt)4−Zr(OBu)4, enzymes, proteins and so on [88, 91, 92]. The methods of
their production and structure are akin to metal–polymer nanocomposites. In
particular, a xerogel is impregnated into MMA [93, 94] in which an inorganic
dye can also be dissolved (of perylene type) and upon UV or thermal poly-
merization a co-impregnated composition of SiO2-polymethylmethacrylate-dye
is received. Another variant is to topochemically incorporate dyes inside the sil-
ica with nanometer precision of the radial position [95–97]. These materials are
termed organically doped/organically modified sol–gel materials [98,99].
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Table 7.3. Classification of the chief sol–gel methods [104]

Supporting
Structure

Bonding Fashion Source

(1) Colloid Particles interconnected by
Van der Waalse or hydrogen
bonding

Mostly from oxide or hy-
droxide sols

(2) Metaloxane
polymer

Inorganic polymers
interconnected by Van der
Waalse or hydrogen bonding

Hydrolysis and condensa-
tion of metal alkoxides

(3) Carbon-
backbone
polymer

Organic polymers
interconnected by Van der
Waalse or hydrogen bonding

Covalent polymers largely
used in organic chemistry

(4) Metal–
complexes

Associates weakly
interconnected by Van der
Waalse or hydrogen bonding

Concentrated metal com-
plex solution; e.g. amor-
phous citrate method

(5) Polymer–
complex

in situ
polymerizable
complex (IPC)

Organic polymers
interconnected by
coordinate, Van der
Waalse or hydrogen
bonding

Polymerization between α-
hydroxy carboxylic acid
and polyhydroxy alcohol in
the presence of metal com-
plexes; e.g. Pechini method

polymer-complex
solution (PCS)

Coordinating
polymer, e.g. polyvinyl al-
cohol, and metallic salt so-
lutions

The compounds of this kind are called metal-containing polymers whose syn-
thesis and polymerization transformations was summarized in [105]. The pio-
neering work was devoted to the synthesis of titanium trialkoxide methacry-
late monomers CH2=C(CH3)COOTi(OR)3 in which R are Bu, i−Pr, t-Bu,
t−amil or 2-ethylhexyl [106, 107]. Titanium alkoxides are inclined to asso-
ciations with nucleophilic addition of a negatively charged OR group and
positively charged metal atom M. The degree of association depends on the
reaction conditions (especially the nature of the solvent and temperature)
and the nature of alkyl groups. NMR 1H, 13C and IR spectroscopy proved
the existence of different structures in which the methacrylate group formed
a bridge bond (Scheme 7.2).
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It is relevant to use vinyl derivatives of the CH2=CHSi(OEt)3 type [90,
108, 109], including the single-stage production of organically functionalized
mesoporous silica MCM-41 to produce ormosils (organically modified silica-
based materials) [110]. Metal clusters like [(RO)nM]xY where Y is a polymer-
forming organic group x ≥ 2 are the most applicable for these purposes [15,
111].

Furthermore, methacrylate-substituted tetranuclear titanium, zirconium
and tantalum oxide clusters Ti4O2(OPri)6)OMc)6, Zr4O2(OMc)12, Ta4O4

(OEt)8(OMc)4 were synthesized. Their formation mechanism is rather intri-
cate. They are brought to substitution of one or more alkoxide ligands for
the methacrylate groups after which the liberated alcohol reacts with the ex-
cess of the acid yielding an ether and latent water. The latter hydrolyzes the
unreacted alkoxide groups and forms oxide and hydroxyl groups in a clus-
ter. Since these processes are comparatively slow, they allow one to control
the growth of carboxylate-substituted oxometallic clusters. The nuclearity
and shape of the cluster depend on the relationship of its initial components
and the nature od the OR group in the alkoxide. Cluster monomers of other
types have been generated, e.g. Hf4ff O2(OMc)12, Nb4O4(OPri)8(OMc)4 [112]
of higher nuclearity (Ti6, Zr6, Ti9) and many mixed-metal oxide clusters,
including titanium/zirconium by this procedure [113–115]. The structure of
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Fig. 7.1. Structure of polynuclear complexes

these formations has been comprehensively examined. The Ti4 cluster con-
sists of octahedral sections that are condensed to a larger extent than Ta4

because two central octahedra use facets more readily than angles for con-
struction (Fig. 7.1). The other two octahedra are linked via this facet through
µ3-oxygen [115, 116]. The lot of six methacrylate groups is to balance the
charges and coordination places of metal atoms. The structure of Zr4 is similar
to titanium with the exception that its central atoms are seven-coordination
and the outer ones are eight-coordination [117]. So far, the substitution de-
gree by bidentant carboxylate groups is higher than in Ti4. The molecular
structure of Ta4 is a centrosymmetrical cycle of four octahedra linked by an-
gles [115, 116]. The methacrylate groups form a square planar surrounding
perpendicular to the cluster backbone.

To obtain sol–gel products by the polymerization method along with un-
saturated carbonic acids, unsaturated alcohols have come into use recently.
One of the first investigations in this sphere was the production of alkoxy-
derivatives Ti(OR)3(OR′) [118, 119], VO(OR)3−n(OR′)n [120, 121], where
OR′ is the residue of the unsaturated alcohol (R=Pri, R′ = · · ·CH2C≡CH,
CH2CH=CH2, (CH3)2CC≡CCH=CH2 and (CH2)2OC(O)C(CH3)=CH2).
Following the reaction M(OR)n + mR′OH → M(OR)n−m(OR′)m + R′OH in
conditions of the isolating alcohol removal as, e.g. azeotropic solution, many
polymerizing alkoxides were derived Ti4+ and V5+.
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Based on i-eugenol, 2-methoxy-4-propenylphenol the corresponding ti-
tanium alkoxides was synthesized [122, 123]. Using alkoxyzirconia deriva-
tives even more complex products of the kind {(Zr(OPri)2[(OC6H3)(OMe)2
(CH2CH=CH2)4](µ-OPri)}2 have been obtained and their crystallographic
structure examined [124].

A hybrid material can be produced by the reaction of metal amides as
well. For example, it is possible to use Ti(NMe2)4 with hydroquinone [125], or
Zr(NMe2)4 reacting with 2,6-dimethylphenol or 2-methoxy-4-propenylphenol
[124,126], etc. [127]. Alcoholysis of Ti(O-i−Pr)4 hydroquinone has a covalent
three-dimensional Ti4+–quinone network [128]. Finally, the hybrid material
has unique electronic properties produced by yttrium isopropoxide conden-
sation with organic diols [129] (Scheme 7.3). A specific interest for func-
tionalization of alkoxy-derivatives of different metals or their nanoparticles
presents 2-hydroxyethyl methacrylate (HEMA). Thanks to its OH side group,
HEMA is a good co-solvent of TEOS and water and its viscosity remains low
enough to achieve a good mixing level. To receive hybrid nanocomposites by
polymerization, it is possible to use hybrid macromers [130–132]. Polyhedral
oligosilsesquioxane-based (POSS) macromers containing a roughly spherical
inorganic core (Si8O12) with approximately 1.4 nm diameter are mostly used
(Fig. 7.2). Methacryloyl-functionalized POSS (MA-POSS) monomers are a

Y(OiPr)2  +  HO−R−OH

Y−O−R−O−YY

O

R

O

Y−O−R−O−YY
n

−C2H5−

S SO2

R =

Scheme 7.3

class of compounds which recently attracted interest for hybrid materials.
MA-POSS monomer can be easily copolymerized with other methacrylate
monomers (Fig. 7.3) (1,6-hexamethylene dimethacrylate, triethyleneglycol
dimethacrylate, 2-hydroxyethyl methacrylate (HEMA)). It could be used to
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decrease the shrinkage of dental composites on multi-methacrylates3 [132].
Incorporating only 5 mass% MA-POSS reduced shrinkage of the prepared
neat resins substantially. The formation of hybrid nanocomposites was re-
viewed in [133] and Fig. 7.4 shows the correlation of the radical polymer-
ization reaction of N,N-dimethacrylamide (DMAAm) and acidic catalysis of
TMOS hydrolysis-condensation. A polymer derived from DMAAm/TMOS =
1:2 blend and 1% of initiator has the number-average molecular mass 76 000.
The composite displays high homogenization degree and forms aggregates

3 Substantial reductions in volume (shrinkage) during polymerization of methacry-
late monomers, which induces strain in the matrix or dental resorptive, and the
low double bond conversion, are two factors which limit the clinical application
of methacrylate-based dental composites.



7.2 A Combination of Polymerization Reactions 285

Si

OCH3

CH3O

OCH3

OCH3

AIBN, 333K
+

H3O
+

CON(CH3)2

TMOS

DMAAm

CON(CH3)2

CON(CH3)2

CON(CH3)2

C

O

CH

(CH3)2N

H2C CH2

CH

C O

N(CH3)2

CH2

CH
C

O

(CH3)2N CH2

CH

N(CH3)2O

C

Si

OH

O
O O

OH

Si

O

O
SiO

O
SiO

HO

Si O Si

OH

OH

O

O
Si

OHO
Si

O

Si

O

OHO

Si

O
O

Si

OH

O

HO Si
O

O

OH

Si OO

OH

SiO

SiO

OH

Si

OH

O

O

SiO O

O

Si

HO

O

O

O

Polymer

Polymer SiO2

SiO2

SiO2

SiO2

Fig. 7.4. Typical procedure for obtaining hybrid nanocomposites

with domains more than 30 nm in size. Its specific surface area and pore
volume obtained by charring the polymer hybrids at 870 K depend on the
production conditions of the composite, and the amount of acid, and reached
365 m2·g−1 and 83.9 mL·g−1, correspondingly. Two types of interpenetrat-
ing polymer networks (IPN) are formed during this process. One is gener-
ated through spontaneous polymerization of N,N′-dimethylacrylamide and
N,N′-methylenebisacrylamide in methanol solution of TMOS. The other is
derived by copolymerization of styrene with divinylbenzene in the presence
of TMOS [134]. It is believed that the siloxane lattice is so rigid that it cannot
be affected by temperature [28]. Therefore, the pore size was expected to be
comparable to that of organic polymer domains in the original hybrids. This
was confirmed for dendrimer polymer hybrids [135].

Polymer silanes can be easily synthesized by condensation of the carboxyl-
terminated polymer with 3-(trietoxysilyl)propylamine and by the radical
polymerization in the 3-(trimethoxysilyl)propylthiol as a chain transfer rea-
gent [136,137] (Scheme 7.4). The other, less widespread, group of monomers
used for sol–gel synthesis in polymerization transformations represents such
compounds as (RO)3M–X–A in which the A group is capable of polymerization
(polycondensation) or cross-linking reactions [138]. Most often a network-
forming epoxy group is used for these purposes, e.g. 3-(glycidoxypropyl)trime-
thoxysilane [139–142] as a compatibilizing binder for TEOS with polyacids.
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PEO4 is used rarely in network formation. Aluminum alkoxide-derivatives
(Fig. 7.5) convert epoxysilanes into network polymers assisted by the catalytic
effect of aluminum γ-oxide particles.

Isocyanate derivatives of alkoxides, e.g. 3-(triethoxysilyl)propyl isocyanate,
are introduced and are often used to modify sol–gel products [143]. In [144] a
method is described for substitution of an alkoxy-group of 3-isocyanatopropyl
triethoxysilane for hexa(methoxymethyl)melamine to produce hybrid optical
materials on its base.

CH2 CH2

O

OCH2CH2CH2−Si(OMe)3

A free-radical copolymerization of methacrylate titanium trialkoxides
with MMA was carried out at 313–343 K temperatures in toluene under the

4 PEO is used to solvate minor cations like lithium. In combination with oxopoly-
mers it is used in sol–gel synthesis to obtain polyelectrolytes with ionic conduc-
tivity.
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AIBN effect [44] when the total concentration of monomers is 0.5–2 mol·l−1.
3D structures are derived when polynuclear clusters are used (Scheme 7.5).

The active inorganic surface furnishes a wide range of control over the rad-
ical polymerization process. Notice that structurally well-defined polymer–
nanoparticle hybrids can be obtained through integrated nanoparticle syn-
thesis with controlled radical polymerization [145–148]. In particular, a mi-
croinitiator is immobilized on the surface of SiO2 particles and in the presence
of CuCl/4,4′-di(5-nonyl)-2,2′-bipyridyl the atom transfer radical polymeriza-
tion (ATRP) of styrene is performed [149]. Properties of the thus synthesized
nanocomposite are significantly better than of the one obtained by tradi-
tional grafting polymerization of corresponding monomers. A similar method



288 7 The Sol–Gel Process

consisting of binding (CuX pyridylmethanimine) on SiO2 particles was used
for ATRP methyl methacrylate [150].

An uncommon variant of obtaining analogous materials is the thermal
ring-opening polymerization route to high molecular weight poly(ferrocenylsi-
lanes) – a novel class of ferrocenophane–silaferrocenophane materials [151]. A
material with unusual magnetic properties (see Chap. 11) can be obtained by
the anionic ring-opening polymerization with BuLi. This includes a polysilox-
ane block (Pt0 catalyst, toluene) yielding a block-copolymer [152] (Scheme
7.6).

SiH

Me

Me

Fe

Si

Me

Me

H

Me

Me

Si O Si

Me

Me
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Me

Me

Si

Fe

n n

m

Scheme 7.6

When this poly(ferrocenylsilane)-block-poly(dimethylsilane) (PFS-b-PDMS)
is dissolved in hexane it self-assembles into cylindrical, wormlike micelles with
a PFS core and a corona of PDMS [153] (Fig. 7.6). Mesoporous materials are
unique in their homogeneity degree (2D and 3D hexagonal symmetries, pore
diameters 2.7 and 3.1 nm, surface areas 750 and 1170 m2·g−1). They are
formed in case the polymer-forming, but inorganic sections are found within
one molecule (organic fragments and inorganic oxide within the framework),
which is exemplified in 1,2-bis(trimethoxysilyl)ethane (CH3O)3Si-CH2-CH2-
Si(OCH3)3 [154].

A large group of monomers such as (trimethoxysilyl)ferrocene derivatives
used in sol–gel synthesis is reviewed in [155]. The precursors of a more com-
plex composition, like silylated chalcogen of the type E(R)SiMe3 (E=S, Se,
Te) [156] can be used too.

Although copolymerization of monomers, one of which contains tri-
alkoxysilyl groups, was studied [157,158], there is still a lack of products de-
rived, hydrolytic instability of trialkoxysilyl groups introduced into the poly-
mers. For instance, (methacryloxypropyl)trimethoxysilane gets hydrolyzed
and condensed as a 0.5 N HCl is added. The product of interactions of
equimolar amounts of Zr(OR)4 and MAA is mixed with a controlled amount
of condensed silane in necessary proportions and a rated content of H2O
is added. An optimum quantity of photoinitiator is introduced in the thus
formed mixture and an amount of alcohol is added to regulate viscosity. A
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Fig. 7.6. Self-assembly of PFS-b-PDMS into cylindrical micelles in hexane

thin film of a photosensitive material is applied by dipping. The structure of
the composite is illustrated in Fig. 7.7.

In a single stage the polytitanosiloxanes was produced via a combined
controlled hydrolysis of Si(OEt)4 and Ti(O-Pri)2(acac)2 [159]. A ladder-like
polymer is lined up and contains the chain-forming sections of Si–O–Si and
Si–O–Ti whose relationship depends upon synthesis conditions and can reach
10. It governs the jellification time and gives the chance of fiber spinning. The
ceramic fibers are produced by the material annealing at 770–1170 K.

The dispersion polymerization of respective prepolymers is made by a
more convenient method of synthesizing the described nanocomposites [49].
For example, silicone-organic monomers are synthesized and copolymerized
(Fig. 7.8). Beads 100–500 nm in size are formed by statistic copolymerization,
which function, on heating to 1270 K, as dimensional templates for removing
organics. The final particles are about 100 nm in size. Hence, the general pro-
duction scheme of nanoceramics with polymerizing of a respective monomer
can be brought to the following [145] (Fig. 7.9).

7.3 Sol–Gel Syntheses in the Presence of Polymers

Polymer modification of colloidal particles, including adsorption, coating, or
grafting, is a set of convenient and practical procedures intended to modify
surface characteristics of particles. Many combining sol–gel processes with
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organic polymers in their own solutions were developed. To this type of
materials belongs class 5 of the classification set forth elsewhere [104] and
presented in Table 7.3. It includes inorganic metal–oxide polymers and stiff
organic polymers.

The organic polymer can be formed in situ (in situ polymerization com-
plex, IPC) or by using a polymer capable of binding metal ions, polymer
complex solution (PCS).
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Systems such as polymer/TEOS can be used for sol–gel synthesis. They
are based on various macromolecules: PMMA, poly(n-butylacrylate) [160,
161], PVA (polyvinyl alcohol) [162], PEO [163], PVA with (poly(vinyl ac-
etate) [164–166], PVP [160, 167], poly(N,N-dimethylacrylate) [160], silicone
rubber [168], poly(amide-ethylene oxide) [169], poly(ethylene oxide-co-epich-
lorhydrin) [170,171], Nafion [172–175], poly(ethyloxazoline), polyphosphazine
[176] and many other.
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The microstructure of these composites is regulated usually through for-
mation of weak van der Waalse and hydrogen bondings or hydrophilic and
hydrophobic interactions. An alternative to this is polymer embedding (or
its precursor) into the oxogel during mixing of metal alkoxides, or its im-
pregnation inside the lattice pores of the oxide xerogel (see Chap. 8). Many
modifications of coating nanoparticles are offered today based on sol–gel syn-
thesis with polymer latexes. A reverse process is described in [177]. It consists
of covering latex particles with the forming nanoparticles, e.g. as a result of
Ti(OBu)4 hydrolysis. The coating thickness is regulated by the components.
Hollow TiO2 particles are derived upon calcination (520–1170 K) that changes
their morphology with temperature rise within the series amorphous→ ru-
tile → anastases.

The filler particles in conventional polymer–inorganic systems are usually
subjected to some surface treatment with the coupling agents prior to mixing
with the resins. This happens because of the thermodynamic incompatibility
between the organic polymer matrices and inorganic fillers.

The hybrid materials produced during sol–gel synthesis are formed via
interactions between surface hydroxyl groups of inorganic particles and ac-
tive polymer groups. A schematic diagram of the interaction where poly-
mers are a mediation agent is presented in Fig. 7.10. Interactions between
phases of inorganic and polymer components play a leading part in the
process [178, 179]. This path is a homogeneous formation of nanosize par-
ticles of the filler in the polymer medium. Strong interactions are observed
in case with poly(vinylbutyral) – PVB – which is sturdy and flexible, with
high impact strength at low temperature [180]. PVB has excellent adhesive
properties with many materials such as glass, metal, plastics, and wood.
PVB/titanium composites prepared by means of the sol–gel process showed
good compatibility, strong interaction, and excellent mechanical properties.

Let us examine the hybrid network nanocomposites whose organic and
inorganic components are strongly linked through covalent and ion chemi-
cal bonds. We shall consider two approaches used to synthesize networks of
this type. The first of them is a sequential formation of secondary networks

OH

OH

OCN polymer+ OCNH

O
polymer

+ X Si polymer polymerSiO
−HX

X = Cl, OCH3, OC2H5

Fig. 7.10. A schematic diagram of interactions between functional groups of in-
gredients
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in preliminary formed and properly functionalized initial ones. Rarely func-
tionalized inorganic macromers or oxopolymers are used. The second proce-
dure consists of the simultaneous formation of two different networks in-
cluding interpenetrating ones from molecular precursors showing at once
the organic and inorganic functionality. They react by different mechanisms:
polyaddition, polycondensation, and hydrolysis–condensation. This was re-
alized in synthesis of polyisobutylene/poly(dimethylsiloxane) bicomponent
networks [181].

This problem is complex, and investigations in this field have just begun.
Many aspects are far from being completely clear.

The primary approaches were based on the use of polymer solutions,
in which case gelation was brought about uncontrolled phase separation
and resulted in formation of an inhomogeneous material. The analogous
path is taken for preparation of a thin interfacial layer between surface-
oxidized aluminum, iron, porous silicon via alkoxyzirconium complex inter-
face [182] as well as between these surfaces and poly(ethylene-co-acrylic acid)
via tetra(tret-butoxy)zirconium [183]. The sol–gel materials are derived by
dissolving HO–PES–OH (PES – polyestersulfone) and TEOS or TMOS in
DMFA. The hydrolysis-condensation of tetraalkoxysilanes catalyzed by acids
leads to formation of the products by the scheme presented below:

≡ Si–OR + HO–PES–OH →≡ Si–O–PES−OH + ROH.

The fact of intensive interactions between inorganic and polymer chains
complies with the results [184]. It has been proved, particularly, that poly(ester-
sulfone) sections are cross-linked by alkoxysilane bridges wherefrom nanopar-
ticles are formed during alkoxysilane condensation together with the bridge
groups (Fig. 7.11).

When the polymer exhibits low surface energy and is non-porous, e.g.
PTFE films, it is convenient to use [185] surface activation by silica deposi-
tion produced in situ from SiCl4 and water without any chemical degradation
or modification of the polymer bulk. This approach improves essentially sil-
ica adhesion to the fluorine polymer thanks to SiCl4 and water diffusion into
the polymer surface. Chemical interactions between the polymer organic and
inorganic components yielding covalent bonding has been observed in the
sol–gel process of the styrene copolymer with maleic anhydride TEOS in
the presence of the binding agent (3-aminopropyl)triethoxysilane [187, 188].
The resultant particles were less than 20 nm in size (see Scheme 7.7). The
organic copolymers act usually as compatibilizers for organic–inorganic com-
posites. Ti(OBu)4 or allyl acetylacetone (3-allyl-2,4-pentanedione) [189] may
be used as a coupling agent. Novel organic-inorganic chemical hybrid fillers for
dental composite materials prepared by the sol–gel reactions of poly[methyl
methacrylate-co-3-(trimethoxysilyl)propyl methacrylate] [190] have been de-
veloped lately.
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The polymethacrylate chains are uniformly distributed in these hybrid fillers
and covalently bonded to the silica networks at the molecular level without
macrosopic organic-inorganic phase separation. In contrast to the standard
dental resin based on 2,2-bis(p-2-hydroxy-3-methacryloxypropoxyphenyl)pro-
pane/triethylene glycol dimethacrylate filled by derived in the sol–gel proce-
dure fine-dispersed there is a stronger interfacial bonding with the polymer
matrix than with the pure silica fillers. This happens because the surface of
the hybrid fillers inherently contains the polymer components that are struc-
turally similar to the dental resins and polymer matrix. The requisite condi-
tion of homogeneity of the forming polystyrene-product hybrid in the sol–gel
reaction of phenyltrinetoxysilane (PhTMOS) is, probably, the π–π interac-
tion between phenyl groups of PS and those of the silica gel [191]. Evidently,
composites based on poly(isoprene-b-ethylene-oxide) phase-separated block
copolymer mixed with the alkoxides (3-glycidyloxypropyl)trimethoxysilane
and aluminium butoxide in a sol–gel process [192–194] acquire still more
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structural organization. Polyethoxyethylene molecules are known to fix [75,
195] on metal oxide surfaces owing to H-bonds of oxygen atoms with OH
surface groups even through the layers of coordinately bound aqua groups.
A strong hydrogen-bonding interaction is observed usually between the in-
organic and organic phases [196, 197]. Sometimes, both components are
subjected to modification, the mineral precursor and the polymer to pro-
duce hybrid gels of silica/PEO type. To obtain efficient luminescent ma-
terials, often [198] 3-isocyanotriethoxysilane with O,O′-bis(2-aminopropyl)-
poly(ethylene oxide) are used. When it is swollen in the ethanol solution of
terbium nitrate and 2,2-bipyridine, it binds both lanthanide ions and the
ligand. Similarly, hybrid materials are produced incorporating not only the
luminescent but also redox-active or catalytic-active molecules [91, 199,200],
oxygen-selective inorganic–organic hybrid membranes containing salcomine
as an oxygen carrier [201], etc. Formed in situ sol–gel process poly(amide-
imide) (PI)/TiO2 [202] (sizes domains of TiO2 were from 5 to 50 nm, content
increased from 3.7 to 17.9 wt.%) exhibits the formation of hydrogen bonds
between the amide groups in PI and hydroxyl groups on the inorganic oxide.

Polyimide composite materials with SiO2 or TiO2 nanoparticles display
high mechanical strength when the 3D inorganic networks are formed [203–
206]. A specific variant of obtaining analogous composites is the use of pre-
cursors for yielding polyimide-polysilsesquioxane composites (PI-POSS) [207,
208]. In particular, 1,1-bis(4-aminophenyl)-1-phenyl-2,2,2-trifluoroethane is
condensed with a pyrromelyte anhydride (PA) derivative and aminophenyltri-
metoxysilane (simultaneously with imidization at 520–620 K) [209, 210] re-
sulted in films of organic and inorganic hybrids (Scheme 7.8) containing 32–
70% of homogeneously dispersed SiO2 with particle size 0.5–7 nm.

Similar composites [15] were obtained based on analogues of polyimide
polyoxazolines, along with those functionalized by triethoxysilane groups [211].
An optimum variant of SiO2–polymer nanocomposite synthesis imposing
minimum shrinkage is the metathesis polymerization with cycle opening and
a free-radical addition of cyclic alcohols [45, 212, 213]. The interpenetrating
networks are formed synchronously as a result of the competing polymeriza-
tion and hydrolysis with silicone alkoxide condensation under the effect of
a nucleophilic catalyst NaF (Fig. 7.12). The last component in PVP–TiO2

composites [214] quickly catalyzes at the stage of calcination due to intensive
interactions with the polymer. The same result is attained when organogela-
tors are added at the sol–gel reaction stage [215]. These monomers get copoly-
merized in case of MAA-modified silanes. The silicone-containing polymer is
used as a matrix material for the nanosize zirconium particles [216].
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Furthermore, SiO2/TiO2 nanocomposites based on perfluorosulfonate
ionomers are produced by sol–gel synthesis with particle size≈ 10–50 nm [217].
Nanocomposites based on Ti(OR)4, Zr(OR)4 are derived from the styrene
copolymer and 4-vinylphenol matrices [218].

Metal alkoxides (mostly of titanium and silicone) serve as cross-linking
reagents for many natural polymers, such as polysaccharides, cellulose ma-
terials, and vegetable oil derivatives [219, 220]. They contain highly active
hydroxyl groups capable of forming oxopolymers. Cocondensation of the
macromers, containing trialkoxosilyl groups, with polymers like functional-
ized PS, polyoxozolin, PI, PEO, polyesteroketones, or PMMA containing end
functional groups, is a convenient method of producing telechelate polymer
networks [209, 221–226]. This also relates to polytetramethylenoxide whose
end groups are modified by triethoxysilyl groups [227].

(EtO)3Si–(CH2)3–O–[–(CH2)4–O–]n–(CH2)3–Si(OEt)3.

Esterification reactions of PAA and Ti(OR)4 (Scheme 7.9) are proposed
as an alternative method, consisting of polymer-analogous transformations,
for titanium alkoxyl derivatives copolymerization with acrylic acid.

When the molar ratio of Ti/COOH < 1, i.e. there is a molar default
Ti(OR)4, then three-dimensional structures of cluster-reinforced polymers
are formed (Scheme 7.10).
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Scheme 7.10

7.4 Morphology and Fractal Model
of Hybrid Nanocomposites

It follows from the morphological and fractal structure analysis of hybrid ma-
terials (see Chap. 1) that the structure of fractal aggregates is characterized
by a mass fractal dimensionality Dm (1 ≤ Dm ≤ 3) which can be defined by
the relation

N ≈ RD,

where N is the aggregate mass or the number of original particles in it, and
R is a characteristic size equal to, e.g. the object inertia radius.

Self-similarity or the scale invariance of the fractal aggregate means that
any of its parts resembles the aggregate as a whole.

The fractal dimension, Ds, of the surface expresses the relation between
the object surface and its radius

S = rDs ,

where 2 ≤ Ds ≤ 3. The value of Ds = 2 corresponds to a smooth surface,
whereas Ds = 3 reflects maximum roughness.

The products of Ti(OBu)4 hydrolysis represent a multilevel system whose
structural element is a complex oligomer molecule of titanium oxobutyrate
[228]. The system of polydispersed particles upon drying transforms into a
system of homogeneous particles with fractal dimensionality Ds = 3. This
complies with the case of a surface fractal with maximum developed sur-
face [229]. Compounds that include a labile vinyl, methacrylate, epoxide or
other groups can serve as a cross-linking agent as well.

Fractal dimensionalities of the polymer and colloidal samples of TiO2

aerogel with high Ssp prepared by the sol–gel process and dried using CO2

in a supercritical state [230] are in fact similar (2.6–2.8). The fractal surface
of particles turned more irregular than that of the polymer aerogels. This
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size similarity suggests that the nanolevel morphology is shaped at the early
stages of synthesizing and contribution of the synthesis process is insignif-
icant. The mezolevel morphology, on the contrary, depends upon synthesis
conditions. So, the extent of poly-ε-caprolactone incorporation into silica net-
works prepared by the sol–gel process depends on the HCl:TEOS molar ratio
and the H2O:TEOS molar ratio [231]. The structure of the material inter-
face is mass fractal and it is in agreement with a co-continuous two phase
morphology. The structure is more open when the acid content is lower or
the water content higher, respectively (Dm varies from 1.4 to 2.0). This fact
makes provision for regulating the surface parametrization.

The morphology of A group nanocomposites (30 wt.% SiO2) obtained
by block polymerization of HEMA in the presence of HEMA-functionalized
preformed silica nanoparticles (∼13 nm) was compared to the morphology of
B group based on the in situ synthesis of the silica phase during free radical
polymerization of HEMA (in this case formed from hydrolysis-condensation
of TEOS) [232]. In A case the nanocomposite displays a common particle-
matrix morphology where silica particles tend to form aggregates in the con-
tinuous PHEMA phases (Fig. 7.13, A). Material B, for which the mineral part
has been synthesized in situ, exhibits a much finer morphology consisting of
a very open mass-fractal silicate structure that is believed to be bicontinuous
with the PHEMA phase at the molecular level. This very fine morphology
is frozen by vitrification of the organic phase. Composite B can be named a
molecular composite due to the molecular scale of its morphology [233]. Two
types of nanoparticles are identified by the SAXS profile in material A: 1.
the compact original nanoparticles forming a smooth distinct interface with
the polymer matrix (mean diameter ∼14 nm), and 2. nanoparticles which
are the result of aggregation of the original ones. These aggregates exhibit a
mass-fractal geometry whose dimension is below 2 (Ds = 1.6). Their equiv-
alent spherical diameter approaches 30 nm, proving they include only a few
original nanoparticles.

Investigations of TEOS condensation in the polysiloxane network has
shown [12] that the typical fractal models observed in solutions aren’t identi-
fied at polymerization in the matrix. The high molecular mass of the matrix
and the forming polymer lowers the entropy of the blend and leads to phase

A B

Fig. 7.13. Morphology of hybrid nanocomposites formed by different procedures
(see text)
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separation. Systems indivisible into phases are obtained only under specific
conditions till the SiO2 content starts to exceed 5%, when phase separa-
tion is induced and the composite mechanical strength improves. Maximum
coarse domains are formed (to 5% of filling) when TiO2 is deposited in situ
and strength characteristics of such nanocomposites are inferior to the sys-
tems with SiO2 [234]. Great attention has been paid lately to the mechanism
of phase separation in hybrid materials which were prepared by the sol–gel
process [161,235,236].

Two mechanisms are normally considered at phase separation: nucleation
and growth (NG), and spinodal decomposition (SD). The NG mechanism is
preferable for quenching into the metastable phase region, between the bin-
odal and the spinodal curves. Nucleation initiates with local density or con-
centration fluctuation, forming nuclei with well-defined interfaces. It requires
an activation energy, which depends on the interfacial energy for creating the
nuclei. The process evolution with subsequent diffusion of macromolecules
into the nucleated domains is spontaneous. The composition of the nucleus is
constant over all the phase separation. The morphology observed during the
NG phase separation is from the early to the later stages of the doped/matrix
type. SD is the phase separation mechanism that predominates in quench-
ing into the unstable region enclosed by the spinodal. Delocalized concen-
tration fluctuations initiate spontaneously with a predominant wavelength,
which is constant at the very early stages and depends on the quench depth.
The fluctuation wavelength increases in the intermediate stages and phase
coalescence is observed in the late stages. If coalescence can be avoided, a
three-dimensional continuous morphology is obtained. As the solvent is re-
moved from the hybrid poly(ethylene oxide-co-epichlorhydrin)-TEOS mater-
ial (with composition equal to 71/29, 67/33, 60/40, 50/50,33/67 and 29/71),
simultaneous growth of the inorganic network is observed by the mechanism
of phase separation – spinodal decomposition [236]. The hybrid films based
on poly(ethylene oxide–amide-6) containing sol–gel silicon or titanium oxide
as inorganic fillers exhibit a similar morphology. The films containing tita-
nium oxide were much more rigid [237]. The PEO–TEOS hybrid composite
morphology and structure depend on the nature of the sol–gel catalyst as the
polymer chains are linked to SiO2 grains forming an ideal composite [238]
when these materials are obtained under acidic conditions (as opposed to
NH4F). A simplified scheme of a hybrid composite, particularly of the com-
posite incorporating cluster fragments, is presented in Fig. 7.14.

7.5 Nanocomposites Incorporating Multimetallic
Ceramics

Films or powders incorporating binary oxides, e.g. ceramic mixtures of the
oxides of Si–Ti [239], Ti, Ta and Nb [240–242], can be produced by sol–gel
synthesis. They are of specific interest for catalytic applications [243–245],
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Fig. 7.14. Schematic diagram of a hybrid composite with polynuclear complexes

including Ti–Zr–Sn [246], Ti–Zr–Al [247] types as well as complex oxides like
Ba1−xSrxTiO3, Ga–Si–O perovskites possessing acidic centers. They can be
good precursors for novel Bronsted acidic catalysts [248]. Most important¨
of them are zircon ZrSiO4 (or SiO2·ZrO2) produced from ZrOCl2· 8H20 or
Zr(OPri)4 and Si(OEt)4 [249] as well as V-zircon and Ni-zircon [250]. Using
different methods SrTiO3 [251] is produced (Scheme 7.11,a) and zircon with
additions of 12 mol% of CeO2 (Scheme 7.11,b).

The sol–gel synthesis [252] was used to receive the free-standing nano-
particle films of Pb(Zr,Ti)O3. The properties of sol–gel products depend upon
additionally impregnated modifying additives and high-dispersed fillers in the
form of metal nanoparticles or their precursors.

Let us mention just a few of this type. These are xerogels SiO2 ·xM (M =
Ni, Cu, Co, Cu/Ni, Co/Ni, Co/Cu) obtained via hydrolysis of the systems
like metal acetate/Si((OEt)4 [253], M = Pt [254–259], M = Gd/Pt [260], M =
Au [261], M = Pd [262,263], M = Au [264–266] M = Cr2O3 [267,268], M =
Co, Zn, Cu [269,270].

The template-containing materials Ti-MCM-48 (Ssp ∼1000 m2/g, Dpor ∼
2.5 nm), Cr-MCM-48 and V-MCM-48 [271] were produced based on TEOS,
Ti(OPri)4, surfactants and NaOH with addition of chrome or vanadyl salts
(CrCl3·6H2O, VOSO4·3H2O). Their distinctive feature is the condensation
degree of the silica skeleton increased by ∼25% if ions of metal are present.
Unfortunately, this phenomenon hasn’t yet been explained. The sol–gel proce-
dure was used also for growing ultra-fine barium ferrite powders, LiZn-ferrite
thin films [272,273] and cobalt ferrite CoFe2O4 [274,275].

The polymerization method is most used in synthesis of heterometallic
(polymetallic) ceramics, i.e with perovskite and ABO3 structures. CaTiO3

mineral perovskite found in nature has a pseudo-cubic crystalline lattice
(Fig. 7.15) where large cations (A) are located in cellular angles, small ones
(B) are in the center and oxygen ions are in the facet center.
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Fig. 7.15. Crystalline structure of CaTiO3 perovskite (A = Ca, B = Ti)

These materials are extensively used in electronics thanks to their spe-
cific ferric, piezo- and pyroelectric properties [47]. A traditional method of
production, e.g. PbTiO3(A2+B4+O3-ceramics), is the solid-phase mixing of
PbO and TiO2 in mills with further calcination at above 870 K, the so-called
ex situ method. This process is accompanied by the formation of undesired
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toxic PbO. The sol–gel synthesis, during which the complex-formation is
employed for components with citric acid and polyesterification by ethylene
glycol followed by polymerization at 403 K and pyrolysis [276], is free of such
drawbacks. As a result of the process the thin-film matter has properties of
a block material.

It is possible to obtain barium-stannate via polymerization which acquires
a perovskite BaSnO3 structure [277] by pyrolysis of a preformed citrate com-
plex BaSn(C6H5O7)2 (Scheme 7.12, a) with particle size 80–100 nm. The sol–
gel method is used to synthesize some other multicomponent ceramics like
perovskite, BaTiO3 [278] (Ba,Sr)TiO3, Pb(Zr,Ti)O3, NdAlO3 (A3+B3+O3-
ceramics), ZrO2/X (X = CeO2, Y2O3, Y6WO12 [279,280]), SrBi2Ta2O9 and
even high-temperature superconducting ceramics YBa2Cu3O7−δ. Chemical
methods of synthesizing analogous materials, use decomposition of metal-
organic precursors are reviewed in [104, 281]. Polymer synthesis followed by
decomposition of the organic phase at 570–670 K and calcination at 670–
1170 K brings homogeneity at the molecular level and high purity oxides.
The single-phase thin films of KTiOPO4 can also be obtained by this method
based on Ti(OEt)4 and KOEt as precursors and various phosphorus sources
(Scheme 7.12, b), the optimum of which is (n-BuO)2P(O)(OH) [282]. The re-
sultant films exhibit high thermal stability and remarkable optical properties
used in linear optics.
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Fig. 7.16. Schematic diagram of organo-inorganic nanocomposites based on poly-
metallates
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Heteropolymetallates of the Kegguin acid type H3PW12O40, H4SiW12O40

incorporated in organic–inorganic structures [53, 54] can be also referred to
this group of nanocomposites. Their perfect electrochemical properties fit ap-
plications in holography. The polymetallates are spheres 1 nm in diameter.
Their nanocomposites can be obtained in two ways: (i) by mixing these par-
ticles with TEOS (W/Sialkoxide of 0.2–0.6 ratio) and tetraethylene glycol or
(ii) by impregnation with organosilanes. The structure of these materials in
an idealized form is presented in Fig. 7.16.

The production of 3D oxovanadium boron phosphates with an open car-
cass [283–288] and precursors of polyborazinyl-amines is used to receive metal
matrix composites incorporating metal borides and nitrides [289]. Cobalt car-
bide CoC2 nanoparticles immobilized in the silicone matrix (Fig. 7.17) have
been obtained via encapsulation of preliminary derived complex [Si8O12H6]
[Co(CO)4]2 into amorphous silicone matrices followed by their heating [290].

One further way is polymerization transformations of specific clusters
named oxometallates, whoseW–O–Si chains are incorporated into the polymer
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Fig. 7.18. Molecular structure of SiW11O40Si(C6H5CH=CH2)2]
4− polyanion

Cl

Polymer

Fig. 7.19. Schematic diagram of a hybrid polymer-inorganic material

side chain. They are synthesized during interaction of substituted trichlo-
rosilane RSiCl3 (R – vinyl, allyl, methacryl, styryl and other) and polyanion
K4SiW11O40. The resultant cluster containing monomers consist of the metal
oxide nuclei with two polymerizable ligands on the periphery (Fig. 7.18) [283–
286].

The metal oxide nuclei are used to form cluster networks and nanohybrids
representing ensembles of well-defined building blocks joined together. The
polymer yield under the action of radical initiators and the chain length
depends upon the reactivity of unsaturated groups and is diminished in
the following sequence: SiW11O40Si(vinyl) � SiW11O40Si(methacryl)2 <
SiW11O40Si(styryl)2. The principal scheme of polyoxometallate polymers is
shown in Fig. 7.19.

Nanoparticles formed by completion of a cluster of already known structure
via addition of a hydroxyl group, e.g. (µ3-HC)Co3(CO)9], and its involvement
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into heterocondensation can be introduced into nanocomposites at the stage
of sol–gel polymerization [291] (Scheme 7.13).
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SiCCo3(CO)9
H2
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TMOS, H2O/ DMF

500 oC, 2 h

Scheme 7.13

Particles 10–46 nm in size (the mean diameter of 25 nm) are distributed
in a unimodal manner. Clusters such as Os3, PtSn, Fe2P, Co2P, Ni2P or
Ge [292] are introduced into the composite by the same mechanism of
binding into a complex with a bifunctional ligand containing either an
alkoxy or hydroxyl group. Pd2+ [293], Cu2+ or other ions are introduced
in poly(ethyltrimethylsilane).

One of the most interesting application fields of heterometallic hybrid
nanocomposites is heterogenization of metal complex catalyzers. With this
aim, metal compounds are combined with an inorganic matrix via a bidentate
phosphorus-containing ligand of the type [Ph2PCH2CH2COO]EOx(OR)3−2x

(E = Ti, Zr) [294]. During interaction of these ligands with tungsten car-
bonyl the products like W(CO)5[PPh2–X–EOx(OR)3−2x] are isolated and
characterized. These products can serve as potential precursors for the sol–gel
syntheses. The hydrolytic sol–gel polymerization of benzyltricarbonylchrome
derivative [η6-C6H5Si(OMe)3]Cr(CO)3 with NH4F as a catalyst leads to
formation of a monophase organo-inorganic hybrid inside which a tricar-
bonylchromium ligand is preserved [295]. Three carbonyl groups split off only
above 670 K and chromium of low oxidation degree is formed inside the gel.
Tricarbonylmolybdenum groups may be impregnated into a ready polysilane
by the method of polymer-analogous transformations – by treatment with
the poly(methyl phenylsilane)pyridine complex Mo(CO)3(NC5H5)3 [296].

The composite materials based on inorganic structures and the polymers
produced by the sol–gel process display higher thermal and mechanical char-
acteristics as compared to the original ingredients. They can also be used
in manufacturing optical waveguides [205, 297, 298]. These composites are
formed in application of the composite polymerTiO2 on a glass plate, which
is then subjected to thermal treatment for 30 min at 573 K in an N2 at-
mosphere. The advantage of manufacturing nanocomposites in polymer solu-
tions is the possibility of obtaining transparent films thanks to elimination of
titanium complexes that add a yellowish color. The thermal stability of these
materials containing 4% of TiO2 is almost the same as that of the initial
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polymer: 1% of mass loss in N2 atmosphere at 734 and 736 K. This proves
that impregnation of TiO2 does not change the thermal characteristics of the
host polymer. Thus, to form a polymer-inorganic composite, it is in some
cases sufficient to mix the ingredients (polyimide solution and the sol–gel
precursor) to have the phase of separation.

Of specific interest is the application of the sol–gel technique in template
synthesis in which various processes are aimed at achieving certain products
through the assembly of simple components in conditions of strictly observed
stereochemical orientation of reagents. These conditions include the limited
reaction volume due to which the reacting molecules may approach closer as
opposed to the processes in solutions or solid phase and promote so-called soft
template synthesis. As a result, the assembly runs under normal conditions
and sometimes even at room temperature. The mesoporous molecular sieves
like MCM-41 are high-organized substances whose formation includes self-
organization of surfactant molecules in the solution and sol–gel processes
inducing carcass formation round micellar structures functioning as templates
(Fig. 7.20).

One more variant of manufacturing similar hybrid materials is synthe-
sis with attraction of inverse micelles. This approach can be exemplified in
formation of nanocomposites based on Au [261] and TiO2 [205]. A surface-
active substance (in the given case didodecyldimethylammonium bromide)
is introduced into toluene thus forming the inverse micelles (see Chap. 3).
In the latter AuCl3 and tetraethoxysilane gel precursor are introduced. The
reducing agent can be LiBH4/TGF, the condensed substance – H2O. TEOS
hydrolysis and condensation lead to formation of Au nanoparticles ingrained
into the moist gel. The mean nanoparticle size is 5–7 nm which depends on
the H2O:Si ratio and surfactant concentration H2O:Si = 1:1–4:1.

3 4

Fig. 7.20. Nanoperiodic structures and mesoporous molecular sieves formed via
surfactant templated assembly. 1 – surfactant micelle, 2 – micelle coated with
functionalized siliceous shell, 3 – functionalyzed nanoperiodic structure containing
surfactant, 4 – surfactant free mesoporous molecular sieve with functionalized pores
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To attain densely packed and organized two-dimensional Au layers
(∼10 nm) its colloidal particles are stabilized by a dodecanthiol surfac-
tant [299] after immobilizing on the surface of high-dispersed SiO2 through
bifunctional aminosilane (CH3O)3Si(CH2)3NHCH2–CH2NH2. Further treat-
ment of particles with RSH makes them mobile because of broken links with
SiO2. Repetition of the immobilization–stabilization stages (Fig. 7.20,a) re-
sults in growth of 2D highly organized particles whose grains are joined to-
gether (Fig. 7.20,b).

The best surfactant used for inverse micelles is the sodium salt bis(2-
ethylhexyl)sulfosiccine acid (AOT). TiO2 nanoparticles are synthesized by
hydrolysis of Ti(O-i−Pr)4 dissolved in inverse micelles formed by isooctane
and AOT containing a rated amount of water. Ti(O-i−Pr)4 diffuses into
micelles slowly, hydrolyzes and condenses in them like in microreactors and
forms nanoparticles. The latter are extracted and dispersed in the solution
of fluorinated polyimide (Fig. 7.21).

It is convenient to incorporate metal nanoparticles into such inorganic
polymers where the reactions of formation of nanoclusters via reduction of
corresponding salts in inverse micelles go together with the sol–gel synthesis.
This is illustrated on the example of the formation of Pt/SiO2 catalysts
(Fig. 7.22) [300].

Metal nanoparticles of Pd, Rh, Ru, Ir get incorporated into the xerogel
structure during sintering without any agglomeration [301, 302]. The spec-
trum of analogous transformations is extremely wide.

* * *

As the analysis showed, the combination of a polymer with an inorganic
substance in the course of sol–gel synthesis takes several paths. Firstly, alkox-
ides modified by two different functional groups can be used. One of these
groups reacts with a monomer macromolecule section, and the other enters
into the reaction with the sol–gel precursors and results in a chemical bond be-
tween the polymer and the sol–gel network. Secondly, a special binding agent
can be used for forming a chemical bond between those components. The sur-
face of high-dispersed SiO2 can be modified by, e.g. aminobutyric acid, after
which the dried product undergoes dispersion in ε-caproamide and polymer-
ized at 363 K [303]. In case the SiO2 content is below 5 mass%, its particles
are distributed evenly within the composite and the distance between them is
about 50–110 nm. When the concentration reaches >10 mass%, the particles
start to aggregate. This method of obtaining hybrid nanocomposites is unique
as different modifying additives may be impregnated at the stage of forma-
tion of the sol–gel synthesis products. These additives of organic type can be
1,10-phenanthroline hydrochloride and n-butylamine as catalysts (<350 nm)
translucent to visible light [304] and some other metal compounds. The meth-
ods of heterophase sol–gel synthesis and the deposition–precipitation based
on the sol–gel synthesis products (Fig. 7.21) are used to produce highly active
heterogeneous catalysts [305,306].
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Fig. 7.21. Formation mechanisms of hybrid-phase materials based on inverse mi-
celles (a) and electronic micrograph of highly organized 2D Au particle latex ob-
tained by scheme (b): 1 – immobilization of colloidal Au particles; 2 – exchange
reactions of alkanthiol molecules and breakage of Au–NH2 bonds; 3 – fast restora-
tion of the layer at complete binding of Au particles

Sol–gel processes often involve alumoxanes, i.e. carboxylates of general
formula [Al(O)x(OH)y(OOCR)z]n. At this stage ceramics can be doped with
additional introduction of acetylacetonate complexes like M(acac)n (M =
Ca2+, Mn2+, Y3+ and other [307,308].
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Fig. 7.22. Reduction of a metal salt combined with sol–gel processing. 1 – for-
mation of nanoclusters by the inverse micelle technique, 2 – formation of the gel
around nanoclusters
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Scheme 7.14

Novel trends in this sphere are in the use of the carbon dioxide product
in a supercritical state just as at the stage of sol–gel polymerization, so at
extraction. Highly porous solid products exhibiting the meso- and macro-
architecture of the pores are generated by this method [309]. It is possible
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to impregnate the components able to raise abruptly the adsorptivity of the
products with respect to water (up to 30% of waterless CaCl2) during the
stage of SiO2 formation [310]. The production of aerogels in conditions of
supercritical CO2 is illustrated in Scheme 7.14.

The application of alkogolates and MOn(OR)m oxoalkogolates as well as
those of other metals, e.g. Ta5+ or Nb5+ [311], rare-earth and trans-uranium
elements is promising for sol–gel processes. Various types of copolymers are to
be used as compatibilizers to raise compatibility of organic–inorganic compos-
ites. Styrene and 4-vinylphenol (50:50) block copolymers appear very useful
for these purposes.

Some methods used to produce hybrid nanocomposites based on sol–gel
synthesis will be analyzed further in Chaps. 8 and 9.

In conclusion it should be emphasized that the above inorganic-organic
hybrid materials are biodegradable and biocompatible, particularly, the sys-
tems based on tetraethoxysilane-poly(ε-caprolactone) [197,231,312,313].
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8 Polymer Intercalation into Porous
and Layered Nanostructures

The intercalation of polymers into inorganic layered materials (such as clay
minerals) is used to construct novel inorganic-polymer nanoassemblies with
unusual structures and interesting perspectives [1–5]. An original molecular
architecture of these supramolecular formations has special interest for indus-
try [6]. The intercalation of the various guests into the periodic mesoporous
hosts is connected with serious problems [7]: sorption and phase transition,
ion exchange and complexation, metal and semiconductor cluster and wires
formation, oxide and sulfide cluster generation, inclusion of metal complexes,
covalent grafting of ligands and functional groups, condensation hybrid ma-
terials obtained by in situ, a polymerization in mesoporous channels, etc.

8.1 A General Description of the Intercalation Process

A smectite group of clay minerals, such as montmorillonite, hectorite [8–10]
and mica type layered silicates [11] was used in these systems for their good
intercalation abilities. The layered alumosilicates (such as montmorillonite
type clays, MMT) are very convenient for the polymer nanocomposite synthe-
sis. The exfoliated lamellae of MMT may act as nanoscale hosts for polymer
chains and may have an impact on the intercalated macromolecule structure
and orientation. Other types of layered silicates are not so important for their
low reactivity. This is true for the crystalline alkali metal polysilicates fam-
ily (kanemite, makatite, octosilicate, magadiite and kenyaite) because their
structure consists of one or more SiO4 tetrahedra and their layers contain
terminal oxygen ions, neutralized by sodium and/or a proton. In its natural
form smectite clay, such as Na-MMT, has a layered structure. The inter-
layer dimension is determined by the crystal structure of the alumosilicate.
This dimension is approximately 1.0 nm for dehydrated Na-MMT. The lat-
eral dimensions of the clay particles are determined by the method of prepa-
ration. Clays prepared by milling usually have lateral platelet dimensions
0.1–1.0 mm. Delaminated clay possesses an extremely large surface area be-
cause of its colloidal size and large aspect ratio. It was supposed that large
surface area, high aspect ratio, and good interfacial interaction were essential
to produce enhanced solid-state properties in composite materials [12].
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The pillared layered structures on the base of montmorillonites clays are
widely used in various fields, including a sorption technique and catalytic
processes [13,14]. It is known that the kaolinite type clay mineral is a unique
layered material because its interlayer space is sandwiched by OH groups
of octahedral aluminum hydroxide sheets and oxygen atoms of tetrahedral
silicate sheets. For the presence of inherent hydrogen bonds between the
layers, only a limited number of small polar guest molecules (such as dimethyl
sulfoxide (DMSO) and N-methylformamide) can directly be intercalated [2].

The same type of materials can be produced if various organic mole-
cules (monomers, solvents, haloimidamines, crown-ethers, cryptands, etc.) or
polymers are introduced as hosts into the guests’ structures. Usually these
substances have a natural origin or are being produced by different syn-
thesis methods (including sol–gel synthesis) and have intercalation proper-
ties. Sometimes it is even difficult to separate the products of the sol–gel
processes (Chap. 7) and intercalation ones without considering their prehis-
tory. The sol–gel processes include a gel-precursor polymerization (a chem-
ically controlled condensation [15]), forming a host metalloxide structure
around a dopant (guest) being concluded in a specific cage-trap.

The natural clays or silicate (so called smectite) structure and their active
surface physical and chemical properties have been studied in details. These
very widespread minerals crystals (among these are hectorite and montmo-
rillonite with a mica-type structure) contain alternating layers of cations and
negative charged silicates (Fig. 8.1). Cations in these minerals as opposed to
mica can be interchanged (to the transition metal ions too). The exchange
proceeds mainly into layers, containing solvated sodium cations. The inter-
layer cavities can swell under filling by organic solvents, monomers or poly-
mers. The degree of swelling depends on the nature of the interlayer cations
as well as the negative charge density on the silicate layers. Moreover many
inorganic oxides have surface hydroxyl groups active in the metal ion bond-
ing. The main properties of such materials are defined by the characteristics
of their inner open pore systems (particularly by the pore size). The guest
molecules in those intercalation compounds are arranged in the host-molecule
crystallographic cavities. Such compounds have mostly a layered, sandwich
structure or the one-dimensional channel substances (tubulates). The metal
ions in these structures can be reduced under the action of various chemical
reducers (as well as under thermal or photochemical action).

The models and properties of the intercalated systems were studied in
many works [16–22] devoted to organic, inorganic and organometallic com-
pound intercalation or their products. The main investigations began in the
last few years. The hosts’ rigid crystalline matrices with the controlled nano-
size percolation pore system can be filled by the guest atomic or molecular
structures: clusters, nanoparticles, inorganic coordination polymers (such as
CdS), big molecules (such as C60 fullerene), etc. For example, a buckmin-
sterfullerene (functionalized by ethylenediamine) intercalation to mica type
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Fig. 8.1. A hectorite structure. The upper and lower layers of the tetrahedric
cavities are filled by silicon; the central layers, by magnesium and lithium

fluorohectorite silicates was studied [23] using monomers and polymer units
synthesized through an in situ process [24–26]. Such topotactic processes are
characterized from the kinetic point of view by a low activation energy of
diffusion. The metastable products cannot be synthesized by other methods,
such as thermal synthesis (in particular because of the stratification processes,
i.e. the polymer separation from an inorganic component).

The intercalation systems can be divided into two types by their archi-
tecture and pore properties [19].

The former is characterized by rigid pores with a constant volume, a par-
allel isolation of the lattice channels and the interconnected network channels.
The guest concentration and spatial distribution are defined by the topology,
chemical nature and reactivity of the host inner surface that can be addition-
ally functionalized. The guest types are limited by a minimal cross-section
of the linked channels system and the selective intercalation behavior in the
matrices (similar to “molecular sieves”).

The latter type presents a low-dimension host lattice, i.e. a layered or
chain structure that provides “flexibility” with pore dimensions adapted to
the guest sizes. The layer thickness in these systems (e.g. in perovskite) varies
from 0.5 to 2.2 nm and the basal (interlayer, interplanar) spacing is ∼5 nm.
The host matrix lattice can have little or no effect on the intercalation–
deintercalation (for insulating lattices, as in zeolites, layered alumosilicates,
metal phosphates). Their intercalation behavior is characterized by the acid–
base and exchange properties.

There are three main types of intercalated nanocomposites for clay par-
ticle dispersion in a polymer matrix [27] (Fig. 8.2).
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Conventional
composite

Intercalated
nanocomposite

Exfoliated
nanocomposite

Fig. 8.2. The main types of intercalated nanocomposites

Conventional composites contain clay tactoids with layers aggregated in
the intercalated face, where clay is dispersed as a segregated phase. The
intercalation compounds of definite structure are formed by an insertion of
one or more molecular layers of polymer into the clay host galleries. Their
properties usually resemble the properties of the ceramic host. The exfoliated
polymer-clay nanocomposites have a monolithic structure with a low clay
content and the interplanar spacing between layers depends on the polymer
content of the composite. The general material characteristics reflect those
of the nanoconfined polymer.

The host lattices with an electronic conductivity (metals, semiconductors)
have special role. Some redox reactions take place under intercalation with
an electron or ion transfer, that can considerably change the host matrix
physical properties. For example, the great intercalation capacity of xerogel
based on V5+ is explained by its physical nature. Negative charge of the
vanadium-oxygen layer in this polyvanadium acid is distributed along the
V2O5 fibers [28, 29]. The fibers represent flat tapes (with width and length
up to 10 and 100 nm correspondingly, as shown at Fig. 8.3, a) and include the

a b

Fig. 8.3. A model of the layered xerogel V2O5 · nH2O composition (a) and
structure (b)
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water molecules chemically connected with the vanadium atoms by various
type bonds (Fig. 8.3, b) [30].

An intercalation can proceed through a dipole adsorption, ion exchange
or a redox process. Vanadylphosphate VOPO4 intercalation is similar to
the described intercalation processes in V2O5 · nH2O gels [31], because
the sufficiently big cations can be introduced into a layered structure of
VOPO4·H2O·EtOH and during the process the interlayer spacing can rise
from 0.75 to 1.03 nm [30]. It is shown that the aniline derivatives can be
intercalated into the vanadyl phosphate interlayer space due to aminogroup
protonation [31].

Other phosphates (such as α-Zr(HPO4)2·H2O [32, 33] and HUO2PO4·
4H2O) have intercalation properties too. For example the latter (hydrogen
uranyl phosphate) is a bright yellow layered material with an interlayer dis-
tance of 0.869 nm, where the layers consist of dumbell-shaped UO+

2 -ion sys-
tem with a uranium atom, coordinated by four equatorial oxygen atoms of
four PO3−

4 tetrahedra forming two-dimensional sheets (Fig. 8.4).

Oxygen

Uranium

Phosphorus

Fig. 8.4. Structure of HUO2PO4·4H2O

Layered nanohybrid materials can be produced [34] in Zn(OH)2, ZnO or
Zn/Al reactions with carbonic acids or their oxychlorides, and the host/guest
ratio in these compositions is 1.5:0.5–1.8:0.2. The particle morphology changes
depending on the nature of the reagents from fibrous to plate-like and the
interlayer spacing increases from 1.61 to 2.01 nm. Silanization by the inor-
ganic material (such as TiO2, Al2O3, Fe2O3) is widely used. It includes the
introduction of Fe2O3 into the silicate (CaCO3, BaSO4, etc.) mesopores [35].
A typical method is described in [36–39], when a thin coating is formed from
silanol derivatives, dimethylsiloxane oil and hydroxyl groups on the inorganic
surfaces. The solid coating is produced under a subsequent heating to 520–
550 K. The coating formed is stable to hydrolysis and extraction by various
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solvents. The coating consists of the particles, formed through siloxane bond
cleavage and chain terminal group reaction with the inorganic surface hy-
droxyl groups, as well as through chain cross-linking by methylene siloxane
bridges. These materials have modified adsorption properties at the sacrifice
of the hydrophobic layer and are stable in a wet atmosphere. The struc-
tures in the form of thin films on glass [40] can be formed by the functional
layers (Ti and Au layers with thickness 5 nm and 50 nm, correspondingly)
deposition on an activated PDMS surface [41, 42]. For this purpose some
polyhedral oligosilsesquoixanes (POSS)-based-hybrid polymers can be used
too [43–45]. The individual inorganic particle coatings (including metal and
metal oxide ones) are often used in powder technology for production of
core–shell structures, having additional useful characteristics. The polymeric
coatings produced by a sol–gel method with subsequent burning-out have
special properties and application. For example, water-swollen chelated poly-
mers (containing In3+–SiO2, In3+–Sn2+–SiO2 and Ag+) were used for SnO2

or In2O3 particle coatings that impart to them some new physical proper-
ties (surface conductivity, thermal resistance, antistatic property) [46, 47].
The semiconductor tubular nanostructures on the TiO2 base were obtained
using titanium tetraisopropoxide and the standard template Al2O3 mem-
branes with the pore diameters 22 and 200 nm [48,49]. There is only little evi-
dence about the target-oriented synthesis of hybrid nanocomposites with non-
spherical particles. For example, the rod-like gold particles producing in the
cylindrical pores of the membranes made from organic polymer or Al2O3 [50].

The galleries contain two water layers connected to each other by hydro-
gen bonds. The H+ atom in the galleries can by exchanged with cations or
be neutralized. In particular, it can be changed on the aniline molecules with
the subsequent polymerization. Polyoxometalates are ideal models for molec-
ular battery fabrication. The hybrid organic–inorganic electroactive material,
composed of a conducting polyaniline matrix and the phosphomolybdate an-
ion (PMo12O40)3−, is used as the active inorganic component [51].

The interesting field in sol–gel synthesis is vanadium oxide nanotube (i.e.
nanotubular intercalation compounds) production [52–54]. Such sol–gel syn-
thesis is carried out with VO(OPri)3 in the presence of primary or α, ω-
diamines and with the subsequent hydrothermal reaction in an autoclave
at 453 K during 2–7 days. After washing and drying the tube-shaped vana-
dium oxide (having a mixed valence) presents a nanowire with V2O5·0.3
H2O composition with diameter from 15 to 150 nm (inner diameter from 5
to 50 nm) and length 15 µm [55–57]. The tubes consisted of 2–30 crystalline
vanadium oxide layers with amine molecules intercalated between them. The
interlayer spacing (1.7–3.8 nm) is proportional to the amine length and acts
as a structure-directed template. Such nanocomposites are characterized by a
turbulent morphology and well-structured walls. The vanadium-oxygen layer
“spirals” are very flexible and can be stretched into a line and take part in
the different exchange reactions. The structure flexibility provides potentials



8.2 Polymerization into the Basal (Interlayer) Space 327

for a far-reaching tailoring of the nanotube structures by the modifications of
their mechanical, electrical and chemical properties [58]. The most frequently
studied compounds in this field are LiMn2O4, LiCoO2 and LiNiO2 [59].
Some metal oxides especially prepared by wet-chemical methods (such as
hydrothermal or solvothermal synthesis) are structurally anisotropic. They
can have different characteristics along the different crystallographic direc-
tions [60,61] (e.g. one-dimensional α-MoO3 nanorods [62]). In this connection
some other inorganic layered materials will be discussed below.

8.2 Polymerization into the Basal (Interlayer) Space

The most interesting type of intercrystalline chemical reaction is monomer
molecule inclusion into the host pores followed by an inner controlled trans-
formation to the polymeric, oligomeric or hybrid-sandwich products (the
post-intercalation transformations, in situ process). Sometimes this method is
called the “ship-in-the-bottle” polymerization approach or in situ polymeriza-
tion of preintercalated monomers. Extensive studies in the field had long been
conducted as can be seen from [63–65] or more recent works ( [66–68], etc.).
The polymer/alumosilicate nanocomposite frequently exhibit improved me-
chanical strength, high thermal stability, interesting barrier properties, and
high chemical resistance [69–71]. The lamellar aluminosilicates act as host
for polymerization of acrylic monomers [72–74]. The partial or total exfolia-
tion of MMT aggregates depends on the nature of the monomer, medium and
method of polymer clay composite formation [75,76]. The guest molecules are
intercalated by forming new hydrogen bonds and the displacement method
allowed producing various kinds of kaolin intercalation compounds.

For example, the intercalation compounds with methanol were mostly
used as intermediates for guest displacement reactions. Thus a kaolinite-
methanol intercalation compound works as an excellent intermediate that
can be used for the intercalation of relatively large molecules, such as
p−nitroaniline, ε-caprolactam, alkylamines, and poly(vinylpyrrolidone) [77,
78]. The simplest method of polymer intercalation into inorganic structure
gives hybrid nanocomposites produced, for example, by emulsion polymer-
ization of traditional monomers (usually styrene, methylacrylate, acryloni-
trile, etc.) in the presence of various organophilic minerals [79]. It was dis-
covered that the processes significantly improved many characteristics (heat
and flame resistance, mechanical properties, thermal expansion coefficient,
electronic and optical features) [80,81].

Thus, even a simple one-step emulsion polymerization could offer a new
approach to the synthesis of nanocomposites [82]. The physical mechanism
of intercalation during emulsion polymerization is that monomer-containing
micelles (2–10 nm in size) can penetrate into the swollen interlayer of MMT
due to the clay swelling characteristics in an aqueous system. At the same
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time the monomer droplets are too big (102–104 nm) for a solution polymer-
ization and they are adsorbed or bonded on the outer surfaces of the MMT
particles. The emulsion polymerized latex particles are usually used in a 2D-
colloidal array assembly [83]. There are many examples of PMMA–MMT,
epoxy–MMT and other system usage. Nonextractable styrene–acrylonitrile
copolymer–MMT nanocomposite material has been prepared by two differ-
ent types of intercalation techniques: the usual one-step (in water) emul-
sion copolymerization and solution copolymerization (in cyclohexanone) with
modified organophilic MMT [84]. The interlayer distance into the emulsion
product is about 0.76 nm, while in the solution product (containing organic
modified MMT) it is only about 0.39 nm (Table 8.1).

Table 8.1. XRD data of MMT and purified composites

Sample Interlayer ∆d,
Codea Distance, nm nmb

Na–MMT 0.96 –

Org-MMT 1.25 –

PESAN 5 1.72 0.76

PSSAN 5 1.64 0.39

aOrg-MMT – organophilic MMT, PESAN 5 – composite styrene-
acrylonitrile copolymer–MMT, prepared by an emulsion technique,
PSSAN 5 – those of composites obtained from solution polymerization by
employing organophilic clay
bVariation of distance of the montmorillonite induced by organic loading

For comparison, the expansion obtained for the PEO-MMT systems
is 0.81 nm [85], which exceeds the value for the nylon-6 clay composite
(0.6 nm) [86]. Moreover, the emulsion polymerization offers few advantages
over solution polymerization, because the organic solvents are not used. The
next step in this direction was some Ziegler–Natta catalyst intercalations
in the silicate layers. Early work on olefin coordination polymerization was
done in the presence of mineral fillers [87]. The metallocene catalysis in-
vestigations followed, when the internal surfaces were protected by methy-
laluminoxane and propylene was introduced to the system and intercalated
oligomeric polypropylene was formed [88, 89]. Another and even more con-
venient method is based on usage of olefin polymerization one-component
catalysts. For example, a specially synthesized chelated complex Pd2+ was
intercalated into organically modified (by 1-tetradecylammonium cations)
synthetic fluorohectorite [90]. The ethylene gas-phase polymerization (using
this catalyst at 295 K) allows producing a high molecular PE (analysis of
the toluene-extracted PE: MnMM = 159 000, MwMM = 262 000). The monomer
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consumption and a dramatic increase of the silicate–catalyst composite sizes
was observed over a two hour period [91].

The absence of diffraction peaks on the roentgenogram of the silicate
sheet structure in the PE polymer matrix composite (formed after 24 h)
suggests the formation of an exfoliated polymer nanocomposite (Fig. 8.5).
Thus, at the initial stage of in situ hybrid material formation a polymer-
intercalated reaction takes place, and a reaction of silicate exfoliation hap-
pens at the later stages. Other nanocomposites of this type are materials
from N-vinylcarbazole and ferric chloride impregnated MMT polymerization
system [92] and an organosoluble polyimide–MMT hybrid material [93].

Fig. 8.5. Monomer introduction into an intercalated or exfoliated polymer
nanocomposite

Apart from vinyl monomers in the mineral matrix some acetylene type
monomers can be polymerized. Usually the substituted acetylenic monomers,
in particalar, 2-ethynylpyridine (2-Epy), are polymerized in situ, being in-
serted into the galleries of MMT [94–96]. The polymer extracted from the
nanocomposite P2-Epy/MMT complex is in an uncharged state. Some con-
densation type polymers are often fabricated by this method, e.g. the poly-
mers on the base of ω-aminoacid with shorter carbon chains such as β-alanine
[H2N-(CH2)2COOH], and 6-aminohexanoic acid [H2N-(CH2)5COOH]. Poly-
mer synthesis into the interlayer space of clay was known from the early
studies in this field [97–100] and later it was shown that nanocomposites
of nylon-6 with kaolinite might have better properties than nylon-smectite
hybrids [96,101,102]. The 6-aminohexanoic acid intercalation compound for-
mation is eliminated for the large dimensions of the aminoacid and its low
intercalation ability. Therefore, it is usually intercalated into vermiculite and
montmorillonite [103] or by a guest displacement reaction, using a kaolinite–
methanol intercalation compound as an intermediate [10]. The polymeriza-
tion of the kaolin-intercalated 6-aminohexanoic acid is carried out under heat-
ing (1 h at 520 K) in a nitrogen flow. As shown in Fig. 8.6, the product of
6-aminohexanoic acid intercalation has the basal spacing 1.23 nm (the inten-
sities of the peak at 10.6◦(0.84 nm) due to crystalline 6-aminohexanoic acid
adsorbed on the surface) which is larger than those kaolinite (0.72 nm) and
the kaolinite-methanol intercalation compound (1.11 nm).
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Fig. 8.6. XRD patterns of (a) kaolinite, (b) kaolinite-methanol intercalation com-
pound under wet conditions, (c) kaolinite 6-aminohexanoic acid intercalation com-
pound, (d) kaolinite-6-aminohexanoic intercalation compound heated to 520 K

The basal spacing of the thermally treated product (1.16 nm) is smaller
than the spacing of regular product (1.23 nm). Probably, this decrease is
caused by a polycondensation reaction and a simultaneous rearrangement of
the hydrogen bonds of the OH groups and the guest species.

Polybenzoxazine-MMT hybrid nanocomposites were prepared using an
organically modified MMT (treated by alkyl ammonium chloride) and a ring
opening polymerization precursor (450–463 K). It is suggested that the mod-
ified MMT surface has some catalytic effect on the process of the ring open-
ing polymerization [104]. The basal spacing of nanocomposites with up to 10
wt.% of MMT suggests the distortion and loss of structure registry of the
MMT layers. Nanocomposites with a high content of organically modified
MMT may have a mixed morphology (e.g. an exfoliation is combined with
an intercalation).

The hybrid nanocomposites based on polyconjugated electrically conduc-
tive polymers, such as polyaniline, poly(2-ethylaniline), poly-p-phenylene,
polythiophene, polypyrrole and polyacrylonitrile (with a subsequent py-
rolysis), can be fabricated with the various mineral matrices [105, 106].
Such intrachannel reactions can even include polymerization of preadsorbed
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acrylonitrile that gives the confined filaments of common polymers. Pyroly-
sis of the included polyacrylonitrile led to the formation of both carbonized
materials into the host material channels and a conducting material such as
carbon [107].

These problems can be solved by various methods: polymer inclusion
in the gels [108], usage of the polymer salt solutions, such as polyaniline-
hydrochloride in an acid–methanol solution, poly-n-phenylene sulfonate (or
other salts, soluble in many solvents), and introduction of monomers with
their subsequent polymerization. For example, an aniline oxidative polymer-
ization proceeds with the loss of two electrons and protons by the subsequent
scheme:

nC6H5NH2 → (–C6H4NH–)n + 2nH+ + 2ne.

An oxidative polymerization is described for pyrrole and dithiophene [22,
109], tetrahydrofuran [110] and aniline [111] in a FeOCl lattice. The interca-
lated aniline formed hydrogen bonds with the lattice chlorine atoms and the
polymerization was performed along the lattice (101) diagonal (Fig. 8.7). The
electrical conductivity of the forming polymer decreased in the process. This
lattice is suitable for oxidative polymerization of aniline if the latter is intro-
duced from an aprotic solvent [109,112,113]. The general composition of the
product is (An)0.28FeOCl and it can be isolated in a monocrystalline form.
The zigzag polymeric chains1 with MwMM = 6100 (i.e. with a length comparable
to the FeOCl lattice parameters) are arranged along the host crystal direction
and the NH-group hydrogen bonds with chlorine atoms of the lattice layer.
In this structure the ratio Fe2+/Fe3+ is ∼1:9 and the polymeric intercalate
is similar to a p-type semiconductor (the monocrystal specific conductivity
is 1.5 · 10−2 S cm−1), forming a mixture of PAn and β-FeOOH under long
oxidation by air [117]. The hybrid PAn-based nanocomposites can be used as
electronic materials by virtue of their structures, special doping mechanisms,
excellent environmental stability and good solution processability [118]. The
most well-known and used variants are the PAn intercalates into V2O5, TiO2,
MoO3, SnO2, SiO2, BaSO4, HUO2PO4, Fe2O3, etc. [119–123].

A post-intercalation polymerization of aniline was carried out in air at
403 K (all the products were insulators) into phosphate layers (zirconium
phosphate Zr(HPO4)2 [124], vanadium phosphate VOPO4 [125], uranyl hy-
drophosphate HUO2PO4 [115], layered double hydroxides [126,127], HMWO6·
1 The method of quantitative polymer removal from an inorganic host with re-

peated dissolution and investigation may be an important tool for the analysis of
polymer in hybrid materials. There are references on polymer extraction from the
layered nanocomposites [113–115] but the extraction degree data are absent. In
addition it is not correctly established that this polymer is presented in nanocom-
posite (i.e. that the process is not accompanied with polymer destruction). A fast
and quantitative method of PEO extraction from Kx(C2H4O)4Ml−x/2PS2 (M =
Mn, Cd) is based on polymer extraction by tetraethylammonium aqueous salt
under normal conditions [116].
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Fig. 8.7. Scheme of polyaniline bonding in a FeOCl lattice

H2O (M = Nb, Ta), modernite type zeolites [128], and layered acidic zirconium-
copper phosphates [129].

An aniline intercalation in layered Bronsted acids HMMoO6 proceeds in
air at 403 K and is accompanied by its polymerization with the scheme:

(C6H5NH3)xH1−x− MMo6.H2O
O2 (PAn)xH1−x− MMo6 + (1+x++ )H2O

The lattice parameters of the monomer intercalates (x = 0.31) show an
expansion of ∼0.69 nm as compared to anhydrous HMMoO6, whereas the
value for the polymer is only 0.5 nm (Fig. 8.8).

It is likely that the polymer chains are oriented in such a way that the C2

axis is parallel to the inorganic stab (as in V2O5 gel) as well as probably in
PAn/HMWO6 type nanocomposites [130]. The in situ emulsion polymeriza-
tion of a TiO2 with encapsulated PAn nanocomposite allows us to utilize the
functionalized protonic acid – dodecylbensene sulfonic acid both as a dopant
and a surfactant to form the aqueous emulsion system [131].

Photochemical polymerization of diacetylene-3,5-octadiine into metal pho-
sphate layers (M = Mg, Mn or Zn) was realized too [21]. It can be sup-
posed that monomers under some conditions filled practically all the pore
volume or the basal space. The following oxidative polymerization (so-called
“redox-intercalation polymerization” [132]) was carried out by using molec-
ular oxygen as an electron acceptor in the presence of an redox-active host
(e.g. Fe3+, Cu2+), catalyzing the electron transfer. The layered silicates with
metal ions capable of catalyzing intercalated monomer polymerization are in-
teresting. For example, in hectorite (where sodium ions are changed to Cu2+

atoms) styrene polymerization was carried out both in the pores and on the
surface [133]. The polymer has a “brush” type structure with an orienta-
tion effect of the inorganic surface, which is decreasing with a chain length
growth and its separation from the surface. Surrounding shows itself in a
higher degree of polymer ordering and its optical and mechanical properties.
There are two forms of intercalated polystyrene [133]. The first one is similar
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Fig. 8.8. Possible configuration of the intercalated aniline (a) and polyaniline (b)
in HMMoO6

to block polystyrene on the surface; the second one is more rigid (probably
owing to a higher degree of polymer ordering).

The layered materials are formed with an electroconductive polymeric
layer from the polyconjugated anisotropic laminar microstructures under the
redox-intercalation polymerization of some polymers (as aniline, pyrrole, thio-
phene, 2,2′-thiophene) in V2O5 xerogel [134–138]. These structures arise in
the oxidative-reductive reaction when the oxidizing monomer is polymeriz-
ing and V5+ ion is partially reducing to a tetravalent state.2 In such systems
intercalation is attended by polymerization. As a result in the aniline case,
a deep-blue complex with composition C6H4NH)0.44·V2O5·0.5H2O and d =
1.4 nm with a metallic shine is formed. The growth proceeds primarily into
xerogel and it is critical for the intercalated polymer formation. Xerogels are
connected with molecular oxygen transport, during which the V2O5 xerogel is

2 Recently the binding energies for pyrrole were determined by both experimental
and quantum chemical methods for a number of main groups and transition
metals [139].
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acting as a catalyst too. An electroconductive polymer with a changing ratio
PAn/V2O5 is formed by the host mixed valence (V4+/V5+) lamellas ordered
in one direction. The material is composed of vanadium oxide and polymer al-
ternating layers (Fig. 8.9) and its conductivity is four orders of magnitude big-
ger than of the initial V2O5 ·nH2O xerogel and is equal to ∼0.5 ohm−1·cm−1

at room temperature. The distinctive characteristics of the process are that
there are two different phases having composition (C6H4NH)0.6·V2O5 ·nH2O
and (C6H4NH)1.2·V2O5 · nH2O [140] with the interlayer distances 1.4 and
2.0 nm, corresponding to one and two monolayer intercalation into xerogel.
Such structures allow one to dope intercalated PAn with a little increase of
electroconductivity of the formed materials, being redox-active in both water
acid media and aprotic organic electrolyte [141]. A salt form of PAn arises
too. The material ageing in air undergoes partial oxidation of the inorganic
skeleton and PAn oxidative bonding into the interlamellar space, which is
attended with the further oxidative polymerization of aniline oligomers into
the xerogel layers. The polymer is formed as it is “frozen” in the xerogel and
it is aided by an interaction between organic and inorganic components due
to hydrogen bond(–N–H · · · O–V–) formation.

Particles

a

b

Fig. 8.9. Schematic presentation of the structural features on the nanometer scale
for the samples with different morphology, being produced by intercalation poly-
merization in situ in the form of film and powder. a Film with electroconductive
grains connected by the random polymeric bonds and V2O5 layers; b pressed pow-
der with isolated electroconductive particles having distinct boundaries
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The microstructure and properties of an aerogel composite V2O5−poly-
pyrrole (PPy) depend on the synthesis methods. It can be produced under
joint polymerization of pyrrole and vanadyl–alkoxide precursor in the mixture
VO(OPr)3 + pyrrole + water + acetone, in V2O5 + PPy gel. But a tablated
nanocomposite, produced by “post-gelation polymerization”, including the
subsequent polymerization of the inorganic and organic phases [142–144] has
the best conductivity.

A co-intercalation of various monomers in the hybrid material (including
the two polymer components, as in polymeric blends) has not been stud-
ied. Only one method can be mentioned when a methanol solution of 2,5-
dimercapto-1,3,4-thiadisole and aniline is mixed with V2O5 · nH2O gel in
molar ratio 1:2:2. The special studies proved that in this system a polymer
is formed in the V2O5 matrix [145,146].

An aniline intercalation process, its competitive polymerization in MoO3

and the formation of (PAn)0.24·MoO3-type structure composite were analyzed
in [123,132] using low-temperature intercalation methods. It was shown that
polyaniline chains could widen the layers and change the potential surface by
decreasing the lattice polarizability.3 The following oxidation of the polyani-
line chains intercalated into MoO3 can be carried out using (NH4)2S2O8 [113].
The chemical synthesis of the hybrid material was carried out also by direct
addition of pure aniline to solid phosphomolybdic acid H3PMo12O40 [51,148].
The use of hybrid electrodes gives many advantages. It demonstrates the pos-
sibility of synthesizing hybrid materials based on a PAn matrix with the phos-
phomolybdate anion as the only doping species. It allows the establishment
of the behavior of the hybrids upon cycling in terms of anion/cation inser-
tion. Third, it allows exploring some of the possible applications of the bulk
solid materials, incorporating as molecular species such phosphomolybdate
anions [149].

It is important also that the oxidative polymerization of aniline, pyrrole
and thiophen monomers, intercalated into the layered alumosilicates, gives
the high-ordered host–guest layers.

The particles of TiO2 (from TiCl3 solution at pH 2.5) ∼20 nm in size
are formed on the photochemical electrodes and can be used in solid pho-
tosensitive solar cells (see Chap. 11). At the same time electrodeposition of
PPy (formed during pyrrole electrochemical polymerization) proceeds after
its adsorption into the electrode pores coated by a photosensitive ruthenium
complex [150, 151]. Such structurally controlled “templates” are analogs of
self-assembling supramolecular aggregates. The fabrication of these molec-
ular recognition supramolecular systems (including chromophores, semicon-
ductors, clusters and other structures with specific optical and electronic
functions) is now a main approach to ferment modeling [21, 152, 153]. The

3 The geometric structure and vibrational properties of polyene complex with alu-
minum atom (as a conductive model) were calculated by the quantum chemical
Hartree–Fock ab initio method [147].
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interconnected arrays of Au/polypyrolle colloids with 1D morphology were
synthesized, using Al2O3 membranes as the template [154]. Some fibrous
structures based on ZnO [155] and WO3 [156] were produced. The diameters
of these fibrillar and tubular materials correspond to Al2O3, but their length
was significantly higher. The metastable monocrystals of anatase phase were
observed for TiO2 (such materials can be excellent photocatalysts). A general
survey of such template sol–gel synthesis in fibers or nanotubes (as well as
in micro- and nanoporous membranes) is given in [157]. In this way fibrous
electrode materials were produced on the base of V2O5 [158], as well as oxide
semiconductor materials such as MnO2 [159], Co3O4 [160], ZnO, WO3.

The semiconductor/conductor materials in the form of nanosize tubes or
nanowire particles were produced [48, 161] by a template TiO2 synthesis in
Al2O3 pores with a subsequent polymerization of pyrrole [162]. The same
type tubular composites were fabricated using a chemical vapor deposition
(CVD) method [163]. The produced micro- and nanostructural materials and
their synthesis methods were analyzed [164].

Structures having wide pores and big channels (with diameter ∼3 nm)
allow one to capsulate parallel polyaniline chains and form them in situ
(Fig. 8.10) with the result that they gain a fibrous form and a microwave
conductivity [165].

Thus intercalation polymerization has giant potential (now it is very far
from realization) for polymer-inorganic nanocomposite fabrication and it is
the reason for such intensive investigations in the field.

8.3 The Macromolecules Introducing
into the Layered Host Lattices

This approach is very promising, first and foremost because it gives new
possibilities for inorganic/organic polylayered composite fabrication and sec-
ondly because the physical and chemical features of intercalation are very
interesting themselves. They allow one to fabricate systems with electronic
conductivity (e.g. for using in the reversible electrodes [166]) or with im-
proved physical and mechanical properties (as in layered nylon-silicate com-
posites [167]), hybrid epoxy-clay nanomaterials [168], nanomaterials on the
base of hectorite and polyaniline, polythiophene or polypyrrole [169]. In fu-
ture such polymer/clay hybrids will find many new applications in industry
and science [170] because of their excellent thermal, gas barrier and mechan-
ical characteristics.

Furthermore, studies of such systems can give important information
about polymer adsorption on the nanomaterials. For example, the PVP ad-
sorption isotherm in suspensions of nanocrystalline CeO2 (particle size about
9 nm, synthesis under hydrothermal conditions) were measured at different
pH values [171,172].
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Fig. 8.10. Polyaniline incapsulation in nanochannels (details in text)

In general we can obtain two types of hybrid structures: intercalated
(where one or more polymer is incorporated between the silicate layers) and
delaminated (where the silicate layers are dispersed individually in the or-
ganic matrix).

These materials are usually made by using Na-montmorillonite clay
(MMT), that was rendered organophilic by cation exchange with a long chain
amine, such as stearylamine [173]. The layered anionic phyllosilicates were
used as inorganic components due to their high aspect ratio and ease of ionic
modifications, but the polymer must separate these silicate sheets, having
either an intercalated morphology (silicate registry is retained) or preferably
a delaminated (or exfoliated) structure that is microscopically isotropic.

Hybrid materials such as polypropylene, polystyrene, poly(ethylene ox-
ide) and nylon/clay were made by melt mixing [174–178] and in the melt
mixed with PP and a maleic anhydride functionalized PP additive – maleic
anhydride as the compatibilizer. Such composites (they are marked as PP–
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MA/clay) are nanocomposite sensitive of melt-state rheological measure-
ments to interparticle structure and chemistry of the hybrid materials [179].

By TEM data, the silicate layer length is about 150 nm and thickness
∼4 nm. They are finely dispersed in the PP-MA matrix [180]. It is sup-
posed [181] that the correlation length of the dispersed clay particles in an
intercalated PP-MA is about 30–50 nm and can be compared with a polymer
radius of gyration. One or more of the extended PP-MA chains were inserted
between the silicate galleries. The hierarchical structure of the intercalated
system was viewed on scales from the structure of confined PP-MA chains
in the space of the silicate galleries (intercalating sites) of 2–3 nm width to
crystalline lamellae of 7–15 nm thickness and spherulitic texture 10 µm in di-
ameter. The clay particles act as a nucleating agent for the PP-MA matrix.
Polymer crystallization is one of the effective processes to control the extent
of polymer chain intercalation into silicate galleries [182]. Since the interlayer
spacing is limited (2–3 nm), the crystallization process must be hindered. One
can expect that the extra heat will be diffused for that type of orientation
inside the silicate galleries, when they are subjected to heating from room
temperature to TmTT .

A typical example of a polymer direct intercalation is introducing a PEO
into the planar silicate (as mica) layers by an interaction of the melt poly-
mer with the host Na+- or NH+

4 -exchange lattice [183]. The general formula
for the PEO intercalate in the layered polysilicate magadiite (both from a
solution in a bipolar aprotonic solvent or from the polymer melt at 428 K)
can be presented as H2Si14O29(–OCH2CH2–)3 [184]. This is in agreement
with the structure where one unit cell of magadiite corresponds to three
oxyethylene units, in other words the interlamellar region is not saturated
with oxyethylene units completely.

The useful inorganic matrix is V2O5 [185] to which PEO [186], PVP,
PPE [187, 188] are introduced from a water solution. It increased the inter-
planar distance to 1.32 nm. PEO can be introduced into the lamellar lattices
of V2O5 · nH2O and CdPS3 too [188, 189]. Thus, PEO (mol. mass 105) wa-
ter solution with an aqueous gel of V2O5 · nH2O (interplanar distance –
1.155 nm) forms, after water removal, an xerogel composite with a total for-
mula (PEO)xV2O5 ·nH2O [190]. The interplanar distance increased from 1.32
to 1.68 nm (at x = 0.5–1.0) and from 1.76 to 1.83 nm (at 1 < x < 3). It is of
interest that at x < 1 the composites contain fibrous monolayers, but at x ≥
1 the composites contain double layers of PEO molecules, being closely ad-
joined to each other so that the xerogel interplanar space is completely filled
by these fibrous mono- and double layers. The monophase composite (at x <
0.8) can easily form a flexible thin film and can take part in an oxidative-
reductive intercalation, resulting in the formation of solid electrolytes and
electrochromic materials [115,188]:

yLiI + (PEO)xV2O5 · nH2O → Liy(PEO)xV2O5 · nH2O + (y/2)I2.
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Alkali metal ions with PEO mainly form inclusion compounds, which
can be introduced into the ionic silicate, such as montmorillonite layers
(Fig. 8.11). The intercalated salt complexes (PEO /Li+−MMT) are separated
by 0.8 nm and the PEO chain has a little stressed helicoidal conformation.

Intercalated
PEO/Li-complex

Silicate layer

0.8 nm

Interlayer cation

Fig. 8.11. Structure of PEO, intercalated into a monoionic silicate layer

The PEO–LiX systems (X – halogen, alkoxy-, aryloxy- or other group)
are widely used as flexible solid electrolytes [191–194] and PEO have been
modified to produce new ion-conductive materials [195–199]. The principal
scheme of ionic conductivity in this type of self-organized systems is shown
in Fig. 8.12.

Fig. 8.12. Schematic illustration of anisotropic ion conduction in self-organized
ion conductive materials
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The size and charge number of the metal salts affect the mesomorphic
behavior and ion-conductive properties of such systems [200]. The various
lithium salts appear to be the most suitable for applications. Some other
cations and particularly the PEO/Zn salt system were investigated as well.
The compounds including the various number of PEO units, such as (–CH2-
CH2–O–)nZnBr2 (n = 6, 8, 15), were described [201]. The local surroundings
of complexes significantly affect the polymeric electrolytes properties, as was
shown for the systems (–CH2-CH2-O-)n[(ZnBr2)1−x(LiBr)x] (n = 20–80, x =
0–0.5) [202,203].

Sometimes such systems are used with ceramic fillers (of LiAlO2, Al2O3,
TiO2 type), as for example a polymer-inorganic composite was fabricated
with conductivity 10−4 S/cm at 323 and 10−5 S/cm at 303 K (see Chap. 11)
by introduction of PEO into a system where 10% of TiO2 nanoparticles
(13 nm) or Al2O3 (with mean size 5.8 nm) were dispersed in acetonitrile with
LiClO4 (molar ratio LiClO4/ PEO = 1:8) [204].

The methods of sol–gel synthesis present an alternative approach for pro-
ducing materials, where organic molecules or polymers are introduced as
guests into structures having intercalation properties (see Chap. 7). For exam-
ple in these processes poly(isoprene-block-ethyleneoxide), (3-glycidyloxypro-
pyl)trimetoxysilane and aluminum sec-butoxide can be used [205], but the
morphology of such self-organized systems differs from the traditional inter-
calated composites [206]. It is interesting to study the sol–gel polymerization
of so-called “silanized” monomers the pyrrole alkoxide derivatives, e.g. N-[3-
(trimethoxysilyl)propyl]pyrrole [207,208] or 2,5-bis(trimethoxysilyl)thiophen
[209]:

(H3CO)3Si
S

Si(OCH3)3

H3CO

OCH3

OCH3Si

(CH2)3

N

There is interest in nanocomposite material production on the base of
water soluble polymers, such as copper tetrakis(N-methyl-4-pyridyl)porphin
[210], PPO, PVP, methylcellulose [188], and poly(4-vinylphenol) [211]. The
cellulose holds the greatest promise because it presents a high porous system
of conjugated fibers. Microcrystalline cellulose is used as a matrix for metal
nanoparticle intercalation, e.g. silver nanoparticles [212].

The intercalation of layered transition metal halides, contrary to the above
described layered metal oxides, chalcogenides and thiophosphates, are not
very stable and are subjected to the various chemical transformations under
processing (hydrolysis, dissolution, decomposition). α-RuCl3 with lamellar
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a

b

c

Fig. 8.13. The layered structure of α-RuCl3. The coordination environment of
the Ru atoms is octahedral. (a) View down the c-axis. (b) View parallel to the
layers. (c) Structural model for Lix(PEO)yRuCl3 derived from the one-dimensional
electron density maps of Lix(PEO)yRuCl3

structure (Fig. 8.13) and remaining stable under used test conditions is an
expection [213].

The cations can be intercalated by a reduction or an ion exchange,
while neutral polar molecules can be incorporated only through solvent ex-
change. For example, α-RuCl3/PAn nanocomposites were synthesized with
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in situ redox intercalative polymerization [214]. They behave as an excellent
polymer-intercalation host in addition the α-RuCl3 group [215]. The method
of encapsulative precipitation of exfoliated lamellar solid from a solution was
used for water-soluble polymer (PEO, PVP, PEI) intercalation. The group
LixRuCl3(x ≈ 0.2) was produced under α-RuCl3 interaction with LiBH4 in
an inert atmosphere. It can form intercalation compounds with these poly-
mers of Lix(PEO)yRuCl3 type (Fig. 8.13, a–c) and has an ion conductivity
comparable with the best polymer electrolytes [215].

The above analyzed methods (Chap. 2) of nanoparticle production using
ultrasonic treatment can be useful for nanoparticle intercalation into poly-
mers too. An idea of the approach can be illustrated by the example of Ni
nanoparticle (10–40 nm) deposition on a submicroscopic silica gel [216]. The
initial nanoparticles are formed in decaline by US-irradiation of Ni(CO)4,
when cavitation combines the Ni–C bonds splitting coincidentally with SiO2

surface activation (adsorbed water removal, Si–O–Si bond breaking and free
silanol bond formation). An alternative approach includes a metallic nickel
reaction with activated surface silanol groups and the Si–O–Niδ+ type bond
formation. Such centers become the nuclei for further Ni nanoparticle growth.
A subsequent pyrolysis at 670 K converted the amorphous superparamagnetic
Ni clusters into a crystalline ferromagnetic material. A similar mechanism is
realized for other dehydrated surfaces, too, e.g. in the case of Al2O3 and metal
carbonyls the Al–O–Mδ+ structures are formed [217]. In a similar way the Au
nanoparticles are stabilized in silica gel monolite [218] and MnO2 nanocrys-
tals (of KMn8O16 type with the structure of hollandite [219] or mica [220]).
Rhodium carbonyl thermolysis on a Al2O3 surface gives small clusters of
rhodium [220]. A MMT modification by intercalation of mixed ferrochromic
oligomeric polyhydrocomplexes allows increasing of its adsorptive and struc-
tural characteristics, as well as thermostability [221].

(H2O)4Fe
OH

OH
Cr(H2O)4

4−

Self-assembling nanocomposites with a multilayered structure (P/M)n,
where M and P are nanoscale layers of inorganic component and polymer
with opposite charges attract attention [222–224]. Such structures have a
complex of valuable characteristics and now a diversity of approaches is
realized for such “layered” assembling, for example from polyelectrolytes
and clay [225, 226], exfoliated zirconium phosphates [227], and colloidal
metal particles [228, 229]. The mechanisms of such material formation and
defect generation are studied, as an example, in anionic montmorillonite
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[AlMg(OH)2(O)4]5−[Si2O3]4+[Na, nH2O]+ and positively charged poly(dially-
lmethyl-ammonium chloride) on the plates of glass, quartz, silver, gold and
even teflon [230]. Sequentially dipping these plates into the P solution and
M suspension, one can increase the number of layers, n. Every such dipping
extends the plate thickness to 1.6 nm (for P ) and 2.5 nm (for M).

The multilayer formation is a multi-step process. At first the P -layer is
adsorbed on the substrate surface by the electrostatic and Van der Waalse
forces, during which a structural hierarchy of M on this template gives the
numerous possibilities for the various molecule and cluster generation [231–
235]. They can be introduced between the swelled layers and into the M plates
and on these plate surfaces, as well as on the surface of isolated or coagulated
M plates. The M layer adsorption on the opposite charged polyelectrolytes
is strong and irreversible and also has a very dense planar orientation. The
non-regular M -layers do not provide a complete coating of the intercalated
P -layers and in this way the overlapping piles are formed. The interphase
roughness is bigger than the P/M -layer thickness and does not depend on
the nature of the substrate.

The layered nanostructures can be produced [236] using liquid-crystalline
crystals with ionic groups and some inorganic components such as montmoril-
lonite or hydrotalzite [AlMg2(OH)2(OH)4]+[0.5CO3, OH, Cl]−. By different
estimations the mean thickness of a M/P pair is about 4.9 nm. Such elec-
trostatic assembling provides a tight contact between components and allows
producing new types of liquid-crystalline structures with unusual properties.

There is special interest in layered interstitial compounds in graphite
(LCG) because the latter can be considered as an aromatic type macromole-
cule with about 1000 aromatic rings and with the identity period 0.335 nm.
The parallel carbon planes in graphite are not connected by chemical bonds
(the energy of the interplane interaction equals 16.8 J/mol), which makes pos-
sible the inclusion of monomolecular layers of various substances (including
metal ions) and the formation of some layered (laminated) graphite com-
pounds [237]. The methods of LCG compound production are based on the
interaction of graphite with metal vapors or solutions into strong ionizing
solvents, low-boiling chlorides or cationic metal complexes, followed by their
introduction into the interplane space of the graphite lattice. These com-
pounds are divided into the first, second and third steps of introducing prod-
ucts, according to the layer number, separating the two nearest layers of the
introduced metal.

The bond nature in the layered graphite-metal compounds depends on the
metal atom type. Thus, for Fe, Co, Ni, Mn and Cu the bond is carried out
by Van der Waalse interactions. Sometimes the graphite π-electron density
transfer occurs to the introduced atomic layer, so the graphite carbon grid
in such situations presents an off-beat polymeric ligand. This bond for alkali
metals is formed by an electron transfer from the metal atoms to the conduc-
tion band of a neighboring graphite layer, i.e. by an electrostatic interaction
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between the positive metal ions and free electrons of the graphite conduction
band. The processes of the introduced metal ion reduction can be accom-
panied by their partial separation from the layered stacks and a reduction
on the graphite outer surface with the formation of initial nanoparticles (for
example, Ti particles), included in the imperfect graphite lattice [238]. The
various processes of inclusion of many metals into graphite can proceed at
high pressures in combination with a shearing deformation [239].

The intercalation chemistry gives practically boundless possibilities for
hybrid nanocomposite fabrication. Now the main features of such materials
formation are defined, as well as the structural organization and properties
of the materials. Intensive research in the field of hybrid nanocomposites is
initiated by growing demands and in the near future one could expect new
types of such materials with the hierarchical structure of the intercalated
system. For example, a new interesting class of hybrid materials including
azomacrocycles/gallium-phosphates was synthesized and characterized [240].
The inorganic layers in such intercalation nanocomposites keep the struc-
tural characteristics of the parent polysilicate or other layered material. The
organic polymeric monolayers are constrained in a flattened arrangement, re-
sulting from their strong interaction with the interlamellar silicate surface.
Moreover, such composites can be used for metal nanoparticle formation.
Some electrically active polymers (polyaniline, polypyrrole) – SiO2 were used
for metal (gold and palladium) uptake [241]. Both polymers and hydrazine
reduce these metals with the formation of immobilized nanoparticles that
can be used as catalysts (Chap. 12). The other type of composition materi-
als (without a polymeric ingredient) can be produced by these methods. For
example, in [242] the intercalation compounds of layered double aluminum
and lithium hydroxides were used. The compounds contain Ni, Co and Cu
complexes with an organic ligand, namely ethylendiamine-tetraacetic acid
with composition [LiAl2(OH)6]2[M(Edta)]·nH2O in the interplanar space.
The materials under calcination in vacuum (at 670–720 K) include mono-
and bimetallic nanoparticles (from 3–4 to 40–50 nm), that are stable to ox-
idation because the carburized matrix can protect them not only from air
oxidation but even under endurance in nitric acid.

The monoclinic structure (m−WO3), produced by the sol–gel method,
can even be chemically bonded poly(propylene glycol) to triethoxysilane end-
capping groups [243]. Such films gain gasochromic properties after impreg-
nation by H2PtCl6/i-propanol solution and following heat treatment (at 650
K). Finally, this type of hybrid composite is seldom produced at the poly-
mer processing stage, but a polyamide-6 hybrid composite with potassium
titanate whiskers (K2Ti6O13) was formed in twin-screw extrusion followed
by injection moulding [244].
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8.4 Intercalation Nanocomposites
of Polymer/Metal Chalcogenide Type

The synthesis and characterization of special hybrid nanocomposites – peri-
odic nanostructured semiconductors – are very interesting. Their unusual
optical, electrical and other properties have great potential applications
in microelectronics. These compounds are usually produced by wet chem-
istry methods including the sol–gel method [245, 246]. They are based on
various systems: CdS nanocrystals entrapped in thin SiO2 films with the
Co6S8(PPh3)x intercalated into MoS2 [247], self-assembling CdS–Ag hybrid
particles [248, 249], and semiconductors on Cd3P2. The color tunability of
semiconductor nanocrystals as a function of size could lead to many applica-
tions that rely on color multiplexing [250].

The most attention was given to CdS encapsulation and stability, process-
ability and important application of such systems. The first reports [251,
252] were about semiconductor/polymer systems with physically dispersed
CdS grain arrangements, then many reports were published about vari-
ous combinations: Nafion/CdS [253], PS/CdS [254], PVK/CdS [255], cel-
lulose/CdS [256], CdTe/ PS–polyallylamine hydrochloride [257, 258], CdS/
PMMA–PMAA [259] and others [260, 261]. The different statistical and
block-polymers, particularly the variant of CdS/PS-b-P2VPy [262, 263] and
CdS/PS-b-PAA [264], were widely used for these purposes. As described in
Chap. 5, a metal ion is absorbed by the polar part of the block-polymer
into a THF solution with subsequent treatment of a formed macrocomplex
by gaseous H2S. The generating CdS nanoparticle size is regulated by the
ratio 2-VPy/Cd2+ and is 4–7.5 nm. The micelles of amphiphilic triple block
copolymer ABC allow the use of these copolymers as nanoreactors for inor-
ganic nanocrystal production [265–267]. The CdS semiconductor nanocrys-
tallites were synthesized in such reversed micelles with subsequent in situ
enzymatic copolymerization of p-ethylphenol and 4-hydroxythiophenol (MwMM
below 2000). The polymer/CdS core was then dispersed into polycarbonate
and the formed nanocomposites showed higher optical absorbance in the UV
and visual range [268].

A simultaneous in situ polymerization-hydrolysis technique, used for poly-
acrylamide (PAm)/MS semiconductor preparation (M = Cd, Zn, Pd) [269],
consists in a parallel regime of acrylamide radical polymerization in the pres-
ence of M2+ ions and hydrolysis of NH2CSNH2 (as sulfide ions precursor).
The size distribution of CdS particles lies in the range 2–10 nm. In another ap-
proach hydrothermal emulsion polymerization and simultaneous sulfidation
are carried out using a cadmium water solution, vinyl acetate and thioac-
etamide CH3CSNH2 [270].

A multicomponent semiconductor nanocomposite Cu2S/CdS/ZnS was
also successfully prepared in PS by ion exchange [271]. A standard way to
produce hybrid nanocomposites with a two-component mixture (p- and n-
type) of univalent copper sulfides and Cd2+–CdS/Cu2S [256] is to fabricate
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at the initial stage a CdS nanophase formation with a subsequent genera-
tion of Cu2S (in a topochemical reaction of partly Cd2+ ions substitution to
Cu+ ions). The different methods of chalcopyrite (CuInSe2) introduction into
polymers are described [272] and the best is to combine its synthesis with
acrylamide radical polymerization [273], when the forming nanoparticle mean
size is 12 nm. The PAAm ionomers with a certain ratio of ionic and aliphatic
chains can be attached to CdSe/ZnS nanocrystals by a phase transfer re-
action [274], and the forming structures can be called core–shell structures
(where the monodisperse submicrometric latex sphere presents a core and
the nanocrystal presents a shell). The resulting polymer-coated nanocrystals
can be dispersed in organic solvents and are characterized in terms of struc-
ture and photostability. The same systems have the CdSe particles coated by
ZnS with a subsequent poly(N-acryloyloxysuccinimide) stabilization on the
corresponding monomer polymerization [275].

The low-dimensional arrays of semiconductor nanoparticles as for exam-
ple the self-organized 1D chains are observed in research [276]. The above
mentioned hydrothermal polymerization and simultaneous sulfidation [270]
allow us to fabricate many one-dimensional (1D) nanocomposites, where the
CdS nanoparticles self-assembled in polymer nanorods are well dispersed in
bulk.

Such materials have many applications in plastic semiconductors or su-
perconductors: films with special properties or superconductive wires on a
polymer matrix base, etc. [19]. The results are reviewed in [277,278].

There are many methods of film composite production [279] but most fre-
quently a mother solution (including the corresponding precursors) is used
with a subsequent in situ synthesis, for example by mixing a zirconium
tetrapropoxide solution with propanol and hydrolysation by an aqueous so-
lution of acetic acid [280]. After addition of the cadmium acetate and am-
monium thiocyanate solutions the composition is applied to a substrate (e.g.
glass) and treated by the method described in Chap. 7 for the sol–gel syn-
thesis.

The characteristic property of the layered materials (such as metal
dichalcogenides MoS2 or TaS2 with a low density of the layer charge) is
that they can decompose into nanoscale “blocks” under certain conditions
and form colloidal solutions.4 NbS2 and TaS2 (as well as MoS2 and WS2),
produced by heating of amorphous MS3 in a hydrogen stream, form fullerene-
like polyhedra and nanotubes of the layered metal disulfides [282, 283]. For
4 The MX2 compounds have a layered structure if the anion is easily polarizable

and the cation has strong polarizing power. Such structures have molybdenum
dichalcogenides, where the molybdenum atom layer is placed between two layers
of chalcogen (X). As a result three-layered packets are formed, where the inner
bonds are significantly stronger than between two such packets (the latter bonds
are Van der Waalse forces only). The molybdenum disulfide MoS2 monolayers
have a distorted octahedral configuration with a (2 × 1) superlattice and the
coordination unsaturated Mo-centers in the MoS2 prismatic centers [281].
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example, NbS2 gives individual nanotubes with hollow cores with diameters
in the range 4–15 nm [284] and it is likely that TiS2, ZrS2 and HfS2, produced
by similar methods, have the same structure. The “exfoliation procedure” is
well studied [285,286]. NbSe2 is one of the best superconductors amongst the
layered chalcogenides (its superconducting transition temperature TcTT equals
7.2 K). A general scheme of PVP, PEO or PPO intercalation from aqueous
solutions into the suspended NbSe2 monolayers has the following form [287]:

NbSe2+xLiBH4 → LixNbSe2 + xBH3+x/2H2;

LixNbSe2+xH2O→ NbSe2 (monolayer) + x/2H2 + LiOH;

NbSe2 (monolayer) + polymer → polymer–NbSe2.

The principle of such nanocomposites is given in Fig. 8.14 and their com-
position and some properties are listed in Table 8.2 (the indices relate to the
mean number of the monomer units per NbS2 molecule).

One of the promising applications of such nanocomposites may be the pro-
duction of plastic superconductive electromagnetic materials [288]. The same
mechanism corresponds to polymer introduction into the WS2 phase [289].
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Fig. 8.14. Principle of polymer–NbSe2 nanocomposite formation (a) and polymer-
intercalated particle structure in the film (b)
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Table 8.2. Some characteristics of intercalated polymer–NbSe2 nanocomposites

Composite d, nm Thermal
Stability
in N2, K

Specific
Conductivity,
S/cm

Superconducting
Transition
Temperature,
TcTT , K

(PVP)0.14NbS2 2.4 583 140 7.1

(PEO)0.94NbS2 1.96 497 250 6.5

(PEO)0.80NbS2 1.88 506 240 7.0

An interesting aspect of the delamination is the possibility of introducing
the polymers by a host–guest mechanism in a moderate reaction time with
a subsequent deposition of the intercalated systems by solvent removal or by
an increase in the electrolyte concentration. It reminds us of the direct inter-
calation of polyaniline into a MoS2 interlayer space (d = 1.037 nm) through
colloidal suspensions [290] (Fig. 8.15).

Fig. 8.15. The structure of polyaniline–MoS2 nanocomposite

The polypyrrole(Ppy)/MoS2 composite is a product of an in situ oxidative
polymerization in kinetically controlled conditions. The composite is a p-
type semiconductor with electronic conductivity by three orders of magnitude
higher than in initial MoS2 [132]. In the same way a PEO intercalation in
delaminated TiS2, TaS2 and MoS2 suspensions was carried out [132,287,291].
Interesting results were obtained in studies of alkali metal–PEO electrolytes
intercalation in layered MnPS3 and CdPS3, proceeding by a two-step (ion-
exchange solvation + shell-exchange) reaction [30,189]:

CdPS3 + 2xA+
aq → Cd1−xPS3A2x(H2O)y + xCd2+

aq (A = Li, K, Na, Cs)
Cd1−x PS3A2x(H2O)y+PEO → Cd1−x PS3A2x(PEO) + yH2O.

The lattice expansion on intercalation ∆ is equal 0.8 nm; the PEO in both
trans (T) and gauche (G) conformations : a helical conformation for the in-
tercalated PEO may be ruled out. The experimental data suggest that the

S
Mo
S

HN

NH

NH

NH
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intercalated PEO adopts a planar zigzag structure (with at least two strands,
complexing the alkali cation), i.e. its structure is similar to the PEO confor-
mation into the complex with HgCl2 [293, 294]. Under the same conditions,
oligoethylene oxide oleyl ether intercalation (ZnS in poly(oxyethylene, n =
23) dodecyl ether [295]) in solid CdS, CdSe and ZnS were directly templated,
while Ag2S, CuS and PbS were produced only as non-featured solids [296].

Nanocomposites having semiconductive characteristics were synthesized
from an aqueous solution of linear polyethylenimine (PEI) with the lay-
ered compounds MoS2, MoSe2, TiS2, MPS3 (M = Mn, Cd) [297] and with
the TiO2/PbS layers, using both PEI and poly(styrene-4-sulfonate) [298].
The formation in situ of the CuS and CdS dispersed phase in the film
nanocomposites (produced in the swelled polymeric matrix – the mixtures
of PAAc–PVA, PEI–PVA) proceeds through successive treatment by the
proper metal salts and Na2S. The process included the stages when the metal
S-complexes, associates, amorphous clusters and finally crystalline nanopar-
ticles are formed [299]. The systems on the base of CdS particles (∼5 nm in
size) are formed by a condensation mechanism (through a stage of the gen-
eration of critical nuclei), whereas the most probable mechanism for the CuS
(with mean size 15 nm) nanophase formation is connected with an association
of the sulfur-containing complexes. In general, the dispersion degree of the
in situ produced nanoparticles increases with growth of the polymer matrix
complexation ability in relation to the transition metal ions.

The semiconductor nanocrystals on a metal chalcogenide base when im-
mobilized into a polymer matrix can form luminescent composites as for
example CdS nanocrystals in polymers [300,301], including poly(p-phenylene
vinylene), PEI, poly(allylamine hydrochloride) and poly(styrenesulfonic acid)
[302–305]. The same results were obtained for ZnS and ZnS/CuS [306]. The
ZnS/CdS nanocrystal (∼2 nm in size) in a polymeric matrix are interesting
photo- and electroluminescent materials and can be produced by copoly-
merization of the metal acrylates with styrene and a subsequent treatment
of the metal-copolymer solution with H2S in chloroform [307]. It is inter-
esting that a deposition did not precipitated from this practically colorless
organosol even within a year. An original method of simultaneous synthe-
sis and polymerization of metal-containing monomers was proposed in [308],
whereby CdS, PbS or ZnS particles (∼3 nm in size for ZnS) are formed from
the proper halogenides and Na2S2O3·5H2O in aqueous solutions and then
an emulsion polymerization of styrene (initiated by a 60Co γ-ray source)
was carried out with acrylic or methacrylic acids. An alternative approach
is based on ultraviolet radiation polymerization (photolysis technique) [309].
For such nanocomposites an in situ copolymerization approach can be used
or the decomposition technique as for the preparation of poly(acrylamide-
co–styrene) semiconductor CdE (E = S,Se) [273]. Synthesized CdS quantum
dots of low polydispersity formed within the spherical ionic cores of PS-block–
poly(cadmium acrylate) reverse micelles [310]. Dendrimer-encapsulated CdS
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semiconductor quantum dots [311,312] are prepared by metal ion extraction
into the dendrimer interior, followed by chemical reduction. The composi-
tion of hyperbranched conjugated polymers with nanosize cadmium sulfide
particles was obtained by the same method [313].

These nanocomposites are a novel class of inorganic–organic hybrid pho-
toconductive materials [314]. CdS/PVK nanocomposites [255] showed pho-
torefractivity in the visible spectral range [315]. The composites were photo-
sensitized at 1.31 µm through the inclusion of nanocrystals composed of PbS
(∼50 nm) or HgS [316].

One of the most important semiconductors is PbS, which due to the nar-
row band gap presents special interest for various nanocomposites prepara-
tion. The PbS electronic properties are very sensitive to crystal sizes from 1 to
30 nm) [317]. Therefore a variety of nanostructured systems containing PbS
were prepared and investigated. For the fabrication different methods were
used, e.g. the layer-by-layer self-assembly of lead sulfide nanoparticles and
MMT platelets [318], m and PbS nanocrystals dispersing in various polymeric
matrices. Sometimes CdS-based materials were used, but PbS nanocrys-
talline or PbS/polymer nanocomposites have displayed high characteris-
tics [319–321]. The same can be said about PbS nanocrystals within a
microphase-separated block copolymer matrix [265], including block copoly-
mers of polystyrene and poly(vinylpyridine) with spherical morphology [262].
PbS/PVAc nanocomposites (with different morphology of the inorganic parti-
cles embedded in a polymer matrix – nanowires and nanotubes, respectively)
were first synthesized upon γ-irradiation at room temperature and under
ambient pressure in a simple system [322]. In a homogeneous ethanol system
the inorganic PbS nanoparticle were homogeneously dispersed in a PVAc ma-
trix, but in a heterogeneous water system they formed “nanocables” with a
30 nm diameter PbS core in a 80 nm PVAc sheath up to 10 µm in length. An-
other interesting method was used for poly(p-xylylene)/PbS nanocomposite
film fabrication, which can be synthesized by simultaneous low-temperature
cocondensation of p−xylylene and PbS vapors (see Chap. 5) [323]. The dis-
tribution curve for the PbS particles has a maximum at 4 nm and half-width
about 2 nm.

There are some recent reports related to layered semiconductor materials
such as PbI2, BiI3, HgI2, Bi2S3 and Sb2S3. A composite containing PbI2
appears to be an important material for digital X-ray imaging techniques.
PbI2 semiconductor colloidal particles stabilized by PVA (MwMM = 86 000–
100 000) are described in [324,325].

Nanoparticles with other ligand surroundings are synthesized and used
rarely. The CdS/CdSe and CdSe/CdS/ZnS particles are known in the citrate-
stabilized colloid variants [326], wurtzite-type CdS nanorods and nanowires
were synthesized by organo-solution methods [327–329]. Stabilization of
CdSe/CdS core/shell nanocrystals (the generation-3 dendrons) with follow-
ing total cross-linking through a ring-closing metathesis is described in [330].
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Fig. 8.16. Scheme of template cavity generation through shell formation from
dendron on CdSe/CdS (1), cross-linking (2) and nanocrystal removal (3)

After the removal of inorganic nanocrystals, a nanosize cavity with a very
thin shell is formed in the center of an empty dendron box (Fig. 8.16).

These nanosize capsule ions present a new class of mesoporous structures
that are soluble in certain solvents, have a very narrow size distribution and
can be used in guest–host chemistry. CdSe nanowires (mostly in zinc blended
phase along CdTe ones in zinc blended form) were prepared through the redox
reaction of selenite and tellurite with cadmium salt in the presence and with
the assistance of PVA (Mn = 1750) at 433–453 K [331]. The structure of the
CdSe and CdTe nanowires depends on the process temperature. PVA also
plays an important role in nanowire formation by promotion of the oriented
attachment growth in solvothermal conditions.

The metal chalcogenides with more complex layered structure (i.e., PbNb2

S5 or SmNb2S4) can be split and intercalated too [332]. The one-dimensional
host phases with different chalcogens of type MMo3Se3 (M = Li, Na) in polar
solvents can form colloidal systems with the monodispersed and negative
charged condensed cluster chains Mo3Se3 [333].

This short review shows that polymer intercalation into the chalcogenide
interlayer spaces is a promising research field, though many problems (es-
pecially related to the introducing and host–guest interaction mechanisms)
remain unsolved.

8.5 Langmuir–Blodgett Metallopolymer Films
as Self-Organized Hybrid Nanocomposites

The synthesis, structure, properties and applications of many of the hybrid
nanocomposites are well studied. Let us consider one more type of such
materials for a molecular design, the nanosize metal particles in so-called
Langmuir–Blodgett (LB) films. One-dimensional nanoscale building blocks,
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such as nanotubes, nanowires and nanorods, are used in fundamental research
and potential applications [61,328,334].

These structures have long been described and it was known that the
amphiphilic organic molecule monolayers on a water subphase surface can be
transferred on a solid substrate under controlled surface tension [335–337].
The importance of this discovery appeared only within the past 25–30 years,
when the usage of successive deposition of the different monolayers allows
one to fabricate on a molecular level the new structures with the required
physical and chemical properties. The recent development of self-organized
inorganic/PVA composite synthesis opened new field in material science. The
particle sizes in such materials are usually 2–10 nm. These materials can be
used in microelectronics, nonlinear optics, and sensors [338–342]. Polymole-
cular LB films are used in the design of highly oriented ultrathin films with
special characteristics arising due to their supramolecular structure. In such
self-organized layers the various sensor groups (or their precursors) with non-
linear optical characteristics or even metallocomplexes and nanoparticles can
be introduced. In addition, LB films can be used for modeling surface and
biological processes [343]. Supramolecular assemblies with mesodimensional
periodicity are the measure of a scale between the atomic and macroscopic
dimensions.

The methodology and the Langmuir–Blodgett technique have been mod-
ified for new problems and aims. The heterogeneous polar nanolayer fabrica-
tion and transfer are provided in the subphase surface layers (deionized wa-
ter) at fixed surface tension π (measured by a Wilhelmi balance in nN·m−1).
The microprocessor and computer automatically monitored the technological
process [344]. The liquid-crystalline layers are applied step-by-step on a solid
substrate and the complex planar molecular structures were formed with var-
ious features. The application process is carried out by vertical (Langmuir–
Blodgett) and horizontal (Langmuir–Schoffer) elevators. If a concentration of
the metal particles on the LB surface is small (i.e. they do not interact with
one another), the system presents a “two-dimensional gas”. As this “gas” is
compressed, three-dimensional states are created: “gaseous” (the distances
between molecules are much greater than their dimensions), “liquid” (the
distances between molecules are comparable with their dimensions), “liquid-
crystalline” (the molecules conserve the mobility into the monolayer plane)
and “solid”.

Two ways of nanoparticle formation in such films can be identified. The
first way is based on a combination of colloidal chemistry, self-organization
and layer growth principles [345–347] when the nanoparticles are formed
(for example, by a chemical or photochemical reduction of aqueous solu-
tions of metal salts) in the presence of the stabilizers and LB-forming com-
ponents. In these systems the arising layers play the role of the peculiar
templates [347–349] and the approach may be considered as a method of
biomineralization process modeling (see Chap. 9). It is connected with LB
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deposition on the stabilized nanoparticle surface with subsequent introducing
into the polylayers (involving the functional groups), lamellar film formation,
etc. The LB films can be formed on the surface of both the colloidal particles
and water, with a subsequent transfer on a nanostructured substrate by the
Langmuir–Blodgett method [350–352]. As an interesting example it can be
noted that a gold hydrosol (stabilized by 4-carboxithiophen) was immobi-
lized on an octadecylamine monolayer by an electrostatic mechanism [353]
with the film charge controlled by means of the pH value. In this way, mul-
tilayered films with different density of Au-octadecylamine clusters can be
produced with 2–20 layers (for every monolayer π = 25 nN/m, surface area
A = 0.37 nm2· molecule−1, thickness 10 ± 3 nm).

A reversed micelle templating method was used to synthesize uniform
BaWO4 particles (diameter ∼9.5 nm, length ∼1500 ± 200 nm) by the in-
teraction of barium bis(2-ethylhexyl)sulfosuccinate [Ba(AOT)2] with sodium
tungstate Na2WO4 [354,355] (Fig. 8.17).

a

b

Fig. 8.17. TEM images of as-made BaWO4 nanorods assemblies. (a) High magni-
fication; (b) at the air–water interface after compression at low surface pressure

The BaWO4 compounds with a scheelite structure are potential materi-
als in the electrooptical industry (due to its blue luminescence) for designing
all-solid-state lasers emitting in a specific spectral region and it may have ap-
plication for medical treatment, up-conversion lasers and spectroscopy [356].
The penny-form BaWO4 nanostructures were prepared in the cationic re-
versed micelles [357]. PEO-PMMA block-copolymer was combined with aque-
ous micelle solutions, after which the unusual inorganic hollow spheres were
formed [358]. Recently a new polymer-directed synthesis of the BaWO4

nanostructures in reverse micelles (by using a block-polymer as a directing
agent) was reported [359]. The method allows one to carry out a process of
hierarchical nanostructures (based on inorganic nanowires) by direct growth
in the solutions.

It seems likely that a strategy of nanoparticle fabrication and introduc-
tion on LB films has many advantages over the usual chemical introduction
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of metal ions in LB films with the subsequent assembling of clusters. In
particular, the films are not deformed, a lamellar phase order is conserved
and the nanoparticle assortment is widened (due to introduction of the bi-
and polymetallic particles by usage of the convenient hydrosol mixtures). It
is important that in such systems a high level method recognition is used
rather than a simple adsorption or chemical interaction. As an example let
us consider the self-organization of alkylsiloxanes, fatty acids, dialkylsulfides
and thiols on Al, Au, SiO2 [360, 361], shown in Fig. 8.18. The two processes
proceed on a mosaic Au–Al2O3 surface: the first is recognition of its “own”
substrate and selective adsorption; the second is the self-organization of bi-
phylic thiol (at the Au site) and acid (at Al2O3) on this substrate. A charged
amphiphilic monolayer can by used as a template for organizing inorganic ma-
terials by ionic species adsorption over the interface. This strategy has been
successfully employed to prepare LB films containing inorganic compounds
like Keggin polyoxometallates [362], oxalato- [363] or cyano [364] complexes.

−
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∼

Fig. 8.18. Self-organized monolayer formation for diphilic molecules of alkane-thiol
(1) and carbon acid (2) from the solution over a gold surface (textured by aluminum
oxide)

The layer-by-layer self-assembly of opposite charged polyelectrolytes [365]
and alumosilicates [230], zirconium phosphate [227], metal nanoparticles [228,
229], semiconductor quantum dots, graphite oxide [226] and other species can
by considered as an alternative to LB deposition, chemical vapor deposition
or spin-coating methods of advanced thin films preparation. For example, a
promising gas-permeable material is a self-assembled multilayer system on the
base of montmorillonite and poly(diallyl-dimethylammonium)-chloride [366].
Organic–inorganic films were found to be very flexible and crack-resistant
even under considerable mechanical stress. The films are prepared either by
attaching an inorganic layer onto a self-assembled organic anchor or alter-
natively by immersing a solid substrate into a polyelectrolyte solution and
a suspension of inorganic layer compound [225, 367]. An amphiphylic com-
plex [Ru(phen)2(4,4′-dioctadecyl-2,2′-bipyridil)]2+ was intercalated from a
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chloroform solution by the Langmuir–Blodgett technique into a clay mono-
layer (lithium hectorite) [368,369] and a floating film was transferred onto a
hydrophilic glass plate [370]. Ru2+ complexes are widely used in the metal–
polymer LB film fabrication because the tris(2,2′-bipyridine)ruthenium(II)
complex has been intensively studied as a photosensitizer for various problems
(solar energy transformation and storage, photocatalytic reduction of car-
bon dioxide, and other catalytic processes). Very often the polymer LB films
are created by radical polymerization of the mixtures, containing Ru(bpy)2−3
complex with N-tert –pentylarylamide or N-dodecylacrylamidoine, in ben-–
zene as shown in Fig. 8.19 [371].
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Fig. 8.19. Metal–polymer LB film composition

Such copolymers formed stable condensed monolayers on the air–water
interface and can be successfully transferred onto solid supports and yield
so-called Y-type LB films. By another method the LB film monolayers
are prepared using the polymer-analogous method, i.e. by radical copoly-
merization of 4-vinyl-4′-methyl-2,2′-bypipyridine with N-dodecylacrylamide
with the subsequent Ru(bpy)2Cl2 copolymer treatment in n-butanol within
72 hours [372]. The aim of combining PAn with the ruthenium complexes
[RuCl3(dppb)(py)] (the notation dppb relates to 1,4-bis(diphenylphosphine)
is that the LB films are much less sensitive to the environment (as com-
pared with the pure PAn films) and can have important applications in the
various sensors of gas or taste [373]. Moreover the LB films formed from con-
ducting polymers and ruthenium complexes (as well as self-assembled films
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of azobenzene-containing polymers) can be used as an artificial taste sen-
sor [374]. Using the various types of LB films an electronic “tongue” can
be created, being able to register well four basic tastes (sweet, sour, salt
and bitter). Often the LB films are fabricated using the coordination com-
plexes of metal ion and ligand monolayers, e.g. the K+, Mg2+ and Fe3+ com-
plexes with amphiphilic polymer poly(N-2-(4-imidazolil)ethyl)maleimide-alt-
1-octadecene) [375].

Themajority of investigations still relate to self-organized hybrid nanocom-
posites on the base of mononuclear complexes (specifically CdS) and to the
methods of nanoparticle assembling, quantum scale effects (characteristic for
semiconductor particles) and their applications in various fields [376]. For
example, it was shown that CdS particle (2.65–3.4 nm in size, stabilized by
dodecyl-benzenesulfonic acid) dispersion in chloroform spreads out on a wa-
ter surface, forming stable monolayers of nanoparticles [377, 378]. It can be
shown, using a compression isotherm π–A, that the rise in surface tension π
leads to a transition from a “gaseous” state to a close-packed particle mono-
layer a finally to formation of a polylayer state. The CdS particles form LB
films with limiting value of a specific surface area per particle A = 0.65–
1.1 nm2 and this value is near to the meaning for hard sphere close pack-
ing (0.608–0.887 nm2). When the nanoparticle monolayer is transferred to
a solid substrate by the Langmuir–Blodgett method at a transfer rate of
about 3 mm·min−1 and surface pressure 15–30 mN·m−1, there the polylayers
are formed from the dimensionally quantized CdS clusters and their optical
density increases linearly with the number of transferred monolayers.

There is interest not only in LB transfer on the stabilized sol particles
but also in the process of low-dimensional semiconductor particle formation
into LB films in situ, that proceeds by the reactions of metal ions with H2S
or Na2S [379–382]. By sulfidation of the cadmium, zinc or plumbum layers
(C21H43COO)2M, these metal sulfide films were fabricated with thickness
100 nm (34 layers). The films are anisotropic and their anisotropy increases
under sulfidation, which allows one to suggest that the nanoparticles are
formed layer-by-layer, generating so-called “cluster-layers” [383,384]. The sys-
tem can be described as follows: the length of the acid molecule is 2.68 nm, the
thickness of the cluster layer is 1.12 nm, cavities (pores) arise in the cluster
layer during nanoparticle formation, and the nanoparticles are non-spherical
with diameter 5–10 nm and thickness 1.1–1.3 nm. CdSe nanoparticle forma-
tion under cadmium arachidate (C19H31COO)2Cd(CdA) film treatment by
vapors of H2Se proceeds into the interlamellar space of the solid phase films
and is accompanied by their considerable deformation or even by decompo-
sition of their lamellar structure [385].

Most often the multilayer LB films are produced from metal stearates,
such as cadmium [386], magnesium [387] or α-Fe2O3-stearate [388]. Self-
organized structure formation was detected in hydrophobic layers of stearic
acid from a silver stearate film (8–14 layers), being transferred to electrodes
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(π = 25 mN·m−1) and electrochemically reduced in a neutral or acid so-
lution, forming two-dimensional Ag clusters 20–30 nm in diameter [389].
The sandwich-type Ag clusters were found in such films too. In other re-
search [390] barium stearate LB monolayers were deposited on plasma ox-
idized silicon substrates. In general, self-organized metal-containing assem-
blies of LB are often used for modification of the electrochemical behavior of
the electrode surface on a molecular level [391, 392]. One of the examples is
a self-organizing LB film (deposited on Au) on the base of C8H17–C6H4–N
= N–C6H4O(CH2)3COOH and X–(CH2)2–SH (X = OH, COOH) connected
by a hydrogen bond. Such systems demonstrate stable and repeatedly repro-
ducible electrochemical behavior.

Another promising direction of electrochemical synthesis is the formation
of two-dimensional (Langmuir) monolayers of nanoparticles by kinetically
controlled electroreduction. The process is carried out under monolayers of
SAS matrices arranged on an electrolytic solution surface into a circular elec-
trochemical cell [393,394]. The silver two-dimensional aggregates are formed
only when the SAS monolayer carries a negative charge. It is possible to use
LB techniques to produce a new type of nanomaterial, the controlled depo-
sition and hydrolysis of ferrum salts in the surfactant layer [395]. The layer
thickness is defined by the different solubilities of Fe2+ and Fe3+ salts, as
well as the solubility of their oxides in aqueous solutions and by the chemical
processes, allowing us to control their transformation (using H2O2), i.e. a re-
dox equilibrium Fe2+ ↔ Fe3+. Such self-organizing iron/surfactant nanocom-
posites with chains of different length and one, two, three or six layers of iron
oxide are shown at Fig. 8.20 (n is the number of carbon atoms). They have
dimension-dependent properties (superparamagnetic characteristics) and are
very important as a first step in the hierarchical organization of nanocom-
posite magnetic materials.

LB films of classical type can be fabricated using not only low molecular
systems but polymeric systems as well. In this case the hydrophobic chains
forming the monolayers can be functionalized either by polymer analogous
transformation or by a grafting of side groups able to react on the external
effects. As in the above-considered nanocomposite synthesis, the polymeriza-
tion of functional monomers is used, their copolymerization with monomers
being only the spacing units. In principle, the diphylic polymer-based LB films
are favored over polymolecular films on the base of low molecular compounds
(if for no other reason than the higher stability) to preserve the necessary
monolayer density during the process. The accurate criterion of the mono-
layer thermodynamical stability impacts on their equilibrium spreading. The
degree of molecular ordering in LB films is expected to help achieve bet-
ter control over the size distribution, shape and distribution of clusters [396].
This approach can be extended to develop semiconductor cluster-doped poly-
mers that is currently a novel composite material for nonlinear optical [397]
and electroluminescent devices [398]. CdS-PAn composite films have been
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Fig. 8.20. Self-assembling scheme for multilayer iron/surfactant nanocomposites

prepared by co-depositing cadmium particles during electrochemical deposi-
tion of PAn and most often used for these purposes [399]. The standard pro-
cedure includes precursor usage (PAn-CdA LB films with 15–25 layers) with
the subsequent treatment of H2S flow, using a step-up [400, 401]. Arachidic
acid presented in the H2S-exposed films was selectively removed by organic
solvent leaching, resulting in the formation of size quantized semiconducting
CdS-doped PAn films.

Sometimes it is necessary to introduce into the LB film monolayers func-
tional groups of at least two different types, for example the redox-pair com-
ponents. In case of low-molecular reagents there are serious restrictions con-
nected with the nonmiscibility of many diphylic substances on the molecular
level, but this problem can be solved readily by polymer usage. The roles
of polymer and copolymer structure or composition, as well as the external
conditions, influence the formation and properties of the organized polymeric
monolayers, and LB films on the solid and liquid surfaces are analyzed in
the survey [402]. It is likely that the first attempts to introduce polymeric
complexes into LB films were connected with complexes of porphyrin and
phthalocyanide [403, 404]. The diphylic properties can be imparted to poly-
mers by different methods, e.g. by copolymerization of long-chain α-olefins
with maleic acid, maleic anhydride, etc. [405]. The metallocomplexes can be
bonded by carboxyl groups. Donor–acceptor bonding of metallocomplexes
(having coordination vacancies) in polymer groups can be created, using
some reagents (such as 4-aminomethylpyridine) for anhydride cycle splitting.
This method was used in [406] to bind tris(phenanthrolino)iron (II) sulfate
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mer of pyridinemonoamidomaleic acid with octadiene; 2 – copolymer of picol-
inemonoamidomaleic acid with N,N-dioctadecylacrilamide; 3 – cobalt(II) (bis (saly-
cyldenaminopropyl)amine)

or bis(salycylidenoamino- propyl)aminocobalt (II) by polymers as shown in
Fig. 8.21.

As indicated at Fig. 8.22, the π–A film isotherms for the air–water phase
border are defined by metal complex concentration. This can be explained
by the larger volume of the metal complex as compared with the monomer
units. It is supposed that the complex molecule is localized nearly parallel to
the water surface. When the complex concentrations are above 10−7 mol·L−1,
they begins to play an important role in the organization of the monolayer. A
stable and uniform monolayer is formed under compression (π = mN·m−1),
but the stability disappears at concentrations of about 10−4 mol·L−1 . It is
important that two different metal complexes can be introduced into a single
monolayer (being part of the multilayer system) and their bonding by two
alternative functional groups prevents phase separation processes.

Films of monolayer protected Au140 clusters with mixed alkanethiolate
and ω-carboxylate bridges were synthesized by AuCl−4 reduction with NaBH4

in the presence of hexanethiolate and 11-mercaptoundecanoic acid linked by
metal ion-carboxylate coordinative coupling (Fig. 8.23) [407–409].

Gold-containing nanoparticle of Au140(Cn)53 composition (n is the num-
ber of carbon atoms in the nonlinker ligand–alkanethiolate chain, average
diameter 1.6 ± 0.8 nm) was employed as monolayer protected clusters and
stabilizers of thiolate shells.

Mono- and multilayer LB films on the base of copolyimide (with carbazole
groups included into the chain as an electron donor) with copper phthalo-
cyanines were obtained [410]. Their pile structures and small interatomic
distances give high charge mobility and high photoconductivity [411].
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Regular assemblies by organized multilayered LB composites can be pro-
duced using the electrostatic interaction between the charged sol nanoparti-
cles (dispersed into the subphase) and the charged surface monolayers, e.g.
between cationic electrolytes and anionic particles [412]. Using this method,
a cross-linked polycationic polyvinylcarbazole (produced by an electrochem-
ical polymerization of N-vinylcarbazole in the presence of sodium perchlo-
rate) and thalium oxide (n-type semiconductor) sol there were synthesized
some regular nanowire composites Tl2O3/PVC–arachidonic acid [413]. Such a
polymeric layer (2.7 nm) is a template to generate regularly organized Tl2O3

particles (3.2 nm) and the formed multilayers (with thickness 5.5 nm) can be
transferred layer-by-layer on a hydrophobic surface (with π = 25 mN·m−1). It
is likely that the method would have wide application, because electrochem-
ical polymerization can be used for fabrication of various positively charged
conductive polymers, e.g. polyaniline, polypyrrole, polythiophen, etc. [414].
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Probably, such mechanisms are realized under the self-organizing forma-
tion of TiO2 layers on a SO3-functionalized surface [415] or ordered TiO2

deposition on sodium poly(styrenesulfonate) PSSNa. The cation type TiO2

particles with mean size ∼3 nm produced by acidic hydrolysis of TiCl4 or-
ganize the layered structures on cationic type polymers such as ultrathin
(∼1 nm) PSSNa or poly(allylamine-hydrochloride) [416] The optically trans-
parent LB films organized on the molecular level with a thickness of 120 layers
(i.e. ∼60 bilayers) are deposited on the substrate surface. The bilayer thick-
ness is about 3.6 nm (see Fig. 8.24). Metal, silicon and polymer can be used
as a substrate. They are cleaned by a 5% solution of N-2-(2-aminoethyl)-
3-aminopropyltrimethoxisilane. It is suggested that such a strategy allows
one to produce very interesting combinations of semiconductive materials
with metal/dielectric structure (i.e. with nanoscale sites of p-n, p-n-p, n-p-n
types, etc.).

Si, metal or other substrate

PSSNa

PSSNa

PSSNa

etc.

Fig. 8.24. Scheme of ultrathin multilayer TiO2/polymer films fabrication

There is one more class of nanocomposites – clusters in LB monolayers
considered promising for new metal film electronics and fixed catalyst model-
ing. For example, Os3(CO)11(NCCH3) interaction with the self-organized (3-
mercaptopropyl)trimethoxisilane layers on a Au surface leads to the destruc-
tion of the well-ordered thiol surface and formation of other cluster aggregates
with diameter 1–2.2 nm [417]. The fixation of metal clusters (in LB films) on
a surface of highly oriented pyrolytitic graphite (HOPG) is connected with
the problems of fabrication of new catalysts and production of stable and re-
producible tunnel nanostructures. The Rh4(CO)12, [NEt4]2[Pt12(CO)224] and
other clusters sorbed on HOPG from organic solvents [418] under laser ir-
radiation undergo cluster decarbonylation and transformation into highly
dispersed Pt crystallites (1.8×0.5 nm2 in size) connected to the graphite sur-
face [419]. The techniques of single “naked” silver cluster deposition on the
HOPG surface (with 3–5 nm in plane and 2–3 nm in height) and their ligand
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shell (from PPh3) “assembling” is proposed in [420]. The current–voltage
characteristics of the single clusters were measured on a fresh-spalled HOPG
surface and the cluster-containing LB were formed on the solid HOPG sur-
face by introducing the cluster into the stearic acid layers with transfer to
the surface [421]. There were cluster molecules in the transferred layer, and
an ordered two-dimensional lattice too.

These methods allow one to solve the problem of cluster fixation on a
surface and to realize the one-electron tunneling mode at room temperature.
The “build-in” of the cluster molecules (on the Pd3, Pt5, Pd10 base) into LBF
and their current–voltage characteristics are analyzed in [422]. On the HOPG
surface a multilayered LB film (composed from a stearic acid monolayer on
an aqueous solution of MgCl2) is formed in a “broken” state: the surface area
per molecule is 0.15 nm2, and π = 36 mN·m−1 [387]. LB films can be formed
by fullerenes too [423–425] and, moreover, epitaxial layers of fullerenes (C60

and C60/70) on Au3+ surfaces were prepared by simple transfer on LB films
at the air–water interface [426].

These examples demonstrate that metal-containing LB films including
nanoparticles and clusters are very interesting and promising materials for
the nanohybrid organized composites.

* * *

Thus, the different aspects of solid state chemistry are developing. The
main problems are connected with a justified selection of new types of lat-
tices and host–guest combinations, optimization of the intracrystalline host–
guest interactions and studies of the influence of the matrix on the electronic
properties of complex systems. Other fundamental question of the physics
and chemistry of polymers and composites is the orientation action of the
pores and interlayer formation on the crystallinity and stereoregularity of
the forming polymers. The above-considered approaches of inorganic–organic
nanocomposites can be useful also for various monophase crystalline nanoma-
terials (metal–ceramics) with complex composition, as for example MgAl2O4

or MgCr2O4 in α-Al2O3 lattices with dimensions <10 nm, including the use
of Grignard reagents in their synthesis [427]. The nature of bonds between
metal (Fe, Ni, Cu, Ag) and surface anionic oxygen has been theoretically stud-
ied for different cluster models. For practical purposes the best forthcoming
achievements should be in the application of LB films (included clusters and
nanoparticles as structure elements) in molecular electronics.

The establishment of the structure–property relationship on different hi-
erarchial levels (from the molecular level up to supramolecules) is of the first
importance in the design of new material with desirable properties.

The hybrid materials, considered in this chapter, are widespread in bio-
logical systems and the environment.
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9 Nanobiocomposites

The particles and primarily the supramolecular bifunctional systems con-
nected with the different biological processes and products (ferments, lipo-
somes, cells) have a special meaning for nanochemistry [1–6]. The research
field is located at the crossroad of materials investigation, nanoscience and
molecular biotechnology.

It is known that the metal-containing particle interaction with biopoly-
mers (proteins, nucleic acids, polysacharides, etc.) plays an important role in
the processes of fermentative catalysis, biosorption, geobiotechnology, bio-
hydrometallurgy, and biomineralization. Natural polymers bond not only
polynuclear complexes but create an optimal environment for the effective
functioning of the active centers. Some noncovalent or weak interactions also
play vital roles in molecular recognition and structural organization of many
biological systems. Entering into a living organism, silver ions are bonded to
argentaffine biopolymers and rapidly reduced by biological substrates to the
metal state [7]. The same processes take place during ion silver accumulation
by some bacteria. The amount of absorbed metal can reach 25% of dry weight
of microbe cells [8]. Water-soluble metal-polymer nanocomposites containing
silver and other metal nanoparticles are potentially useful as antiviral and
antimicrobic agents.

The newly emerging area of inorganic particles entrapping biomolecules
has already exhibited its diversity and potential for applications in many
frontiers of modern material science, including biosensors, biocatalysts, im-
munochemistry, and materials for environmental sciences. Transient metal
mixed valence clusters function in many ferments or redox-active metallopro-
teins and support electron transport over long distances.

Life-scientists have always been delighted with the perfection, organiza-
tion and self-regulation of biological processes. For example, ribosomes (par-
ticles 20 nm in size) are effective supramolecular machines that can spon-
taneously be self-assembled from more than 50 individual building blocks
(proteins and nucleic acids) and thereby can impressively demonstrate the
power of biologically programmed molecular recognition [9]. The investigators
tried modeling these properties in laboratory conditions and getting synthetic
analogs of different natural substances. It became a base for a new inten-
sively developing field in chemical science (called biomimetics), connected



378 9 Nanobiocomposites

with the modelling or imitation of biological functions, and in this science
metalloclusters and nanoparticles are important model objects for many con-
ceptions [10–15]. The first notions of biomimetic inorganic chemistry were
established in 1872 by P. Harting, who thought that the structures and ac-
tivities of living organisms (ideas, methods, reaction mechanisms) had to be
studied in the corresponding chemical structures, systems and processes [16].

Almost all the above-described approaches and methods (including sol–gel
synthesis, intercalation, LB films, etc.) can be used for nanoparticle forma-
tion in biopolymers and their analogs. Chemistry is the central science for the
development of applied disciplines such as materials research and biotechnol-
ogy [17]. The most important problems are connected with biomineralization,
polynuclear structures and clusters with mixed valency in biology (especially,
oxoferric, oxomolybdenum or oxomanganese) and the activation or biosorp-
tion of small molecules. There are a number of surveys and special journals
issues devoted to these problems [18–20].

In this chapter we analyze polynuclear metalloproteins and make an at-
tempt to find interconnections between biosorption, biomineralization and
nanoscale particle chemistry. Particular attention will be given to problems
mainly connected with material science aspects.

9.1 Basic Notions of Metal-Containing Protein Systems

The efficiency of metalloenzymes owe much to weak interactions involving the
side chains of aminoacid residues, when a central metal ion serves as a site of
intermolecular interactions. It allows the coordination of molecules in various
geometries and brings them close together for mutual interaction [21–23].
Enzyme nano-encapsulation by inorganic materials is used for sustained drug
release in vivo or for target drug delivery to the given body organs and specific
sites and is also expected to have potentiality in enzyme therapeutics. Such
systems play an important role in biocatalysis and metabolism. They can be
divided [24] into four main groups: multinuclear metalloferments (including
Mn, Fe, Co, Cu, Mo), redox-proteins, transport and spare or stocking proteins
(regulating a metal concentration in a given site of the organism). Sometimes
kidney proteins (that carry out bonding and removal of heavy metals from
the organism) are related to them too. The biological functions and mutual
interactions of these compounds are diverse. For example, as a result of the
interaction between metals and stocking proteins (the most characteristic of
which is ferritin) there are some supramolecular inclusion compounds [25].
The iron-stocking protein particle contains 24 proteinic subunits and every
one of them has an inorganic nucleus (with diameter 7.3 nm) of 4500 iron
atoms in the form of basic hydrophosphate (FeOOH)8(FeOOPO3H2) [26].

The special feature of many oxidizing–reducing catalysts is the presence of
several interacting transient metal atoms with mixed valence on one protein
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molecule. At the present time more then a hundred known ferments some-
times contain several atoms of iron, copper, molybdenum and manganese. For
many of them, especially for metalloproteins, containing polynuclear non-
heme iron complexes, connected by bridges of oxo-, hydroxo- and alkoxy-
groups, arrangements into a multinuclear assemble are established [27–29].
For example, binuclear iron centers (the Fe2O(OCOR)2 nucleus) are pre-
sented in hemerythrin (Hr), ribonucleotide reductase, methane monooxyge-
nase (MMO) hemerythrine, ribonucleotidrenuclease and acid phosphatase.
The polynuclear complexes Fe2+−Fe3+ may be present (in the Fe3O nu-
cleus) in many ferments, Fe2S2-groups – in ferredoxine and oxo-centers of
high nuclearity. They may be included in iron-storage proteins (such as fer-
ritin and hemosiderin), as well as in some magnitotactic organisms analysed
below. Significant success was achieved in studies of the structure and ac-
tion of MMO ferments. The ferment carries out mild and selective methane
oxidation into methanol by the scheme:

CH4 + O2 + NADH + H+ → CH3OH + H2O + NAD+

where NADH is reduced nicotinamide-dinucleotide. The reduced protein con-
tains a [Fe2(µ-OH)(µ-O2CR)2(His)5]+ core and binds O2 in the form of a
terminal hydroperoxide ligand that forms a hydrogen bond to the oxo bridge
of the resulting (µ-oxo)diiron (III) unit [30] (Scheme 9.1).
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On the basis of numerous investigations of carboxylate-bridged non-geme
binuclear centers it is supposed that the structure of the MMO active centers
can be presented as iron µ-carboxylate complexes, similar to the active cen-
ters of the oxygen-binding protein hemerythrite (Hr) (a non-geme analog of
hemoglobin) being a redox-ferment ribonucleotide-reductase and taking part
in ribonucleic acid (RNA) synthesis (Scheme 9.2).
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The achievements in ferment structure studies stimulated new approaches to
chemical modeling and synthesis of such complexes [31]. The structures of
MMO [32] and NiFe-hydrogenase [33] were deciphered, and this became an
important step in synthetic analog modeling. For example, the synthesis and
research of polyiron oxo-complexes with mixed valence Fe3+

4 Fe2+
8 (O)2(OCH3)18
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(O2CCH3)6(CH3OH)4.67 present a useful model of the iron-containing pro-
teins that play an important role in biomineralization processes [34].

This is true for the design of the ferment-type oxygen emission photo-
systems (systems II of natural photosynthesis) including polynuclear metal-
locomplexes as both electron-transport chain elements and catalytic centers
for direct control of the substrate redox transformations.

The binding of the tetranuclear manganese complex with the oxygen-
emitting center (OEC) peptides of the green plant photosystem II (that pro-
vides water oxidation to molecular oxygen) includes many stages [34,35,37].
The cubane-like manganese nucleus is immobilized into the protein complex
by carboxylic groups of the reactive centers D1 and D2 polypeptides. These
ligand groups are more suitable for binding because they can form stable com-
plexes with manganese in (3+) and (4+) oxidation states into aqueous media
distinct from the polypeptide side chains with amide coordination centers.
These groups can be hydrolized into carboxylates by coordination with Lewis
acids and in this case the hydrolysis is assisted by the weak acidic medium of
the inner side of the thilacoid membrane where the manganese complex OEC
is placed. It was supposed [33] that the most probable sites of manganese
cluster binding were located at the sections Asp308–Val–Val–Ser–Gln304 and
Ser304–Val–Phc–Asp300 (in D1 and D2 polypeptide chains, correspondingly),
each of which gave two carboxylate ligands – asparagate (Asp) and glutamate
(Glu, hydrolyzed glutaminate Gln), as shown in Fig. 9.1.
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Fig. 9.1. Scheme of manganese cluster binding by polypeptides (details in text)

The build-up of the coordination sphere of manganese ions is finished
when the two terminal carboxyl groups of protein with molecular mass 33 kDa
are attached.
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In every catalytic cycle of water oxidation the manganese complex accu-
mulates four one-electron oxidation equivalents (transferring the electrons to
a light-generated primary acceptor of the photosystem II), which are used to
oxidize two coordinated oxoligands with the formation of the O–O bond of
molecular O2. When it is removed from the Mn coordination sphere, the car-
boxylate side chains connected with the complex guard against the destruc-
tion of the complex, and this was verified by model manganese polynuclear
complexes [37, 38]. The oxygen yield increases when a H2O oxidation man-
ganese catalyst is fixed on the lipid vesicle surface. There are many mixed va-
lence manganese compounds of various types, which function in photosystems
II. Some of these oxidized states are isolated and characterized (for example,
Mn2+, Mn3+, Mn4+, binuclear Mn2+/Mn3+, tetranuclear 3Mn3+/Mn4+).

A ferritin–cubane cluster skeleton [Fe4S4(SEt)4]2+ is a synthetic analog of
a sulfite–reductase, i.e. a ferment catalyzing a six-electron sulfite–sulfate re-
duction [39]. Protein-connected heterometallic cluster subsystems [MFe3S4]+

(M = Zn, Ni, Co, Mn) that take part in electron transfer during photosyn-
thesis probably have similar cubane-type structures [40,41]. That can be sup-
posed from the comparison of isoelectronic synthetic clusters (as NiFe3O4)
with clusters separated from Pirococcus furiosus, where the nickel cluster
includes a delocalized Fe3+–Fe2+ pair and a localized Fe3+-center and its
electronic density is shifted to the nickel ion.

An active form of the biological nitrogen fixation ferment is connected
with the combined action of two components, namely the ferrous- and ferrous-
molybdenum proteins (the latter includes 32–34 atoms of Fe and two atoms
of Mo) under natural electron-donor agents (ferrodoxines, flavodoxine) in the
presence of ATP. For the ferrous-molybdenum nitrogenase cofactor a pos-
sible structure MoFe6(SR)6L3 is supposed and MoFe- and VFe-proteins are
separated from Azotobacter vinelandii and Azotobacter chroocaccum bacte-
ria [6]. There were many attempts (including complex quantum chemical
calculations) to establish with various degrees of approximation the crystal-
lographic structure and electronic composition of both the model clusters
(the nitrogenase analogs) and MoFe-protein ones (e.g. see [42,43]).

From other bimetallic systems the Cu2+–Zn2+-containing superoxidedis-
mutases from erythrocites, Cu2Co2-superoxidedismutases, etc. can be men-
tioned and some advantages of such structures with generalized nuclear skele-
tons are surveyed in [27, 28]. The general route to protein-metal colloid
conjugation involves a simple solution-mixing process of protein with metal
colloidal sols formed prior to the mixing [44]. In the first stage a bioconjugate
macromolecular complex with thiols or amine functional groups (in the pro-
tein), where usually there arises an inhomogeneous dispersion between the
protein and the metal colloid, always results in the formation of large ag-
gregated conjugate structures. The formation of spherical core–shell Au-silk
fibroins and biopolymers (with ∼100 nm sizemetal cluster-containing nano-
particles) was reported. For example, a Ru3 cluster [45] with [Ru3(µ3-O)
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(µ2-OAc)6(H2O)3]+ structure can effectively bond the proteins and is very
convenient for controlling their aggregation, due to the stability of the trin-
uclear structure with labile water molecules in the axial positions. Un-
der the interaction with cytochrome a cluster is formed with the proteinic
oxopolypyridylruthenium complex as a ligand, being a selective splitting
reagent of calf thymus DNA [46]. Ru2+-based emission, while almost entirely
quenched in a Ru2+/Os2+ heterodimetallated DNA hairpin, is dramatically
restored upon hybridization to a complementary olygonucleotide [47]. The
ribosomes and transport RNA can be modificated by the clusters (contain-
ing at least 10 atoms of gold) and the functionality of the formed products
is studied [48]. Novel core–shell nanostructured gold-containing colloid silk
fibroins are bioconjugated by the in situ protein redox technique [49] and
it was shown that the process mechanism includes Au(III) macrocomplex
formation with a silkworm Bombyx mori tyrosine residue component, con-
tained in its silk fibroin, having strong electron donating properties and in
situ reducing HAuCl4 to Au colloids. Simultaneously the oxidized silk fibroin
macromolecules, attached to the surface of the Au nanoparticles, form the
core–shell nanostructured bioconjugate, which stabilized the gold nanopar-
ticles and prevented the close approach of the particles via both steric and
electrostatic stabilization mechanisms [50]. This approach allows us to fabri-
cate stable and highly monodispersed gold nanoparticle cores (with average
size 15 nm) and spherical core–shell Au-silk fibroin nanostructures (with av-
erage size 45 nm) as shown in Fig. 9.2.

100 nm 

Fig. 9.2. Typical transmission electron microscopy image of the core–shell nanos-
tructured Au colloid–silk fibroin bioconjugate produced by the present protein in
situ redox technique at room temperature
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There are other variants of this method and the first of them [51] is based
on colloid metal formation by using aminodextranes (40–150 kDa) as the re-
ducing agents. The formed gold nanoparticles are coated from the outset
by an aminodextranes stabilizing layer and therefore at the next stage the
gold particles can be bound with biospecific macromolecules of immunoglob-
ulines by a bifunctional reagent (glutaric aldehyde). The principle of the
biological approach that was proposed for Au nanowire production by us-
ing the sequenced histidine-rich peptide nanowires as templates is shown in
Fig. 9.3 [52]. This nanowire incorporates the binding sites, having a high
affinity to biological molecules such as DNAs and proteins [53].

Themetal-containing protein systems and their biological roles are summed
up in Table 9.1.

ClAuPMe3

  NaBH4

= sequenced histidine-rich peptide

 a b

Fig. 9.3. Scheme of Au nanowire fabrication. (a) Immobilization of sequenced
histidine-rich peptide at the amide binding sites of the heptane dicarboxylate
nanowires. (b) Au coating nucleated at the histidine sites of the nanowires

9.2 Metal Nanoparticles in Immunochemistry,
Cytochemistry and Medicine

In recent years nanoparticles have been widely used in the immunochemical
methods of experimental biology and medicine. For example, gold nanopar-
ticles (being effective optical transformers of some biospecific interactions)
are successfully employed to make biochips and biosensors in biology (deter-
mination of nucleic acids, proteins and metabolites) and in medicine (drug
screening, antibodies and antigens recognition, diagnostics of infections). In
particular, the color changes induced by association of nanometer-sized gold
particles provide a basis of a simple, highly selective, method for detecting
specific biological reactions between anchored ligand molecules and receptor
molecules in the milieu [54]. The formed conjugate is used as a marker able
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Table 9.1. The distribution of the main metals and their biological role in different
tissues

Metal Total
Con-
tent,
mg/g

Blood,
mg/l

Liver,
mg/g
for
Dehy-
drated
Tis-
sue

Muscles,
mg/g for
Dehy-
drated
Tissue

Metal-
Ligand
Inter-
action
Type

Metal
Functions

Na 1.5 1960 300 2600–
8000

Very
weak

Osmotic
balance. Charge
neutralization

K VeVV ry
weak

Osmotic
balance Charge
neutralization
Enzyme
structures
stabilization
and activation

Mg 0.3 24 590 900 Mean Enzyme
structures
stabilization
and activation

Ca 15 61 100–
360

140–700 Mean Enzyme
structures
stabilization
and activation

Cr 0.03 2–5 0.02–
3.3

0.024–
0.084

Oxidation-
reduction
processes
catalysts

Fe 60 450 250–
1400

180 Very
strong

Oxygen carriers

Cu Very
strong

Oxygen carriers

Zn 20–40 0.29 0.23–
2.3

0.33–2.4 Strong Lewis acids
Structures
stabilization

Ni Strong Lewis acids

Other
transient
metals

Very
strong

Oxidation-
reduction
processes
catalysts
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“to recognize” some particular chemical structures. The use of colloidal gold
particles as a label for biospecific markers became a revolution in cytochem-
istry [55]. Of prime importance and interest is nucleic acid detection based
on the three-dimensional ordered structures forming under hybridization in
solvents with complementary oligonucleotides covalently linked with the gold
nanoparticles [56,57]. For instance, DNA-linked Au trimers have been synthe-
sized [58]. The main methods are based on the attachment of a contrasting
label to the biospecific probe molecule (antibody, lectin, enzyme) [55, 59].
The new approach is called a “programmed assembly” strategy for orga-
nizing nanoparticles into periodic functional materials. Its essence can be
illustrated by an original method of pathogenic and diagnostics of genetic
diseases [60,61]. Au nanoparticles (with diameter 13 ± 2 nm), modified with
(3′- or 5′-) alkanethiol-capped series of oligonucleotide (single-stranded DNA)
and linkers ranging from 24 to 72 base pairs (∼8–24 nm) in length, are used as
the labels. They are connected to the nanoparticles “head-to-tail” (Fig. 9.4,a)
or “head-to-head” rearrangement (Fig. 9.4,b). On a defect site of DNA-target
(disease-disposing gene) complementary label binding proceeds, resulting in
nanoparticle aggregation (Fig. 9.4,c), and manifests itself in the colloid color
change from red to blue.

n-Polynucleotide

a

b

c

5′

5′

3′
5′

Fig. 9.4. The scheme of Au nanoparticles, modified by (3′- or 5′-) alkanethiol (24- or
28-) oligonucleotides, connected with the particle by “head-to-tail” (a) or “head-to-
head” arrangement (b). Particle aggregations (c) in the presence of complementary
oligonucleotides

The change of the colloid color results from the formation of big three-
dimensional DNA-bonded aggregates of Au nanoparticles that leads to a red
shift of the plasmon resonance band from λmax = 524 nm to λmax = 576 nm
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Fig. 9.5. UV-spectra of Au nanoparticles, modified by 5′-hexanethiol-12-
oligonucleotide before (1 ) and after (2 ) treatment by complementary 12-
oligonucleotide

(Fig. 9.5). The orange sol (corresponding to particles 5 nm in size) adsorbs at
λmax = 513 nm; the characteristic adsorption zones are λmax = 320–340 nm
(for aurum halogenides) and λmax = 500–550 nm (for metallic colloid gold,
depending on the particles size).

The red color of gold colloidal systems arises due to the fact that the
distance between the particles is considerably greater than the particle diam-
eter, but when in aggregations these distances decrease to a minimum (i.e.
to the particle size) the system color becomes blue. The techniques of colori-
metric diagnostics are very selective, particularly in combination with other
methods, such as the improved scattered light differential spectroscopy [62],
optical studies [57, 63], angle-dependent light scattering and fractal dimen-
sion analysis [64], eletrophoretic and structural [65], luminescence and CD [66]
analysis. Therefore the method of mercaptoalkyl-oligonucleotides modifica-
tion by Au nanoparticles has superiority over other methods mostly for ap-
plications connected with gene mapping and microarray analysis [67]. The
same approach was realized by a metathesis polymerization of 1-mercapto-
10-(exo-5-norbornen-2-oxy)decane with the subsequent immobilization of the
formed polymer on Au particles 3 nm in size [68].

Thus the general scheme of inorganic nanoparticle and biomolecule cou-
pling methods (FG – functional coupling group) can be presented as follows
(Fig. 9.6): the sets of nanoparticles are functionalized with an individual
recognition FG that are directly complementary to each other. In a recent
review [17] problems of biomolecule-directed nanoparticle organization (in-
cluding the protein-based recognition systems and DNA-based nanoparticle
aggregates) were analyzed.

The usage of silver nanoparticles for the described immunochemical pur-
poses is very tempting, firstly, because they (as distinct from Au nanopar-
ticles, adsorbing in the range 520–580 nm) exhibit a surface plasmon band
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a

b

Fig. 9.6. General schematic representation of methods to couple inorganic nanopar-
ticles and biomolecules (a) and two sets of nanoparticles are functionalized with
individual recognition groups that are complementary to each other (b) (FG =
functional coupling groups)

in a more convenient region between 390 and 420 nm, depending on the par-
ticle size (see Chap. 5). Secondly, the extinction coefficient of the surface
plasmon band for an Ag particle is about four times larger than for an Au
particle of the same size [69]. But Ag nanoparticles cannot be effectively
passivated by alkylthiol-modified-oligonucleotides using the established pro-
tocols for Au particle modification [70]. Therefore core–shell approach was
used [71], when an Au shell has been grown upon an Ag nanoparticle, form-
ing a particle with an Au outer surface, that can be easily modified with
alkylthiol-oligonucleotides. Such a complex particle consists of an 11.8 nm
Ag core and a monolayer Au shell. It is supposed that this approach can
be generalized for preparing other types of particles (such as Cu and Pt)
and to create a series of such core–shell particles with tailorable physical
properties. Their surface chemical properties and stability are defined by na-
tive pure gold particles that can be modified by oligonucleotides. An effective
solution of many problems is based on the use of polymers, such as aminodex-
tranes [40], poly-L-lysine [72], PEI, PEO and PVP [73], polyvinyladenine and
vinyladenine-alt-maleic acid copolymer [74]. Another interesting approach is
the reversible lectin-induced association of gold nanoparticles modified with
α-lactosyl-ω-mercapto-PEO [75] that includes the synthesis of various types
of heterobifunctional PEOs using the ring-opening polymerization of ethyl-
ene oxide with a protected functional group [76]. As a model ligand, lactose
was introduced in the distal end of the PEO chain and acetale-PEO-SH was
in reversible association of gold nanoparticles under physiologically relevant
conditions. The degree of particle aggregation was proportional to the added
lectin concentration. For an immunoanalysis of estradiol [77] it was marked
by a Co3(CO)9 fragment with high cross-reactivity relative to the specific
antibodies.



9.2 Metal Nanoparticles in Immunochemistry, Cytochemistry and Medicine 389

The anticancer activity of platinum complexes is well-known and recently
it was reported in addition that platinum (II) amine complexes, contain-
ing a dicarba-closo-dodecaborane(12) in vitro DNA-binding can be used for
tagging of plasmid DNA [78]. There is evidence of existence of polynuclear
metalloproteins, including the clusters Rh6, Pt15, etc. The combination of
DNA and PdAcAc2 with the subsequent reduction of the DNA-bound Pd
ions led to the formation of DNA-associated one- and two-dimensional ar-
rays from the well-separated Pd particles 3–5 nm in size [80]. Sometimes CdS
and CdSe quantum dots are used for these purposes.

Biocompatible magnetic nanospheres are used in medicine and biology [81,
82].

Metalloprotein preparates please check ‘preparates’ are often used in
medicine for control of the fermentative activity and for new, narrow-directed
drugs production [25]. For example, calcium and magnesium colloidal com-
pounds with vegetable proteins are utilized for regulation of gastric juice acid-
ity; the microdispersed Fe3O4 complex is injected with the serum albumin
transfusion as a contrast substance for roentgenography. Colloidal gold and
its biopreparates present ancient medical agents1 and had the various applica-
tions (many of them have a strong antiarthritis effect). Such colloidal systems
are well-known contrast substances in immunochemical studies, when they
are used as an electron-dense cytochemical marker for detecting the surface-
active antigen localizations in electron microscopy [84]. The specific markers
with many macromolecules (antibodies, lectins, ferments, various proteins,
glycoproteins and polysaccharides) can be produced using hydrophobic par-
ticles and the electrostatic charge of their surface [85].

At present synthetic oligopeptide models of the complexes are being stud-
ied intensively. It will give additional information on the action mechanisms
and the electron transfer in native proteins. Particularly, some histidine-
containing peptides have been studied for their high affinities to metal
ions. The problem is connected with damage to the central nervous system
by altering protein conformations into abnormal forms via histidine-metal
complexation and this protein deformation, which may cause Parkinson’s
and Alzheimer’s diseases [86]. The same mechanism of immobilization in
polypyrrole microcapsules is used for different ferments (glucosooxidase, cata-
lase, trypsin, subtiline, alcoholdehydrogenase [87]), chemical entities (Pd
nanoparticles [88], ruthenium complexes [89, 90]), and catalytic systems,
incorporated into a protein scaffold or L-tyrosine esters, and antibody-
metalloporphyrin [91].

1 Although the first references on medical applications of colloidal gold can be
found in medieval treatises, until now it is one of a few elements for which the
involvement in biochemical processes of the living cell is not established but it
was reported [83] that some microbial metabolites transform it into a solution
in the presence of oxidizers (see below).
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9.3 Biosorption, Selective Heterocoagulation
and Bacterial Concentration of Metal Nanoparticles

The interaction of biopolymers and microorganisms with metal sols and metal
oxide surfaces is highly specific and different for various metals. In this con-
nection alternative templates (such as bacteria) have been examined to in-
crease the diversity of compositions and morphologies [92]. This interaction
is studied for gold colloids [93, 94], and other noble metals, as well for iron,
copper and manganese (Table 9.2).

Table 9.2. Metal sorption by microorganisms [95]

Solutions Microorganisms Metal Content per 1 g of
Cell Dry Mass

Radioactive ele-
ments containing
solutions

Denitrifying bacteria Up to 140 mg of uranium
and thorium

Rhizopus arrhizus Up to 180 mg of uranium
and thorium

Pseudomonas aeruginosa Up to 560 mg of uranium

Saccharomyces cerevisiae From 100 to 150mg of
uranium

Biosorbent M (Penicillum
chrysogenum)

Up to 80–120 mg of ura-
nium (from water with
elements content below
0.05 mg/L)

Silver contaning
solutions

Consortium of Ps.
maltophila,
Staphylococcus aureus
bacteria and
non-identified forms

Up to 300 mg of silver

The bacterial concentration of metals begins from metal atom adsorption
on the cell surface with the subsequent assimilation. Coarsening of the sol
particles can proceed without any considerable adsorption on the cell sur-
face (flocculation), as well as the adsorption and deposition of large metal–
bacterial formation (heterocoagulation). The sol with particles ∼10 nm is the
most stable one. The most important feature of the colloid–bacterial interac-
tion is the diversity of forces and mechanisms (electrostatic, molecular and
chemical). Significant differences were revealed between various taxonomic
groups, species and strains of microorganisms in relation to the rate of gold sol
accumulation. Living cells (for example, Bacillus subtilis) can attract colloidal
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particles, attach them and form their aggregates (as opposed to an inacti-
vated mass of microorganisms, having a low sorption activity). The cells have
a high power to adsorb metal particles but they are very sensitive to many
other factors [96]. For example, preferrential particle adhesion is observed in
their contact points and the single cells are deposited by a metal layer. For
example the coccus bacteria M. leuteus (with mean size 2000 nm), separated
from the gold bearing stratum, produce packets of 4–8 cells, which can validly
carry out adsorption of gold (up to 10 mg per 1 g of the wet biomass) [93].
The living cells of blue-green algae Chlorella vulgaris are even more effective
(up to 65–70 Au mg per 1 g of biomass; every cell binds about 104 colloidal
gold particles) but they don’t cause flocculation.

It can be supposed that the electrostatic and chemosorption attachment of
the colloid metal particles and their compounds to a cell surface is influenced
by the cell metabolism products that includes many functional groups, such
as –S–, –COO–, –PO(OH)O–, –NH+

3 . The chemical binding of metals by the
M–N, M–C, M–O, M–S bonds is well-established experimentally [97]. The
negatively charged proteins (human serum albumin, soya inhibitor of trypsin)
did not cause colloidal gold flocculation under experimental conditions (pH
7.6), contrary to the positive charged proteins (trypsin, papain, cytochrome c,
RNAase). The lysozime systems have special characteristics, sol flocculation
proceeds only into a narrow concentration range of the ferment (1–10 µg/mL)
and the concentration increase assists sol stabilization and the aggregative
stability of the system. The successive flocculation and stabilization stages of
the metal colloids are characteristic of some synthetic polymer systems too
(e.g. cationic polyelectrolite PEI and nonionogenic PEO).

A significant difference exists between proteins and synthetic polymers:
the proteins are selective to the various dispersed phases at flocculation. It is
connected not only with electrostatic factors but also with the specific binding
by the functional groups of aminoacid residues, especially by sulfhydrylic and
amino groups [98]. For example, the addition of n-chloromercury-benzoate
(which is specifically blocking proteins SH-groups) decreases their floccu-
lation activity. The native structure of biopolymers is very important for
sorption processes. Thus partial destruction of the polysacharide frame of
the bacterial envelope (by lysozyme ferment) can considerably decrease their
sorption power.

There are specific differences between living and dead cells relative to the
metal biosorption, sedimentation stability, electrolytic coagulation thresh-
olds, and heterocoagulation effectiveness with nanoparticles [99]. There are
correltions between the cell accumulating ability and the flocculating ac-
tivity of some preparates, separated from these cells. The metal particles
are bonding to the cell surface by some protein, hydrocarbon or glycopro-
tein structures from various cells (including Bacillus sb.). A glycoproteid
with molecular mass about 50 kDa was extracted from various cells by the
butanol extraction method that was able to induce colloid particle coagulation
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and the binding specificity of proteins changes in the series Au � Pt >
MnO2 > Al2O3. Cultures of Bacillus sb. can be arranged by their accumu-
lating ability to the different metal ions in the following order: Au > Mn >
Cu > Fe > Ni > Co. An elevated gold accumulation (Table 9.3) is attribut-
able to a cell’s previous adaptation to gold. Moreover, the liposomes as the
nearest model for biomembranes adsorb the metal particles after modification
by glycoproteides.

Table 9.3. Metal accumulation by biomass of cultures Bacillus sb

Solution (5 mmol/L)
Metal Content (µg/g of Dry Residue) at the Contact
Time

30 min 2.5 h 1 day 7 days

MnCl2 10.7 11.7 23.6 73.7

FeCl3 17.2 17.4 17.7 24.4

CoSO4 7.5 7.7 11.7 11.7

NiCL2 8.6 8.8 10.4 12.4

CuCl2 16.8 22.9 22.1 28.8

AuCl3 81.4 149.2 177.6 –

It is possible that glycoproteide is connected with lipids in the bacterial
envelope and the survival ability of M. luteus under high concentration of Au
is explained by increased glycophospholipids content and branching of fatty
acids residues [100]. The sorptive capacity of Chlorella vulgaris st. 18 cells
increases in the metal ion series (Ag+ < Cu2+ � Au3+) [97]. The sorbed
metals are in a colloidal state with particles fixation both into the cells and
on their surface. The cell bactericide action rises in reverse order.

The high variability of living cells is defined not only by biosorbent type,
but also by the nature of the sorbing metals, their concentration and even by
the prehistory of the sorption system. For example, in the presence of con-
current ions (Co2+, Mn2+) the value of ionic gold adsorption by living cells
of blue-green algae Spirulina platensis is considerably changed during the
process [99] because at high concentrations the concurrent ions can inacti-
vate the initially living cells (as a result they become chemically similar to the
dead ones). Such regularities were observed also for Cu2+, Ag+, Ni2+ ions,
depressing the activity of many bacteria and aquatic plants that correlates
with the absolute value of the electrokinetic potential of the one-cell organ-
isms. It is supposed that the electrosurfacial or bioenergetic characteristics
of the microbial cells can be used as a sensitive indicator for the evaluation
of heavy metal toxicity [99].
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The interaction at the initial stages proceeds due to electrostatic bind-
ing. It explains the reversibility of heterocoagulation and the fact that the
dispersed metal particles escape from the cell surface if the formed product
is being introduced into a protonophor incubation medium. There are two
processes: further particle assimilation proceeds into the cell associates (in the
points of contact) with their coarsening, but on the single cells the particle
growth occurs without previous aggregation because the formed particles are
gradually rejected from the cell surface. Thus, branched fibrillar associates
(with no less than 2–3 particles) were observed in gold sol in the presence of
proteins, with the polymeric bridges between the sol particles.

By analogy with the reductive synthesis of polymer-immobilized nanopar-
ticles (see Sect. 4.4) the colloid adsorption and heterocoagulation into biopoly-
mers have its continuation in the recrystallization and coarsening of the metal
particles placed on the living cells surface. These processes result from the in-
tensive reduction-oxidation (specifically, for gold particles) with participation
of carboxyl-, aminogroups and dialkylphosphoric esters. At the first stage the
colloidal gold particle oxidation proceeds [93]; at the second stage the metal
ions are reduced by endogenic reducers and in this process the cytoplasmatic
membrane is involved. The process is feasible only under a considerably in-
tensive ionic flux. It is supposed that gold dissolution (oxidation) by Bacillus
sb. cells is determined by cationic groups –NH+

3 , and gold complex (with the
metabolite products) reduction is by anionic groups, such as carboxylic and
phosphoanhydrylic acids [101]. It is known that moulding fungus can reduce
gold to a metallic state and similar processes run in many region with par-
ticipation of humic and fulvic acids, that creates a bioelement “shop” and
presents an important and main stage in soil formation. Iron enrichments
are carried out by unicellular algae (for example, from acidic waste waters of
uranium mines).

There are many independent sites of a metal particle [M] binding on bac-
teria surfaces and therefore the binding process is described by an equilibrium
relation:

M + L ↔ ML,

where L is a binding site on the bacteria surface and ML is a “bacteria–sol
particle” complex. The total number of binding sites (n), the number of the
bound metal particles (ν) as well the association constant K = [ML]/([M][L])
are connected by the Sketchard equation:

ν/[L] = nK − νK.KK (9.1)

It was found that there are two independent mechanisms of gold binding
in M. luteus cells by hydrophilic sections and electrostatic interaction (K1 =
3.85·109 L/mol, ν1 = 4.7·103) and by oxidative complexation of the surface
layer with particles (K2 = 4.6·108L/mol, ν2 = 4.3·103) [93]. Metal particle
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coarsening proceeds after oxidative complexation and reduction, and it is
connected with accumulation (association) and recrystallization. Thus, par-
ticle redissolution occurs in biopolymer–colloid particle systems and results
in a bigger particle formation (in the case of gold simultaneously the gold
assay value was increasing).

The model of bacterial concentration and crystallization is rather com-
plex. The concentration can proceed through the intergrowth (assimilation)
of the little needle-shaped polyhedra 10–20 nm in size, connecting together
and forming the rather big complexes (visible to the naked eye) that can
be separated by a gravimetric method. In addition the colloidal particles
present the nucleus of a new phase and can serve as the crystallization cen-
ters under permanent cooperative oxidation and reduction of the formed
ions. The cell surface is heterogeneous. The mean sizes of cell and nanopar-
ticles are (1–5)·103 nm and 15–20 nm, correspondingly. Electron microscopy
studies had fixed the essential qualitative and quantitative distinctions be-
tween the Au particle distributions over the various bacteria stain cells [99].
As shown in Fig. 9.7, there are several types of particles in the system.
There are the randomly distributed gold nanoparticles unbonded to cells
and forming agglomerates along with the free cell surfaces (Fig. 9.7, a),
the agglomerated particles, localized between the cells (Fig. 9.7, b) or par-
ticles more or less uniformly distributed on the cell surface or near it
(Fig. 9.7, c). Some particles are not uniformly distributed over the cell sur-
face. They are localized near one of the cell ends (Fig. 9.7, d) and finally
there are nanoparticles, uniformly coating all the cell surface (Fig. 9.7, e).
The bacterial associates from the different cell types can participate in the
aggregation processes and concentrate the gold particles on their surface
(Fig. 9.7, f).

The reactivity of bacteria relative to the nanoparticles varies from the
total inertness to an effective adsorption and concentration in accordance
with a chemical composition of the cell surface.

Probably by this mechanism endogenic gold (may be, not only gold) trans-
formation proceeds under conditions of the formation of gold-fields.2

The problems of the selective metallophility of microorganisms are now
widely discussed. It is clear that the property is connected with many factors,
the selective directions of the colloidal particle motion relative to the mi-
croorganisms, the character and strength of the chemical binding on the cell
surface, the coordination bond formation with considerable covalent bonding,
etc.

2 The gold dissolution, deposition and new formations on its initial grain surface
are characteristic features of the whole hypergenic history of nugget gold [102].
The microscopic processes of microorganism interaction with metal nanoparti-
cles in nature lead to macroscopic changes, their bacterial concentration and
coarsening in a geological timescale.
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Fig. 9.7. Electron microscope photographs of bacterial cells (of individual or as-
sociated cultures) after incubation with colloidal gold (details in text)

The most important cell components are low molecular (5–10 kDa) metal-
binding proteins – thioneines, containing many –SH groups and accumulating
both the essential (Cu, Mn, Fe, Co, Cr, Mo) and nonessential metals for an
organism. It relates to such important microelements as iron and manganese,
because their deposits are forming in a biogenic way on the continents and
in oceans. The macromolecules of such proteins consist of two separate fer-
ments. Each of them is able to bind metal ions to a polynuclear metal-thiol
cluster surrounded by cysteine aminoacid residues. For example, Cd- and Zn-
thioneines contain seven metal atoms, four of which are connected with 11
cysteine residues (M4Cis11) in a carboxyl-terminal A-cluster and three with
nine cysteine residues (M3Cis9) in an amino-terminal B-cluster [103]. At the
same time Ag and Cu atoms form M12-metal-thioneines with six metal atoms
in every domain.
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The biological functions of thioneines appear to be accumulation, storage
and detoxication of metals as well as support of resistance of the organism to
heavy metals. Probably, the metal accumulation is attributed to the intensive
reduction, localization and adhesion of the forming metal particles on the
external side of the membrane. During biological adaptation cells can gain
a resistance plasmid to the metal and this mechanism is realized through
an intensive metal ion reduction and natural selection itself had led to the
forming of metal-tolerable microorganism stains.

There are two important features in the problem of metal nanoparti-
cle immobilization by biopolymers. First, most heavy metals can be con-
nected with several protein macroligands simultaneously in a given three-
dimensional space surrounding and conformation state with forming some
triple complexes, for example protein–M–nucleic acid (M = Au, Pt, Pd) [104].
It is possible that such formations give an anticancer effect in an organism.
Second, the mixed-metal thionenines can play an important role in many
processes, in particular an Au(I) thiomalate can interact with native Zn-,
Cd-, Co-thionenines and selectively substitute the metals (firstly Zn, but at
excess in equilibrium Cd atoms too) selectively. The protein conformations
under the process are minimal.

A consequence of the selective metallophility is the genetic specialization
of a microorganism relative to the interaction with some metals. In natural
conditions strongly determined systems, namely the given cell – M (or a group
of similar metals), are formed. Cell flocculation by colloidal metal particles
leads to the formation of considerably greater bio-bone aggregates (50–60 µm
in size) deposited in an aquatic medium.

Thus, the living cells are able to interact with colloidal particles and at-
tract to the cell surface (the primary act is carried out by some components of
the cell wall or plasmatic membrane), to attach with aggregate formation, dis-
solution, recrystallization and new, bigger particle formation. The processes
are complicated by the nature of the biopolymer complex and the high mole-
cular mass of proteins. The selective heterocoagulation of living cells with
mineral particles is based on colloid chemistry interactions having a selective
adhesion. Moreover a mosaic of the cell surface (“functional heterogeneity”
results from a nonhomogenic distribution of the ion exchange ferments) is an
important factor for the whole process of the heterocoagulation of highly dis-
persed particles [99]. The mentioned primary act of nanoparticles attraction
to a cell surface or to the protein functional groups is important for many
biological problems and for an understanding of the sorption processes on
solids. For example, the long-chain alkane-thiols are selectively adsorbed on
the Au particle surface and can form a stable monomolecular layer that is
spontaneously self-organized.

It is often used for protein adsorption modeling. For example, a pro-
tein monomolecular layer from the immobilized glutathione (GSH) and L-
cysteine (L-cys) was organized (Fig. 9.8) on the surface of Au nanoparticles



9.3 Biosorption, Selective Heterocoagulation of Metal Nanoparticles 397

Fig. 9.8. Structural scheme of glutathione and L-cysteine, being immobilized on
the Au surface

[107–111] in the form of a layer with thickness 100–200 nm, obtained by vac-
uum evaporation with rate ∼0.5 nm/sec.

Such modified nanoparticles are convenient for different protein adsorp-
tion (human serum albumin, plasmoprotein). An approach based on antigen
immobilization is used for the fabrication of immunosensors. The modified
surface of nanoscale Au films with thickness (∼50 nm) produced by Au depo-
sition on the glass plates is formed with the Au-mercaptide bonds. Such layers
are submerged into a 2-aminoethanethiol solution. The self-organized mono-
layers are strongly bound with oxidized dextrane-hydrosulfate (mol. mass
∼6100) by the formed in situ Schiff bases (the surface layer and the polymer
formyl groups). It can be used for fabrication of human serum albumin (HSA)
(Fig. 9.9).

The repeated processes of anti-HSA association and dissociation with
bound HSA were studied by plasmon resonance [111] and many other useful
and effective experimental methods in the field.
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Fig. 9.9. Antigen immobilization scheme

Let us consider several variants of biosorption use in engineering biotech-
nology. For example, there are two complex problems in using the catheters
(especially when they contact with blood): protein adsorption on the sur-
face (it leads to a serious danger of thrombosis) and possible infection [112].
Both problems can be solved if the catheter material (a composition of
polyurethane, silicone, PEO, PVA) is imparted with antibacterial character-
istics due to Ag nanoparticles (from 10–15 to 50–70 nm) deposited by thermal
vaporization or introduced by a reduction mechanism.

The lipid structures are fragile [113] and template technologies are used
to produce some strong structures of envelope type for engineering applica-
tions [114,115]. One of them is based on polymer binding with phospholipid
and the formation of modified and nonmodified phospholipid mixture (with
several percent content of modificated ones), that allows one to form tubu-
lar templates on the polymer surface [116]. Such surfaces are sensitive to
the adsorption of colloidal metal suspensions (e.g. to Pd colloids) and af-
ter the subsequent electrochemical deposition there arise the lipids, having
a metal coating in the form of tubes (hollow microcylinders with inner di-
ameter ∼0.5 µm and wall thickness ∼50 nm). In another variant a sorbent –
sacharose – was coated by magnetite particles 10 nm in size [117]. The coating
was carried out through either the porous sorbent by a ferromagnetic liquid
suspension or by formation of a mixed sol (Fe3O4 + agarose) with subsequent
generation of the sorbent particles. Such a sorbent coated by the magnetic
particles allows one to separate very small proteins (12 kDa). On the other
hand the DNA-modified superparamagnetic 3-nm iron oxide particles can be
used as magnetic nanosensors, after self-assembling in the presence of com-
plementary single-stranded DNA [118].
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Many unicellular algae in an initial state are able to take part in nanopar-
ticle binding and accumulation. There is a wide choice of bioobjects useful
for practical applications in the field.

Heavy metal (such as Pb2+, Hg2+ and Cd2+) removal and retreatment
are important as they are due to the intrinstically persistent nature and
are the major contributors to biosphere pollution and have a large environ-
mental, public health and economic impact [119, 120]. For their treatment
many approaches are used. One of the main ones is metal complexation by
polymeric ligands. Now polymer filtration is an emerging technology, which
employs water-soluble polymers for the chelation of heavy metals and ultrafil-
tration membranes to concentrate the polymer–metal complex and produce
the target metals [121]. The protein-based biopolymers use is an alterna-
tive to synthetic polymers, especially the elastin-based biopolymers consist-
ing of repeating peptides [122, 123]. Removal of the heavy metals (such as
Cd2+) from dilute waste streams, was proposed with a protein–protein in-
teraction being tailored specifically for the target metals. It offers the ad-
vantages of being easily regenerated and reused in many repeating industrial
cycles [124].

9.4 Sol–Gel Process as a Way
of Template-Synthesized Nanobioceramics

The chemical methods of sol–gel synthesis analyzed in Sect. 7.1 present a
general methodology of nanostructured material fabrication. They also em-
brace some mechanisms of the inclusion of biologically active macromolecules
during the formation stage of ceramics, glasses and other inorganic compos-
ites [125, 126]. The first glass bioceramic, Bioglass, was used in the early
1970s [127]. The possible systems include the important biotechnical fer-
ments, designed biosensors, fermentative electrodes, bioactive optical sensor
components, lipid bilayer vesicles, and encapsulating agents for drug deliv-
ery [128–137]. Now such approaches are used for biological fabrication of
ceramic–metal composites – cermets [138]. The encapsulating ceramic par-
ticles can by used as improved biosensor devices and for vaccine formula-
tion [139].

Bioactive material entrapment by ceramic gels is mostly performed by sol–
gel methods. The first encapsulation of an active ferment into a sol–gel matrix
was carried out in 1990 by mixing biomolecules with sol–gel precursors [140]
and after a few years more than 35 various types of hybrid bioceramic mate-
rials were elaborated [126]. The inorganic matrices include silicon, titanium
and zirconium oxides, and TiO2–cellulose composites [141]. The glassy mass
obtained by this method is dried to a xerogel and is ground to powder before
application [142]. Bioceramics are considerably active and can be directly
bound to living bones and teeth in the human body. This is an ideal material
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since the articles are very hard and suitable for human bones in terms of me-
chanical strength and fracture toughness. Most organic polymers (which are
the mainstream materials for the fabrication of soft-tissue substitutes) are
only biotolerant, but not bioactive, and are usually surrounded by a fibrous
tissue after embedding in the body [143–146]. The state of the art in the field
of bioceramic sensors, solid electrolytes, and electrochemical biosensors is re-
viewed in [147]. Hydrolysis and condensation-polymerization of monomeric
metal or metalloid alkoxides are characterized by moderate temperatures and
mild conditions (see Chap. 7) that allows them to trap the proteins without
their denaturation at the stage of matrix formation. The high stability of such
“caged” biomolecules together with the matrix inertness, the large value of
Ssp, porosity and optical transparency makes the homogenization procedure
easier and does not require protein covalent bonding. These advantages make
the sol–gel immobilization methods very convenient and attractive in general
and for proteins (including even cellular structures and cells) especially. Be-
low we give an analysis of the main approaches and some materials.

The proteins (such as copper-zinc-superoxide-dismutase, cytochrome, myo-
globin, hemoglobin and bacterio-rhodopsin) in the considered systems are
encapsulated into a porous silicagel matrix that is formed by sol–gel synthe-
sis. The biomolecules are strongly retaining in the matrix and do not lose
their fermentative activities or other characteristics [148]. Such matrices en-
sure transport of the small molecule to a reactive center, product removal,
as well as protein molecule fixation into pores. In this way glucosooxidase
and peroxidase were heterogenized and used as an active solid-phase element
of glucososensor. The spectral changes were observed in gels, containing ox-
alatoxidase and peroxidase, during holding in aqueous solutions with oxalic
acid.

Antibodies are bound by a similar method for potential use in medicine,
immunochromatography, and immunosensorics. For example, the antibody
immunoglobulines trapped by the sol–gel method retain the ability to bind
the external antigens (2,4-dinitrophenylhydrazine) from solution [149]. The
atarazine-binding property is studied for a sol–gel matrix, doped by 10%
PEO, and including monoclonal antiatarazine antibodies [150]. Such a ma-
trix can “recognize” the widely used atarazine herbicides in solution and
bind them. It is important that under the process neither antibody leach-
ing nor nonspecific physical adsorption of atrazine (by the ceramic matrix)
were observed. An activity decrease was not observed either, at least dur-
ing two months (whereas the activity in solution in the same conditions had
decreased to 40%). An additional advantage of the sol–gel methodology is
the need for immunoglobuline purification lacks. Aantibody encapsulation
by the described particles can be used in the sensors of specific antigen de-
tection [151]. The first attempts to trap catalytic antibodies by the sol–gel
matrices and use them in practice were successful [152], the 14D9 antibodies
were encapsulated into such matrices, and they catalyzed many reactions,
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including hydrolysis of cyclic acetals, ketals, and epoxides. Peroxidase en-
trapped into silica nanoparticles shows a higher stability under temperature
and pH changes as compared with a free enzyme molecule [153]. The enzyme
encapsulation in silica nanoparticles and their introduction into the animal
system can replenish the enzyme deficiency in the organism (as well as the
use of enzymes as medicine). Moreover, it will not create any risk of aller-
gic or proteolytic reactions of these enzymes (due to their practically zero
leachability). Some other advantages of such materials are their high thermal
and pH-stability, the prevention of the trapped protein leaching, the ease
and convenience of fermentative reaction control (the reactions can be con-
trolled by spectral methods both in the pores and in the matrix volume),
easy storage, and possible repeated use. In addition such systems present a
wide choice (based on the molecular design of components) for effective con-
trol of aggregate morphology, particle size, composition and various physical
properties.

Although the investigations are mostly devoted to enzymes, trapped by
ceramic materials made of silica gel, another method has also been used based
on reverse micelle use of nanosize porous silica particle preparation [153–
155]. The lipid bilayer vesicles with an inner aqueous compartment were used
as biomembrane models in the field of supramolecular chemistry. They are
often used as nanocapsules for drug delivery or gene transfection systems,
artificial cell membranes, and enzymes [156–158]. Such lipid bilayer vesicles
seem to be a nanomaterial candidate for designing functional supramolecular
devices [159]. There is an interesting approach to the production of synthetic
peptide lipids (bearing an amino acid residue interposed between a polar
head moiety and a hydrophobic double-chain segment through the peptide
bond) based on using cationic and anionic Cerasomes (the organoalkoxysilane
proamphilites), as shown in Scheme 9.3 [160,161].
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In a sol–gel reaction by a layer-by-layer adsorption method a novel bioin-
spired organic–inorganic hybrid can be produced composed from a liposome
membrane and a ceramic surface. The particles have mean diameters 70–300
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and 20–100 nm (prepared from Cerasomes 1 and 2, respectively) and form a
three-dimensional packed vesicular assembly.

The ferments can also be immobilized by the sol–gel method and work
as a “bioreactor” [87] if the chemically active terminal groups and the ce-
ramic dopant active bonds such as Sn–Cl are used. The immobilization and
synthesis mechanisms can be described by Scheme 9.4 [162].
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For example, into a template-synthesized TiO2 nanotube alcohol dehy-
drogenase was immobilized, which (cofactor NAD+, phosphate buffer, pH
8) remains active in methanol oxidation for more than 4 days [163]. The
nanotubes are open at both ends and this configuration allows the use of
the structure as a flow-type reactor. There are many other examples of such
systems, including antibody covalent binding for sol–gel film functionaliza-
tion [149].

At the same time such processes lead to uncontrolled particle forma-
tion with size distribution far from the uniform distribution of entrapped
molecules in ceramic matrices. The entrapped enzymes in both dry and wet
gel monoliths don’t obey Michaelis–Menten kinetics and quantitative assay
sometimes becomes unreliable [153, 164–166]. The organized matter forma-
tion problems are solved in sol–gel synthesis by different approaches [167]. It
is possible to use the self-organizing organic template formation (transcrip-
tion synthesis), the cooperative assembling of templates and other building
blocks (synergetic synthesis), and morphosynthesis with generation of some
specially organized nonlinear chemical surroundings [16]. Finally, there is the
combination of the listed methods (so-called integrated synthesis) too. This
strategy (reaction assembly → replication → methamorphism) is similar to
the general scheme of mineralization and can be illustrated with the exam-
ples of the template-directed synthesis of ordered mesoforms, organoclays
and macroskeleton structures, including the use of bacterial templates. The
scheme is very obvious for the reproduction of hierarchical macrostructurated
organized silica gels, as can be illustrated with an example of multicellu-
lar filaments of Bacillus subtilis as large-scale organic templates [168, 169]
(Fig. 9.10).
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Fig. 9.10. A scheme of an organized macroporous SiO2 structure, formed by the
bacterial templates: bacterial filaments with multicellular fiber structure) (1 ); a
mineralization of the inter lament space (2 ) and a macroporous replica formation
by drying at 873K (3 )

9.5 Biomineralization and Bioinorganic Nanocomposites

The interactions of metal ions and nanoparticles with biological macromole-
cules and cells play a most important role not only in fermentative cataly-
sis, but in geomicrobiology in general, because they represent the greatest
research opportunities in the chemistry of natural metal and metal oxide
surfaces [1, 170, 171]. The inorganic crystal formation is controlled in bio-
mineralization processes by organic biomolecules such as proteins. Although
the content of the organic component in a typical composite is very low (of
the order of 1 wt. %), it exerts tremendous control of the mineralization
process which provides the uniform size of particles, crystal morphology and
specific crystallographic orientations [172]. In addition, from the viewpoint
of material chemistry, the biomineralization methods with use of abundant
and relatively low-cost sources may lead to the fabrication of a new type
of organic–inorganic composite material with high performance and environ-
mental benignancy.

Natural biominerals such as calcite (CaCO3 in shells), apatite [Ca5(OH,F)
(PO4)3 in bones] or even magnetite (Fe3O4 in bacteria), greigite (Fe3S4),
maghemite (γ-Fe2O3) and various ferrites (MO·Fe2O3, where M = Ni, Co,
Mg, Zn, Mn) are crystallized by living organisms under ambient conditions.
Biomineralization in living organisms leads to inorganic–organic nanocom-
posite formation. The most abundant biogenic mineral is silica (opal) in a
stable amorphous phase, but generally the ratio of the crystalline and amor-
phous phases in biogenic minerals is approximately 80 and 20%. Biomin-
eralization terms are used for the description of a variety of minerals, pro-
duced by biological organisms, or their composition, structure, morphology,
mechanical properties and functions. The growth of these minerals in an or-
ganism is controlled in such a way that they obtain optimal characteristics
as required constructive materials [1, 2]. The process is controlled by the
interaction of nuclei and growing crystals with biopolymers, acting as surfac-
tants (usually peptides and glicopeptides). Poly-L-aspartate was considered
as an analogue of acidic macromolecules, which are bond to an insoluble
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protein matrix with gelling properties [173]. The foregoing relates to many
other bioinorganic processes, especially those connected with geobiotechnol-
ogy, and biohydrometallurgy.

Microorganisms (both natural and created by gene engineering methods)
living in extreme conditions of high temperatures, pressures, pH and salinity
values and toxic metal concentrations are of special interest for practical
problems, connected with the geomicrobiological transformations of heavy
metals. By analogy with bacterial species adapted to unusual conditions (such
as thermophiles, halophiles, acidophiles), the considered bacteria are related
to the representative group called metallophilic microorganisms [93,174,175].
Metal binding is provided not only by bacteria, but by many yeasts, fungi,
algae and even protozoa, that considerably widens the possibilities of the
biochemical transformation and transport of metals both in nature and in
technology.

The important appearance of chemical-colloidal binding is metal sol coag-
ulation. The biopolymer-immobilized particles form mixed (biobone) aggre-
gates of the living microorganisms and metal nanoparticles, many of which
have special features. The characteristics can be determined by the diffusion
of cell layers or by the electrical inhomogeneity of the cell surface. The sol
particle binding proceeds together with decrease of the coagulation thresh-
old and such high-dispersed biogenic formations are widespread in nature
and environment: industrial metal stocks, and sedimentary facies [176]. The
silver-accumulating bacterial strain Pseudomonas stutzeri, which was origi-
nally isolated from a silver mine, was used to produce a silver-carbon com-
posite material promising for the fabrication of optical thin film coatings.

Metalloclusters play an important role in the bacterial mineralization
processes [1, 177–180]. A new science – bioinorganic solid-phase chemistry
– studies the formation mechanisms and structures of nanoscale inorganic
materials in biological surroundings [1].

An organic matrix (template) under biomineralization–bioaccumulation
regulates the nucleation, growth and formation of the inorganic materials
with perfect morphology. The complex hierarchical composite structures are
produced with unusual physical or chemical properties and are imitated in
artificial conditions. There were many attempts to imitate such systems in
laboratory conditions [181–183,185].

Two issues of biomineralization should be understood – how such strictly
organized inorganic materials are produced in nature (morphogenesis) and
how the processes can be realized in a biomimetic system (morphosynthesis
and mineralization in situ). Therefore one major approach to the problem
of nucleation and crystal growth control is to mimic natural processes. The
modeling of biomineralization is a promising approach to controlled crystal
growth for seeking materials analogous to those produced by nature. The
majority of these efforts have focused on exploring the promoting effect of
templates on crystal nucleation and growth. The anionic poly(amidoamine)
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Table 9.4. Main types and functions of biominerals

Mineral Composition Organism Functions

Calcite CaCO3 Mollusk
Crustacea Aves

Exoskeleton
Mechanical strength
Protection

Magnesium
calcite

(Mg,Ca)CO3 Octocorallia
Echinoderms

Mechanical substrate
Strength and
protection

Aragonite CaCO3 Scleractinian
corals Mollusks
Fish

Exoskeleton
Exoskeleton
Attraction tool

Vaterite CaCO3 Gastropoda Exoskeleton

Hydroxy-
apatite

Ca10(PO4)6
(OH)2

Vertebrates Exoskeleton/ions
stock

Calcium-
phosphate

Ca8H2(PO4)6 Vertebrates Bone precursors

Amorphous
silica gel
Amorphous
silica gel

SiO2 · nH2O Diatoms Exoskeleton

Magnetite Fe3O4 Bacteria
Chitons
Type/salmon

Magnitotacticity
Mechanical strength
Magnetic orientation

dendrimers modified the metastable vaterite surface and inhibited the fur-
ther growth of vaterite particles by changing the addition time during the
crystallization of calcium carbonate [184].

Practically all metals take part in the biomineralization, but the most
studied are processes with Mg, Ca, Sr, Ba, Mn, Fe and Si ions (Table 9.4).
The problems of mineralization control and the various metal nanocrystal
synthesis into biological systems or organisms are considered in [186].

The traditional viewpoint is that inorganic materials are permanent and
inert substances with limited geometrical forms or structures generally char-
acterized or described by the space groups and elementary cells, connected
with the crystal symmetry. Now it must be considerably revised. Such notions
come into contradiction with well-known plasticity and the form-function
interconnection of biological processes. Inorganic components, forming and
incorporating in some components of living organisms, are involved in the ex-
traordinary morphological structures (spiral, curved, screwed, network) from
the helix form of mollusk shells to the functional morphology of human skele-
ton and extracellular bone formations.
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The symbiosis and complex structures are preserving not only on the
macroscopic scale, but are characteristic for biomineralized system organi-
zation on the microscopic, mesoscopic and nanoscopic levels too. The dif-
ferent control forces are used at different scales and levels to support a hi-
erarchy order of the structure [187, 188]. For example, the development of
the above mentioned extracellular structures of skeleton bones on a macro-
scopic level is defined by global physical fields (gravitation, mechanical load).
But the microstructure depends on the place and local activity of bone cells
under hormonal regulation on mesoscopic and nanoscopic levels. The inter-
phase processes, the supramolecular growth and the collagen fibers or calcium
phosphate crystal organization are chemically and biochemically controlled
by the tissue matrices. The control includes manipulation of the local con-
centrations of the depositing substances in the presence of the nucleation
surfaces and the inhibitors in the solution (they bind to the specific faces of
the growing mineral). The regulation also relates to the particle size, form
and orientation (i.e. there is a need for the epitaxial matching of protein or
polysacharide matrix and mineral). For example, the equation for apatite
precipitation demonstrates the effect of the dissolved Ca2+ ions increasing
the degree of supersaturation in solution.

5Ca2+ + 3PO3−
4 + OH− → Ca5(PO4)3OH

The mineralization picture for unicellular organisms appears in the in-
tracellular structures such as the coccolith scales and diatom frustules radi-
olarian microskeletons, being commensurate with the individual cells or the
vesicular ensembles. In 1995 the first artificial microskeletons of radiolaria
and diatoms were synthesized. As described in the survey of their structural
organization and biomimetic form morphogenesis [16], all the chemical and
cell processes (the formation of collagen fibrils, nucleation templates, cavities)
in these structures are controlled during the lifetime of the organism. These
dynamics are retained through the prolonged time of evolutionary adapta-
tion of the biomineralized structures to the permanent changing of a given
biological niche.

A general scheme of mineralization includes modeling the building up of
the organic supramolecular structures functionalized by a proteins (or other
macromolecules), nucleation and growth [177]. In the modeling space the
mineralization produces an inorganic “replica” of the ensemble organized
beforehand (called “replica on stone” or “chemical Medusa principle”). The
process can proceed through a one-stage mechanism (“form at template”) and
by several synergistic stages (see the dotted line on Scheme 9.5), depending
upon the system morphogenesis.

Molecular recognition and molecular tectonics are the most important
aspects of biomineralization. But the genetic foundation of biomineralogi-
cal evolution remains unknown (just as we haven’t an answer to the most
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Biosynthesis
A model
ensemble

A model
biomineral

Material
replication

A model
of reaction area

Nucleation
templates, ionic flow,
growing template

Scheme 9.5

principal question – how morphogenic compatibility is achieved at the bi-
ology–inorganic chemistry frontier). Most often the form of biominerals is
prederminated by the given cell conformation or cell (Fig. 9.11).

Fig. 9.11. An illustrative scheme of programmed self-assembling in biomineral-
ization. The cell walls, organelles and cellular assemblies present the templates for
the microtube (MT) formations, being directing agents for the model vesicles (V)
involved in the biomineralization (BM) process

The interactions and relations between the equilibrium crystallization
processes and the forming biological structures with complicated composi-
tion allow them to provide the very complex but reproducible morphological
patterns in geological timescales. Such process modeling (morphosynthesis
of the biomimetic forms) includes three main stages [188]. The first stage is
modeling of a liquid–solid interface (some unusual morphoforms are produced
in the mineralization due to chemical fluctuations, arising in local perturba-
tions). In the second stage it is necessary to carry out template-directed
assembling, when the bioinorganic forms are localized along, around and into
the outer surfaces of the organic formations and assemblies (acting as the
templates) or can take the forms of intratemplate voids. Finally controlled
replication must take place (Table 9.5).
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Table 9.5. Modeling of biomineralization into membrane-bound vesicles

Template Directing
Agents

Form Architecture Examples

Inner
cellular
wall

Microtubes Bent
SiO2−rod

Tissue
network

Hoano-
flagellates

? Formed
Fe3O4-
crystals

Linear
structure

Magnetotactic
bacteria

Microtubes Bent
SiO2-
frame

Hollow
cyst

Chrysophites

Microtubes/
areolar
vesicles

Perforated
SiO2

Hollow
frame

Diathomias/
radiolarie

Endoplasmatic
network

Microtubes
Microtubes

Bent
SiO2-
leaf

Connected-scale
(chain-mail)
structure

Chrysophites

Nuclear
envelope

Microtubes Formed
CaCO3-
crystals

Enfolliated coc-
cospheric

Coccolytho-
phorides

Cytoplasmatic
envelope

Microtubes Network
SiO2/
SrSO4

Microskeleton Radiolarie/
acantarie

Cellular
assemblies

Syncytium/
microtubes

Bent/
figured
CaCO3

Spycules/hollow
frame

Holoturia/
Sea Urchin

Cellular
organization
(without
vesicle)

Biopolymers/
force fields

Hybrid
compos-
ites

Macroskeleton Vertebrates/
mollusks

Many approaches (sol–gel synthesis, layered inclusion compounds, Lang-
muir–Blodgett layers and films, nanoparticle deposition and polymer sur-
face decoration) can be considered as approximate variants of biomimetic
mineralization. One of the most realistic models is a metastable solution
into which a polymeric matrix is dipped. It can induce a deposition in the
polymer or in its swollen layer (but not in the solution itself). Such system
can be used for the following mineralization. The polymer reagents are of-
ten used as polyelectrolytes [189–191], especially those that can reduce the
crystal growth rate or change the crystal habits [192]. The films of some
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hydroxyl-containing polyacrylates (in particular, 4-hydroxybutylacrylate and
3-hydroxypropylacrylate copolymers with tetrahydroxyfurfurylmethacrylate,
etc.) in calcium oxalate solution are mineralized slowly [181, 193]. Some
double-block copolymers are of special interest [194] (see Chap. 5). For ex-
ample, crystalline ZnO (zincite) was prepared by zinc nitrate hydrolysis in
the presence of PMMA, PEO or PEO-br-PMMA [191] and both the par-
ticle habits and their size distribution can be controlled in the presence of
PEO-br-PMMA.

Material produced from ormosil (used for rubber processing, Chap. 7)
with dispersed Ca2+ ions after a sol–gel synthesis may serve as a bioactive
soft tissue substitute [195].

The material relates to the composites SiO2-poly(methyl methacrylate),
which involved Ca2+ ions, exhibited bioactivity [196]. Silanol group formation
on the ormosils can be a predominant factor in bioactivity control, while the
effect of dissolved Ca2+ ions to increase the degree of supersaturation in the
simulated body fluid is secondary [197].

The forming product morphology changes with the copolymer composi-
tion. The observed effect is specific, because other tested copolymers on the
base of methacrylic acid, butylmethacrylate were inefficient. It seems that
the nucleation of CaC2O4 crystals begins at the interface, and the growth
lasts into the polymer film. Amorphous calcium carbonate is significantly
less stable than the other five forms of CaCO3 (aragonite, vaterite, monohy-
drocalcite and calcium carbonate hexahydrate) [198] and in this connection
a biogenic “amorphous” calcium carbonate phase (formed by the ascidian
Pyura pachydermatina) was analyzed [199]. It was shown that in principle
the amorphous calcium carbonate should be considered as a group of different
mineral phases.

Proteinic derivatives and synthetic solid substrates are often used to
grow CaCO3 in various combinations. For example, sulfated polystyrene
with sorbed polyasparaginic acid can induce oriented calcite formation with
a higher density than in the cases when the components are used sepa-
rately [200]. Such consistency of actions can be connected, on one hand,
with a strong electrostatic interaction between calcium ions and sulfogroups
and, on the other hand, with the weak orientating influence of the β-layered
structures of polyasperaginic acid (the so-called “ionotropic effect”).

A specially prepared matrix from the Nautilius pompilius envelope pro-
duces in vitro spherolitic CaCO3 (assumed to be vaterite3). The oriented
growth of same forms of minerals was observed for polystyrene and calcite on

3 There are several polymorphic mineral types of calcium carbonate: vaterite (orig-
inated in the formation of some shells, gastropods, etc.), which is transformed at
ageing to aragonite (and later to calcite) and can be produced artificially; calcite
(calcareous spar), being the main component of rocks (limestones), and arago-
nite, which presents the main component of pearls and pearly layers of some sea
mollusks.
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glass, but the nuclei originated both in the solution and on the substrate by
physical adsorption. It seems that for the orientation a specific structural in-
terconnection between crystal nucleation and substrate is not necessary and
the electrostatic and van der waalse forces favorable for the colloid sorption on
polymers play the main role. It is not inconceivable that the substrate com-
position (including its swollen layer) provides the phase transitions of the
forming mineral. In support of this interpretation it was shown that some
acidic macromolecules extracted from aragonitic or calcitic mollusks shell
layers were indeed responsible for the selective precipitation of aragonite and
calcite in vitro [173,201,202].

The precipitation process demands some interface between two solid elec-
trolytes and a soluble glycoprotein. At the same time the macromolecules,
extracted from the aragonite and calcite parts of mollusk shells, must be able
to induce growth in vitro of the aragonite and calcite mineral forms, im-
mobilized on β-chitine or silk fibroine correspondingly. The structure of the
polyelectrolyte-gelatin assembly can be easily changed through the mechani-
cal deformation modifying the microenvironmental impact on the nucleation
and growth sites [203]. The molecular interactions between functional groups
of chitin fibers and acid-rich macromolecules [(PAA, poly(L-aspartate) and
poly(L-glutamate)] play a key role in inorganic crystallization control of the
thin film of CaCO3 crystals coating formation from a CaCO3 solution [204].
The same can be related to the polymer/CaCO3 composite films prepared in
a combined system of chitosan and PAA [205].

It was supposed [181] that surface synthetic mineralization modeling had
to be based on the biological macromolecule role determination in the process.
Thus a bone-bonding mechanism in such materials indicated that the spon-
taneous deposition of the apatite layers (with composition and crystallinity
similar to bone structure) proceeds only when there is contact with the blood
plasma [144]. Vertebrate mineralization is of special interest, connected with
the biomineralization process of the dental enamel matrix with a carbonated
hydroxyapatite mineral [206], including visible light-curable dental compos-
ites [207] and other dental biomaterials.

The biomimetic methods of semiconducting material nanoparticles (ZnS,
PbS, CdS, CuS, Cu2S, In2S3) are studied widely, including various membrane
usage (polyurethane films [208], panathion membranes [209–211]). The main
methods are based on fabrication of the bacterial crystalline cell surface layers
(S-layers) with their subsequent applications ranging from bio- and molecu-
lar nanotechnology to diagnostics and vaccine techniques [212]. The regular
pore system within the two-dimensional protein crystals with S-layers have
been used as templates to generate nanoparticle arrays. For example, by
this method the synthesis of CdS superlattices was carried out using the
recrystallized S-layers obtained by Bacillus stearothermophilus with a sub-
sequent mineralization through the incubation in CdCl2 solution and subse-
quent treatment with H2S [213]. The monodisperse 5-nm CdS nanocrystals
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form a regular array located within the nanopores of the protein matrix. The
specific peptide sequences were used for mineralizing some metals and semi-
conductors and producing the high-crystalline nanocrystals [214, 215]. The
method is based on the effect that a negatively charged phosphate backbone
of the DNA double helix can accumulate Cd2+ ions [216,217] and usually for
these purposes the DNA-templated metal and semiconductor nanoparticle
arrays are used.

Another interesting approach is based on a fermentative synthesis of
thiol-containing polymers (MnMM = 1750–4390) with the subsequent Cd2+ ions
binding. The case in point is an oxidative binding of 4-ethylphenol with
4-hydroxythiophenol in the presence of H2O2, catalyzed by peroxidase fer-
ment [218] with the subsequent covalent binding of CdS. The latter is synthe-
sized in the microstructured environment of the reverse micelles. The formed
particles have sizes 5–12 nm. Such nanocomposites were produced by biocat-
alytic methods in the form of film, coating or microspheres. They have high
luminescent properties (so it is promising for sensor and display techniques)
and, what is of special interest, is biodegradable. Semiconductor nanopar-
ticles are also powerful fluorescent probes and can be used for the label-
ing of bioogical components [17, 219, 220]. For this purpose the biopolymer-
immobilized nanophase Mn3+-oxides (with particle diameter 8 nm) were ob-
tained using the transformations Mn2+ – Mn3+. This method is effective
also for nanoscale material production on the base of Ag2O and especially
the calcium-phosphates of Ca10(PO4)6(OH)2, Ca8H2(PO4)6 and other types,
forming part of the bone tissues.

One of the most characteristic biomineralization examples is the forma-
tion of biogenic magnetic nanoparticles. Ferritin-based materials include the
Fe3S4 nanoparticles (Fig. 9.12) deposing into an inner void of the protein
envelope [221]. The biological self-assembly of superparamagnetic iron-oxo
coresin ferritin presents a unique example of matrix-assisted formation of
magnetic nanomaterials and, therefore, fabrication of an artificial ferritin
analog still remains an elusive goal for many specialists [222]. Magnetotactic
bacteria contain one or more linear protein chains and nanosized magnetite
Fe3O4(40–100 nm) or greigite Fe3S4 (40–100 nm), which are usually arranged
in protein chains [223,224].

Many model systems were used for iron-involving mineralization stud-
ies including swelling alginate fibers [225] and Fe2O3 particles with sizes
from 4 to 15 nm, produced by the reduction of in situ cross-linked alginate
gel [226]. A critical requirement in modeling of the fundamental aspects of
ferritin core assembly is direct chemical involvement of a template (analogous
to ferritin) using the coordinating residues from the protein shell for metal
ion binding and directing their growth [227]. For to produce a model, able
to mimic all the essential aspects of natural ferritin, bis-[3-(trimethoxysilil)-
propyl]ethylenediamine with composition (CH3O)3Si(CH2)3NH(CH2)2NH
(CH2)3Si(OCH3)3 was used after an organic modification [228, 229]. The
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ritin

b c

Fig. 9.12. Nanophase material synthesis on the base of ferritin: (a) – Fe3S4; (b) –
Mn2O3; (c) – Fe3O4

network amino groups provide considerably high internal pH for Fe–O–Fe
link formation from iron-aqua complexes.

This approach allows getting the biomimetic assemblies of iron-oxo clus-
ters (as the synthetic analog of ferritin) with core diameters 4–7 nm and
the number of iron atoms from 700 to 4000 (Fig. 9.13). The magnetic mo-
ments per cluster range from 100 to 2700 µB (the values for natural ferritin
are 300–400 µB). For comparison, magnetic nanoparticles (activated with 3-
aminopropyltriethoxysilane) have been used for the immobilization of various
enzymes, antibodies and proteins after glutaraldehyde treatment [230]. It is
suggested that these substances would find many useful technological ap-
plications as transparent magnetic materials, contrast agents for magnetic
imaging and for magnetically targeted drug delivery [229].

The process can be even more simplified if a “metal-less” apoferritin is
used. That is especially convenient for formation into the ferritin the in situ
depositions of Fe3O4 with given crystallochemical characteristics [231]. It is a
way to produce the ferromagnetic proteins important for clinical applications,
such as magnetic imaging or the immobilization of various enzymes (e.g. glu-
cose oxidase and uricase), antibodies, and oligonucleotides [232, 233]. There
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Fig. 9.13. (a) Schematic two-dimensional representation of matrix-assisted as-
sembly of iron-oxo clusters inside bis-[3-(trimethoxysilyl)-propyl]ethylenediamine
(enTMOS) sol–gel pores; (b) FTIR spectra of enTMOS gels with and without the
iron-oxo clusters showing the appearance of ν(Fe–N) vibrational mode at 367 cm−1

in the sample containing the nanoclusters due to binding of metal ions to the amino
groups of the sol–gel network

are other magnetic materials such as the dextran-based biocompatible mag-
netic nanoparticles (50 nm in diameter), PEO-enzyme conjugated to magnetic
nanoparticles, magnetically modified lipase, L-asparaginase, urokinase, and
magnetic labeled antibodies [234]. The bioinorganic reactions are very com-
plicated and precise, because the requirements for the products are connected
not only with the particle arrangements and sizes, but with their morphology
too. The problems can be illustrated by the example of a bacterial magnetite,
an intracellular structure of Fe3O4 crystals, forming a chain parallel to the
longitudinal axis of Coccus or Spirillum type bacteria (Fig. 9.14) [235]. The
magnetic moment of bacteria (imparted to them by the magnetic crystals)
enables them to align and subsequently migrate along geomagnetic field lines.
Such magnetoordered or magnetotactic bacteria can be oriented and move
even in the very weak magnetic field of the Earth (0.25–0.50 G), providing
a navigation function in the living organisms. The imitation and mimicking
of these structures and functions are interesting problems. There were many
attempts to synthesize such inorganic materials and inorganic–organic com-
posites in vitro [236]. In particular, good results were obtained [237] in stud-
ies of a magnetic force driven orientation of the submicronic ferromagnetic
Co–B arrays Co23B10 (in soluble starch), inspired by magnetotactic bacte-
ria. Many theoretical and practical problems of magnetic nanoparticle ap-
plications in biosciences (the immobilization and modification of biologically
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1 µm

Fig. 9.14. Electron microscope photography of Coccus bacteria with a chain,
consisting of nine intracellular magnetic crystals (cell length ∼3 µm, every crys-
tal ∼50 × 50 nm)

active compounds, drug and radionuclide targeting, magnetic fluid hyper-
thermia, contrast-increasing materials, cancer cell detection) are analyzed in
the overview [238].

Microbiological geotechnology, metal separation from ores, concentrates,
rocks and solutions by using microorganisms or their metabolism prod-
ucts [95], are very interesting. Many such processes (e.g. the bacterial leaching
of copper and uranium) were used in industry. The process includes many
stages: ore milling and pulping, bacterial leaching of a target metal, filtration,
solid residue neutralization and cyanidation.

The above presented analysis demonstrates that metal nanoparticles are
widespread, play a paramount role in living nature and often are present in
biological objects as important components. The nanoparticles take part in
the binding and decomposition of various organic substances and they give
rise and cause matter and energy turnovers in nature, including formation of
many mineral resources. In the field of “mimic” chemistry only the first (but
very encouraging) steps are made in the understanding of the functionality
of living matter. In near future one can expect considerable successes in the
design and fabrication of the self-assembling highly organized molecular sys-
tems including nanomaterials. For example, recently a new biomaterial class
had been discovered on the basis of nanotubes, including some self-assembling
cylindrical peptide subunits [239–242] that generates novel paradigms for ma-
terial science and biology [243]. The environment of a protein can assist the
generation of complex products. For example, the BaTiO3, SrTiO3, NaNbO3

particles can be involved in bioaggregation processes [244], which present per-
ovskites with ABO3-type structure (their synthetic analogs were considered
in Sect. 7.1).

Bacterial methods can even lead to the formation of the fine monodis-
persed precursors for high-temperature superconducting ceramics [177].
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The survey [245] is devoted to metal oxide surfaces and their interac-
tion with microbial organisms and considered surface chemistry in search of
new insights (environmental mineral formation and dissolution), cell attach-
ment and biofilm formation, cooperative interactions, mechanisms of metal
dissolution, reduction and oxidation, and structural and reactive properties
of some biogenic oxide surfaces. The solutions of these problems are inter-
esting in connection with new technological advances in surface chemistry,
geochemistry, molecular biology and biophysics. Thus, the interface chem-
istry and problems of nanoparticles, proteins and nucleic acids meet each
other in biotechnology and materials science. Moreover, it is possible that
further research will lead to the fantastic problems of the genetically coded
biological growth of artificial inorganic materials.
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Polymeric hybrid materials have attracted a great deal of interest recently
due to their high efficiency and performance. Typical hybrid materials may
contain a cross-linked inorganic phase bonded mostly covalently with an
organic phase. Nanocomposites are a class of composites in which the re-
inforcing phase dimensions are on the order of nanometers. The prepara-
tion of organic/inorganic hybrid materials composed of organic (co)polymers
and inorganic colloids is a route to combine the advantageous properties of
both classes of macromolecules into one material. Polymer coated inorganic
nanoparticles are an important class of materials that have good coupling
between the organic and inorganic phases. The mechanical properties, such
as elastic modulus, hardness, and compressive yield strength, depend on the
nature, volume fraction, and particle size and distribution of the fillers em-
ployed. The filler particles are usually subjected to the same surface treatment
with the coupling agents prior to mixing with the resins because of the ther-
modynamic incompatibility between the organic polymer matrices and the
inorganic fillers. The most interesting properties of such materials are their
good dispersibility in organic media and their suitability for compression-
molding operations.

The synthesis of nanocomposite materials from (co)polymers and nanopar-
ticles was widely investigated. In situ polymerization is a good method where
at first nanometer scale inorganic fillers or reinforcements are dispersed in
the monomer, then this mixture is polymerized using a technique similar to
bulk polymerization. The most important factors that affect the properties
of composites are the dispersion and the adhesion at the polymer and filler
interfaces. Inorganic particles may disperse homogeneously in the polymer
matrices when they are premodified by a coupling agent. Furthermore, the
resulting materials obtained by this method also can be easily processed since
they have good flowing properties. Colloids of uniform size and precise mor-
phology have been synthesized from a variety of emulsion, precipitation and
sol–gel approaches.

Controlling surface properties of colloidal materials is a major techno-
logical subject in the wide area of applications in pharmaceutical and cos-
metic drug improvement, pigmented paint films, semiconductors, catalysis,
printing, food, biological, and medical fields. Achievements in nanoparticle or
the cluster synthesis and structure for immobilization into a polymer matrix
allowed workers to find many promising practical applications (sometimes
very unexpected ones) of the formed nanocomposite materials in physics,
chemistry, and biology. The small sizes of the particles give them many
properties, unusual for bigger particles (structural, magnetic, catalytic and
biological). The new materials are very important for modern informa-
tion technologies. But the first significant commercial applications for these
nanocomposites are to be a basis of new emerging construction materials,
including tougher yet lighter automotive parts, having improved gas-barrier
properties in packaging, tribological, enhanced flame-retardant, etc.
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Another interesting category of polymer encapsulated inorganic particles
are pigments used in the manufacture of cosmetics, inks and paints (of spe-
cial interest in water-based paints). Thus, organic–inorganic hybrid materials
display enhanced properties by bridging the characteristics of two dissimilar
types of materials.



10 Nanoparticle Modifying Action
on Polymers

At present a standard way to get the necessary properties or to modify poly-
mer compositions is to introduce some substances (pigments, inhibitors, an-
tioxidants, plasticizers, fillers), but the required concentrations are often so
great that they considerably change (the whole complex of the material char-
acteristics). The mechanical properties tend to be improved with a general
increase of the filler volume. The filler particles are traditionally classified into
three broad categories based on their size: macrofillers (∼5–50 µm), micro-
fillers or nanofillers (∼0.01−0.1 µm) and physical hybrids (physical mixture
of macro- and microfillers) [1]. The decrease of the filler sizes usually reduces
the stress concentration, maintains a smooth sample surface, and extends
the durability of the composites. However, the smaller the particles are, the
more difficult the polymer volume loading process is because of the increase
of the surface area limiting the wetting of small particles by resins and rising
to the stress concentrations around the unwetted interfacial defects and filler
particles aggregates. An usual result is the failure of composite materials.

Therefore one of the most actual problems of high-molecular compound
science is to create systems able to recognize the outer influence or action at
the molecular level and to give a corresponding response. Nanocomposites are
a class of materials with a filler-induced increase of the characteristics [2–5]. A
change of the phase dimensions on the nanometer level leads to reinforcing of
the material properties. Our studies are devoted to the influence of nanoscale
(single or cluster) particles on conventional polymer properties, primarily an
increase of the physical, mechanical and operational characteristics of the
polymer. The influence is based on the particles potential ability to form an
ionic or coordination cross-linking, which can limit molecular chains or mo-
bility of their segments and also create cohesion and adhesion cross-linkings.
That allows the production of materials with a new architecture [6], to im-
prove considerably their properties relative to conventional nanocomposites
due to maximizing the interfacial adhesion. Such improved properties can be
attained in nanocomposites in which the various building blocks (nanoscale
metal particles, silica, ceramic sheets like layered silicates) are dispersed in a
polymer matrix.

The introduction of nanoparticles (mostly the high-dispersed SiO2 par-
ticles) into a polymerizing system is widely used (see Chap. 7) for the
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production of hybrid materials. For example, it takes place in the (polyani-
line + silica gel) or (polypyrrole + silica gel) combinations [7, 8]. Due to
their high specific surface the spherical SiO2 particles act as special disper-
sion agents in depositing of aqueous media and “glueing” the polymer that
allows it to form raspberry-like composite particles 100–300 nm in size. In an
oxidative–reductive system [FeCl3·6H2O – (NH4)2S2O8] initiated polymer-
ization. One can introduce not only spherical SiO2 particles into the forming
polypyrrole, but fibrous SiO2 formations too [9]. The particle size changes
from 80 to 200 nm, depending on the SiO2:polypyrrole relation. A similar
effect was observed also in SnO2-based composites used for the production
of thin lithographic films.

The introduction of metal-containing nanoscale particles into a polymer
or polymeric envelope can lead to two principal results [10–13]: a) changing
the properties of the polymer matrix itself, and b) adding new characteristics
to the immobilized nanoparticles. A detailed analysis of such changes is very
important and demands serious separate research, therefore here we describe
the most essential features.

10.1 The Control of Physico-Mechanical Properties
of Nanocomposites

The incorporation of an inorganic phase into a polymer matrix may increase
mechanical strength and provide improvements in other specific properties,
during which the preparation methods of these hybrid systems have a pro-
nounced influence on their physical and mechanical properties. The composite
systems for the various applications (that usually require the significant im-
provement in the optical clarity or strength, as compared to the base polymer)
must be homogeneous. The phase separation is undesirable because it can re-
sult in a degradation of both optical and mechanical properties. As a rule,
in such nanocomposites a strong covalent interaction is observed between
the organic and inorganic phases. However it was shown that homogeneous
and optically transparent hybrid materials could be obtained even in the ab-
sence of a primary chemical bonding (e.g. between aliphatic polyesters and
silica) due to the strong hydrogen-bonding interaction between the organic
and inorganic phases [14].

Composite sheets of polymer coated by carbon powders are used as ex-
cellent thermal radiation protection for many electronic devices (transis-
tors, diodes, integrated circuits) or as electroconductive additives to plastics.
Polymer-coated inorganic nanoparticles have several applications, for exam-
ple, for the improvement of the tensile properties of rubbers, industrial paints,
and the manufacture of diaphragm materials for loudspeakers [15].

Polymers with colloidal particles exhibit nonlinear rheological behavior.
A variety of suspensions exhibit nonlinear viscoelastic effects, such as shear
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thinning, thixotropy, rheopexy and dilatancy (e.g., see [16]), but early rheo-
logical studies of nanocomposites have focused on oscillatory and steady-shear
studies of nylon and polystyrene (PS)/polyisoprene (PI) block copolymer ma-
terials [17,18].

Polymer nanocomposites (especially polymer-layered silicate, PLS) repre-
sent a radical alternative to conventionally filled polymers. New nanoscaled
materials exhibit markedly improved properties (as compared to their macro-
composite counterparts) and these enhancements were achieved for low clay
particle loadings, typically in the range 1–10 wt.%. For example, a doubling
of the tensile modulus and strength is achieved for nylon-layered silicate
nanocomposites containing 2 vol.% of inorganic material. The tensile mod-
ulus of epoxy/clay hybrids at 10 wt.% concentration is a factor of 6 greater
than for the neat epoxide [19]. It can be added that the heat distortion tem-
perature of the nanocomposites (with 5 wt.% clay loading) increases by up
to 373 K extending the use of the composite to higher temperature environ-
ments, such as automotive under-the-hood parts [20].

The first survey of nanoparticle usage as polymer fillers was devoted to the
intercalations of clay minerals with polymers [21] and contained more than
70 references, though a general conception of the future of such materials in
applied organo-clay chemistry was formulated even earlier [22]. Materials of
these types have various applications in agriculture, foundation engineering
and industry. The high dispersed clay minerals are used as an active filler
if the polymer is able to form strong hydrogen bonds with surface hydroxyl
groups of the clay particles in the nascent state or after modification of the
particle surface. The filler particle sizes in the process have considerably more
influence on the elastomer mechanical properties than their chemical compo-
sition or surface chemical pretreatment. In this connection it is interesting to
consider the thermomechanical curve of PMMA, filled by octadecyl-ammonia
bentonite (a mineral presenting nearly pure montmorillonite in calcic form),
being previously dispersed to the primary particles in a vibrating mill [23]. At
the filler content 20% the material is not yielding even at 530 K, i.e. the yield
temperature rise is about 70o (Fig. 10.1). The material hardness also increases
considerably and achieved 28.2 107 Pa (28.2 kg/mm2), as compared with 19.2
107 Pa (19.2 kg/mm2) for initial, nontreated PMMA. In principle in the smec-
tite clays there are two diametrically opposite morphologies for the design
and production of such nanomaterials [24–32]. The first morphology presents
well-ordered and stacked multilayers, formed by the intercalated polymeric
chains between the host-silicate clay layers. Another structure corresponds to
delaminated exfoliation materials, where the host layers had lost their order-
ing and are well dispersed into a continuous polymer matrix (see Chap. 8).
The latter type of nanocomposites achieve as a rule high degrees of hardness
(and other mechanical properties) at significantly low values of the degree of
filler volume than in conventional filled systems. The proper monomer inter-
calation usually promotes delamination and dispersion of the host layers that
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Fig. 10.1. A thermomechanical curve for polymethylmethacrylate containing 20%
octadecylammonium bentonite

leads to the formation of a linear or cross-linked polymer matrix. As men-
tioned above intercalation often is preceded by preliminary silicate treatment
by a long-chain amine. For example, by this method, from an organo-modified
MMT (with trade mark I 30P or Nanocor) many nanocomposites are pro-
duced on the base of PA-6 (fosta nylon), PA-66, polyesters, epoxides, PVP,
PEO, PI, polyamide-imide, polysulfone, polyacrylate, etc. (e.g. see [33–46]).
The delaminated nylon–clay nanocomposites have better physical and me-
chanical properties (as compared with conventional nylon) without loss of
impact strength. Such materials also have improved characteristics of ther-
mal degradation resistance that considerably widens their application fields.
It must noted, too, that the nanocomposites synthesized at room temperature
by copolymerization of N-isopropyl acrylamide and methylene bisacrylamide
(cross-linking monomer) in an aqueous suspension of Na-montmorillonitrile
(containing 3.5 wt.% of montmorillonite) exhibited a low critical solution
temperature (LCST), near to unmodified polymer hydrogel (305 K), but did
not exhibit LCST if the aqueous suspension contained 10 wt.% of montmo-
rillonite [47].

The analysis of the mechanical properties of a complex system (clay-based
pigmented coating films bonded with carboxylated styrene-butadiene latex)
has shown that the macromolecule segmental mobility is significantly limited
in the presence of clay particles, though the NMR data demonstrate only a
weak interaction between these components [48]. At the same time a strong
interaction exists between CaCO3 and the polymer. The difference is con-
nected first of all with the form of the filler nanoparticles, because the clay
particles are similar to sheets, but the calcium carbonate particles have a
spherical form, and as a result the polymer can cover (envelope) the CaCO3

particles more effectively than the clay particles. On one hand the interac-
tion between carbonate and copolymers is stronger than with clay, but on the
other hand the clay is a hydrophilic component and carbonate is a hydropho-
bic one. Thus the mechanical properties (like tensile strength of rubbers)
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will improve when an interfacial bond between the rubber and CaCO3 filler
exists [49].

An alternative to the above-considered variants is a direct intercalation
of a polymer melt and/or the compatibilizing additives into an organophilic
host-silicate lattice [50]. Increased intercalation and exfoliation are observed
if the organophilic clays possess a sufficient affinity to the host and additive.
In this way nanocomposites on the base of PP, PS, PEO, PE, PP, PA-6,
PA-12, polymethylsiloxane, etc. can be produced [51–57]. From other meth-
ods the solution-casting, melt-extrusion and solid-state drawing technique is
used. For example, hybrid nanocomposites were prepared from PA-6, rein-
forced with potassium titanate (K2Ti6O13) whiskers, and liquid crystalline
polymer in a twin-screw extruder followed by injection molding [58]. Sta-
tic tensile measurements showed that the tensile strength and modulus of
the hybrid composites tend to increase with the whisker content, and the
Young’s modulus was considerably higher than those predicted from the rules
for hybrid mixtures. At the same time the Izold impact test indicated that
the hybrid composites show a slight decrease in the impact strength ini-
tially with whisker content. It is interesting that in the drawn nanocom-
posites an optical anisotropy was observed, connected with the uniaxial
orientation [59].

It is instructive to study the rheology of polymer–clay hybrids for two
reasons. First, the rheological properties are indicative of melt-processing
behavior in the separate operations, such as injection molding, etc. Second,
since the rheological properties of particular suspensions are sensitive to the
many parameters (structure, particle size, shape and surface characteristics
of the dispersed phase) the rheology data potentially give the possibility
of studying nanocomposite dispersions directly in the melt state. Rheology
can be envisaged as a tool that is complementary to traditional methods
of material characterization, such as electron microscopy, X-ray scattering,
mechanical testing, etc.

10.2 The Peculiarity of Nanocomposites, Synthesized
by Sol–Gel Methods

The main methods of fabrication of such nanocomposites were described
above (Chap. 7) and here we will only briefly sum up the characteristics
of the forming products. Morphology and phase separation control are criti-
cal in the generation of hybrid organic–inorganic composite materials via in
situ polymerization of metal alkoxides in organic polymers. These materials
generally exhibit higher stiffness and hardness, although their toughness is
reduced. High degrees of homogeneity have been achieved using organic poly-
mers, functionalized with trialkoxysilane or titanium alkoxides groups, that
can react with added inorganic monomers, such as tetraethoxysilane, tetrae-
toxytitanium, thereby preventing a phase separation. This approach is very
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effective for nanocomposites, including polymers with appropriate backbone
structures, which are able to interact with the growing inorganic oxide net-
work (some examples are given in references [60–77]). PMMA, PVAc, PVP,
PEO, PVA, and some others, can be used as such polymers, and sometimes
a third component or compatibilizer can be added into the compositions to
improve the blend properties [78, 79]. The compatibilizer can diffuse to the
interface between the two immiscible components and reduces the interfacial
tension thereby reducing the dispersed-phase particle size, i.e. in other words
it can increase the adhesion between the two phases. This effect was demon-
strated by the example of polystyrene–titanium composite systems, where
surprisingly poly(4-vinylphenol) homopolymer turns out to be an effective
compatibilizer [62]. A very promising compatibilizer (especially for its high
impact strength at low temperatures) is poly(vinylbutyral) or (PVB), which
is sturdy and flexible and shows excellent adhesive properties with different
materials (glass, metal, plastics, wood) and has special value as a film sand-
wiched material in safety glass for automobiles [80]. The nanocomposite PVB
(PnPP 700–1700)-TiO2 (synthesized by the sol–gel method) has improved values
of Young’s modulus, yield stress, elongation at break, and ultimate strength
obtained from the stress–strain curve for samples with different composi-
tion [81]. In Fig. 10.2 (a,b) the results of the dynamic mechanical property
measurements are shown. The tgδ decreased with increasing titanium con-
tent and the peak, corresponding to the TgTT of PVB, became broader and
shifted to a high temperature gradually. Moreover, with rise of the titanium
content, the decrease of the storage modulus near TgTT became gentle, and high
values were maintained. The results confirm the supposition that titania was
dispersed homogeneously in PVA and the thermal motion of the molecular
chain was prevented by the interaction between the particles.

The mechanical properties of the hybrid organic–inorganic films poly(ethy-
lene oxide-b-amide-6) (PEOA) and silicon oxide or titanium oxide prepared
by the sol–gel process were evaluated by stress–strain tests [82]. In Fig. 10.3
the force is shown as a function of deformation for pure PEOA and hybrid
systems. Independently of the nature of the precursors, in all cases the hybrids
(with higher than 20 wt.% content of inorganic precursor) were much more
rigid that pure polymer, and the films with an inorganic precursor content
higher than 50 wt.% were extremely fragile as well as other nanocomposites,
as, for example, poly(amide-imide) (PAI)/TiO2, prepared by an in situ sol–
gel process [83]. The high TgTT values were obtained for composites as a whole
always when the nanosize metal oxide rich domains (their size increased from
5 to 50 nm when the TiO2 content was increased from 3.7 to 17.9 wt.%) were
incorporated into the matrix with high TgTT . The systems with nanosized TiO2

domains was attributed to having hydrogen bonding interactions between
the amide group polymer and the hydroxyl groups on the inorganic oxide.
These interactions also seem to be responsible for disrupting the polymer
crystallinity during the film formation stage. Moreover, the TiO2 domains
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also serve as physical cross-links, decreasing the segmental mobility of the
PAI chains, which led to changes in the apparent thermal and mechanical
properties of the system (Fig. 10.4).

The elastic modulus of silicone rubbers, PDMS (poly(dimethyl siloxane),
prepared by different methods, are compared in Table 10.1 [84].

It is of interest to consider also the methods based on direct hydrother-
mal crystallization of a silicate from the polymer-containing gels [24] that
can be demonstrated on the example of the systems clay-polyaniline (PANI),
polyacrylonitrile (PAN), and the cationic polymer polydimethyldiallilammo-
nium chloride (PDMACl), as well as polymer reinforcing by ceramics, formed
under the sol–gel processes (see Chap. 7).

The methods, connected with the polymer binding at the surface of oxide
nanoparticles, are now widely used (such systems are usually called inorganic
core–polymer shell nanocomposites). Polymer encapsulated oxide nanoparti-
cles not only improve the product properties, but can also give many ad-
vantages in processing, because they can both be well dispersed in organic
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Fig. 10.3. Force as a function of deformation of (a) pure PEOA, (b) 80/20 and
(c) PEOA/TEOS films

media and be directly molded. Many such products are used in catalysis, as
toners in electro- and photographic applications, etc. The processing meth-
ods of polymer-encapsulated oxide nanoparticles can be divided into two main
groups [85]: in the former case already existing polymer chains are coupled to
the inorganic surface (usually modified or activated); in the latter, polymer-
ization is carried out at the particle surface. For example, polymer-coated
TiO2 particles were obtained by polymerization of monomers adsorbed on
the oxide surface and used as substrates for paint production. Some similar
problems and possible solutions were considered in previous chapters.

10.3 Polyolefin-Based Nanocomposites

Nanocomposites and filled materials based on a polyolefin (especially on
polypropylene [86]) matrix now have wide commercial applications. These
materials usually consist of micron size fibers, flakes or powders (chalk, mica,
silica), but it is important that the functional groups are absent from their
polyolefinic matrices, being able to connect the polymer and filler particles.
The new possibilities of changing polyolefin properties arise due to the re-
placement of microsize filler particles with nanosize particles. Most popular
fillers of this type are nanopowders of abundant minerals, such as CaCO3 [87],
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CaPO3 [88], SiO2 [89] and MMT type clays [57, 90–92]. It is known that in-
organic micron size fillers may promote crystallization of PP, change the size
and number of spherulites and as a result lead to different new properties [93].
The nucleating ability of these fillers after decreasing their size to nanometers
scale has not yet been fully studied.

It is very important that the forming nanocomposite structure is chang-
ing if the used fillers are produced in situ. Most often polyolefin composites
are formed by melt mixing with Brabender industrial mixer conditions (for
polypropylene, T = 453 K, t = 8 min, 60 rpm), and the nanofiller concentra-
tions, as a rule, fall within the range 0.01–5 wt.%. In the process a two-step
procedure is applied: first a MMT is mixed with maleic anhydride (1 wt.%)
grafted PP (PP-gr-MA) or with acrylic acid (6 wt.%) grafted PP (PP-gr-AA).
Al2O3 or ZnO in compositions with the nanoparticles occasionally form ag-
glomerates roughly 100 nm in diameter and the tendency to agglomeration
increases with the increase of powder contents.

Thus, introducing 10% nanosized CaSO4 in PEO/PP (from melt) leads
to δ-form isotactic PP fabrication during the melt isothermal crystallization,
whereas introducing coarse (commercial) CaSO4 in the same conditions gives
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Table 10.1. Comparison of mechanical properties of samples prepared by different
methods

Sample Weight Elastic
% Silica Modulus (N/mm2)

Silicone rubber 0 0.481

Silica filled silicone 10 0.62

Silica filled silicone 20 0.85

Silicone filled via TEOS 14.6 3.99

Precipitation

TpTT = 473K, ToTT = 533 K 14 11 ± 1

TpTT = 523K, ToTT = 533 K 14.5 ± 0.1

TpTT = 623K, ToTT = 533 K 21–26 20 ± 1

TEOS Modified with PDMS 72 192

in general the α-form of PP.1 The PEO enveloping of CaSO4 has an impact
on the PP crystallization rate. Fine powders (∼800 nm) of PEO (the rare
earth oxides, such as Y2O3, Nd2O3, Ho2O3) act as the nucleators and influ-
ence the isothermal crystallization and melt behavior, spherulite growth rate
and mechanical and thermal characteristics of PP [94, 95]. Addition of such
oxides (with fraction PP/PEO = 100:1) tends to increase the α-form crystal-
lite sizes and PP crystallinity. It is worth noting that Y2O3 and Nd2O3 are
also the nucleating agents for the β-form of isotactic PP under isothermal
conditions [96].

The rheology of polypropylene/MMT hybrid materials has been studied in
sufficient detail (e.g., see [97]). It was then melt mixed with polypropylene and
maleic anhydride (0.43 wt.%) functionalized by a polypropylene additive. The
polymer–clay hybrid materials were prepared by melt mixing of organophilic
clay, polypropylene and compatibilizer. The organophilic clay was prepared
by cation exchange of natural counterions with amine surfactant by a very
convenient method [57]. The interlayer spacing of natural clay MMT (initial
value 1.1 nm) is changed to 2.1 nm after amine (stearylamine) treatment and
reached 2.9 nm in a nanocomposite with 4.8 wt.% of inorganic content. MMT
was mixed with PP by melting in the presence of a compatibilizer. It resulted
in an intercalation or exfoliation, depending on the compatibilizer type. The
effectiveness of the MMT layer exfoliation is influenced by the viscosity of
the compatibilizer and the interfacial tension modified by the existence of

1 Three crystal forms (α, β and γ) of isotactic PP are known. The α-form is the
most stable, while the β- and γ-forms of PP are usually produced under special
conditions or by using special nucleators (for β-form crystallization).
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functional groups. The exfoliation was not so effective for the higher MMT
concentration (6 and 10 wt.%). Some mechanical properties of PP with the
MMT clay (PP/PP-gr-MA/MMT 87:10:3) are presented in Table 10.2.

Table 10.2. Mechanical properties of PP/MMT composites with 3 wt.% of MMT

Composition Young’s Max. Elongation
Modulus, Stress, to

MPa MPa Break, %

PP 0.96 30.7 1100

PP/MMT 1.08 33.0 16

PP/PP-gr-MA(PB3200)/MMT 1.20 35.1 12

PP/PP-gr-MA(PB3150)/MMT 1.04 31.5 11

PP/PP-gr-AA/MMT 1.18 33.8 14

The composites with PP break immediately after necking, with elongation
at rupture less than 20%. At present this field of polymer nanocomposites
is progressing rapidly and there is a lot of interesting information in patents
and journals.

10.4 Polymer Matrix Structurization in Nanocomposites

Studies of interfaces in composites are very important because the internal
contact surfaces of the various components play a special or determining role
in the fabrication of materials with the tailored characteristics. This tran-
sitional region can be considered as a particular nanocomposite component
with special properties different from the properties of the polymer matrix
and nanoparticles. Even small particles can considerably change the polymer
structure [98]. The depth of the structural changes depends on the nanoparti-
cle concentration. The structural model of nanocomposites includes four main
parameters: (a) an initial polymer matrix (PM); (b) the metal-containing par-
ticles; (c) a polymer connected with the particles into the surface (border)
space and (d) the border space itself. The (c) component has a complicated
structure, including both the absorbed near-surface layer and a series of tran-
sitional layers with specific characteristics (their structures and properties
change with the distance from the nanoparticle and are distinct from the
polymer matrix properties). Thus, the two-site model was proposed for the
compositions of TiO2 or CaCO3 with poly(dimethylsiloxane) (PDMS). The
process goes on within the particle pores in such a slow-relaxing polymer,
while the faster relaxation is due to polymer immobilized in between the
particles [99].
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The nanoparticles introduced into the polymer matrix from a solution or
crystalline melt polymers can change the relations between the amorphous
and crystal phases. In the nanocomposite transient region of developed crys-
talline structure is formed and the nanoparticle structurizing power improves
thermodynamic conditions for the crystallization of molecular chains into the
transition layer, and as a result many of the important performance character-
istics are increased (impact strength, tensile resistance, cleavage resistance).
At the same time in PDMS–BaTiO3 systems the rheological and dielectric
behavior can be explained in terms of the break-up of colloidal particle ag-
gregates under a shear field [100], when the aggregates size and structure is
changed depending on the shear rate (Fig. 10.5). A relationship is traced be-
tween the rheological properties and the structure: the chain-like aggregates
of BaTiO3 particles can be formed by a dipole–dipole interaction. For com-
parison it can be noted that the dipole–dipole interaction in hybrid polymers
influences their thermal characteristics and TgTT values [101–104].

a b

c

Stationary state In a shear field

Slow process Stop of shearing fast process

Fig. 10.5. Schematic representation of the structure of aggregates of BaTiO3 in
suspensions: (a) the stationary state; (b) in a shear field; (c) after stopping the
shearing

The structurization processes in the polymer phase can be considered as
the following: (1)nanoparticle coagulation by their mutual interaction espe-
cially at high concentrations; (2) morphological changes in a polymeric matrix
itself at low nanoparticle concentrations without any coagulation formations
are absent). Such transformations usually lead to increasing mechanical and
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thermomechanical parameters (i.e. temperature of thermal destruction, glass
transition) that can be connected with the suppression of the molecular mo-
bility, interaction with the particle surface, and the forming of secondary
structure. It is important that when the nanofiller fraction increases consid-
erably, the whole polymer matrix volume gradually transforms into a border
layer “state” and this volume should be considered under special conditions.
This transition is similar to a phase transition and is accompanied by a
change in the nanocomposite properties for both the particle concentration
increase and polymer fraction increase into the border layer. High concentra-
tions (about 80–95 vol.% of nanofiller content) of nanocomposites have special
relations of nanocomposite-interface volume. If a polymer layer is very thin,
then polymer breakdown proceeds in the system and direct contacts between
the nanoparticles are formed.

The mechanical behavior of the composite is determined by the polymer
matrix. The influence of metal nanoparticles appears mainly in the quanti-
tative changes of characteristics (dynamometrical properties are shifted to
the low-stress region, the initial modulus value is changed, rupture charac-
teristics are decreasing). The main composite characteristics are connected
with the nature and peculiarities of the polymer matrix, as well as with the
nanofiller size and dispersity, and rupture characteristics. The interactions of
the elementary units with the matrix and its surface on a molecular level for
small particles are very substantial and lead to new effects connected with
the macroscopic properties of the polymer matrix and the filler parameters.
Thus, a strong interaction between nanoparticles and the polymer matrix,
and an increase in the particle dispersity (the number of contacts increases)
gives a dramatic increase of the mechanical characteristics and modulus of the
composite [105, 106]. As a rule, the mechanical characteristics of crystalline
polymers are changed over a wider range as compared with amorphous poly-
mers. This can be explained by the change of the ratio between the ordered
and disordered polymer regions.

There are many examples of such behavior, but we will give only the most
representative ones. In so-called cluspols (a good abbreviation for clusters in
polymers), obtained by salt thermal decomposition into polymer melts (PE,
PTFE), as shown in Chap. 5, the mobility of the molecular chains is decreased
and as a result the thermostability of polymer compositions increases2 [108].

Nanocomposites based on a porous PP matrix previously elongated in
adsorptive active media and spherical Ni particles (∼30–40 nm) can be con-
sidered as a complicated heterogeneous system [109], for which the nonuni-
formity of the nanoparticle distribution must be taken into account, as well
as the existence of the fibrillar structures able to various transformations.
Fine palladium hydroxide dispersion in PVC under decomposition [110] was
used to form network structures with the high-dispersed metal in the nodes

2 Colloidal Pt and Pd, stabilized by polymers, are always stable with respect to
heating [107].
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which increases the temperature of the complete dehydrochlorination of the
polymer. The nanoparticles formed in copper oxalate thermodestruction in-
crease the polyamide crystallite sizes but decrease the general degree of struc-
ture crystallinity [111]. The crystallization water evolved in cadmium trihy-
drate oxalate decomposition can act as a specific plastisizer. It can accelerate
the structural elements, decrease the cohesion energy and lead to loosening of
the polymer matrix. The ferrum carbonyl π-complexes with polybutadiene–
styrene copolymers in the region of softening temperatures can influence the
segmental mobility of the polybutadiene microphase and can have an organiz-
ing effect even at concentrations <2 mass % of Fe, which results in an increase
of the rigidity of the macromolecules [112]. At higher metal concentrations
the effect becomes stronger due to the development of a physical network.
For example, even at 1% content of a highly dispersed mixture (Fe + FeO)
formed under decomposition of ferrous oxalate in PELD one can change the
size of the structural elements, the density of the fluctuating network of the
molecular “catching” and the ratio of the oriented polymer chains [113]. The
formation of dispersed metal in situ (sometimes the method is called “rolling
nanoparticles up into polymers”) is now a promising modification of polymer
processing methods [114].

Some equimolar quantities of bisphenol A and epoxy prepolymer in an
emulsion medium were polymerized in the presence of Na+-MMT [115]. The
strong fixation of the polymer to the inorganic surfaces leads to the cooper-
ative formation of the ion–dipole force acting between the polar functional
groups of the polymer chain and the interlayer ions. The char yield (Fig. 10.6
(a, b)) is 1070 K for a (polybenzoxazine-MMT) nanocomposite and it in-
creased by approximately 20% for 5% MMT content in the nanocompos-
ite [31]. The thermal stability of the nanocomposites was improved by the
presence of dispersed MMT nanolayers in comparison with the presence of
pristine polybenzoxazine. This is probably connected with the MMT nanolay-
ers acting as barriers to minimize the permeability of volatile degradation
products out from the material. The isothermal TGA curves (Fig. 10.6, b)
gave more evidence about the improvement of the thermal stability of poly-
benzoxazine in the presence of MMT (the same regularities were observed for
other nanocomposites too [116–121]). Thus, the PLS nanocomposites exhibit
many such advantages including:

(a) they have lower weight and density;
(b) they exhibit outstanding diffusional barrier properties without requiring

a multipolymer layered design allowing recycling;
(c) their mechanical properties are potentially superior to unidirectional fiber

reinforced polymers because reinforcement from the inorganic layers will
occur in two rather than in one dimension;

(d) increased solvent resistance and thermal stability;
(e) they have fireproof properties.
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Fig. 10.6. Effect of stearyl-MMT content on the weight residue at different temper-
atures (a) and isothermal TGA of polybenzoxazine–stearyl-MMT nanocomposite
with various stearyl-MMt content at 573 K: (1 ) 0%; (2 ) 2.5%; (3 ) 5%; (4 ) 10%;
and (5 ) 20% (b)

Such polymer/clay hybrids will be used as new materials in automotive,
packaging and aerospace applications [122].

The more rigid dispersed fillers – the nanosize particles introducing into
elastomers or crystalline polymers – the more the initial nanocomposite mod-
ulus rise [105, 106]. For example [123], the TiO2 surface can be modified
against the aggregation by special apprets, i.e. by the Ti(O-iso−Pr)2(OCO–
CH2–C16H33)(OCO–C(CH3)=CH2) type. These agents react with the
hydroxyl groups on the TiO2 surface, transforming them to Ti–OCO–CH2–
C16H33 and Ti–OCO-methacrylate hydrophobic groups. Such appreted nano-
particles disperse into SAS (sodiumdodecylsulfate) aqueous solutions and cre-
ate micellar structures with an inorganic core particle. MMA polymerization
allows one to obtain a substance with core–shell morphology and PMMA
connected with TiO2 by covalent bonds. This strategy is used for preventing
nanoparticle aggregation (amorphous or crystalline, including high valence
metal particles, such as oxides CeO2 and ZrO2) [124,125].

Conventional methods of introducing fillers into elastomer matrices are
based on mechanical mixing. These methods allow one to get particles of
<1 µm in size [126], but an increase is achieved by larger amounts of filler (40–
50 mass parts of technical carbon are used per 100 mass parts of elastomer).
At the same time, in situ methods allow one, with different ultradispersed
mineral fillers (CaCO3, CaSO4, BaSO4, 1–40 nm in size), to achieve consid-
erable changes of the elastomer structure with a substantial improvement of
the material characteristics even at content 0.3–0.8 mass % in composition.
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Thus, modification of the elastomer matrix by internal synthesis of nanoparti-
cles (CaSO4, particle size 1–4 nm) increases the mechanical properties of the
polymer, decreases the relaxation rate and increases cohesion strength not
only for rubber, but for its derivatives too. The Mooney viscosity increases
from 65 to 77 (at 373 K), the flow index decreases at the same tempera-
ture from 0.45 to 0.29, the SRRT rigidity rises from 21.4 to 45.7, while the
SRRT relaxation rate decreases from 0.86 to 0.59 and the cohesion strength
increases by three times (from 0.14 to 0.42). The influence of the nanopar-
ticles on the structure, viscoelastic and relaxation properties of the rubbers
and resins on their base are connected with polymer structure regularity and
its molecular-mass distribution [127, 128]. The influence of nanofiller parti-
cles on the elastomer structure and properties is greater for a low regular
microstructure and a low molecular mass. An even more considerable effect
is achieved in isoprene and butadiene synthetic rubbers if colloid metals are
used as the physical modificators.

It is of interest to form nanoparticles with the participation of both the
polymer matrix and a previously introduced polymer, being able to con-
trol the particle growth, size and morphology (so-called polymer-controlled
nanoparticles growth). For example, CaSO4 nanoparticles can be formed
through a complex of CaCl2 and PEO (mol. mass 3·105), dissolving CaCl2
and PEO and methanol and adding stoichiometric amounts of K2SO4 [129].
In the formed structure the monoclinic orthorhombic structure of a dehy-
drated type is characteristic (as distinct from orthorhombic structure in the
anhydride type in commercial samples). The crystal morphology and the
nanoparticle size distribution (the sizes decrease with the polymer concen-
tration) depend on the ratio of precursor concentrations. Such regularities
can be explained by the strong interactions in the considered systems.

The polymer matrix can undergo significant chemical transformations
leading to partial chain destruction and cross-linking, to changes correspond-
ing to thermodestruction. Usually the interaction of metal atoms proceeds
with the products of matrix decomposition or oxidation. Such regularities
must be taken into account at the design and fabrication of metallopolymer
nanocomposites.

10.5 The Physical and Mechanical Properties
of Metallopolymer Nanocomposites

Obviously the quantitative relations between nanoparticle concentration
(usually the volume ratio ϕ is used as the main parameter) and the physical
and mechanical characteristics of nanocomposites are of great importance.
The widely used evaluation of the effective elastic properties of traditional
composites are based on the linear equations of elasticity theory with various
methods of averaging or special boundary conditions. This description of the
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effective elastic properties proceeds from the given parameters of the com-
posite components (matrix and filler) and their relations, but the approach
does not take into account their interaction on a molecular level. The Kerner
equation [130] is widely used for the analysis of filled systems, describing the
elastic modulus under simple tension over the whole range of the ϕ parameter
as follows:

E′
c

E′
o

=
G′

F ϕF /[(7 − 5ν) G′
o + (8 − 10ν) G′

F ] + (1 − ϕF ) /[15 (1 − ν)]
G′

oϕF /[(7 − 5ν) G′
o + (8 − 10ν) G′

F ] + (1 − ϕF ) /[15 (1 − ν)]
, (10.1)

where E′
c is the elasticity modulus of the composite; E′

o is the matrix elas-
ticity modulus; ν is the matrix Poisson coefficient; G′

F is the real part of the
filler shear modulus; G′

o is the real part of the nonfilled matrix shear mod-
ulus; and ϕF is the volume ratio of the filler. This equation cannot describe
systems with a strong interaction between the nanoparticles and the matrix,
connected with changes in the parameter ϕF . If the polymer is closely cou-
pled with the nanoparticles on an interface (a phase boundary, formed under
the specific physico-chemical interactions between nanofiller and polymer),
the volume ratio of “nanoparticle + interphase material” (parameter ϕe in
Fig. 10.7) becomes greater than ϕF for some factor. The real volume ratio
can be defined from the equation

ϕe = ϕF (1 + ∆R/R)3 , (10.2)

where the ratio ∆R/R corresponds to the relative increase of the spherical
particles radius.

This modification allows one to match the better correspondence of the
experimental results with the Kerner equation [131], and in particular, for

R ∆R

Fig. 10.7. The structure of cross-linked PMMA, surrounding a Pt particle
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elastomer matrices, with (1 + ∆R/R)3 = B, ν = 0.5 and G′
F � G′

o, the
equation takes the form

E′
c/E′

o = (1 + 1.5ϕF B)/(1 − ϕF B) . (10.3)

For example, the relative increase of the elasticity modulus of nanocom-
posite (on the base of PMMA and Pt particles with interphase boundary
width ∆R = 22.5 nm) as a function of the logarithm of the real volume ratio
(ϕe) is described [132] by this equation (Fig. 10.8).

1

2

3

4

lgϕe

∆E

−5.0 −4.5 −4.0 −3.5

Fig. 10.8. The dependence of the relative increase of the modulus of the nanocom-
posite (on the base of PMMA and Pt particles with interphase boundary width
∆R = 22.5 nm) as a function of the logarithm of the real volume ratio (ϕe)

Tsai–Halpin equation is commonly used to predict the elasticity modulus
of a discontinuous short fiber reinforced composite from the modulus. of the
individual components [133]. If the fiber cross-section is circular, the fibers
are arranged in a square array and are uniformly distributed throughout the
matrix and moreover the matrix is free of voids, and the equation

Ec/Em = (1 + ξηϕf)/(1 − ηϕf) (10.4)

is correct, where Ec and Em are the elastic moduli of the composite and ma-
trix, respectively; ϕf is the volume fraction of short fibers, and the constants
ξ and η are given by

ξ = 2(L/D), η = (Ef − Em)/(Ef + ξEm) , (10.5)

where L/D is the aspect ratio (length/diameter) of the reinforcing fibers,
and Ef is the modulus of the fibers. Many nanocomposites satisfied the Tsai–
Halpin equation, although their length is relatively short.
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Such modification of the equations seems to be a formal one because it
does not take into account any real mechanisms of the microscopic interac-
tions between the matrix elements and the filler particle surface.

Sometimes the nanocomposite properties are described by an even more
simplified equations, e.g. the Smallwood equation

Ec = Ep(1 + 2.5ϕ + 14ϕ2) (10.6)

or the Takayanagi equation

Ec = EpEf/(Epϕf + Efϕp) , (10.7)

where Ec, Ep, Ef are the mechanical moduli of the composite, polymer and
filler, correspondingly.

From contact-angle analysis, some thermodynamic parameters (such as
surface tension) can be obtained as a function of the organic–inorganic com-
position of the hybrid materials. According to the theory of fractional po-
larity [134] the various molecular forces are linearly additive and therefore
the surface tension (γ, mJ·m−2) can be separated into two components: the
dispersion (γd) and polar (γp) components:

γ = γd + γp .

The cohesive energy of polymers is much lower than that of the nanofiller.
The contact angle and surface tension parameters indicate that hybrid fillers
have better wetting properties with the polymer (Fig. 10.9) and stronger
interfacial bonding with the polymer matrix, than pure silica fillers.

In recent years there have been many attempts to calculate specific inter-
actions between macromolecule segments and active centers of nanoparticles
to describe the viscoelastic properties of the composite. For example, on the
basis of scaling theory, the mechanical properties of colloidal particles and
the macromolecule complex were described [135] in equilibrium, when the
segments are partially adsorbed on the active centers, which are the complex
(polyconjugated) nodes of the nanocomposite [136, 137]. Under a deforma-
tion or temperature change some of the segments leave the particle surface
and as a result the total number of segments connecting the surface of the
two particles increases. This process leads to two nontrivial conclusions: 1)
the nanocomposite elastic properties, as well as its volume filling ratio, are
inversely proportional to the particle sizes; 2) in extrapolation of the tem-
perature to zero the nanocomposite shear modulus does not tend to zero
(which is opposite to the situation for nonfilled polymeric networks). These
conclusions correspond well with the experimental results of the relaxation of
mechanical properties and with the dependence of the composite viscosity on
the structural and molecular parameters, such as the energy of the interaction
of the macromolecule segment with nanoparticle active centers, the number
and sizes of segments, the volume filling ratio and particle size (D ≤ 30 nm),
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Fig. 10.9. Contact angles of (a) water and (b) the dental resin (2,2-bis(p-2-
hydroxy-3-methacryloxypropoxyphenyl)propane/triethylene glycol dimethacrylate)
on the surface of polymethacrylate–silica hybrid materials at various organic
contents

and the temperature [136]. All this supports the general idea that nanohy-
brid materials are macroscopically homogeneous, though they are obviously
inhomogeneous (microheterogeneous) on a molecular level. The physical and
chemical characteristics of microheterogeneous materials are quite distinct
from the properties of mixed composites of the same composition. This is con-
nected with the specific inhomogeneity dimensions (comparable with macro-
molecule sizes) that leads to a high developed surface of the phase interface,
where these hybrid microheterogeneous material properties are formed [138].
These results can be used for the optimization of the mechanical properties
of nanocomposites, especially rubbers [139–141].

10.6 Nanocomposites in Adhesion Compounds
(Contacts) and Tribopolymers

Practically all methods of nanocomposite fabrication are connected with the
deep and strong interactions between the metal atoms and the matrix, espe-
cially on the interface boundaries formed in situ. The formation of chemical
bonds between the metal atoms and the separate functional polymer groups
creates a high adhesion strength because the physical interaction (due to the
van der waalse or electrostatic forces) gives only weak adhesion [142–144].
Studies of the metallization of the polymer surface layer have shown that
there is a strong correlation between the metal reactivity and its diffusion
behavior [145]. The metallization is accompanied by a strong and reliable ad-
hesion of the metal coating, but due to inertness of the polymers in question,
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conventional methods often fail to provide coating with sufficient adhesion.
Some metals such as Cu and Au were chosen because their adhesion to un-
treated polymer surfaces is expected to be very poor as a result of the low
reactivity.

One of the methods for strengthening the interphase interactions in the
PEHP–steel system is based on introducing polyfunctional modificators (ad-
ditives), in particular primary aromatic amines [146]. Under the coating for-
mation process the amine interacts with PE by both an addition mechanism
of the multiple end bonds and by the formation of hydrogen bonds with the
PE oxygen groups, which arise during its thermooxidation (in this way the
thermooxidative processes are simultaneously inhibiting). The amine reacts
with steel by acid–base interactions due to a donor–acceptor mechanism that
allows the raising of the adhesion ability with sacrifice of the chemical bonds
between the adhesive and adherent by the amine. In this case a free surface
energy (γ) increase is observed for the modified polymer (being in a contact
with steel). The copolymers of the poly(ethylene-co-acrylic acid) type have
been used for more than 30 years (usually they contain about 15 wt.% of
acrylic acid) for enhancing adhesion of PE to a variety of inorganic surfaces,
such as Al, Cu, Pb, Fe, and Si [147–151]. The adhesion strength of photo-
sensitive epoxy with a copper or ceramic substrate was (depending on the
conditions and the copper content in the composition) about 6.0–10.5 MPa
for copper and 15.0–22.7 MPa for ceramics [152]. Strong adhesion was ob-
served in the blend Al–foil–rubber (epichlorohydrin or carboxylated nitrile
rubber), and besides, the changes in hysteresis loss due to the Al foil can
be correlated with the peel strength of Al–rubber–Al joints [153]. The time
of adhesion connection between polymer and aluminum (or stainless steel)
with a deposited coating (formed by plasmopolymerization, see Chap. 6) in-
creases [154] by several times (Table 10.3).

Table 10.3. The time (hrs) of destruction of an adhesion bond (the thickness of
the plasmopolymerization coating is 200 nm) in water at 334 K [154]

Substrate
Material

Plasma Polymerization Coating

A B
Without
Coating

Methane Ethylene Acetylene

1∗ 1.0∗ 2.0∗ 10.0∗ 1.0∗ 2.0∗ 10.0∗ 2.0∗

PE Al 20 180.5 178 38 40 53 19 23

PE HC 20 169.5 141 19 79.8 65 19 23

PTFE Al 20 103.7 127 28.5 40 32 19 23

PTFE HC 20 129 103 19 79.8 91 19 23

∗ – the monomer feed rate, mL·min−1.
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One of the main directions of metallopolymer nanocomposite fabrication
in situ is connected with tribology, i.e. with so-called friction polymer fabri-
cation of polymeric antifriction coatings or lubricating material components.
Such studies are important for increasing the antifriction and antiwearing
characteristics of the friction nodes and units in numerous machines and
mechanisms [155].

Polymers are used as low-friction materials, coatings or lubricating fluids
in a growing number of mechanical devices where low adhesion, friction and
wear are important factors for determining their performance and lifetime.
There are two main variants: the polymer surface may slide against another
polymer surface (a symmetric system [156]) or against another material (an
asymmetric trybological system). In the latter case one must distinguish be-
tween the sliding surface and the nominally stationary substrate surface.

The friction of polymer materials is a very complicated process with the
conditions changing with time in the widest ranges of the temperature,
rates, deformations, chemical compositions and physical properties of the
surface layers, including complex tribochemical reactions [157], triboelec-
trization [158–160] and changes of the real contact surface area. In prac-
tical conditions there always exist some interlayers (lubricants) or other ad-
sorbed films (they are called servovitic films) [161, 162]. Wearing results in
material destruction throughout the friction surface. The surface layers, by a
cohesion–adhesion mechanism, impose severe limitations for the serviceabil-
ity of most machines and devices. Polymer antifriction coatings (especially
on PETF fibers, such as bearings, bushings and inserts from polyamides) are
more wearproof than metallic ones and are now widely used in many friction
nodes, especially in low-speed devices with small sliding rates. Some of these
workpieces have very high tribotechnical characteristics: a wide temperature
service range (170–570 K), low friction coefficient (0.04–0.05 without lubri-
cants and 0.02–0.03 with lubricants), chemical inertness, and high process-
ability [163,164]. However, the poor mechanical strength, excessive viscoelas-
tic deformation under load and a high wear rate greatly limit the applications
of PTFE in practice. An improvement of such coatings is connected first of
all with widening the velocity range by introducing metal-containing fillers
into the compositions. Usually for this purpose Cu, CuO, PbO and Pb3O4

are used in concentrations up to 30 vol.% (Table 10.4) [165]; or graphite,
MoS2, Al2O3 may be used.

Cu2O and Pb3O4 additives reduce the coefficient of friction of the com-
posites. Some other metals and their oxides can improve the thermal modes
of the coating service and sometimes can even provide autocompensation
of wearing. The possible control of the tribotechnical characteristics is con-
nected with a specific self-organization of the friction system as a whole.
For example, the industrial sliding bearings of nylon and α-iron have high
service characteristics. The main characteristic is the coefficient of fric-
tion of the interacting surface system and now special standards (so-called
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Table 10.4. The friction and wear test (in dry friction conditions) results of PTFE
composites filled with metal oxides

Material Friction
Coefficient

Wear
(mg)

PTFE 0.257 385.4

PTFE + 30% (v) Pb3O4 0.232 1.1

PTFE + 30% (v) Cu2O 0.245 5.9

PTFE + 30% (v) PbO 0.261 125.6

Sliding speed: 1.5 m/s; sliding against GCr-15 bearing steel;
Load: 100 N; Time: 30 min.

“start–stop” tests) are carried out for the value of the sliding friction of a mag-
netic head with magnetic discs at a given load (for digital high-density mag-
netic recording). The friction forces exhibit complex time, temperature, load-
ing and velocity dependencies and cannot be properly described in terms of
conventional parameters, such as the friction coefficient or shear stress [156].
Some metals (Cu, Au) were chosen because their adhesion to untreated poly-
mer surfaces is expected to be very poor, as a result of the low reactivity.
However, if Cu2+ macrocomplexes are added to PETF (as antiwear and antis-
corching agents), tribochemical reactions proceed and some copper complexes
are formed with the perfluorinated macroligands as the products of PETF
destruction and provide metal transport between the friction surfaces [166].
Sometimes such reactions are called tribocoordination, and in some friction
modes stationary regimes can be established in systems due to such auto-
oscillating chemical reactions under tribocoordination. Copper film, formed
from single atoms under continuous deformation at the friction nodes, is su-
persaturated by vacancy-type defects (Fig. 10.10).

Immobilized complex

Servo-film of copper

Steel

Fig. 10.10. The friction contact structure
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Such behavior can change the film form without the accumulation of de-
fects that is characteristic of fatigue processes. Such servovital film under
wearless mode conditions can be considered as a quasi-liquid, providing wear
protection of the friction surface (for example, steel) by localization of the
defects in the copper film. Of course, the role of other lubricant components
(especially, organic components) must be taken into account for the formation
of such metal-polymeric films in such complex chemical conditions.

For electrochemical formation of tribological polymeric Ni-PTFE coat-
ings (from an electrolyte-suspension mixture) a homocoagulation interaction
is characteristic between the polymeric (about 10 nm in size) and metallic
particles at the instant of deposition on an electrode [167]. Heterocoagula-
tion is absent for low values (ξ = 9–20 mV) of the electrokinetic potential,
but if the potential is higher the polymer deposition rate exceeds the metal
electrochemical deposition rate. Therefore there is only a narrow range of
conditions for the metal–polymer nanocomposite fabrication. In recent years
an ion beam technique (see Chap. 6) was intensively developed and now it
is very efficient in achieving good adhesion between materials and various
types of polymers [168,169]. In these metallization methods, many metal can
be implanted at a depth of about 100 nm (the implantation depth in Cu and
Fe samples is ∼50 nm for poly(ether sulfone)/metal interfaces) with the met-
allization deposition rate kept at ∼0.1 nm·c−1 [170]. Such interfaces of met-
allized, ion implanted and as-deposited high-temperature resistant polymer
films are increasingly important for many modern applications. Ni nanopar-
ticles are of interest as tribological additives in paraffin oils [171].

Special analysis is needed for so-called metal-clad lubricators, and for
liquid or plastic lubricants those tribotechnical characteristics are connected
with the metal particles (usually nanoscale) or their compounds, included
into the lubricant composition and providing wear autocompensation. Use
of such lubricators in friction nodes and metal processing allow one to form
servovital films on the working surfaces, to decrease the friction coefficients
and to realize a diffusion-vacancy exchange mechanism of the deformation,
but this problem is far outside the scope of our considerations.

10.7 New Trends in Material Science Connected
with Metallopolymeric Nanocomposites

In recent years new approaches have arisen in nanomaterial design, e.g. con-
nected with bicomponent networks. One of the first such examples was the
synthesis of three-arm star telechelic polyisobutylene [172] with the sub-
sequent stoichometric addition of SiY-ditelechelic PDMS HSi-PDMS-SiH
groups with the end allyl groups (∼CH2CH=CH2) by a hydrosilation method
(H2PtCl6 was used as catalyst), that allows us to get an average molecu-
lar chain weight between cross-links of ∼20 000. In such nanocomposites a
very efficient mixing of the PIB and PDMS domains takes place and the
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composites must have in no question the important properties. Another im-
portant research direction is based on the methodology of the fabrication
of organic/inorganic hybrid materials in living or controlled polymerization,
e.g. for control of the precise molecular mass, composition, functionality to
inorganic substrate [173]. This approach seems to be very promising in the
special controlled/living radical polymerization process [174,175], called atom
transfer radical polymerization (ATRP), with simultaneous synthesis of the
hybrid materials. In the method various colloidal particles are used, allow-
ing for subsequent application as initiators for the ATRP of styrene, MMA,
etc. The latest research survey is given in [176]. As a rule, colloidal initiators
are prepared by inorganic surface functionalization, e.g. by the scheme of
Fig. 10.11, where the nanoparticle serves as a unit, providing compatibility
of the incompatible segments of various polymers.

Fig. 10.11. Synthetic methodology to prepare hybrid nanoparticles (X–2-
bromoisobutyrate groups)

Very interesting materials are membranes constituted from new hybrid
organic–inorganic materials for gas separation, of thus poly(ethylene oxide-
bψ-amide-6) or PEOA, containing silicon oxide as an inorganic filler and
having gas (N2, CH4, O2, H2, CO2) permeability coefficients decreased as a
function of the inorganic component content [60]. When TiO2 was used as a
filler, the gas permeability is considerably lower than that measured for films
containing SiO2 (80:20 PEOA/MO2), and titanium dioxide based nanocom-
posites are more rigid than with SiO2. The selectivity of PEOA/TiO2 to
CO2/N2 was higher than that of pure PEOA. These permeability and selec-
tivity properties are a function of the morphological and mechanical charac-
teristics of the films [177–179].

There are some very promising uses of hybrid nanocomposites. An effec-
tive way to improve the control polymer flammability and fire resistance has
relied on the introduction of highly aromatic rings into the polymer struc-
ture. The applications are limited because of processing difficulties that might
inadvertently affect the mechanical properties. The problem is to use the
nanocomposites as a new, environmentally benign approach to improve fire
resistance of polymers. Thus it was shown [180] that polyetherimide-layered
silicate nanocomposites with increased chat yield can simultaneously raise
the material fire retardancy. Improvements in the barrier properties of poly(ε-
caprolactone) nanocomposites and the fire resistance of nylon-6/clay hybrids
have been reported [181,182].
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Multilayered polymeric composites typically fall into one of two cate-
gories [183]. First, those that have only a few layers and function as a barrier
or provide impact resistance [184]. As a specific example of adhesion con-
trol in this case, some carbonated beverage bottles have five polymeric layers
that must remain adhered during use, yet be separable for recycling. Second,
they may consist of hundreds of submicron layers, possessing unique optical
properties [185]. For polymeric composites with specialized optical behavior
to retain the advantage over traditional materials, the layers must remain
adhered when processed into unique shapes. Difficulties in providing these
types of controlled adhesion have required alternative designs and have led
to significant delays in manufacturing.

Many of these substances can be used as novel biodegradable and bio-
compatible hybrid materials, especially those prepared by the sol–gel process,
poly ε-caprolactone (PCL)-SiO2 [186–188]. Such systems and their volume-
interface ratio are the mass fractal (they have a fractal dimension depended
on the synthesis conditions, e.g. Dm = 1.6 − 2.0) and the particle sizes (2.9–
12.5 nm) are in agreement with a co-continuous two-phase morphology. The
very interesting approach of “nonchain” inhibition of the thermodestruction
of thermostable polymers [189] is based on oxygen bonding by the very effec-
tive acceptors, which are metal nanoparticles formed in a polymeric matrix
(the oxygen acceptors are generated directly in the matrix).

Dental composites are superior to amalgams in several areas, such as es-
thetics, elimination of galvanic action, thermal conductivity, tensile strength,
and toughness [190]. Introduced to dental clinical practices a few decades
ago, dental composites are usually made using an organic polymer matrix,
pure inorganic fillers and interfacial coupling agents. Silicon dioxide is one
of the most common fillers in dental composites and it is prepared by sol–
gel processing [191,192]. The fillers improve the mechanical properties of the
composites and reduce the volume shrinkage (often for this purpose spiro
monomers are used). In particular, methacryloyl-functionalized polyhedral
oligomeric silsesquioxanes (POSS) are a class of compounds which have re-
ceived a considerable amount of interest for hybrid materials – incorporation
within the resin matrix. Nanostructural hybrid materials of this type have
decreased density and increased usage temperature [193]. It is supposed [194]
that modification of methacrylate POSS-MA monomer and the oligomer can
be used for fully formulated resins and highly filled systems. Work along this
line is now in progress, directed towards preparing hybrid of nanocomposite
dental restoraties. For the same purposes, a series of new polymethacrylate-
silica chemical hybrid dental fillers is promising. They were prepared by
the sol–gel reactions of poly[methyl methacrylate-co-3-(trimetoxysilil)propyl
methacrylate] with Si(OEt)4 [195]. Such TiO2-based nanocomposites have
wide applications in the production of ceramic pieces, electronic ceramics, and
pigments (for lacquers and paints). Titanium oxides are widely used for pig-
ment and opacifiers in prints, make-up foundations in cosmetics, and coating
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of various substrates as a UV-absorbed, photocatalytic, antibacterial or light-
induced amphiphilic material. Organo-titanium acrylic polymers [196, 197]
like titanium alkoxides (as distinct of stannum-organic ones) can form self-
polishing coatings free of toxicity (release of biocide) and are completely
nontoxic for the marine environment. Thus the combinations of polymers
and nanoparticles, considered in this chapter, enables the preparation of a
hybrid material composed of well-defined colloidal systems and copolymers
capable of organization into distinct domains [198,199].
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11 Magnetic, Electrical and Optical Properties
of Metal–Polymer Nanocomposites

Metal–polymeric nanocomposites are now widely used as drug carriers, mag-
netooptical media, magnetic liquids, and information recording films. In
particular, organic–inorganic hybrid composites [1–4], are very promising
photonic materials (for optical data storage, optical waveguides, sensors, elec-
trochromic smart windows, solid-state lasers and screen displays) and for
other supramolecular and photonic systems and devices [5–7]. Engineering of
colloidal surfaces is a current topic of applied chemistry in the field of develop-
ing new materials. Composite colloidal particles (core–shell structures) have
various applications expected in the area of coatings, electronics, photonics
and catalysis [8].

Various kinds of optical components are required for telecommunications
networks in addition to light sources and detectors. The silica-polymer based
technologies are convenient for these purposes. Improvement of information
technology is connected with the use of innovations in material science. The
new nanocomposites allow one to increase the recording density, the informa-
tion exchange rate and fidelity (modern computers with changeable optical
information storage have in fact infinite storage).

The electrochemical and electrochromic properties of nanocomposite films
promise wide applications in electrochromic display panels, smart windows
and rear-view mirrors for cars [9]. Metallopolymers based on complex fer-
roelectric oxides such as BaTiO3, Pb(Zr,Ti)O3, and (Ba,Sr)TiO3 have ap-
plications in the electronics industry for transducers, actuators, and high-k
dielectrics. The nature of the ferroelectricity effects in composites at nano-
size level depends on the critical sizes of the particles and thin films [10].
Such nanoparticle assemblies open the door to “tunable” materials, in which
optical and electronic properties depend on both initial cluster sizes and the
manner in which clusters organize to form larger structures.

This chapter is a survey of various investigations in different fields of
material science, united only by the idea of the study of nanoparticles and
their use in polymer systems with special interest in their electromagnetical
and optical properties.
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11.1 Metallopolymeric Composites
with Magnetic Properties

Magnetically responsive particles consist of a metal/metal oxide or metal
alloy core, coated with polymer. Such encapsulated particles can be used
in magnetic recording media in tape or disc form, oil spill clean-up and
moldable magnetic powders and as toners in electrophotography [11,12]. The
nanoparticles have unique physical characteristics, connected with surface or
quantum-dimensional effects. The magnetic nanoparticles buried in a dielec-
tric or nonmagnetic matrix have unusual properties such as a giant magneto-
resistive effect [13,14], and an abnormally great magnetocaloric effect.

There are three types of magnetic effects: diamagnetism, paramagnetism
and cooperative magnetism (including ferromagnetism, antiferromagnetism
and ferrimagnetism). Diamagnetic magnetization in the absence of an exter-
nal field is negligible for the compensation of the orbital and spin moments
of the substance. Diamagnetic atoms under an external magnetic field gain
magnetic moments for the circular motion of all electrons and the resul-
tant magnetization vector has a direction opposite to the external field and
weakens it. In paramagnetics the spin and orbital magnetic moments are not
partially compensated and therefore a nonzero resulting magnetic moment
(for all atoms and molecules of the compounds) is observed. The mutual com-
pensation of the moment in the absence of an external field takes place (for
a distribution over the particle magnetic moment directions). In such condi-
tions paramagnetics do not have a magnetic moment and are nonmagnetic,
but under an external field the magnetic moments of the atoms and molecules
are oriented and the substance as a whole becomes magnetizing in the exter-
nal field direction. In this case an increase in the field intensity H (A·m−1)
stimulates a proportional rise of magnetization J = χH, where χ is the mag-
netic susceptibility of the substance and χ = lim∆H→0,H→0(∆J/∆H). For
diamagnetics χ < 0, and for paramagnetics χ > 0, its value is very low (about
10−3–10−4). Some substances are able to a strong magnetization even under
weak magnetic fields and they are related to cooperative magnetics.

Ferromagnetics present a rather limited group of substances character-
ized by unfilled inner electronic shells and noncompensation of spins (in
particular, for d-shells of transition metals). Among these are iron, cobalt,1

chromium, gadolinium, dysprosium, some of their alloys (including man-
ganese and chromium alloys) and some simple and complex metal oxides, for
example ferrites, which are complex oxides of Fe2O3·MO type (M = Co, Ni,
Mn, etc.). Ferromagnetic properties are shown only in certain crystal lattices,
where a strong electrostatic exchange interaction appears, and is connected
with the given types of lattice symmetry. This interaction in the domains

1 Cobalt has the highest Curie temperature (1390 K) amongst all magnetic ma-
terials, its saturation magnetization at room temperatures is ≈1.79 T (≈1400
CGSM units cm3 ≈160 emu·g) and its coercive force is ≈ 800 A·m−1 [15,16].
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(the small regions of space with order of size 10−3–10−4 cm) is determined
by a spontaneous magnetization for parallel orientation of the spins. The
crystal space is divided by the boundaries (walls, having a limited width) of
the regions with different directions of the magnetization vectors.2

Sometimes the interaction between the magnetic atoms in matter can
give an antiparallel and mutually compensating arrangement of the neigh-
boring atomic spins and results in the absence of a magnetic moment (it is
called antiferromagnetism). If the resulting magnetic moment is not equal to
zero, the noncompensated antiferromagnetism is called ferrimagnetism (the
corresponding spin arrangements are shown at Fig. 11.1).

Antiferromagnetic

FerrimagneticFerromagnetic

Paramagnetic

The models
of magnetic atoms ensembles

Fig. 11.1. Spin arrangement models

It is interesting to study the magnetic parameters of composites, such as
the magnetization curve (i.e. the relationship between J and A or B and
H, where B is the magnetic induction,3 measured in Tesla, T). The rela-
tionship between magnetic induction (B), magnetic field strength (H) and
magnetization (M) is given by B = H + 4πM , with B in gauss, Gs ( 1 Gs =
104 T), relative permeability (µ/µ0 = dB/dH = 1 + χ), magnetic hysteresis

2 The magnetic properties of the domains depend strongly on temperature and
its rise decreases the domain magnetization (as a result of the weakening of the
exchange interaction). In the limit the domain structure breaks down and the
corresponding temperature (when the energy of the atomic chaotic motion is
equal to the exchange interaction energy) is called the Curie point. Its value
does not depend on the structural defects of the material and is specific to every
ferromagnetic.

3 The magnetic induction can be defined as the magnetic flux density F , i.e.
B = F/S T. The B and J values are connected by the relation B = µoJ + µoH,
where µo is a magnetic constant or vacuum magnetic permeability and is equal
to 12.8 · 10−7 T·m/A. In the literature either SI or CGS units systems are used.
In the latter case the magnetization M is measured in emu·cm−2 (electromag-
netic units), the magnetic field strength H is measured in Oe (oersted), and the
magnetic induction in teslas, T.
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loop (a closed S-type curve on the Fig. 11.2 for a dependence of J or B on
amplitude H for previously demagnetized material under a periodical and
slow change of the magnetic field), hysteresis loop rectangularity coefficient
(γ = JrJJ /JsJ is a ratio of the saturation residual magnetization JrJJ to a limit-
ing magnetization JsJ ), coercive force4 HcHH (the magnetic field strength when
the magnetization equals zero), etc. It allows one to get a full picture of the
behavior of ferromagnetic materials.

0 H

J

–HmHH

–JmJJ

Fig. 11.2. Five regions of an initial magnetization curve: (a) I – elastic shift
of the domain boundaries (a reversible magnetization process, weak fields);
II – shift of domain boundaries (an irreversible magnetization process, strong
fields); III – irreversible shift of domain boundaries (the region of maximum perme-
ability); IV – the approach to saturation; V – saturation (dependence is vanishing);
(b) a magnetization curve and a magnetic hysteresis loop for a ferromagnetic over
one cycle + JmaxJJ , + JrJJ , 0, – JmaxJJ , – JrJJ , 0, + JmaxJJ . The JsJJ value is the saturation
magnetization (a maximal J value that does not change with an increase of field
H); JrJJ is the residual saturation magnetization (at Hc = 0)

4 Ferromagnetic materials, according to their nature, are divided into two groups.
The first includes so-called magnetically soft ferromagnetics, e.g. crystalline or
amorphous binary alloys Fe–Si, Fe–Ni, Fe–Co, etc. (with different dopants, such
as Mo, Mn, V, Nb, Cu, Al). These materials have a low coercive strength (<4/m)
and relatively low magnetic permeability.
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The various characteristics of magnetic matrices depend on the diversity
of interconnected factors (magnetic field direction, material prehistory, nature
and temperature of the polymer, nanoparticle concentration and structure).
These characteristics can be changed over wide limits [17–19].

Ferromagnetic metal particles can be formed in a polymer matrix (ferro-
plastics or ferroelastics) by practically all methods described in Chaps. 4–6.
Many ferromagnetic polymeric nanocomposites are already synthesized with
nanosize transition metal particles [20,21], ferrites [22] and nanosize magnetic
particles of Fe [23], Co [24,25], Ni [26], γ-Fe2O3 [27–31], and Fe3O4 [28]. An
ensemble of cobalt nanoparticles, isolated into a polymer matrix, has the
same magnetic properties as in molecular beams. But the average magnetic
moment per atom arises at 13–20% stipulated by the decrease in atomic
coordination number, or an increase in the interatomic distances [32,33].

Magnetic nanocomposites were obtained also by introducing metal con-
taining nanoparticles into dielectric zeolite [34], intercalated graphitic [35]
and aluminosilicate [36] matrices, into the surface silica layer [37]. For exam-
ple, using regulated thermodestruction of Co2(CO)8 into NaY zeolite voids
(H2, 470 K), nonoxidized cobalt particles (0.6–1 nm in diameter) can be
formed [38] and into the molecular sieves MCM-41 (an impregnation by
aqueous solution of CoCl2, calcinations at 1020 K in an O2 current) an an-
tiferromagnetic material is formed in the amorphous silicate matrix (with
periodic structure shown in Fig. 11.3), containing 6 mol.% of Co3O4 (with
mean particle sizes 1.6 nm) [39]. Organosilane coatings can be formed, in-
cluding α-Fe (70 at.% of Fe), magnetite Fe3O4 and Fe2O3 additives [40].

Fig. 11.3. Formation of nanostructured magnetic composites (a) via the pyrolysis
of nanoscale cylinders of poly(ferrocenylsilane) within the pores of mesoporous silica
(MCM-41) (b)

The various physical and mechanical parameters of metallopolymeric
nanocomposites can be considerably improved with retention or sometimes
even with increase of the conventional magnetic characteristics (saturation
magnetization, coercive force, etc.) that show considerable promise for various



464 11 Magnetic, Electrical and Optical Properties

Fig. 11.4. Schematic representation of the different types of magnetic nanostruc-
tures (details in text)

applications. Such substances are very promising as high-density information
media, materials for permanent magnets, magnetic cooling systems or fabri-
cation of magnetic sensors. They can be used also for medical and biological
applications, e.g. for magnetic resonance tomography, magnetic targeted drug
delivery systems, magnetic resonance imaging (MRI) contrast enhancement,
color imaging, and cell sorting [41,42]. There is a correlation between the size
and form of nanoparticles and their magnetic characteristics. Small particles
(<1 nm) are nonmagnetic, particles with diameter 1–10 nm exhibit super-
paramagnetic properties, and bigger ones are ferromagnetic (at least this is
true in the case of Co particles, for which the change in magnetic properties
shows itself as a change of the ferromagnetic resonance spectra parameters).
There is a classification of the magnetic nanostructured materials (Fig. 11.4),
based on the correlations5 between nanostructure morphologies and magnetic
properties [18,44].

Type A relates to systems of isolated particles with nanoscale diameters
(noninteracting system) with usually unique magnetic properties; type B re-
lates to materials with ultrafine particles and a core–shell morphology in the
matrix; such a shell, in the real systems, is formed via oxidation and may
itself be magnetic (e.g. Co-core/CoO-shell); type C relates to compositions
5 There are another systems of magnetic materials classification described in [43].
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of small magnetic particles embedded in a chemically dissimilar matrix; type
D relates to materials consisting of small particles dispersed in noncrystalline
(including polymeric ones) matrices. Type E nanostructure morphology rep-
resents a magnetic nanoparticle core with a polymer coating formed during
polymerization (in situ polymerizable method). The typical situation relates
to Fe, Fe2O3 or Fe3O4 nanoparticles, coated by a nanoscale layer of the poly-
mer [45–48]. Thus, under MMA polymerization a core of mixed-phase iron
oxides ∼10 nm is formed (the total nanoparticle size is about 130 nm).

The magnetic properties of in situ polymerizable materials are better than
those produced by the standard solid-state reaction method [49] (Fig. 11.5),
but in the former case the nanoparticles may or may not include a magnetic
core (the majority of polymer particles do not have a magnetic core). An
original method was proposed for production of uniform material with mean
particle size <15 nm [44]. It is based on the use of atom transfer radical poly-
merization (ATRP, see Chap. 10) of styrene and modified magnetic MnFe2O4

(≈9 nm) as chemically attached macroinitiators. For this purpose a reverse
micelle microemulsion procedure can be used too [50]. Received core–shell
nanoparticles show a core of 9.3 ± 1.5 nm with a 3.4 ± 0.8 nm polystyrene
shell. Polymer particles without a magnetic core have not been observed. In
such materials a decrease in coercivity was observed, which is consistent with
the reduction of magnetic surface anisotropy upon polymer coating.
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Fig. 11.5. Real parts of the complex magnetic susceptibility for Bi2Sr2Ca0.8

Y0.2Cu2O8.2 prepared by the in situ polymerizable complex method (1) and by
the conventional solid-state reaction method (2)

It is interesting to form polymeric matrices including Fe3O4 and γ-Fe2O3

nanoparticles (≤ 20 nm) by the exchange reactions of Fe-containing salts
with some perfluorated ion-exchange membranes (such as Nafion©R 117, Du
Pont) with a subsequent alkaline hydrolysis of exchange product [51]. The
sonochemical decomposition of Fe(CO)5 was carried out in the presence of dif-
ferent surfactants, including polymeric surfactants, such as poly(vinylamine).
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It allows us to form coated Fe2O3 nanoparticles 5–16 nm in diameter [52].
In another method [53] Co2+ were adsorbed on an ion-exchange resin and
later reduced by an excess of NaBH4 that allows one to form (Co–B) alloys
nanocomposites, having a very wide distribution over the sizes (3–30 nm).
These cobalt–boron alloys are intensively studied owing to their superior
properties (such as high strength, high magnetic permeability combined with
high resistivity and large resistance to corrosion). One other similar method
is based on reduction of Co salts in a PVP (or THF) solution [32,54].

A five times greater coercive force of (Co in PS)-nanomaterial can be
achieved by low-temperature (below 720 K) annealing [27]. Cobalt carbonyl
Co2(CO)8 was introduced into a styrene copolymer matrix from solutions (in
DMF or in iso-propanol) and thermally treated at 470 K. The content of the
spherical Co nanoparticles with mean diameter 2.6 nm increases to 8 wt.%,
but this fact and the nature of the precursor had no considerable effect on
the FMR (ferromagnetic resonance) spectrum [55]. The magnetic behavior of
Ni–PELD and Co–PELD systems depends on the synthesis conditions [30]. In
the former system at high temperatures (>370 K) the Ni clusters irreversibly
interact with the matrix; in the latter (Co–PELD) the temperature rise to
470 K changes the thermomagnetic curve radically (as a result of coarsening
of the Co particles).

The magnetic hysteresis of the samples obtained in a crazing mode of
PP-composites filled by nickel shows that the coercive force does not depend
on the magnetic field direction (the parallel and perpendicular directions to
the stretching axis) and equals ∼2,5 kA·m−1, though there is a considerable
difference between the JrJJ and JsJ values [56].

The magnetic behavior was studied for systems obtained by reduction of
metal salts in various polymeric media, such as a swollen interpolymeric PPA
complex with urea formaldehyde oligomer [57], P4VPy and styrene copoly-
mer with 4-vinylpyridine [58]. In these cases the composites synthesized un-
der a reduction of FeCl3 molecules (coordinated with the pyridine groups) by
hydrazine and their subsequent oxidation, contain spherical Fe3O4 nanopar-
ticles (20–200 nm) with HcHH values up to 31.5 kA·m−1. Nanocomposites with
spherical γ-Fe2O3 nanoparticles (∼5 nm in diameter), obtained by alkaline-
hydrolytic “development” of FeCl3 macrocomplexes in block-copolymers, also
have similar characteristics [59].

Magnetic polymer composites were synthesized by thermodestruction
of arenecyclopentadienyl-ferrum (or its arylene-carbonic oligomers) cationic
complexes [61] or by a thermodestruction of Co and Fe carbonyls in PVF
matrices [62]. Decarboxylated polymer composites were obtained by ther-
molysis of metal-containing carboxylate monomers (acrylates of Co2+, Fe3+,
Ni2+ and 1:1 or 1:2 cocrystallizates of Co2+-, Fe3+-acrylates) (Fig. 11.6). The
composites contain ferromagnetic particles (6–13 nm) uniformly distributed
into a matrix volume with mean distance between them of ∼8 nm [60,63–65].
The magnetic characteristics of some such composites are given in Table 11.1.
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Fig. 11.6. (a) Electron microscope photograph of Co2+–Fe3+-acrylate 1:2-
cocrystallizates and (b) its particle size distribution

Metal-containing polymer matrices with magnetic properties can be
synthesized by hydrogen reduction of cobalt–organic precursors [66] and Ni
carbonyl in epoxy films in various hardening modes [67], as well as by tetrahy-
droborate reduction of nickel compounds into stretched and crazed PP poly-
meric matrices (with Ni crystallite size <40 nm) [56]. In some other methods
polymeric composites with monodispersed Co nanoparticles (with diameter
1 nm) were obtained by metal spraying [29] or by introducing magnetoactive
particles into various gels, such as silicone [68], polyacrylamide [69], poly-
ethyleneoxide [70], etc. [18].

Table 11.1. Magnetic properties of some metal acrylates (MAcrn)

MAcrn T , K χsp·105, JspJJ ·103, Hc, γ Products

cm3/g (kA/m) kA/m

(cm3/g)

FeAcr3 292 26.1 33.45 1.751 0.051 Fe3O4

77 26.1 35.94 17.753 0.250

NiAcr2 292 16.7 14.36 0.712 0.020 Mixture

of Ni,

NiO, Ni3C

77 12.3 14.95 4.267 0.133

CoFeAcr 292 41.2 26.16 49.756 0.310 Fe2O3·CoO

77 31.1 13.91 49.756 0.420

Note: the product characteristics were determined by roentgenography and
electron diffractometry.
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It is known that only atoms in nanoparticles can have long-range order in
magnetic nanomaterials, because it is very hard to order spatially the parti-
cles in themselves. On the other hand, there are approaches allowing the form-
ing of some polymer-mediated self-organized magnetic nanoparticles with
control of the assembly dimensions and thickness. For example, one of these
methods relates to magnetic materials based on binary FePt [41] or CoPt [71]
nanoparticles, formed by Pt(AcAc)2, FeCl2 reduction. Recently a method of
Fe50Pt50 nanoparticle production using PVP or PEI was described [72]. Such
multilayer self-assembled particles were localized on a PEI-modified silicon
oxide surface. The formation rate of the annealed thin film depends on the
assembly thickness and increases with the annealing time and temperature
(the optimum is achieved during 30 min at 770–870 K). Such layer-by-layer
assembled nanoparticles have great potential for practical applications.

Another very interesting method is the forming of polymer-immobilized
particles in statu nascendi in magnetic fields when ferroplastics are first mag-
netically oriented in the superimposed fields. For example, neodium ferrite
can be orientated in fields with magnetic induction of 3 · 10−4 – 3 · 10−3 and
form the final ferroplastics after the subsequent mechanochemical treatment,
such as thermal pressing [69,73–75], Brigman anvil treatment [18] or a combi-
nation of different actions [76,77]. Thus for Fe–Pt-based nanodevice fabrica-
tion ordered submicron ferromagnetic Co–B arrays (about 30 nm, aggregated
up to 450–600 nm in size) were obtained [78] by NaBH4 reduction, using the
orientation in the magnetic field of the soluble macrocomplexes (Co2+ with
starch). The driving of the magnetic field (1 T) and the mediation of soluble
starch play a critical role in the formation of well-defined patterns. The pre-
pared chains with composition Co23B10 exhibit strong ferromagnetic signals
in the range 100–420 K. It is supposed that such a convenient strategy should
be helpful in the production of ordered arrays of other magnetic materials.
This process can be inspired by magnetotactic bacteria, which provide excel-
lent templates to direct the synthesis of advanced materials. Such methods
in principle allow the production of nanocomposites with maximal magnetic
characteristics, especially if the anizometric form nanoparticles are treated,
as for example magnetically hard barium and strontium ferrites, having a
hexagonal crystalline lattice with monoaxial magnetic anisotropy (the single
axis of easy magnetization in the monocrystal is directed perpendicular to
the hexagonal basal plane). The orientation by linearly or circularly moving
magnetic fields can be used practically for improvement of the electrophys-
ical or magnetic characteristics of the composites and for the production of
magnetic matrices with oriented chain-like structures that can be used in
varnish and film technologies for information recording systems. The coating
formation in the moving magnetic fields allows one to prevent the filler par-
ticle deposition and to concentrate them either nearly on the film surface or
uniformly through the film volume.
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A very promising method is connected with the electrochemical forma-
tion of modified thin (3–7 nm) magnetic coatings on the above mentioned
self-assembling Langmuir–Blodgett films [79]. The charged amphiphilic mono-
layer can by used as a template to organize inorganic materials by ad-
sorption of ionic species along the interface. A special technique for study-
ing the unusual magnetic properties of so-formed objects (on the base of
Cu3[Fe(CN)6]2·12H2O) was demonstrated in [80]. The results show that those
multilayers present a spin ordering below 25 K.

The coercive force of powder ferromagnetic materials depends on the par-
ticle sizes and forms, but the dimensional dependence of HcHH is very pecu-
liar. In systems with very big multidomain particles the coercive force in-
creases with decrease of the particle size (Fig. 11.7). It achieves the maximum
value Hc,HH max when the mean particle size reaches one domain dimension. For
spherical particles the critical diameter (when the coercive force value equals
Hc,HH max) can be calculated from the following equation [81]:

dcr = (1.9/JsJ )[10cI/(µ0aNpNN )]1/2 , (11.1)

where c is a constant depending on the lattice crystalline structure; I is the
so-called exchange constant (for γ-Fe2O3, I ≈ 1.3 · 10−20); a is the lattice
constant; NpNN = −HpHH /J is a demagnetizaion coefficient (for a demagnetization
field HpHH , is directed opposite to the external field).

For monodomain Fe and Co particles the dcr value is ∼20 nm, and for Ni
it is ∼60 nm at Hc,HH max ≈ 103–104 A·m−1.
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Fig. 11.7. The dependence of the coercive force Hc on the ferrous nanoparticle
diameter d [76]

When the monodomain particle size becomes less than critical (every
such particle can be considered as a ferromagnetic particle, but with variable
magnetization) a drop of the HcHH value is observed. The total magnetization
(arising under an external magnetic field H sufficient for saturation) relaxes
to zero after removing the external field according to the law:
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J = JsJ exp (−t/τ) , (11.2)

where τ = τ0exp[EM/(kBT )] is the relaxation time; τ0 is a constant, in sec;
EM = KV is the potential barrier, J; K is the constant of uniaxial anisotropy,
J·m−3; and V is the particle volume.

Simultaneously small particles are similar to a paramagnetic substance
with a large paramagnetic moment and can transfer to the superparamag-
netic state. This process is a magnetic phase transition of the second order,
characterized by continuous change of the first derivatives of the thermo-
dynamic potential. The properties of such supermagnetic systems can be
characterized by the values of τoττ and K.

Manifestation of supermagnetism is often indirect evidence for the fer-
romagnetic phase low content compared with the filler total content. For
example, in the Ni–crazed PP system [56] there is a large number of Ni
superparamagnetic nanoparticles (<10 nm) in the samples, whose magneti-
zation (at H = 75 kA·m−1) is considerably higher than for block nickel, which
leads to an apparent (illusory) decrease of nickel mass in the whole. The same
situation appears to occur in the case of decarboxylated thermodestruction
products of Fe3+ and Ni2+ acrylates [63–65].

Superparamagnetic particles were found in many metallopolymeric nano-
composites, for example in the systems: Nafion 117 – Fe3O4 [51]; poly(di-
methylphenylenoxide) – α-Fe (spherical particles with diameter d ≤ 2.5 nm,
KeffKK = 1.83 · 106 J·m−3 at 100 K) [82]; in block-copolymers – γ-Fe2O3(d ≈
5 nm, K = 1.58 · 105 J·m−3, τ0ττ = 4.2 · 10−12 sec) [83] and in many polymer-
immobilized catalysts (see Chap. 12).

Possible ways to increase the relative magnetic permeability were studied
by scanning a polymer composite with various dispersed hybrid fillers [84].
Such compositions were obtained on the base of composites PE – amorphous
metallocomposite (69% Co, 12% B, 4% Si, 4% Ni, 2% Mo), PE – nickel-zinc
ferrite, PE – metallocomposite ferromagnetic (80% Ni, 5% Mo, 0.5% Mg,
0.15% Si, 0.1% C) with maximum density and they are of great interest for the
fabrication of permanent metallopolymeric magnets with optimal technical
parameters.

Another group of magnetic nanocomposites must be especially noted.
We are dealing with the problem of the electromagnetic wave–matter in-
teractions in the microwave range that is created mainly by the need to
improve the stealthiness of aircraft, missiles and ships, against detection by
radar receivers. The best way to produce such materials is to form mag-
netic nanocomposites to cover the metallic surface with microwave radar
absorption (0.1–18 GHz range, in general, in X-band – 8.2–12.4 GHz and
P-band, 12.4–18 GHz) [85]. A ceramic microwave absorbent can be obtained
by three main methods [36]: (a) mixing of micronic or even submicron metal
powders within a liquid matrix precursor; (b) preparation of a porous host
matrix impregnated by a concentrated solution of transition metal nitrates;
(c) mixing of alkoxides with an aqueous solution of metal ions. The last
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method was used [86] for polymeric nanocomposite fabrication from com-
plex ferrite Ni0.5Zn0.4Cu0.1Fe2O3 or CoFe2O3 by adding conducting mate-
rials (5 wt.% of graphite powder). This complex ferrite was obtained as
a coprecipitant at various pH values after drying and silanization by 3-
aminopropyltrimetoxysilane or 3-methacryloxypropyltrimethoxysilane until
a three-dimensional polysiloxane network was formed (see Chap. 7). Finally,
the silanized Ni0.5Zn0.4Cu0.1Fe2O3 or CoFe2O3 was dispersed in MMA and
its radical suspension polymerization was carried out. The permittivity is
affected by the sample thickness (4–10 nm) and nanofiller concentration in
the polymeric matrix, as well as by the thermal treatment conditions. The
optimal variant presents nanocomposites (with 20 wt.% of complex ferrite,
thickness ∼10 nm) that show strong microwave absorption at 15.2 GHz with
magnitude of reflection loss of −25.4 dB. Polymer composites, containing
conducting fillers or ferroelectric particles, are effective microwave adsorption
materials important to suppress microwaves reflected from metal structures
(in both civil and stealth defense system for military platforms). These mul-
ticomponent materials can be effective absorbers of electromagnetic waves
due to the large imaginary part of the complex dielectric permittivity re-
sponsible for dissipation of electromagnetic energy and due to their low bulk
conductivity.

Fibrous magnetic materials can also be produced using the technology of
joint spraying in a gaseous current (the melt-blowing technique) of polymer
(PELD) melts and a highly dispersed (∼1000 nm) filler of strontium or bar-
ium ferrite [87]. Such composites can be used for gas and liquid filtration, oil
product sorption, industrial and domestic waste, etc. In recent years there has
been increased interest in so-called magnetic fluids, being colloidal solutions
with very strong magnetic properties. Polymers such as oligoorganosiloxanes
can be used as carriers capable of working in extreme conditions (in a wide
temperature range, in vacuum, in aggressive or biologically active media).
Recent investigations of composites with conducting and ferroelectric parti-
cles showed that they really possess some specific characteristic properties of
interest. Such materials have also been proposed for use as sound absorbers
and damping materials. In this case the elastic waves interact with ferroelec-
tric particles and elastic energy is transformed into electrical energy that is
dissipated in carbon black particle chains [88].

Other alternative ways in the problem of magnetic conductivity in the
metal-containing polymeric systems is the creation of ferromagnetic element-
organic compounds [89], and multispinous paramagnetic molecules on the
base, for example, of polymetalorganosiloxanes [90].

The role of magnetic materials in biopolymers was discussed in Chap. 9.
Their value has increased because many of them are now produced com-
mercially, especially materials used as magnetic resonance contrast agents
or magnetic labels (Table 11.2). The selective combinations of biomolecules
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Table 11.2. Some commercially available biocompatible magnetic materials with
nanoparticles [95]

Product
Name

Composition Particle
Size,
nm

Application Manufacturer
or Supplier

Combidex Magnetic iron
oxides-dextran

17–20 Magnetic
resonanse
contrast agent

Advanced
Magnetics,
USA

Endorema/
Feridexb

Magnetic iron
oxides-dextran

100–250 Magnetic
resonanse
contrast agent

Advanced
Magnetics,
USA

MicroBeads Magnetic iron
oxides-dextran

50 Separation and
labelling of cells
and molecules

Miltenyi
Biotec,
Germany

Nanomag Magnetic iron
oxides-dextran

100 Magnetic
labelling

Micromod
Partikeltech-
nologie,
Germany

Resovist Magnetic iron
oxides-dextran

57 Magnetic
resonanse
contrast agent

Schering AG,
Germany

aCommercial product name in Europe; bcommercial product name in the
United States

with magnetic nanoparticles may enhance the ability for biomolecular recog-
nition [91,92] and magnetic field-assisted drug delivery [93,94].

Thus both the science and practice of polymeric metal-containing mag-
netic nanocomposites are now intensively developing and this trend is kept
going for the new possibilities of synthesis, new methods of composite form-
ing and the great practical interest. The final scientific aim of the synthesis
of such nanostructured materials and studies is modeling of their structures
for a correct interpretation of the experimental facts. On the other hand,
the modeling and deeper understanding of the formation and properties of
such nanomaterials will open new horizons both for their design and practical
application.
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11.2 Electrical Characteristics
of Metallopolymer Composites

The electrical and magnetic properties of all materials are closely connected
because the elementary carriers for these fields are electrons with electrical
charge and magnetic moment. Even the interatomic and intermolecular inter-
actions are determined by the mutual orientation of orbital and spin moment.
Theoretically the electroconductivity σ (ohm−1·cm−1) of a two-component
inhomogeneous system is connected with the value of the electroconductivity
CelcCC ,cr by the following relation:

σ = σeff [(CnCC − CelcCC ,cr)/(1 − CelcCC ,cr)]θ , (11.3)

where θ is the critical conductivity index and σeff is some effective electrical
conductivity (see Sect. 2.6).

The σeff value for a metallopolymeric composite is defined by the parti-
cle concentration, nature, morphology, oxide and presence of other films on
the surfaces, as well as by the electroconductive properties of the polymeric
interlayers between the conducting particles, i.e. by the transient resistance
in the contact zone (mainly for oxide film formation with thickness up to
tens of nanometers). These layers with a transient conductivity provide the
difference between nanocomposite electroconductivity and total electrocon-
ductivity of all elements of such complicated conductive object. The spatial
distribution of the current-conducting particles in a polymer can be conven-
tionally described [17] by the following structures (see Fig. 11.8):

– a matrix structure, for which a considerably rigid spatial distribution is
characteristic, as in the zeolite voids (Fig. 11.8,a);

– a statistical structure, as under mechanical dispersion of nanoparticles
into the polymer (Fig. 11.8,b);

– a chain structure, when the nanoparticles are spatially, as in ferromag-
netic material formation in a magnetic fields or in nanolithographic processes
(Fig. 11.8,c);

– a layered structure, including intercalation (see Sect. 7.2) into an inter-
layer space of layered substances (such as graphite, hexagonal boron nitride,
MoO2, transition metal dichalcogenides – TiS2 and MoS2, natural clays, etc.),
electrodeposition of high-density, ordered arrays of nanowires Bi0.85Sb0.15 in
alumina templates (thermoelectric materials) [96] or introducing alkaline (Li,
Na, K, Rb), alkali-earth (Ca) and transition (Ti, V, Cu, etc.) metals into
fullerene nanotubes [97–100] (Fig. 11.8,d);

– a globular structure with particles placed between polymer granules
(Fig. 11.8,e).

The electrophysical properties of nanocomposite are strongly influenced
by the nature of the nanoparticle–polymer interaction. Unlike massive bodies
in noncontinuous metallic media (where an interparticle distances are con-
siderably greater, than interatomic ones), the role of the interparticle space
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Fig. 11.8. Structural types of conductive particle distributions in nanocomposites
(details in text)

nature and a borders structural disordering in nanocomposites becomes very
important. At the same time conductivity can exist in every single (discrete)
metal-containing nanoparticle. Some dimensional effects must be taken into
account (the nanoparticle must be commensurable with the characteristic
length of the electron processes, e.g. with the free path length). Metallopoly-
meric media present systems of metallic conductive regions, divided (in the
general case) by dielectric interlayers (i.e. polymeric matrix). It is a problem
to present a general electroconductivity analysis of the structures and systems
(Fig. 11.8) in terms of electric contact theory (when applied to polymers with
metallic fillers). Electro-physics of such systems is near to a behavior of so
called island-type metallic films, for which the basic theory of electrophysical
processes is well studied. In particular, for metallopolymeric composites there
are two percolation thresholds [101, 102], the first of which relates to classic
electron transfer over a barrier (if the electron energy exceeds the barrier
height), and the second corresponds to a transition between a nonconductive
state and a state with tunnelling conductivity through the mentioned poly-
meric interlayers. The process of electron “tunnelling” through the barrier
is essentially a quantum-mechanical process caused by the electron wave na-
ture. Electroconductive objects in such compositions have no direct contacts
and the conductance is carried out by the second mechanism. Charge carrier
transport proceeds by a combination of quantum-mechanical tunnelling and
the so called “jumping mechanism” through the localized energetic states. It
is not inconceivable that the localized breakdowns of interlayers (between par-
ticles) take place under the effect of weak external electrical influence, which
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can abruptly increase the composition conductivity (“electrode effect”). The
fractal geometry of the percolation cluster (PC) does not change and the
first current flow threshold corresponds to the formation of a primary PC.
After studies of Cu–PS nanocomposites it was proposed [103] that the copper
particles could form “an infinite cluster” in the PS volume, providing a very
high conductivity.

The traditional method of nanocomposite formation is to introduce into a
polymeric matrix some metal powders (including stabilized powders). Some-
times the nanoparticles “rolling in polymer” method is used with the subse-
quent mixing of such materials with the polymer matrix. Now, for the fabrica-
tion of electroconductive nanocomposites a mixing or combination of different
substances, such as metals (Ag, Cu, Ni, Cr, Fe, Al, etc.), their compounds
(e.g. oxides, such as V2O3 [25], In2O3 [104] or FeCl3 [105]) or organic com-
pounds with a metallic conductance, such as colloidal particles (50–450 nm)
of polypyrrole and polyaniline [106], is widely used.

Electrical conductivity (σ, ohm−1·cm−1) of polymeric composites filled by
dispersed metals (Ag, Ni, Cu, Al) depends on the filler volume content ϕ and
the dependence is usually nonlinear [17] because the small metal particles
form monolayers on the large particles of the polymer. Electroconductive
properties appear themselves only at a given component ratio in the metal–
polymer system, when in the polymeric matrix the conductive channels (i.e.
the continuous chains of metal-containing clusters) in polymer matrix there
are the conductivity channels. The biggest conductivity is achieved if the
composite becomes a network of such interconnected conductive chains, i.e.
acquires a percolation structure. There is some critical value (ϕcr) of filler
volume content (the value is called the percolation threshold), above which
(at ϕ > ϕcr) an abrupt rise of the electrical conductivity is observed.

The percolation threshold value linearly depends on the maximum filling
F (i.e. a theoretical limit of the system filling):

ϕcr = XcrF , (11.4)

where Xcr is a critical parameter defined by the number of conductive knots
in the solid body lattice. F is 0.64 for monodispersed spherical particles of
every size statistically packed into a composition [107]. The value of ϕcr is
important for composition optimization and allows the prediction of a min-
imum ratio of electroconductive filler required for percolation. The electro-
conductivity of nanocomposites was studied [108] for systems based on vari-
ous modified resins, filled by dispersed spherical nickel particles. The studies
of epoxide (epoxydiane ED-20, epoxysilicone T-10, epoxyresorcine VII-637)
and oligoester (nonsaturated oligoglycolmaleine-phthalates with styrene PH-
1 and methylmethacrylate PHM) resins showed that the percolation thresh-
olds of these systems were refistrated at ϕcr = 0.32 (ED-20); 0.25 (T-10);
0.36 (VII-637); 0.50 (PH-1) and 0.55 (PHM) at Xcr = 0.42; 0.30; 0.50; 0.56;
0.62 correspondingly. The percolation threshold for the oligoester matrix was



476 11 Magnetic, Electrical and Optical Properties

higher than for epoxides. The conductive composites with filler content up to
60 vol.% and ϕcr ≈ 0.1 were obtained by hot pressing (413–423 K) of dispersed
Al powders with PMMA [109]. The introduced filler content can be brought
up to 90 vol.%. The conductivity and dielectric constant studies [110] of the
three-component composite (epoxy resin-barium titanate-carbon black) had
shown that the BaTiO3 concentration influenced the percolation threshold,
critical index and the mechanism of conduction. At low concentrations the
dominating transport mechanism is anomalous diffusion in clusters of car-
bon black particles (average size 30 nm); at high concentrations of barium
titanate the conductivity and dielectric permittivity are mainly determined
by interphase polarization.

In keeping with the ratio of conductive nanoparticles and the nature of
the interparticle region, as well as on their relative sizes, the electrophysical
properties of the composite change from dielectric (specific electrical resis-
tance ρv = 1011−1014 ohm·m) to conductive, and it is very interesting that
sometimes conductivity had been increased by changing the composite com-
position during thermal treatment. Thus in the course of successive thermol-
ysis of m-carbodicarboxylic acid oligosalts (being initially dielectrics) with a
composition (−OOC–CB10H10C–COO−M2+)n (where M = Cu, Mg, Ca, Zn,
Cd, Pb) oxidation of the carborane nuclei proceeds attended by hydrogen
evolution and M2+ oligosalt ion reduction to a free metal state [111]. As a
result, in the system the electroconductive layers are formed, which can con-
siderably decrease ρv value (Table 11.3). The electrical conductivity of the
oligosalts increased by 3–9 orders (after thermolysis at 773 K) and even by
6–11 orders (after pyrolysis at 1173 K). The most important fact is that such
electrophysical properties are retained over a long period of time (for years).

The metallopolymer conductive characteristics depend considerably on
conductive component dispersity and its volume distribution. For example,
layered polypyromellitimide films (imidazed by heating to 573 K) with silver
particles of various dispersity have different conductance depending on the
metal content [17]. The percolation threshold for a composite with a high
dispersed silver powder is registered in the filler content >9 mass.%. Intro-
ducing uniformly dispersed silver nanoparticles with size 10–15 nm, obtained
by prepolymer thermolysis of silver acetate solution in polypyromellitimide
acid, does not create any conductance at the same filler content, and the films
preserve high dielectrical characteristics (σ = 10−15 − 10−12 ohm−1·cm−1),
that can be explained by the presence of a considerable content of dielectric
polymer interlayers between the filler particles.

A very important role is played by the methods of introducing conductive
particles into a matrix, as well as internal changes to the composite due to
ageing, annealing or external actions (for example, due to treatment in an
external electric or magnetic fields or due to use of statical pressure, adsorbing
agents) that change the conductivity parameters too [112].
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Table 11.3. Thermal and electrophysical characteristics of oligosalts [−OOC–
CB10H10C–COO−M2+]n

M
(TdecTT , K)*

Thermotreatment
Conditions

ρv,
ohm·cm

Products Composi-
tion (XRD Data)

Cu
(523)

293 K
473 K, 1 hr, argon
523 K, 1 hr, argon
1173 K, 10 hrs, air

9 · 1011

–
5 · 106

9 · 105

Oligosalt
Oligosalt
Cu, Cu2O
Cu

Mg
(673)

293 K
293 K, 4 hrs, argon
473 K, 4 hrs, argon
523 K, 4 hrs, argon
1173 K, 10 hrs, air

4 · 1012

–
–
–
6 · 106

Oligosalt
Oligosalt
Oligosalt
–
Undefined
structure

Ca
(673)

293 K
493 K, 1 hr, argon
573 K, 1 hr, argon
673 K, 1 hr, argon
673 K, 1 hr, argon
1173 K, 10 hrs, air

1 · 1013

–
–
4 · 1012

–
2 · 104

Oligosalt
Oligosalt
Oligosalt
–
–
Undefined
structure

Zn
(733)

293 K
293 K, 1 hr, argon
573 K, 1 hr, argon
653 K, 4 hrs, argon
1173 K, 10 hrs, air

1 · 1014

2 · 1015

1 · 1013

6 · 1010

6 · 103

Oligosalt
Oligosalt
–
Zn, ZnO
Zn, ZnO

Cd
(583)

293 K
293 K, 1 hr, argon
553 K, 4 hrs, argon
673 K, 4 hrs, argon
1173 K, 10 hrs, air

1 · 1011

1 · 1013

1 · 1014

1 · 1011

1 · 104

Oligosalt
Oligosalt
–
Cd, CdO
Amorphous
structure

Pb
(543)

293 K
493 K, 1 hr, argon

3 · 1014

6 · 1014
Oligosalt
Undefined
structure
Pb

523 K, 1 hr, argon
1173 K, 10 hrs, air

6 · 1013

1 · 104
Pb

* DTA data (Tdec – decomposition temperature).



478 11 Magnetic, Electrical and Optical Properties

The specific conductivity ρv of metallopolymer composites decreases with
increasing temperature by the standard formula:

ρv = C exp [−Ea/(kBTα)] , (11.5)

where C is a temperature-dependent constant, Ea is the effective activation
energy of the conductance process and α ≤ 1, but it is evident that it should
be studied in detail and measured for every concrete system.

The electrical properties of Ag clusters in plasma polymer matrices were
studied [113] and it was established that there was a strong cluster–matrix
interaction, connected with electron transfer from the metal into the matrix
and the formation of a dipole layer around the clusters as a consequence.
The measured conductivity of the films can be explained by an electron hop-
ping process between separated clusters. Probably the same mechanism is
observed in conductive Ag-containing films obtained by AgNO3 reduction in
PVA [114].

The electrical conductivity of epoxy resins containing gold and silver par-
ticulate fillers was studied in [115] as a function of the interparticle dis-
tance (Fig. 11.9). The large jump in conductance (indicated by the arrow)
is thought to correspond to the establishment of a physical contact between
the conducting surfaces.
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Fig. 11.9. Electrical conductance between two gold particles

The same effect was observed [116] also in thin-layer heterogeneous
nanocoatings obtained by cocondensation of Pd and poly-p-xylylene (see
Chap. 5), where self-organization of Pd nanoparticles was discovered, as well
as a direct connection between the particle morphology and the electrophys-
ical and gas-sensitive properties of the material (Table 11.4). An electric
current in such systems runs due to the jumping conductivity between the
metal particles in the samples, containing 1 and 2.5% of Pd.

At low content the temperature dependence of the electroconductivity
is similar to that of the above mentioned island-type metallic films. But for
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Table 11.4. Structural characteristics and properties of metal–polymer coatings
with different content of palladium nanoparticles [116]

Cm ρ, ohm·cm D ±0.01, nm
(Pd content, vol.%)

1 5.2 · 1011 1.99

2.5 2.1 · 108 1.87

8 1.8 · 103 1.93

Notations: Cm – Pd volume concentration; D – a fractal
dimensionality.

samples with 8% Pd it is characteristic for massive metal blocks or continuous
metal films. Such a sample structure is intermediate between a fractal and
closed-packed structures (Table 11.4).

The conductivity and percolation parameters of the statistically distrib-
uted systems depend on a hardening mechanism and the connected sedimen-
tation processes and the rate relations of the hardening and deposition [109].

It is interesting to consider the characteristics of two types of metal-
lic silver reduced composites (10−5–10−3g·cm−3) in an imidized polyimidic
(PI) matrix [117]. For the “silver-on-surface” composites a tangential growth
of the silver nuclei is observed, but for the “silver-in-volume” systems in
PI volume a radial growth is preferable and the σ value is about 10–103

ohm−1·cm−1, which is only two order of magnitude less than for pure silver
(σ = 6.8·105 ohm−1·cm−1). Electroconductive polymeric films can be formed
on electrodes enduring a reduction electrochemical polymerization [118]. For
this purpose, for example, pyrrole was polymerized in the presence of Ni
nanoparticles, stabilized by surface active substances (see Chap. 5), after
which the polypyrrole-coated Ni particles were mixed with PEHD (in xylol
solution at 383 K), which allows one to cast on a mercurium surface films 0.6–
0.9 mm thick [119]. The obtained nanocomposite demonstrates conductivity
at the filler contents above the percolation threshold without any considerable
change of the thermal and mechanical characteristics.

If the nanocomposites are formed on the base of ultradispersed copper
powders having mean sizes 20–30 nm (as under CuSO4·5H2O thermodestruc-
tion in glycerin at 423–458 K) with formaldehyde or epoxy resins as the
binders, the systems are synthesized with a stable conductivity near to the
metallic value (ρv = 10−2−10−4 ohm·cm) [120]. There was only partial ox-
idation of the surface layer after years of exposure in air that caused some
decrease of the composition conductivity (the conductivity can be easily re-
stored by formic acid treatment). Ester-based nanocomposites filled by high
dispersed nickel powders [121] have conductivity values ρv = 10−1−10−3
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ohm·cm and can be used as electrodes for some electrochemical reactions in
alkaline media.

Today metallization and surface finishing are important fields of appli-
cations in the macroscopic world as well as in nanotechnology [122]. Con-
ventional methods for the deposition of metallic conducting films use the
galvanic technique, but its application is limited by the conducting surfaces
or surfaces treated with a conducting precursor film and, moreover, not every
metal is suited for a proper deposition [123]. Besides, the spatially defined
structuring of the metal surface is only possible via a subsequent process step
and requires great expenditure. Alternatively, the use of template polymers
offers possibilities for the defined positioning of metal clusters.

Many of these problems can be solved when the nanoparticles are formed
in the presence of a polymer. The methodological problems of the develop-
ment of such technologies are now intensively studied, especially the problems
related to metal filler dispersion rise and its uniform distribution throughout
a matrix [56, 124–126]. One such system organization method, called clus-
pol [124] and mentioned above in Chap. 5, is based on the thermolysis of
a metal-forming compound (usually metal carbonyl) and polymer in a joint
solution. Thus, by the thermolysis at 443 K of copper formate triethylene-
diaminic complex [Cu(En)3](HCOO)2 in a polystyrene matrix the metal–
polymer compositions (less than 10 mass % of metal) with the Cu particles
(the mean sizes up to 28 nm) distributed in the polymer natural voids [127]
were obtained. Localization of such particles eliminates the possibility of their
direct contact, which is verified by the conductivity value (ρv = 3.2 · 105

ohm·cm). However the additional introduction of carbonyl nickel particles
(mean sizes ∼1 µm) by mechanical mixing in the copper-containing matrix
leads to a rise in conductivity and allows getting the conductive compositions
of Co/Ni/xNi. The values of ρv (in units 10−3 ohm·cm) are 14, 9.3 and 6.7
for the nickel contents 20, 50 and 80 mass %, correspondingly. Probably the
systems are similar to metallized polymer films by plating out and a variant
of their forming can be a micron size powder dispersion in PVA with the
subsequent treatment by metal salt solutions having metal ions with higher
reduction potential (positive net electromotive force value- E0

net (e.g., Zn +
Cu2+ → Cu + Zn2+; E0

net = 1.100V) [114]. Such metallized PVA films ex-
hibited a low surface resistivity around 100–101 ohm·cm2.

The polymer composition conductivity can be raised by forming struc-
tures of special type – nuclei (conductor or dielectric) + a sheath (conduc-
tor). The method is of great practical interest for lacquer or glue composition,
because it allows decreasing the nanocomposite cost (as a rule the sheath is
made of plastic and oxidation-resistant substances, such as silver or gold) and
specific density. For example, the conductivity of the system with dielectric
SnO2 particles, coated by a silver layer (8 vol.%) by thermal treatment of
a precursor (Ag+-containing polymer, a water-soluble system of AgNO3 –
ethylene glycol – EDTA), is very high and achieves σ = 1 · 10−3 ohm−1·m−1,
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whereas for a mechanical mixture of the SnO2 and Ag powders (16 vol.%)
this value is only σ = 2 · 10−7 ohm−1·m−1 [104].

Another promosing way of forming conductive polymer film composites
is based on metal salt reduction (Ag, Cu, Ni, Co, Fe) with sodium tetrahy-
droborate, using counter-flow diffusion directly into the voids of the crazed
polymer matrix (PP, PETF, PELP, etc.) [52, 124]. As a result, new metal-
lopolymer systems were synthesized with the nanocrystal sizes 5–40 nm (in
accordance with the natures of the metal and matrix) and a wide complex
of electrophysical characteristics (the materials can become conductors even
at low filler content) (Fig. 11.10). The percolation threshold position and
composite dielectrical permeability can be varied by regulation of the metal
layer sizes and compactness into the given polymer matrix. For example, us-
ing some water-swollen polymer matrices, such as PVA (MnMM ≈ 6 · 104) or
PVA–PAA (MnMM ≈ 3 · 105) and PVA–PEI mixtures, many polymer compos-
ite films were synthesized in situ [128] with CuS nanoparticles (5–150 nm)
having conductivity values up to σv = 1–10−2 ohm−1·m−1 and percolation
threshold ϕcr < 40.

1 3

10−3

10−1

σ, Ohm−1 cm−1

VfVV , %ff

Fig. 11.10. The specific conductivity σ (of a nickel-containing PP-composite with
a uniform porosity distribution through the matrix volume) dependence on the
nanofiller volume content VfVV : at 293 K (1 ); for alcohol–glycerin solutions at 293 K
(2 ) and 276 K (3 ) [63]

The production of polymer nanocomposites with spatial orientation and
improved electrophysical properties is a very important practical problem,
especially for adhesive and film technologies. One of the solutions can be
connected with the composites forming by hardening with the imposition of
an external magnetic or electric field. Thus nonhardened epoxide mixtures,
containing up to 50 vol.% of highly dispersed nickel, are usually nonconduc-
tive [17], but after hardening in a magnetic field their specific conductivity
along the field decreases and the rate of ρv decrease arises with the field
strength.
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A new stage of development of film and membrane technologies is con-
nected with composition formed by successive “layering” of the conductive
and dielectric layers. For example, by cryochemical (77 K) synthesis from
chromium vapors polymeric Cr films (4–5 mass %) with an anisotropy of
electrophysical characteristics, the material is an insulator in the direction
perpendicular to the film surface (ρv,⊥ = 1012–1013 ohm·m), but it is a con-
ductor in the longitudinal direction (ρv,|| = 3 · 103–104 ohm·m) [129]. Very
promising approaches are used for the forming of anisotropic Ag-clustered
films with a layered morphology (Fig. 11.11), which were obtained by ther-
mal reduction (393 K, 24 hrs) of Ag-block-copolymer layers and have, after
thermolysis, size <10 nm [59]. Films with such layered structure are char-
acterized by a very high anisotropy; the conductivity values differ by four
orders of magnitude for the parallel and perpendicular directions to the film
surface (σ⊥ < 10−13 ohm−1·cm−1 and σ|| ≈ 10−9 ohm−1·cm−1).

Fig. 11.11. Electron microscope photograph of Ag nanoparticles after thermore-
duction of [Ag]60[MTD]300 (MTD- methyltetracyclododecene)

The external pressure influences primarily the resistance during the for-
mation of particle–matrix and particle–particle contact. The electric conduc-
tivity of this system decreases with the pressure value P by the law:

1/ρv ∼ KP ε , (11.6)

where K is an effective constant and 0.5 < ε < 1.
Usually the conductive properties are changed and reversible with pres-

sure, but sometimes after pressure reduction a resistance hysteresis is ob-
served. This can be explained by conductive particles merging in places where



11.2 Electrical Characteristics of Metallopolymer Composites 483

there are no isolwating films. If the pressure effects on nanocomposite con-
ductivity are irreversible, one must solve the problem of optimization the
composite pressing. A pressure rise for several systems with metal fillers can
lead initially even to a decrease in conductivity (it is connected with in-
troducing the polymer between the conductive particles). The value of ρv

begins to rise only after some minimum. Therefore sometimes piezoelectric
ceramic nanofillers are used for new materials, in acoustical transducers and
medical diagnostics, items with advanced pyroelectric and piezoelectric prop-
erties [130]. For example, after the roll sheeting (413 K, 20–30 MPa) of metal-
loceramic mixtures of PVDF with PbTiO3 (up to 65 vol.%) the coatings were
formed with a dense uniform microstructure and high piezoelectric character-
istics [131].

In recent years some multicomponent metal-containing polymer precur-
sors and alloys have attracted special interest as promising electrode materials
for the galvanic battery [132], and high-temperature superconductive ceram-
ics. It was shown in Chap. 5 that the new materials with superconductive
transition temperature about 90 K were produced on the base of polyconden-
sation type Y-, Ba- and Cu-chelates [133]. This temperature is even higher
and is 110 K for composites based on bismuthous ceramics, obtained by a pre-
polymer synthesis (including condensation products of polyol based on castor
oil and diisocyanate) (Bi+Pb):Sr:Ca:Cu:O=2223 [134–136]. At last case the
superconductor phases present 2201, 2212, 2223 and Ca2PbO4. As shown
in Fig. 11.12, the composite conductivity [134] is nine orders of magnitude
higher than the pure polyurethane conductivity (10−15 ohm−1·m−1).

Temperature-resistant ceramic coatings formed by the sol–gel method
from sols are extremely promising for applications such as electronic insulat-
ing, radiotolerent, light-diffusion-reflecting and light-absorbing coatings for
electrical, space engineering and power industries. An important technolog-
ical scheme for formation of such coatings is given in Fig. 11.13 [137]. They
retain their stable optical and mechanical characteristics at temperatures up
to 1300 K in intensive electromagnetic, solar and penetrating radiation.

Another promising field of the application of metallopolymer coatings is
their use as ion-selective electrodes to define metal ion content in aqueous
media. For example, it was reported [138] that highly conductive polymer
materials, containing conformationally rigid W6+-capped calixarenes, were
obtained, and their conductivity can be influenced by added p-xylene. It is
supposed that these materials can be effectively used as sensors for aromatic
analytes, because generally calixarenes are highly versatile scaffolds for 3D
cavity design [139].

But the main application field of metallopolymer nanocomposites re-
mains their usage as various polymeric solid electrolytes (PSE), especially
for lithium cells (many of which present solid component dispersions into
high molecular compound solutions). In electrical fields there is structural
polymerization (connected with polymer network deformation without its
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Fig. 11.12. Electrical conductivity of a composite with 10% ceramic content as a
function of frequency at room temperature

completeness and entity violations). The same approach was used for ion-
conductive PSE membrane production due to the potential in the solid elec-
trochemical devices, especially in lithium batteries with Li+-inserted com-
pounds as cathodic materials [140–143]. PEO-salt systems were investigated
over the past 10–20 years because of their possible use as polymeric elec-
trolytes [144]. The light weight and processability of these polymers (PAn,
PPy, polythiophene) represented at the time great promise for improving the
technical characteristics of rechargeable lithium cells and “plastic” batter-
ies [145–147]. The lithium ion transfers by jumps from one chain fragment
(1.93 nm) to another in the electrolyte with composition (–O−CH2−CH2−)8
LiClO4. However at room temperatures the conductivity of this material is
very low (about 10−8ohm−1cm−1) for high crystallinity of the polymer ma-
trix, but the practically interesting values are distinguished only at 333–353 K
(σ ≈10−4 ohm−1cm−1) [148]. The crystallization temperature and values σ
∼10−4 ohm−1cm−1 (323 K) and ∼10−5 ohm−1cm−1 (303 K) can be achieved
by adding ceramic powder nanoparticles to the LiClO4–PEO electrolytes.
The ceramic nanoparticles (10 mass %, 5.8–13 nm in size) of TiO2, Al2O3 or
LiAlO2 work as rigid plastisizers that can kinetically inhibit PEO crystalliza-
tion due to complexation reactions [149–153]. The conductivity of materials
with nanoparticles is one order of magnitude higher than for micron-size par-
ticles. The mechanical strength of polymer electrolytes is considerably higher
too. Polymeric electrolytes on the base of comb-shaped branched polymers
with inorganic SiO2 [154], poly(dimethylsiloxane-ethyleneoxide) or polysi-
lane skeleton allow one to reach very high ionic conductivities (up to 2 · 10−3
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Fig. 11.13. Elements of electrical devices having temperature-resistant electric
insulation prepared from TEOS- or H3PO4-derived suspensions: (1) elements of
a chromel versus alumel thermocouple (silicate coating); (2) element of a heater
with an open nichrom spiral (silicate coating); (3) element of a heater with a closed
nichrom spiral (phosphate coating); (4) nichrom wire (silicate coating); (5) nichrom
spiral (silicate coating); (6) wire of aluminum alloy (phosphate coating); and (7)
elements of a tungsten versus rhenium thermocouple (silicate coating)

ohm−1cm−1), as well as in composites from lithium-ion mixtures of conduc-
tive ceramics Li1.3Al0.3Ti1.7(PO4)3 with a polymer electrolyte on the base
of polyesterurethane [155]. The ceramic and polymeric phases in such elec-
trolytes are divided by thin interlayers. Their conductivity increases consid-
erably under the action of solvent vapors and even more under treatment by
agents able to increase the adhesion on the phase boundaries. Searches and
studies of polymer electrolytes for lithium-ion batteries are intensively con-
tinuing, especially connected with the possible partial lithium substitution by
zinc or with the use of (PEO)[(ZnBr2)1−x(LiBr)x] compositions [156]. At the
same time the optimization of known compositions, such as the microparticles
doped NaCl, CaCl2 [157] or LiN(SO2CF3)2 [158], are being continued.

Investigations of the electrical characteristics metallopolymer nanocom-
posites relate to the very interesting and intensively developing field of nano-
material science. Experience that has been accumulated over a number of
years gives a lot of information and at some future date we can await a
very interesting generalization of the experimental facts and their practical
applications connected with electroconductive polymer nanocomposites.
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11.3 Optical and Semiconductive Properties
of Metal–Polymer Nanosystems

The described nanocomposites have a unique complex of optical and semi-
conductive properties (as well as plasmon sensitivity to dimensional effects).
It opens wide promising in many directions of physics and environmental sci-
ences. For example, they can be used in such important fields as optomicro-
electronics problems and practical diagnostics and control of nature). Such
polymer composition materials are easily processable and have many film-
forming properties, that allow one to produce various optical elements, band
light filters and many other valuable products.

Nanoparticles are well known for their attractive optical properties: strong
optical resonance and large and fast nonlinear polarizability associated with
the plasmon frequency of the conduction electrons in the particle [159]. In
addition, due to the plasmon resonance the large-scale aggregation of the
nanoparticles may also be avoided with polymer-stabilized particles using
appropriate materials and processing routes. Transparent materials can be
obtained, due to the small size of the nanoparticles, which prevents excessive
light scattering [160–163]. There is a lot of interest in low dimensional struc-
tures, especially 1D arrays of metal and semiconductor nanoparticles, their
potential applications in optical and electronic sensors, nanoscale electronics
and catalysis [164,165]. Polymer nanosystems with inorganic semiconductive
components (chalcogenides, transition metal oxides) have novel properties
(electrophysical, photochemical, magnetic). They have high potential in such
applications as solar cells, electroluminescent devices, and magnetic memory
units [166–169].

Optoelectronics has been an intensively developing science in recent years.
One of its directions (integral optics) includes the fabrication of multifunc-
tional integral circuits and devices for information treatment, storage and
transfer in the optical range of frequencies. Such devices can be autonomous
or conjugated with optical fiber connection lines. The elemental bases of these
so-called optoelectronic circuits are planar optical waveguides and therefore
intense investigations are carried out of various optical materials: semiconduc-
tive, dielectrical, crystalline and amorphous (including inorganic, polymeric
and hybrid, inorganic–polymeric ones). The investigation range is very wide –
from synthesis and technology methods of material fabrication to optical and
physical studies in the fields of a nonlinear optics, photophysics, and the
theory of systems.

The first investigations in the field of optical properties of nanocomposites
were carried out by Faraday [170]. In a recent survey [171] the dependence of
optical properties of metal nanoparticles on particle size, shape and dielectric
environment was studied. The photoconductive properties of many organic
systems have been studied and it was shown that the polymeric systems are
especially attractive due to their ease of processability.



11.3 Optical and Semiconductive Properties 487

The nanoparticle sizes can be related to the Bohr radius of excitons
in semiconductors. It defines many optical, luminescent and redox char-
acteristics of nanocomposites. The distinctive features of optical composi-
tion materials are the functional interconnections between an optical carrier
and medium and the dependence of optical parameters on external irradia-
tion [172–174]. A general scheme of material “pumping” by exciting photons
and its “reaction” to such action is shown in Fig. 11.14 [175].

Fig. 11.14. An optical composite scheme

In many optically active systems (e.g. in colloidal suspensions of ultra-
dispersed metal particles in liquid or solid inorganic and polymeric matrices)
some resonance adsorption bands (so-called UV-Vis spectra) arise in the vis-
ible (400–800 nm) and near-infrared (λ = 800–1700 nm) spectral regions, as
well as in the UV-region (λ = 250–400 nm), as shown in Fig. 11.15. The
color tunability of semiconductor nanocrystals as a function of size could
lead to many applications that rely on color multiplexing [176]. For example,
(PEO)xV2O5 · nH2O films are photosensitive and their color becomes light-
blue on irradiation by a mercury-discharge lamp. Such coloring changes are
caused by a photoinduced reductive reaction, when PEO is oxidized by pen-
tavalent vanadium, whereas an initial V2O5 · nH2O xerogel film is not light
sensitive [177]. It was shown that the process was accompanied by an increase
of V4+ concentration (that increases the magnetic momentum up to 0.8 µB
per formal unit at 300 K). After irradiation the conductivity increases by
two orders of magnitude. (PEO)xV2O5 · nH2O films exhibit semiconductive
properties and its conductivity at room temperature is 10−2 ohm−1cm−1.

Some organic dyes are used for photoactive nanocomposite material pro-
duction. Thus it was found that reduction of methylene blue (MB+) by V4+

particles was the driving force of its intercalation into the V2O5 · nH2O
gel [178]. The reduction was followed by protonation, reoxidation and dimer-
ization of methylene blue. The metal-containing nanoparticles introduced
into matrix media can produce some anomalous optical properties under the
action of the electric field of an exciting light wave. These properties are con-
nected first with the dimensional effects on the inorganic nanoparticle level
and it can sometimes be used even for determining the particles size by the
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Fig. 11.15. Adsorption spectra for clusters of silver (∼5–10 nm), mercury (∼5–
10 nm) and their bimetallic colloids (Hg–Ag) in polyethyleneimine. The relations
Hg:Ag at constant Ag content are given on the curves [122]

Fig. 11.16. Schematic presentation of plasmon oscillation for a sphere, showing
the displacement of the conduction electron charge cloud relative to the nuclei

material color. For example, particles of zero valence silver Ag3−Ag11 in a cel-
lulose matrix are yellow-colored; Ag11−Ag22 particles are redish and brown;
but Ag> 5000 particles are gray or green-colored [179]. Similar examples were
observed for other mono- and bimetallic nanoparticles (Fig. 11.15).

The optical characteristics are studied for systems such as silver nanopar-
ticles [180–183]); bimetals Ag–Hg [184]); semiconductors of II–VI (CdS,
CdSe) [185–192] and the III–V (InP, InAs) [193–201] groups of the Periodical
Table; and pigments, such as PbCrO4 [202].

Optical adsorption (so-called “pumping”) of materials is caused by ex-
citation of the electron plasma oscillations (plasmons) in the nanoparticles.
The process parameters (frequency, intensity, bandwidth and form) depend
on the particle temperature, size and form, as well as on the nature and mor-
phology of the matrix or composite [171, 202–205]. When a small spherical
metallic nanoparticle is irradiated by light, the oscillating electric field causes
the conducting electrons to oscillate coherently. The plasma frequency usu-
ally decreases with the particle size, because the number of oscillating free
electrons is decreasing [171] (Fig. 11.16).
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Fig. 11.17. Plot of Ag particle size as a function of excitation wavelength

Correlated optical and morphological studies reveal that the optically
active nanoparticles identified at different wavelengths have different sizes.
The relationship between particle size and excitation wavelength is found to
be approximately linear for surface-enhanced Raman scattering Ag colloidal
particles [206] (Fig. 11.17).

Thermokinetic studies of the evolution of nanocomposite adsorption spec-
tra allow one to find and optimize the most stable states of the optical
nanocarriers. In particular, the forming conditions of thin coatings with
high reflecting ability were determined after adsorbing power investigations
of some composites (from Ag-containing particles (30–60 nm) and polydi-
acetylene [183], copolymers of 3,3′,4,4′-benzophenone-tetracarbonic acid di-
anhydride with 4,4′-oxidianiline [180, 181]). Such materials can be used in
concentrator–reflector systems for solar energy accumulation and transfor-
mation both in space [207] and on Earth [208], in reflecting devices of γ-
telescopes [209], and in bactericide films [210]. Metallodielectric colloidal
core–shell particles (small gold nanoclusters with a variable core radius and
controlled gold shell with thickness of about 20–80 nm, attached to silica
spheres) were prepared for photonic applications by the sol–gel method [211].
Such thin (5–20 nm) dielectric envelopes of metal (metal oxides) nanoparticles
offer a chance to study their thickness by simple optical methods competitive
with electron diffraction methods.

A novel impact for such systems design is connected with the use of pow-
erful optical lasers for nanocomposite studies. The properties of the NLO
effects (NLO – nonlinear optical) were discovered in an amplification of the
local electrical field of the light waves [175, 212–215]. The NLO interactions
are now widely used in spectroscopy (for example, for combination scattering
spectroscopy), in local nonperturbing methods of fast process diagnostics,
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and for coherent short-waves generation by optical frequency transforma-
tion. Thus a combination of organic chromophore and nanoparticle gold was
adapted for incorporation into PMMA-based composite films, whose elec-
tronic coefficient is larger than the sum of the individual contributions of dye
and nanoparicles [216].

Induced system polarization P (dipole momentum per unit volume) aris-
ing under the action of the electrical field of the light wave with strength E
(V·m−1) can be for simplicity presented as a Taylor expansion:

P = ε(χ(1)E + χ(2)E2 + χ(3)E3 + . . .) , (11.7)

where ε is the dielectric constant of the medium.
If the polarization depends linearly on the field strength under usual con-

ditions (i.e. at values E < 108–109 V·m−1), the main contribution in P gives
the first term of the expansion with coefficient χ(1) (polarizability) and the
following terms, χ(2) (hyperpolarizability, second order susceptibility), χ(3)

(third order susceptibility), etc. are very small. All the usual effects (dif-
fraction, reflection, interference) are defined by known linear optics laws.
The nonlinear effects become important only when the field strength is 109

V·m−1, i.e. under high excitation intensity.
The effect in optical χ(2)-composites (so-called second order NLO ma-

terials) is observed near the doubled frequency of the excitation line (the
line position in the composite spectrum is determined by the corresponding
frequencies of nanoparticles). Such χ(2) composites are now widely used in
electrooptical transducers [175] and photonic devices (e.g. for frequency dou-
bling and electrooptical modulation) because of their large optical nonlinear-
ity, excellent processibility, low dielectric constants, and high damage thresh-
olds [172, 217]. The χ(2)-characteristics are well studied and optimized over
temperature for many composites, containing small particles in zeolites [218],
as well as for polymer matrices, such as epoxides [219], siloxanes [220, 221],
polyimides [222], melamines [223, 224], and P4Vpy [225]. Nonlinear optical
effects have also been observed in layer-by-layer assembled films of magnetic
and metallic nanoparticles [226,227]. Materials synthesized with inserted into
transparent layered MPS3 (M=Mn, Cd, Zn) are active for second harmonic
generation [228].

Metal nanoparticles dispersed in a dielectric medium have a unique opti-
cal effect called surface plasmon resonance that serves as the basis for high
third-order optical nonlinear susceptibility. The optical effects connected with
χ(3) NLO materials relate mainly to nanocomposites including metallic (Au,
Ag [215, 229–232]) and semiconductive [185–188] nanosized particles. They
are usually based on specific resonance conditions, when an energetic tran-
sition frequency (for example, a plasmon frequency in the composite optical
inorganic component) coincides with the exciting laser frequency. As a re-
sult, an excitation is localized in the highly polarizable nanoparticles that
drastically amplifies the local field generated by the induced irradiation.
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In particular, such effects are used in coherent anti-Stokes Raman spec-
troscopy6 when two laser beams (with frequencies ν1 and ν2 and the given
conditions of phase consistency) are simultaneously interacting with the
medium and, as a result, directed coherent laser-like radiation with frequency
ν = 2ν1 – ν2 is generated. Using a laser with tunable frequency ν2 and chang-
ing the intensity of ν (as a function of ν1 – ν2), it is possible to get the reso-
nance conditions at ν ≈ ν1 – ν2. Materials with NLO characteristics are very
important for use in electrooptical devices and various starting processes.

The sizes of the local excitation region (resonance domain) depend on the
morphology of the composite structure and the wavelength of the exciting
light. The ratio of particle sizes (particles group or domain, effectively inter-
acting with light) to the wavelength in composites is usually bigger than for
conventional molecular media. This is true for sol–gel derived gold nanoclus-
ters in silica glass (the mean diameters of Au nanoparticles in gels and glasses
vary from 10 to 20 nm and from 27 to 38 nm, respectively) possessing large
optical nonlinearities [234]. The third-order optical nonlinearities χ3 exhibit
a higher value of 2.2 · 10−9 esu.

The Au particles in such nanocomposites are condensed with a large ex-
cess of diacetylene monomer (diphenylbutadiine) or its polymer [229], after
which the metallopolymer is produced (containing 7–16% of metal particles
with a mean diameter of ∼2 nm). This composite demonstrates a 200-fold
amplification of third-order optical coefficient. The Au- and Ag-containing
plasma polymerized polyfluorocarbon thin films have good optical character-
istics too [230,231].

Giant nonlinear optical activity was observed in stabilized PVP fractal
aggregates of silver nanoparticles (∼10 nm) excited by light with λ = 532 nm
and intensity 2 mV·cm−2 [215]. An amplification effect (∼102 times) was
registered in nanoparticle aggregation (with a number >1000) into a fractal
complex (Dm ≈ 1.7). Another interesting approach (that can be considered as
an alternative to conventional galvanic technologies) is connected with the use
of photoaddressable diazosulfonate terpolymer films, covalently attached on
glass or silicon substrates as the template surface for selective complexation
of silver salts and subsequent reduction of the salt to silver nanoparticles [235,
236].

The properties of NLO materials can be quantitatively characterized by a
third order susceptibility (χ(3), esu), a nonlinear refractive index (n2, cm2/W)
or nonlinear adsorption coefficient (β, cm2/W). The values of n2 and β are
connected with the real (Re) and imaginary (Im) parts of the complex-valued
χ(3) by the next equations:

Re[χ3] = n2n0/(12π);n0 = (1 + 4πRe[χ(1)])1/2 (11.8)

β = 96π2ωIm[χ(3)]/(n0c)2 , (11.9)
6 Nanoparticles use in Raman spectroscopy have enormous enhancement factors

of 1015 per aggregate of silver particles [233].
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where n0 is a linear refraction coefficient, ω is the angular frequency of light
wave and c is the velocity of light.

The properties of the χ(3) NLO make themselves evident not only in
metal-containing polymer composites but also in these precursors. The third-
order susceptibility coefficients [χ(3)] were studied for a large class of metal-
containing compounds: halogenides, acetylides of Ti-, Zr- and Hf-metallocenes,
alkinylzirconocenes [171], octapolar alkinylruthenium complexes, including
Ru(C≡CPh)(C≡C–C6H4–C≡CPh)(Ph2P)4, ClRu(C≡CPh)(Ph2P)4 [187].
The values of χ(3) · 1036 were about 1–5 esu with the third harmonic ex-
citation in laser irradiation with 1908 nm for metallocene halogenides and
rhuthenium complexes, while for the majority of acetylide metallocenes
these values were practically one order of magnitude higher (for titanocene
biphenyl-acetonyl χ(3) · 1036 = 92 esu and for Cp2Zr(Cl)CH=CH–1,4-C6H4–
CH=CH(Cl)ZrCp2 – χ(3) · 1036 = 154 esu).

In recent years there is special interest in nanosized semiconductor struc-
tures, such as quantum dots (QD), quantum wells and quantum wires. The
interest is connected with their peculiarities relative to conventional crys-
talline structures. The so-called quantum-dot polymers are very interesting
examples of NLO properties [214]. This effect arises when the sizes of metallic
or semiconductor particles introduced into the rigid matrices (glasses, poly-
mers, etc.) are considerably less than the exciting field wavelength (� λ/20).
A localized free charge polarization in the nanoparticles under the effect of an
electric field can essentially modify the electron quantum states which results
in a change of the dielectric constant of the composite medium as a whole.
There are some effects of the local field due to a difference in the constants
between the QD and matrix volume, which leads to an amplification (up to
several order of magnitude) of the optical response. There is a rigid connec-
tion between the exciting light wavelength and the nanoparticle diameter (an
optical response arises with decrease in the particles size). In this connection
QD-polymeric composites are very interesting objects for forming active lay-
ers in photodiodes [237,238]. An optical excitation in the case of fluorophores
results in the appearance of a narrow luminescence band (electrolumines-
cence). Polymers (on the organic side) and metallic complexes (on the inor-
ganic side) were made to investigate electroluminescent properties [239–242].
It relates to organic conjugated polymers, such as poly(p-phenylene viny-
lene)(PPV) and its derivatives. They presented many advantages in elec-
troluminescence applications because of their high fluorescence efficiency and
their good processability [243–247]. The peculiarities of luminescence quench-
ing may reflect some sophisticated details of the interaction process between
photoexcited semiconductor nanoparticles and polymers [248].

The most widely studied semiconductor QD-materials are CdS and CdSe
nanoparticles, stabilized by various polymers [101,102,185,189,190,214,249],
glasses [250], and Langmuir–Blodgett films [251]. Uniform composition mate-
rials with high reflectivity and adsorption coefficients suitable for production
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of optical elements used polymer glasses (doped by transition metal sulfose-
lenides), photochromic glasses (with Ag and Cu halogenides), or holographic
emulsions of halogen-silver nanoparticles in gelatin. As a rule, the semicon-
ductive component content in the polymer matrix (P4VPy, PVC, etc.) does
not exceed 0.1%, i.e. practically only “dilute solutions” are used.

It is of special interest to introduce (dope) metal ions into polymeric
fibers to produce colored light guides that can have a very wide range of
applications: from logical or memory storage elements of optical comput-
ers [252,253] to sensitive detectors for medical diagnostics [254]. Thus doping
of Nd3+ (neodium octanoate) into PMMA allows one to get (by optimiza-
tion of the fiber length and Nd3+ concentration) high-quality green-coloured
optical fibers (λ = 532 nm) [255].

A very important practical problem was to design a polymer with a
specific refractive index precisely in the range 1.420–1.460. The aim was
achieved by using copolymers from methacrylate monomers containing fluo-
rine atoms [256]. The technology of forming such hybrid nanomaterials and
their waveguide characteristics are described in [257]. A comparison of the re-
fractive indices (measured by the prism coupling method) versus wavelength
for silica and copolymers is given in Fig. 11.18.
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Fig. 11.18. Examples of chromatic dispersion, measured for copolymers and for
pure silica
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The majority of trivalent lanthanide ions have long-lived luminescent 4f
state (f–f transition generated by direct metal excitation or more commonly
via the “antenna effect” - energy transfer from ligand excited states to metal,
which exhibit sharp emission bands at characteristic wavelengths ranging
from green (Tb3+) to near-infrared light (Nd3+, Er3+) [258]. Therefore an
effective method of fabrication of luminescent nanocomposites is incorpora-
tion of lanthanide salts (usually Eu3+, Tb3+) in sol–gel derived silica/PEO
hybrid gels [259–262]. Other types of polymers are used too, i.e. poly(2,5-
methoxy-propyloxysulfonate)phenylene vinylene [263,264], poly(p-phenylene
vinylene)-silica composite (a novel sol–gel processed non-linear optical mate-
rial for optical waveguides [265]) or polyester macroligands [266].

Such composites are now used as organic light emitting diode materials for
new display technologies [267], in layer-by-layer assembly of thin film Zener
diodes from conducting polymers and nanoparticles [268], and in diodes in
biological contexts in time-resolved fluoroimmunoassays [269].

Hybrid polymer-inorganic type nanomaterials are widely used also as dif-
fractive optical elements (in application such as optical signal processing),
optical interconnects, optical data storage, optical computing, binary optics
and integrated optics devices. Several techniques including holographic inter-
ference, electron-beam lithography, photolithography and variable acoustic-
optics modulated laser beam devices, are used for fabrication of the diffractive
gratings [270–272]. Here are a few examples: patternable TiO2/Ormosils – hy-
brid films for photonics applications [273]; TiO2/PVP(polyvinylpyrrolidone),
that is one of the n-type semiconductors which could be applied to photo-
chemical electrodes for the conversion of solar energy into other forms (such as
hydrogen gas and electricity, see for example [274–276]), and CdS nanocrys-
tals (7 nm) entrapped in thin (100 nm) SiO2 films [277]. Such products are
used for light-induced charge separation in sensitized sol–gel processed semi-
conductors [278–280] and are discussed in Chap. 12.

The numerous variants of Ru2+-complexes use in film nanocomposites
must be mentioned, especially because the compound is a well-known redox-
active photosensitizer with a large molar absorption coefficient in the vis-
ible light region. They are often used in photoelectric conversion systems
such as photoelectrochemical cells [281–285], Zn-metalloporphyrin doped alu-
mosilicate sol–gel hosts [286], and metal–organic π-conjugated oligomers with
(L)Re(CO)3Cl chromophore, having a relatively long-lived red photolumines-
cence [287].

One of the modern directions of material science is connected with form-
ing and studies of molecular level organized systems, because it is a way to
construct a new generation of molecular electronic photodevices. The above
described Langmuir–Blodgett film technique is very attractive for its sim-
plicity and efficiency. Molecularly thin films of polymer–metal complexes
have attracted interest because of their potential application in sensors, cat-
alytic systems and molecular electronic devices, and generation of effective
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photocurrent devices, based on a polymer LB monolayer on a silver electrode
excited by surface plasmon resonance [288–291]. A very suitable practical
method of production of such materials is exposure of fatty acid salt LB
films to H2S gas that results in the formation of semiconductor chalcogenide
nanoclusters in the LB matrix7 [294–296]. Polyaniline (PANI)-cadmium sul-
fide films have been prepared by co-depositing cadmium particles during the
electrochemical deposition of PANI [297], and imidazole-containing polymers
with metal ions at the air–water interface and in LB films were studied [298].
This self-supporting capability of LB films should be important for practical
applications in sensors and selective permeation of gases or biomolecules, and
in nonlinear optical and electroluminiscent devices [299]. LB multilayers of a
copolyimide incorporating both copper-phthalocyanine and carbazole as elec-
tron donors were produced in a bilayer photoreceptor as the charge-generating
layer [300]. This type of LB film deposited on metal electrodes can regulate
the photocurrent behavior and photoinduced surface [301]. It is interesting
to use indium tin oxide (ITO) electrodes coated with LB film carotenoids
immersed in an electrolyte solution [302], as well as coated by a mix-
ture of TiO2 nanoparticles, carotenoid and PVK [303]. Polyaniline (PANI)-
TiO2 nanocomposite [304] has high photoconducting properties, as shown in
Table 11.5.

Table 11.5. The characteristics of PANI-TiO2 composites

PANI
Content,
wt.%

Density,
G·cm−3

Conductivity,
ohm−1·cm−1

Colour Dimension,

nm

100 1.16 1.36 bottlegreen –

88.5 1.20 0.96 emerald 50–60

72 1.31 0.63 turquoise 50

53 1.72 0.39 aqua 40–45

39 2.04 0.19 celadon 30–35

There is continuing interest in the photochemical properties of nanocom-
posites, including metal chalcogenides. Apart from high transparency, such
nanocomposites also possess a variety of other potentially useful properties.
Polymer-based nanocomposites containing well-dispersed inorganic particles
can exhibit semiconducting properties [305, 306], quantum dot effects [307],

7 In reference [292] thermodynamical analysis is given of Zn, Pb and Cd behenate
multimolecular layers sulfidation and nanoclusters forming (with mean sizes 3–
6 nm), corresponding to sulfides into LB-films matrix. The electron structure of
the metal sulfide nanoclusters is discussed by many authors (e.g., see [293]).
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non-linear optical properties [308,309] and extremely low [310] or high [311]
refractive index.

Nanocomposites with inorganic semiconductive compounds (sulfides, tran-
sition metal oxides, etc.) can be produced by the exchange reactions of metal-
containing compounds with formation of a dispersed component directly into
the volume of a swollen polymeric matrix (see Chap. 5). Such composites have
unusual electrophysical, photochemical and other properties that can be used
in photocatalysis, electrophotography, magnetic memory device fabrication,
and laser techniques.

The kinetic approach to forming CdSe and InAs particles (by “focusing”
their sizes and distribution) allowed one to produce monodispersed parti-
cles [192] (Fig. 11.19).

Fig. 11.19. Electron microscope photograph of CdSe nanocrystals (with diameter
8.5 nm), formed by the “distributed focusing” method [192]

Optical excitation of diblock-copolymer composites [MTD]300[NBE–CH2O
(CH2)5P(Oct)2]20 (where MTD is methyltetracyclododecene and NBE is 5-
norbornene-2-yl) with practically monodispersed filler (CdSe nanoparticles)
showed (Fig. 11.20) that the radiation frequency in the luminescence spec-
trum was 436 nm (for CdSe nanoparticles with sizes ∼3.7 nm) and 478 nm
(for particles with sizes ∼4.5 nm) [190]. The NLO characteristics of some
semiconductor-based nanocomposites and comparison with conventional ma-
terials are given in Table 11.6.

Semiconductor clusters are a potentially useful class of polymer photo-
sensitizers for many applications that require materials with photoconduc-
tive and photorefractive properties. While there are several polymers which
show reasonable charge generation in the ultraviolet region, it is often desir-
able to enhance their optical response in the visible portion of the spectrum.
The physical and chemical properties of small (sizes <10 nm) semiconducting
particles are very peculiar and they can be considered as a big single mole-
cule with high energy of intramolecular interactions. Electronic excitation of
such nanocrystals leads to the formation of a weakly coupled electron–hole
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Fig. 11.20. Electron microscope photograph of CdSe nanoparticles (∼4.5 nm),
stabilized into a [MTD]300[NBE–CH2O(CH2)5P(Oct)2]20 matrix [190]

pair with a delocalization region considerably bigger than the crystal lat-
tice constant, which has a strong influence on the nanocomposite electronic
characteristics [312]. The physical properties of semiconductor nanocrystal-
lites in such systems are dominated by quantum confinement, the widening
HOMO–LUMO gap with decreasing particle size which directly affects the
photophysics of the material. The proper control of particle size is critical in
any investigation involving these materials, but simultaneously the surface
chemistry of the nanocrystals is of major importance, because functional
surface ligands can serve as linkers between the particles and an appropriate
docking site. For example, increase in electrical conductivity of the photocon-
ductive materials upon illumination is important in an array of commercial
application such as transistors and detectors. The following outstanding fea-
tures can therefore be expected when particles are used as an emitting layer
in an organic–inorganic hybrid device:

(a) since the emission wavelength can be controlled by the particle size and
their chemical properties, the process of device fabrication remains unaltered
for the fabrication of different colors;

(b) various polymers may be used in combination with the particles to
optimize the transport properties of electrons and holes, respectively;

(c) the high fluorescence efficiency of semiconductor nanoparticle mate-
rials will contribute to improving the external quantum efficiency of such
organic–inorganic hybrid devices [313].

Thin films of semiconducting polymers are used in electronic and opto-
electronic devices such as field-effect transistors, light-emitting diodes, solar
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Table 11.6. Third-order nonlinear optical properties of some optical nanocompos-
ite materials [175]

Nanocomposite NLO Character-
istics of Material,
esu

NLO
Parameter
Expression

λ, nm

CdS–Nafion −6.1 · 10−7* Im[χ(3)]/β 480

CdS–
Nafion/NH3

−8.3 · 10−7* Im[χ(3)]/β 450

CdSe–PMMA 1.2 · 10−5* Im[χ(3)] 544–560

Glasses
CdSxSe1−x

1.3 · 10−8 {Re[χ(3)]2 +
+ Im[χ(3)]2}0.5

532

CdS in sol–gel
glasses

5 · 10−12 {Re[χ(3)]2 +
+ Im[χ(3)]2}0.5

380

PFV in SiO2 3 · 10−10 {Re[χ(3)]2 +
+ Im[χ(3)]2}0.5

602

PFV in V2O5 6 · 10−10 {Re[χ(3)]2 +
+ Im[χ(3)]2}0.5

602

GaAs in Vicor
glasses

−5.6 · 10−12* Re[χ(3)] 1064

Standard NLO-
materials

Fused quartz 8.5 · 10−14 Re[χ(3)] 1064

SF6 8 · 10−13 Re[χ(3)] 1064

CdS −5 · 10−11 Re[χ(3)] 610

*unit of measurement – cm2/W

cells, and xerography photoreceptors. Various attempts were made to char-
acterize the kinetics of photoexcited charge transfer by several methods in
a wide range of timescales, down to femtoseconds. Laser flash photolysis,
resonance Raman spectroscopy, diffused reflection and microwave absorp-
tion have been demonstrated to be useful in investigating the mechanism
of charge injection from the excited state of the sensitizer to the conduc-
tion band of the inorganic semiconductor. Semiconductor investigations are
mostly interdisciplinary and are related to metallopolymers based on well-
studied semiconductor materials, such as CdS (for which a “blue shift” of ex-
citon adsorption band is observed from the nanocrystal sizes 5–6 nm), CdSe,
PbS, HgS, MoS2, GaP, TiO2, SiO2, ZnO, BiJ3, PbJ2, and Fe2O3. The prop-
erties of CdS-based metallopolymer nanocomposites have significant techno-
logical applications as nonlinear optical materials [314–317]. Moreover, the
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absorption characteristics of CdS nanocomposites are affected by the crys-
talline size, and their luminescence is a strong function of the surface char-
acteristics. For example, using polymers with aminogroups for CdSe or ZnS
bonding increases the fluorescence quantum yield up to 70–80%, if the solu-
tion contains an excess of these ligands [318, 319]. In photoconductive char-
acteristics of inorganic (CdS)/organic·PVK the latter component serves as a
charge-transporting matrix and a QD composed of surface passivated CdS
serves as a charge-generating sensitizer [168]. The hyperbranched (the third
generation) conjugated polymers-CdS relative fluorescence quantum efficien-
cies (in dichloromethane solutions) were determined for nanocomposites [320]
from the corrected spectra against anthracene as a standard (φ = 0.36,
excited at 323 nm). The efficiency was within the limits φ = 0.22 − 0.46
and a two-exponential decay profile fluorescence lifetime (τ1 = 1.1 − 2.6
and τ2ττ = 6.8 − 8.9 ns was observed depending on the polymer molecular
mass. Macroligands with aminofunctionalities protect the CdSe/ZnS inor-
ganic core and, as a result, a long-term quantum yield is observed [321].
The same is true for CdTe nanocrystals too [242]. Nanoscale size affects
the photoconductivity of semiconducting polymer thin films, for example
poly(2,5-pyridylenebenzobisthiazole) [322]. The direct measurements of ul-
trafast electronic relaxation dynamics in PbI2 colloidal nanoparticles in a
PVA matrix in various solvents were carried out using femtosecond tran-
sient absorption spectroscopy [323]. Oscillations appeared in such systems at
early stages (in alcohol dominated by 75 ps decay) with the period changing
with solvent but not with particle size (3–100 nm). Probably, this happens
because the relaxation is dominated by surface characteristics that do not
vary significantly with size and spatial confirment is not significant in affect-
ing the relaxation process. The electronic properties with excess charges on
the polymer nanoparticles are predicted analogously to those of semiconduc-
tor QDs and hence these structures are referred to as quantum drops [324].
Chalcopyrite CuInSe2 is a promising candidate for the anode materials of
photochemical devices due to its high performance and high output stabil-
ity [325]. CuInS2 is also a suitable absorbed material for polycrystalline thin
film solar cells with energy conversion efficiency as high as 17% [326].

One important problem in the field is connected with photoconductivity
and photorefractive polymeric nanocomposites. Photoconductivity in mate-
rials is based on two processes: photogeneration of charge carriers and their
subsequent transport. Multifunctional properties are derived from the com-
bination of photoconductivity and electrooptic activity. Inorganic–organic
hybrids are a novel class of materials for potential application to real-time
optical information processing [327]. Photoconductive materials have drawn
given involvement in interesting fields such as xerography and photorefractiv-
ity [328–331]. Besides the thermoplastic behavior in holographic xerography
applications or optical nonlinearity in photorefractivity and photoconductiv-
ity determines the optimum work of the material. Such materials are suitable
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for infrared wavelengths from 1.31 or 1.55 µm commonly used in optical
communications.

PVK composites with their extraordinary properties are used as charge-
transporting matrices (hole transporting). Thus the increase in photocon-
ductivity in the CdS/PVK system is probably due to the ability to achieve
relatively higher loading for encapsulated CdS (> 1%) [332]. The main fac-
tor is a higher dielectric constant associated with inorganic materials. This
leads to a decrease in the elective space-charge field, experienced by the chro-
mophores and to a decrease in photorefractive properties. More convenient for
these applications are PVK composites with nanocrystal PbS (mean diameter
∼50 nm) or HgS (mean diameter ∼10 nm) [333]. The quantum efficiency of
the photocharge generation process in these materials was characterized at
this wavelength. The photosensitive properties of such nanocomposites are
given in (Table 11.7).

Table 11.7. Photosensitivity of PVK/SiO2 IPN photoconductive materials and
for some polymeric compoundsa

Sa
ph

Cm/(Ω/W)
Type of Material Reference

1.4 · 10−11 PVK/TNF/SiO2IPN [328]

10−12 PVK/CdS-nanocrystal polymer
composite

[168,332]

10−11 Full-functionalized polymer composite [331]

10−14 Carbazole discrete units within a sol-
gel matrix

[334]

10−10 PVK/TNF/chromophore polymer
composite

[335]

aThe Sph value has been calculated units, σph – photocurrent density per unit
of applied electric field, normalised by the illumination irradiance. TNF is
2,4,7-trinitro-9-fluorenone, IPN – interpenetrated network

Interesting results were obtained [336] in investigations of the poly-p-
xylylene-PbS (nanocrystal size ∼4 nm) system by simultaneous low-temp-
erature condensation of p-xylylene and PbS vapors (Chap. 6). The dark
conductivity of this nanocomposite is characterized by the linear current–
voltage dependence (Fig. 11.21, curve 1). The photocurrent–voltage relation-
ship is nonlinear (Fig. 11.21, curve 2) and is well described by the relation
lg I ∼ V 1/2. This seems to be due to the tunneling of the charge carriers be-
tween semiconducting nanoparticles of PbS, when, as a result of UV irradia-
tion, the increase in conductivity of samples occurs (this effect is reversible).
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Fig. 11.21. Dark- and photoconductivity of poly-p-xylylene-PbS composite film
(4.7 vol.% of PbS): the current–voltage dependence of staring films (1 ) and
photocurrent–voltage relationship (2 )

The hypothesis is proved also by low activation energy of photoconductivity
(less then 0.1 eV), by a nonlinear volt–ampere characteristic under UV irra-
diation, and phenomena of photoconductivity at quantum energy less than
2 eV.

Metallopolymeric nanocomposites dispersed in polymer chalcogenide glass-
es were used as sensor units [337]. A simple and facile means of anchoring
different ligand molecules onto particle surfaces allows their utilization as
colloidal sensors [338, 339]. It is possible to produce analogues of human re-
ceptors of taste able to distinguish the four basic types of taste detected by
the human tongue (sweet, salty, sour and bitter tastes) [340]. In particular,
attempts to use as the artificial taste sensors some LB films of conducting
polymer and Ru2+ complexes were successive [341]. Such materials can serve
as a tool to improve quality control in the food and beverage industry. This
is particularly important in cases where humans cannot be used in tests ow-
ing to the toxic nature of the contaminants. This is refereed to us the global
selectivity concept.

In recent years there has been an expansive development in the field of
the investigations of optical properties of metal-containing matrices, and in
the near future some new fundamental effects and phenomena are likely to
be discovered. Moreover, some novel classes of materials (such as dendrimers,
for example) have also been developed [342–344].
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12 Metallopolymeric Nanocatalysis

In recent years the prefix nano has become common in catalytic studies. We
define the term “nanocatalysis” (more accurately, it must be called metallo-
nanocatalysis) as a definition of a catalytic process induced by nanosize metal
particles, their clusters, oxides or other compounds, presented initially in the
reaction volume or forming during the reaction or even formed as a result
of catalyst deactivation products. The definition is correct also for cataly-
sis by polyatomic clusters or mononuclear metallocomplexes with nanosize
carriers including catalytic processes in nanopores (for example, in zeolite
pores, such as ZSM-5, MCM-41). Catalysis serves as a nexus or bridge that
brings together numerous disciplines: solid state physics, chemical engineer-
ing, theoretical physics, and chemistry. Now it becomes obvious that the main
meaning in catalysis relates to surface chemical composition and the methods
of its control. Not long ago it was considered that rather large nanoparticles
including more then 20 atoms are similar to massive, consolidated pieces and
their catalytic characteristics arise only due to an increase of the catalyst
surface area [1]. But now it is clear that the catalytic abilities of nanopar-
ticles are connected with their electronic properties (the electron work of
exit, forbidden bandwidth, energetic spectra) due to dimensional quantum
or electronic effects. Moreover, the electronic properties of nanoparticle can
be changed after interaction with a polymer or inorganic matrix surface that
results in cooperative effects [2]. Therefore modification of a catalyst(e.g. by
creating a stabilizing envelope around the metal particle) can be used only for
colloidal metal, which gives them great advantages over other catalysts [3].

The catalysis kinetics of the processes involving nanoparticles are very
specific because their sizes are comparable with the catalyzed substance mole-
cules. For the particles adsorbed on a surface the catalytic reaction can be
considered in an infinite space with constant molecule concentrations. The
chemical kinetics for such particles are not classical, and must be described
by other methods, for example, using stochastic approaches, connected with
the statistical fluctuations of the number of reacting molecules (Monte Carlo
or cell automates methods) [4,5]. Usually the classical kinetics equations can
be used only for processes with linear dimensions 2–7 times bigger then the
characteristic scale of the reacting molecules or their effective interaction
radius.
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12.1 A General Survey of Metallopolymer Catalysis

Heterogeneous catalysis might be the oldest area of nanotechnology. As a rule,
the metal catalysts were prepared as nanoparticles dispersed on the surfaces
of high surface area materials, like SiO2, MgO, or Al2O3 activated by carbon
and other elements. This allows us to raise the ratio of metal involved into
the catalytic actions [6–8]. It can be realized in two different ways. The first
one is to apply the metal or its oxide nanoparticles on a dispersed carrier
(film-type, fibrous) as encapsulated, intercalated, entrapped catalysts, cata-
lysts anchored on functionalized solids, by crystalline mesoporous molecular
sieves [9–11]. The second way is connected with metallocomplexes (MXn)
bonded with the carrier particles including the polymeric particles.

Group VIII metals in a colloidal state are very effective catalysts in hydro-
genation of organic compounds, but for the active coagulation of nanopar-
ticles their catalytic activity is not sufficiently reproducible. On the other
hand, there is the problem of regeneration of the catalyst from the reactive
medium. Therefore at first various polymers (PVA, PVAc, PMMA in water,
water–alcohol mixtures and organic solvents) were used as protective colloids
for Pd and Pt nanoparticles, which are widely used catalysts for hydroge-
nization of nitrobenzene, m−bromonitrobenzene, aldehydes, propiolic acid,
quinone, as well as for the water–gas shift reaction (CO + H2O → CO2 +
H2) [12,13]. In [12] the aim of the investigation of the formulation was stated
up as follows: “The particle size of the protective colloid and the rate of
hydrogenation have been related by studies of PVA (polyvinyl alcohol) in
various degrees of polymerization as the protecting agent”. Thereafter series
of investigations followed, in those for the more complex compounds were
used, such as silk fibroin, nylon, PETF, etc. An important achievement in
the field was the creation of hydrogenization catalysts on the basis of highly
dispersed Pd (its content achieves 88–94 mass %), stabilized by epoxidianic
resin or by PVAc-electrolysis in a two-layer bath (see Chap. 5) [14]. The many
aspects of the problem are considered and discussed in recent reviews and
monographs [15–19].

At present the study of polymer-stabilized metal complexes or/and nano-
particles is an independent field of catalysis [20]. The main feature of such
systems is that they have an open porosity and therefore practically all
nanoparticles are accessible to the action of an external medium. Such three-
dimensional systems1 are considerably more stable than the surface island-
type films and deposited catalysts. The most interesting cases are when
the nanoparticle catalysis acquires new characteristics, as can be illustrated
by the example of gold. Historically it was thought that gold is a bad or
very weak catalyst. Now it is clear that gold in nanosized forms (particles
size <3–5 nm, optimal size 3.2 nm) in combination with matched carriers

1 The general methods of the design, fabrication and use of polymer resin beads
are presented in [21,22].
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is an even stronger catalyst than well-known Pd and Pt in many oxida-
tive hydrogenization processes (CO oxidation at low and room temperature,
propylene oxide synthesis, nitrogen oxide reduction by hydrogen at room
temperature, NO reduction by propylene, and dienes selective hydration to
alkenes) [23–27]. Propylene oxidation in a gas phase by an O2 and H2 mix-
ture with a Au/TiO2 catalyst and epoxidation of propylene proceeds with
100% selectivity, whereas with decrease of the gold particle size to <2 nm
the reaction route was changed and its hydration product was formed (i.e.
propane) with the same 100% selectivity. Such results cause growing interest
in the study of nanocatalysts and nanoheterogeneous thin-film coatings.

Polymer-stabilized nanoparticles are interesting as a theoretical object.
They are excellent models allowing one to demonstrate and study the fea-
tures of the main theoretical catalytic schemes, especially connected with
the influence of dimensional effects on the catalyst activity (such as multi-
ple catalysis or active assembly theories, and the skeleton catalysts model).
There were many attempts to study the influence of dimensional effects on
the catalytic activity. The dimensional effects for nickel were studied from
atoms to bulk metal [28], and for Nin/SiO2 and (Nin–Cum)/SiO2 assem-
blies a quantitative estimation of the catalytic activity in hydrogenization
reactions was performed [29], and for polynuclear complexes (on the carrier
surface) in olefin hydration and isomerization reactions the activity was stud-
ied in [30–32]. Heterogeneous contact catalyzed reactions can be divided into
two main groups: structure-insensitive and structure-sensitive. This idea was
proposed by Pauling, who made nanostructured solids using silica gels able
to a molecular recognition and moleculary templating [33]. After that the
nanostructured silica gels were prepared by imprinting the formation of the
silica with homologues of methyl orange [34]. The hydrogenization reactions
relate to the most structure-insensitive, whereas the oxidation reactions are
often structure-sensitive (at temperatures below 600 K oxygen is adsorbed on
the carrier defect centers, the substrate becomes partially oxidized and so the
catalyst takes some specific selectivity).

12.2 Hydrogenization Processes

Most often nanocatalysts are used in hydrogenization processes. When the
catalyst is formed and hydrogen is adsorbed, the dislocations are attached
at interblock interfaces of the polymer-stabilized nanoparticles (those surface
and inner structures are very active), whereas the polymer matrix prevents
multiple defects “smoothing” under aging of the catalytic system.

Macromolecular complexes including nanoparticles of platinum or first
transition groups in mild conditions can hydrogenate alkenes, aromatic or
heteroaromatic substrates and provide partial or total hydrogenization of
fats and unsaturated acids [35, 36], reduce various functional groups (nitro-,
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carbonyl-, nitril-), effectively produce polyol sugars, and transform alkynes
to cis- and trans- alkenes [20].

The important role in such processes has not only a general content of the
polymer-bounded metal particles, but their distribution characteristics into
the polymer matrix (especially, their topography). As a rule, the maximal
specific reaction rate (related to the total metal content in catalyst wsp) cor-
responds only to the considerably rare cases, when all the nanoparticles are
active and available to reactants. An idealized variant is when all the parti-
cles are removed to the polymer carrier surface. Such or near distributions
can be designed and realized on the stage of catalyst formation and only
seldom is formed during the catalyzed reaction running. For example, Rh-
containing catalysts based on phosphinated CSDVB with different content
of cross-linking agent (2–60 %) formed under conditions, excluding matrix
swelling (i.e. metal particle penetration into the matrix), were 1.5–4 times
more active than on the base of swollen matrixes [18].

Usually the wsp value depends on the total or surfacial metal concentra-
tion in the polymer matrix. The value wsp first increases with concentration,
passing through a maximum and then decreases (Fig. 12.1).

Fig. 12.1. Typical dependencies of the specific rate of hydrogenation on the surface
density of the metal on a polymer

Similar behavior is observed in many other catalytic reactions (hydro-
formylation, oxidation, polymerization). The descent of the curve can be
explained by nanoparticle association that decreases the catalyst activity.
There is no good explanation for the ascending part of the curve. It is pos-
sible that the catalyst active centers are localized at the cluster boundaries
and stabilized by their electronic systems (with a rise of the nanoparticle
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surface density, the number of such centers at first increases, but later de-
creases). This idea is confirmed by the fact that the wsp value is greater for
the hexene-1 hydrogenation by rhodium catalysts with low Rh content (0.5–
1.2% of metal) with all other factors the same. In these contacts the main part
of the metal is localized on the polymer surface and its cross-linked struc-
ture prevents nanoparticle aggregation at the stage of catalyst formation and
during reaction.

At the same time the rates of 1,5-COD, butadiene or acetylene hydro-
genation, the particle dispersity Rh0, their ratio Rhs on the carrier sur-
face, and their part in the total Rh content in the catalyst, depend on the
P/Rh ratio [37] (Table 12.1). A general tendency is that the maximal rate
of butadiene-1,3 hydration is achieved at P/Rhs ∼1 and does not depend on
this ratio for P/Rhs >2. The Rhs nanoparticle size grows with phosphorus
content in macroligand and the P/Rhs ratio decreases and for low values of
these parameters the size is near to the size of the Rhs particles, formed on
the polymer without any functional groups (i.e. nonmodified CSDVB).

Table 12.1. Some characteristics of rhodium complexes attached to phosphory-
lated CSDVB (2% DVB) and their catalytic activity in butadiene and acetylene
hydrogenation

P, % Rh, % Rhs, % Rh P/Rhs Na × 102

Particles Butadiene Acetylene
Size, nm

1.6 1.1 1.0 1.5 5.8 1.3 1.0

1.7 0.6 0.5 1.7 10.7 1.0 12

1.7 1.6 1.3 1.9 4.3 0.8 –

1.2 0.5 0.5 1.2 8.4 1.4 –

1.2 1.0 0.9 1.65 4.5 1.3 0.8

1.2 2.0 1.7 1.8 2.3 1.5 –

1.2 5.0 3.3 2.9 1.2 4.2 5.0

1.7 3.0 2.4 1.9 2.3 1.1 –

0.5 0.5 0.4 1.6 4.6 3.9 –

0.5 1.0 0.7 2.9 2.4 3.8 21

0.5 2.0 1.1 4.4 1.6 6.3 –

0.5 5.0 1.7 6.7 0.9 30 –

0 1.0 0.5 4.8 – 28 42

(CSDVB)

aN – substrate molecules number ·(at [Rhs] s)−1; reaction conditions – 348 K;
PHP 2 = 67 kPa; PCPP 4H6 = 0.11 kPa; PCPP 2H2 =0.11 kPa (368 K)
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The formation of the catalyst active center is accompanied with a deep
interaction of reduced atoms with the polymeric matrix. For example, in the
reduction of Pd2+ on polyheteroarylenes (PBIA) the palladium cluster parti-
cles are formed with mean sizes 2–3.5 nm depending on the bound palladium
content, including two forms of Pd0 with bond energies at Pd3d5/2 – 338.0
and 336.0 eV [38]. Such small particles have a very strong interaction with the
polymeric matrix and (as a result of electron transfer) a positive charge Pdδ+

arises on the palladium atoms that favor coordination of the substrate mole-
cules. The process is assisted by the developed π-electron system of macroli-
gand (PBIA) that pass to an ion-radical state. Thus, a strong metal–polymer
interaction is accompanied by electron transfer and its reduction to a leuco-
state that naturally affects the catalyst activity and has initiated numerous
investigations of metal particle dispersion or condensation of their ions to
nanoparticles, stabilized by these polymer matrices [39,40]. The role of the Pd
particle size was studied for ethylene and propylene (390 K, PHPP 2= 0.2 MPa)
hydration rates and their mixtures (in the molar ratio H2:C2:C3 = 4:1:1).
The influence of Pd-1 catalysts with mean size ∼3 nm and Pd-2 with mean
size ∼1.4 nm is that the hydration rate for Pd-1 is 0.012 mole·(mole Pd · c)−1,
and it is 1/8 times that for Pd-2. This can be explained by the corresponding
changes of the specific surfaces of these catalyst, because the Pd-1 particle
size was not changed after the catalytical reaction, whereas the Pd-2 particles
grew from 1.4 to 1.9 nm.

Colloidal dispersions (1.8–5.6 nm) of Pd0 connected with a polymeric ma-
trix demonstrate very high activity, stability and selectivity in the processes
of cyclopentadiene reduction to cyclopentane or 1,5-, 1,4-, 1,3- and 2,4-
hexadienes, during which the conjugated diene hydrogenation runs in 1,2 and
1,4 positions. The palladium particles with mean size 1.8 nm in a PVP pro-
tective envelope are very active catalysts of many processes, such as linoleic
acid methyl ether hydrogenization, partial hydrogenation of soy-bean oil un-
der mild conditions, and selective hydrogenation of the dihydrolinalole (3,7-
dimethyloctene-6-in-1-ol-3) triple bond to the double bond in the production
of aromatic substances [41]. Such dispersions have narrow size distribution
and are stable (the colloidal particles are not release from the gel, when the
pH changes from 2 to 13). The catalyst is easily separated from the reaction
medium by usual decantation and keeps its activity under repeated use. The
nanoparticle sizes do not affect the rate of linear olefin hydration; the cy-
clohexene hydrogenation rate decreases with increase of the catalyst particle
size [42] (Table 12.2).

In recent years novel approaches have been developed for the dispersion
of noble metal nanoparticles into polymer matrices, forming so-called near-
monodisperse nanoparticles (see Chaps. 4–6). The catalysts on the basis of
the individual immobilized metal clusters (Sect. 5.2), usually the polymer
derivatives of Os3, Ir4, Ru4, Rh4, Rh6 clusters, have more definite and often
tailored structures [43,44]. Early studies [45] demonstrated that the ethylene
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Table 12.2. Colloidal particle sizes Rh0 and their activity for olefin hydrogenation

System
Rh Parti-
cles Mean
Size, nm

Activity, (Mole

H2/g-atom Rh·c)
Hexene-1 Cyclohexene

RhCl3/PVA/CH3OH/H2O 4.0 15.2 3.1

RhCl3/polymethyl-
ester/CH3OH/H2O

4.3 22.5 9.6

RhCl3/PVPr/CH3OH/H2O 3.4 15.8 5.5

RhCl3/PVPr/C2H5OH 2.2 15.5 10.3

RhCl3/ PVPr/iso-C3H7OH 2.4 − 9.3

RhCl3/PVPr/-CH3OH/
NaOH

0.9 16.9 19.2

Conditions: 303 K, pressure – H2 0.1 MPa, [olefin] = 25 mmole; [Rh] = 0.01
mmole.

hydrogenation rate by tetrairidium (Table 12.3) and tetraruthenium clusters
(connected with phosphinated polymers) decreased with an increase of the
electrodonor phosphine ligand content into the ligand. That is a result of the
bond strength between the substrate (ethylene) and catalyst.

The hydrogenation is totally inhibited even in the presence of trace
amounts of CO (but with its removal the catalyst activity is resumed) which
points to the absence of coordination vacancies in the immobilized carbonyl

Table 12.3. The influence of the P/Ir ratio in clusters on the ethylene hydrogena-
tion rate

Catalyst P/Ir Ratio w × 103

(Mole of
C2H4/g-atom
Ir·c)

Poly-PPh2Ir4(CO)11 4.54 21.3

Poly-PPh2Ir4(CO)11 14.3 25.3

Poly-PPh2)2Ir4(CO)10 3.4 3.76

Poly-PPh2)2Ir4(CO)10 6.9 3.60

Conditions: Pressure of ethylene – 20 kPa, pressure
H2 – 80 kPa, 313 K; the sign “Poly” relates to polymer
(CSVDB).
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cluster centers. At the same time physical and chemical studies demonstrate
that the M–CO bonds do not split during catalysis and consequently the co-
ordination vacancies are formed for the L→M bonds breaking (most probably
the M–M bonds, such as Ru–Ru, Rh–Rh, Os–Os). It was proposed for unsat-
urated aminoacid hydrogenization (with Rh4(CO)12 or Rh6(CO)16 clusters)
that a catalytic activity was revealed by the monomer HRh(CO)2L particles,
formed as a result of the oxidative addition of H2 and cluster segregation [46].
The mechanism for styrene hydrogenation by tetranuclear osmium clusters
was postulated, including cluster fragmentation, when a low concentration of
the highly active particles (with lower degree of nuclearity, even monomeric
particles) is observed, and these particles are the true catalysts of the re-
action [47]. The different variants of the immobilization were studied for
various cluster types including hybrid, multiligand or heterometallic clusters.
For example, heterometallic RhOs3-clusters in a phosphinated matrix (an
initial H2RhOs3(AcAc)(CO)10 cluster) in the model butene-1 hydrogenation
and isomerization reactions were segregated. They formed polymer-connected
three-osmium clusters (responsible for the stable activity under isomeriza-
tion) and metallic rhodium particles 1.0 nm in diameter, active in butene-1
hydrogenation [48].

Methods were developed for production of such catalysts by copolymer-
ization of the proper cluster-containing monomers with traditional monomers
(Sect. 5.2) [43, 44]. The correct metal:functional group ratio in such systems
is achieved at the stage of formation of the catalyst. Therefore these catalysts
may have a high activity and selectivity, for example, the catalysts on the
base of vinylpyridine or allyldiphenyl copolymers with Rh6 or Os3 complexes
in the cyclohexene hydrogenation model reactions [44]. There are some other
interesting examples of the use of nanocatalysts. The traditional catalysts of
many processes (Agn/C, Pdn/C, Ptn/C) can be formed as polymer-bonded
nanoparticles, using the combined cryochemical methods (Chap. 6) for Ag,
Pd and Pt atoms with liquid polyesters or polydienes and “critical loading”
(when the metal concentration is higher than a ligand coordination ability)
and with a following application of carbon powder. The same catalysts are
based on platinum or other metal nanoparticles incorporated into the various
carbon-glass matrices [49].

There is interest in catalysts based on organic–inorganic hybrid materials
with catalytically active metal particles, intercalated into a material oxide
lattice. Such highly dispersed heterogeneous catalysts and their applications
are reviewed in [50]. The three-stage mechanism of their formation into a
SiO2 lattice through substituted alkoxysilanes is given in Scheme 12.1.

It is beyond reasons to wait for a change of an action mechanism for
the cluster-based or nanosize catalysts, introduced into polymer or inorganic
matrix. Such systems show higher activity and selectivity in reactions of
ionic-coordination polymerization, hydrogenization, and oxidative transfor-
mations [18]. Their activity depends essentially on the nature of the polymer
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MOyO .(x + n)SiO2

+ NH3/H2O −ROH

M.(x + n)SiO2

Scheme 12.1

and the nanoparticle characteristics. Such catalysts most often are used as
powders, less common as solutions (suspensions), and sometimes as fibers or
films.

As a rule, diffusional limitations are not significant in nanocatalyzed re-
actions, because many organic compounds (substrates) can easily cross the
protective layer of the stabilizing polymer. These limitations are essential in
rare cases and can control the transport of reagents and products to the cat-
alytically active centers. At first glance this ability is a negative factor, but
in fact it can be of interest for improving the catalyst selectivity, because one
can provide a considerable difference in the various substrate diffusion to the
catalyst (i.e. increase its so-called substrate selectivity) using a proper poly-
meric stabilizer. The protective layer thickness can be comparable or even
greater than the nanoparticle sizes, as for example the thickness of a PVP
layer (adsorbed on palladium particles with sizes 2.0–2.5 nm) is from 1.9 to
7.8 nm, depending on the polymer molecular mass (6000–574 000) [51].

The transport of reagents through a polymer matrix is the limiting stage
of the hydration of olefins and dienes under the action of monodispersed Pd
nanoparticles, formed from a reduced copolymer, obtained by a metathe-
sis polymerization of metal-containing monomer of the type Pd[endo-2-
(cyclopentadienylmethyl)norborn-5-en] -η3- 1-phenylallyl (see Chap. 5) [52].
The coefficients of diffusion (D·1011, cm2·s−1), solubility (S·103, g·cm−3·at)
and permeability [p[[ = DS·1014 mole (mole Pd)−1·g·cm−1·s−1· at] for ethyl-
ene, propylene and 1,3-butadiene at room temperatures are equal to, respec-
tively: 9.1, 0.4 and 0.6; 0.28, 0.08 and 0.015; 0.25, 0.03 and 0.1. These values
explain the lower hydration rate of propylene as compared with ethylene.
At the same time catalyst exposure to a mixture of C4 gases increases the
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ethylene hydration rate by ∼4 times. This means that the transport char-
acteristics are changed in the polymer matrix. Probably, the inner voids are
opened, the mean path for gaseous reagents and product penetration be-
comes shorter and, as a result, the catalytic activity increases. The effect is
observed only for ethylene hydration and the propylene hydration rate re-
mains nearly the same. This shows that, apart from the transport properties,
many other characteristics play an important role (for example, the difference
between the adsorption coefficients of ethylene and propylene or the steric
effects of the Pd particle polymer environment). As a rule the ethylene hydra-
tion rate is 40% higher then for propylene. The conditions of the formation
of near-monodisperse 4 ± 0.6 Rh [53] and 2 ± 0.3 Ir(0)∼300 nanoclusters
were analyzed [54], as well as their influence on the hydrogen mass-transfer
limitations and the chemical-reaction rate-limiting region.

Hexene and cyclohexene hydrations are very useful models and were well
studied. For example, the dependence of the cyclohexene conversion to cyclo-
hexane on the nature of the reducing agent was studied for colloidal dispersed
Pd particles, obtained in block-copolymer PS-P4VPy [55]. The activity in-
creased as follows (the conversion degree is given in brackets, %): phenylhy-
drazine (0.2) <hydrazinehydrate (1.0)<without reducer (4.2)< (C2H5)3SiH
(10.8) < NaBH4 (28.3) < superhydride (32.7)<Pd (1%)/C (40.0). As in many
other processes, a synergic action was found for the bimetallic nanoparticles.
Thus the Pd/Au combinations in block-copolymer exhibit catalytic proper-
ties, depending on their composition:

Au/Pd (atoms) 1/6 1/5 1/4 1/3 1/2 Pd/C

Cyclohexene yield, % 55.5 71.3 65.7 68.7 39.4 40.0

The cyclohexene yields (%) for nanosize catalysts with Rh, Pd, Pt, as
well as for Pd/Pt (4:1), Rh/Pt (4:1) were equal to 26.4, 32.7, 60.7 and 55.5,
49.1% correspondingly.

Hydrophobic latex dispersions can adsorb Pt nanoparticles just at the
moment of their generation [56,57], forming a novel type of nanocatalyst, the
metal nanoparticles attached to the carrier nanoparticles. Various systems
for water dispersed latex were used: N-vinyl-2-pyrrolidone copolymer with
styrene (40/60), PVDC, PVAc, and vinylchloride copolymer with methyl-
metacrylate. The large particles were formed under slow reduction, the con-
siderably bigger ones – at the H2PtCl6 boiling in the ethanol : water = 1:1
(vol.) mixture, but under a KBH4 action (i.e. at a fast reduction) only the
small particles were formed. Their catalytic activity depended on the latex
type and the (polymer:platinum) mass ratio (Table 12.4). As a rule, the values
of the ratio rise in the series 10:1, 25:1 and 50:1 and lead to a drastic increase
of the catalytic activity.



12.2 Hydrogenization Processes 525

Table 12.4. Cyclohexene hydration on Pt and Pd nanocatalysts, immobilized in
polymers

Polymer Reduction
1 – in Boiling
Ethanol
2 – KBH4

Pt, nm Cyclo-
Hexane,
%

Pd, nm Cyclo-
Hexane,
%

PVP
(mol. mass 360 000)

1
2

2.7
1.5

73.0
70.8

1.5
5.5

98.6
80.2

Poly(2-ethyl-2-
oxazoline)
(mol. mass 200 000)

1
2

2.6
1.7

55.8
56.0

2.4
2.0

90.8
77.2

Poly(1-
vinylpyrrolidone-co-
vinylacetate) (60/40)

1
2

2.2
1.9

61.7
61.3

3.0
3.7

97.1
84.2

PVDC 1
2

1.8
2.2

22.4
23.6

5.0
1.0

2.3
3.2

Poly(methacryl-
amidopropyl)trimethyl-
ammoniumchloride

1
2

1.4
2.1

22.7
25.4

5.0
1.2

2.4
7.7

Notes: reaction conditions – 10 mL methanol; 0.05 mL cyclohexene; PHPP 2 =
0.07 MPa; room temperature; reaction time – 30 min; 0.09 % (mass) Pd or
0.16 % (mass) Pt to cyclohexene content.

Particle accumulation takes place (an adsorption from the solution) along
with nanoparticle immobilization on latex (the immobilization is assisted by
the lower hydrophobicity of the latex and a low reduction rate). This leads
to an agglomeration (particularly in catalytic processes) and this factor can
considerably decrease the activity. To prevent this effect, the latex–metallic
particles can be stabilized by introduction of a protective polymer, using sol-
uble nonionic homopolymer PVP, polystyrenesulfonic acid or cationic poly-
electrolyte – (PVDC). In such variants the nanoparticles remain stable over
several weeks or even months. The protective polymer creates a specific en-
vironment around the active center (electrostatic, hydrophobic or steric, see
Chap. 3) that can affect the catalyst activity and its selectivity.

Latexes (PS, PVAc, PVDC) similar in their hydrophobicity influence the
nanoparticle accumulation and immobilization processes differently [56]. The
strong interactions between cationic polyelectrolytes and anions, which are
[PtCl6]2− or [PdCl4]2− nanoparticle precursors [58], can also assist in the for-
mation of very small particles with a narrow size distribution under reduction
processes.
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Pt nanoparticles attached to styrene-divinylbenzene copolymer, modified
by iminodiacetic acid can be used for cycloolefin and cyclodiene hydrogena-
tion [59]. The catalyst production includes additional mechanochemical im-
mobilization of Al3+, Mg2+ or Na+ ions in swollen matrices with a subse-
quent treatment by a H2PtCl6 aqueous solution and consequent reduction
by LiBH4. The specific surface area of the catalysts was 16.2, 13.7 and 1.5
m2·g−1, correspondingly, and the mean size of particles was ∼2.6 nm. For an
optimal catalyst combination (Al/Pt) the initial rates of cyclohexene, cyclo-
heptene and cyclooctene hydrogenation (under correlated conditions) were
0.615, 0.982 and 0.260 mL H2·min−1, correspondingly.

The described nanocatalysts can very effectively hydrogenizate not only
the double bonds but the triple bonds and the conjugated double bond sys-
tems as well. The selective partial hydration of alkynes and dienes is a po-
tentially promising field of metallopolymer nanocomposites. The industrial
processes of this type include selective synthesis of alkenes and dienes from
alkynes in flow [60], partial hydrogenization of benzene [61], cyclopentadi-
ene, isoprene and butadiene [62]. The selectivity has a special role in such
reactions that proceed at low temperatures and pressures, as well as under
limited mass transfer conditions.

Pt-bimetallic catalysts can selectively hydrogenizate cyclooctadiene
(COD), whereas the reaction rate is proportional to the catalyst surface and
increases in the series of additionally introduced metals as Na < Mg < Al
(0.057, 0.404 and 0.543 mL H2·min−1, correspondingly). Pd/Pt nanoparticles
stabilized by polymers (usually PVP) are used [63–66] with maximal activ-
ity (1.4 times greater than monometallic catalyst activity) at atomic ratio
Pd/Pt = 4:1 (Fig. 12.2) and the optimal mean diameter of particles equals
1.4 nm. It was shown experimentally that an alloy with the same ratio as
Pd/Pt is characterized by a large negative value of formation enthalpy (there
arises a very unusual cluster with a nucleus of 13 Pt atoms and an envelope of
42 Pd atoms). The protective function of H2 in such alloy formation is based
on an ability to be adsorbed and decomposed at these noble metal atoms [67].
The selectivity degree of 1,3-cis-COD hydrogenation to cyclooctene achieves
99%.

A similar situation is observed for mono- and bimetallic Pd/Au colloids
(stabilized by styrene block-copolymer with 4-vinylpyridine) for the selec-
tive hydrogenation of 1,3-cyclohexadiene and 1,3-COD [55]. For the sub-
strate/catalyst ratio = 500:1, 100% conversion of 1,3-COD to cyclooctadiene
is achieved, i.e. the selectivity is greater than for the conventional catalyst
Pd/C (the conversion degree is 97.3%). The selective hydrogenation of 1,3-
cyclohexadiene is a more complicated process, because the reaction has an
additional route and the substrate is disproportioned to cyclohexene and
benzene. The main factor of selectivity is the substrate/catalyst ratio. These
reaction rates must depend on the steric surroundings of the active center,
because the hydrogenation reaction is preceded by a coordination activation
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Fig. 12.2. Initial rate (w) of 1,3-cyclooctadiene (25 mmole) hydration at 303 K
as a function of polymer-immobilized Pd/Pt-bimetallic cluster composition (0.01
mmole), prepared in an N2 atmosphere

of the substrate and H2 molecules. It is necessary for the disproportiona-
tion to have a few big coordination vacancies (near the active center) and
to coordinate and activate two considerably bulky substrate molecules. The
difference in selectivity was found to be small (from 28.6 to 41.5% of ben-
zene) which can be interpreted as a similarity of the nature of the active
centers in both the considered catalysts and Pd/C. The highest selectivity
(only 11.5% of benzene) was obtained with the catalyst on the base of the
Au/Pd (1:5) nanoparticles applied on Al2O3. It proves the need to create
proper steric surroundings of the active centers for their selectivity rise. The
considerable rise of the bimetallic Pd/Rh nanocluster activity, as compared
with monometallic catalysts, was registered for cis-cyclopenta-1,3-diene hy-
drogenation to cyclopentene [68]. New opportunities for heterogeneous catal-
ysis processes on the nanoscale bimetallic system Pt–M (where M is a 4d
transition metal) arose due to X-ray synchrotron radiation techniques and
theoretical studies [69].

The influence of the polymer matrix on the selectivity of acenaphthylene
hydrogenization by polymer-stabilized palladium (obtained by Pd vapor de-
position onto cooled polymeric matrices; particle size is 3.2 ± 1.3 nm) was
demonstrated in [70]. The substrate contains an activated olefinic acid and
has unsaturated aromatic double bonds that are hydrogenated successively
(Scheme 12.2).

The process with this catalyst is completed during 15 minutes, while with
a conventional catalyst (palladium black) it runs in no less than 5 hours
(Fig. 12.3). One other advantage is that the protective polymer envelope pre-
vented catalyst poisoning by the potential catalyst poisons (such as diben-
zothiophen).
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Fig. 12.3. Hydrogen consumption as a function of time for hydration of acenaph-
thylene (20 mmole) by 0.31 mmole polymer-stabilized Pd colloid (1 ) and Pd/C (2 )
(50 ml methylcyclohexane; 298 K; 0.1 MPa H2)

The protective envelope of PS where the Pt nanoparticles (mean sizes
7 nm) are introduced, does not prevent an effective reduction of methylvi-
ologen (dimethyl-4,4′–bipyridine), which is a (MV2+)-acceptor of electrons
in photocatalytic systems. The reduction is carried out by molecular hydro-
gen [71] by the Scheme 12.3:

2MV2+ + H2 → 2MV+ + 2H+

Scheme 12.3

In recent years, so-called “intelligent” materials have attracted great at-
tention. They can react to the various external influences or factors (heat,
light, electrical field, pH, chemical action). The activity in nanocatalysis with
polymer-immobilized particles can be controlled by so-called temperature-
dependent ligands [72]. For example, Pt particles (1–5 nm, mean value
2.38 nm) in poly-N-isopropylacrylamide (PiPA) with average molecular mass
∼6000) exhibit temperature-dependent properties in allyl alcohol hydroge-
nization to 1-propanol [73]. As long as the PVP-stabilized nanoparticles are
not deposited from water at low temperatures without electrolyte [74], the



12.2 Hydrogenization Processes 529

temperature dependence of the hydrogenation rate is Arrhenius. The situa-
tion for PiPA is more complicated. When either a solution of initial PiPA
or a solution of Pt nanoparticles stabilized by this polymer are heated to a
temperature higher than the low critical solution temperature (LCST) (305
K), the homogeneous Pt dispersion is rejected from the solution (Fig. 12.4)
and the catalytic activity reduces by 30%.

Pt
Pt

Heating

Cooling

Substrate

Fig. 12.4. The main scheme of action of temperature-dependent catalysts

The effect is reversible, i.e. on cooling to 293 K the catalyst is again dis-
solving, its activity is restoring and allylic alcohol is hydrated faster at tem-
perature below LCST. Catalyst deactivation was not observed after these
temperature cycles. This means that the PiPA-protected Pt nanoparticles
also exhibit temperature-dependent solubility. The effects depend also on the
composition of solvent used for Pt2+ reduction (ethanol:water in ratio 9:1–
6:4), changing the conformation of the nanoparticle polymeric environment.

The catalytic activity of metallopolymeric nanocomposites can be very
high, thus the activity of Pd0/P4VPy in allylic alcohol hydration is one or-
der of magnitude greater than the platinum black activity [75]. The same
metallopolymers applied onto a previously calcinated (at 570 K) MgO are
even more active in the selective hydration of allyl and cinnamic alcohols,
crotonic and cinnamic aldehydes and isoprene (the hydration product is a
mixture of isomeric butenes). The isoprene hydration catalysis demonstrates
that addition of H2 to a conjugated bond system can proceed in both the
1,4- and 1,2-positions.

The bimetallic Pd/Ni catalysts obtained by joint reduction of metal
salts in glycol at 400 K and pH 9–11 (the alloyed particles have sizes 1.6–
2.0 nm [76]) can hydrogenize nitrobenzene to aniline under mild conditions.
The Pd/Ni clusters containing from 40 to 80% of Pd exhibit a higher activity
than Ni- and Pd-containing monometallic clusters. The highest activity (4.2
times greater than the Pd nanoparticle activity) was observed with an alloy
containing 60% of Pd (Fig. 12.5). The hydrogenation rates for the substituted
nitrocompounds under the action of a palladium-polymer catalyst (a graft
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Fig. 12.5. Hydrogenization rate dependence (TN – number of catalyst turning)
for nitrobenzene (4.7·102 mole·L−1, PHPP 2= 0.1 MPa) on Pd/Ni cluster composition
[1·10−2 (g-at)·L−1) in ethanol at 303 K

copolymer of PE and P4VP) are correlating with Hammett constants of their
substituents [77].

Let us analyze some specific characteristics of the described polymer-
immobilized nanocatalysts. As a rule, nitrogroup reduction to an aminogroup
runs with small rates, and benzene ring cannot be hydrated at all. Some-
times carbonyl group (benzaldehyde or acetophenone) reduction proceeds
with a high rate and does not stop at the stage of alcohol formation but
runs to the formation of aromatic hydrocarbons. At the same time, polymer-
protected bimetallic Pt/Co colloids exhibit high (up to 99.8%) selectivity in
cinnamic aldehyde to the proper alcohol. Some noble metal nanoparticles
with sizes 0.5–10 nm are very active and selective catalysts of nitrile hydrog-
enization [78].

Dehydrolinalool hydrogenation (DHL, 3,7-dimethyloctene-6-in-1-ol-3) is
an important industrial process, because the hydrogenation products are in-
termediates in the synthesis of vitamins A, E and K and fragrant substances
(linalool) for some aromatic substances. The catalysts based on palladium
nanoparticles obtained in block-copolymer micelles of PS-P4VPy allows one
to reach the selectivity 99.5% in triple bond hydrogenation to double cata-
lysts [41]. It is possible that in this case the selectivity change is connected
with modification of the metal surface by pyridinic units of the P4VPy
nucleus. If the second metal atoms are introduced into the nucleus and a
bimetallic nanoparticle is formed (Pd/Au, Pd/Pt, Pd/Zn), the electronic
structure and surface geometry of palladium, resulting in an additional in-
crease in selectivity up to 99.8%, are modified. Pt, Pd, Rh, Ir and Ru nanopar-
ticles, stabilized in polymers by a “coordination trapping” method [79, 80]
(Chap. 5) can reduce citronellal (3,7-dimethyl-6-octenal) to citronellol (3,7-
dimethyl-6-octen-1-ol) with selectivity up to 80–90%. The reaction rates and
their selectivities are practically stable during the many hydrogenization
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cycles. The thin-layered metallopolymer composites on the base of Pd par-
ticles (mean diameter ∼7 nm), obtained by cocondensation of p-xylylene
and Pd vapors (Chap. 5), can catalytically isomerize 3,4-dichlorobutene-1
into trans- and cis-1,4-dichlorobutene-2 [81]. Nanoparticle interaction can be
changed by changing the volume metal content in the nanocomposite which
leads to a change of the catalyzed reaction selectivity (the ratio of trans- and
cis-isomers).

The regioselectivity effect was most clearly observed in comparison of 10-
undecenoic or oleic acids by Pt and Pd nanoparticles, stabilized by nonionic
surface active substances (e.g., by PEO–monolaurate) or polymers [82, 83].
The nanoparticle hydrophobic surface is protected by hydrophobic laurate
chains and the polyethyleneglycol hydrophilic chains form an external layer.
Such polymeric micelles can not only stabilize the particles, but at the same
time they can give orientation to unsaturated fatty acids and control the
substrate orientation as a whole (Fig. 12.6).

H2

Clust

a b

Fig. 12.6. The supposed mechanisms of undecenoic acid hydrogenation in micellar
(a) and polymeric (b) systems

In the formed intermediates the substrate bond position defines the hy-
drogenation rate, because the molecule is oriented in the micelle walls in such
a way that the polar carboxyl group is placed in the micelle hydrophilic part,
while the hydrophobic part is amongst the hydrophobic laurate chains, form-
ing a nucleus. The hydration rates for the described acids decrease in the
series (undec-10-enoic > oleic > undec-2-enoic), showing that the terminal
double bond is placed most favorably for contact with the catalyst centers,
whereas the inner double bond has only limited access to the Pt nanoparti-
cles. The access of a substrate double bond is not limited for linear polymer
PVPy. Therefore the Pt colloids do not exhibit any regioselectivity.

Other interesting effects in nanocatalysis arise when metal ions are intro-
duced into a system too. For example, introducing Nd3+ ions in Pd nanopar-
ticles stabilized by a water-soluble polymer promotes the catalytical activity
in hydrogenization of acrylic acid, methylacrylate or allylamine [84]. The
mechanism of this effect is based on the substrate concentration due to the
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additional coordination interaction with neodium ions (this effect is similar
to substrate enrichment in biocatalysis).

Another interesting direction in nanocatalysis is to perform reactions
in supercritical CO2. Thus, olefin hydrogenation catalyzed by palladium
nanoparticles in a water-in-CO2 microemulsion is a very effective process [85,
86] and has wide promising in the conversion of a nitro group to an amine
group.

12.3 Nanocatalysis of Reactions, Traditionally Perfomed
with Homogeneous Metallocomplexes

Pharmaceuticals, agrochemicals, flavors and fragrances are the principal areas
that require the synthesis of optically pure chiral compounds [87]. Most of
them are still synthesized starting from the chiral pool or in their racemic
form, followed by resolution. Homogeneous asymmetric catalysis was used
dominantly in this field. Nevertheless, only few examples have been developed
to an industrial scale. The use of heterogenated polymer-supported catalysts
is reviewed in [88–91].

It is very likely that such polymer-protected nanoparticles should attach
novel features to enantioselective catalysis. The chiral complex was hetero-
genized in a PDMS film [92, 93], entrapment of metal complexes in silica
matrices by sol–gel methods [94]. Platinum sol and Pt/Al2O3 (well-known
enantioselective catalysts for hydrogenization processes [95]) are now studied
by this approach. The colloidal platinum stabilized by PVP and modified by
cinchonine is a very effective and selective catalyst of peruvic acid ethyl ether
enantioselective hydrogenization to lactic acid ethyl ether [96]. The cluster
[Pt15(CO)30]2+ attached to Sefadex is a good catalyst for selective reduction
by hydrogen of redox-active cofactors and proteins [97].

Impregnation of hyper-cross-linked PS solution of Pt(II) and its subse-
quent reduction by H2 leads to the formation of Pt nanoparticles with mean
diameter 1.3 nm. They are effective and selective catalysts of L-sorbose oxi-
dation to 2-keto-L-gulonic acid which serves as an intermediate in vitamin C
production (Scheme 12.4) [98].

Polymer-immobilized systems are very active in low-temperature CO ox-
idation processes [99, 100]. The substrates themselves can serve as reducing
agents. For example, cations (Ag, Cu, Rh, Ru, Pt and Ir) connected with
perfluoroethylensulfonic acid or with partially sulfated PS can oxidize CO,
NO, NH3, N2H4, C2H2 at 373–473 K, which is accompanied by the forma-
tion of colloidal particles with sizes 2.5–4.0 nm. Now the processes of CO
catalytical oxidation are being studied intensively, mainly for ecological and
environmental problems connected with their removal from waste and ex-
haust gases. Many results of these investigations are in patents. There is
information about the use of copper polymeric chelates and platinum metals
on the fluorinated polymer Nafion (the metal particles, formed after reducing
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by hydrogen, have sizes 2.5–4 nm) [101]. It is supposed that in such systems
the reaction of CO oxidation to CO2 is diffusion-limited.

The catalytic epoxidation of ene-compounds must be noted from the most
characteristic reactions of organic oxidation [102]. Metals (in particular, Au
and Pt) were used in an ultrafine colloidal state in the presence of protec-
tive reagents (synthetic polymers and artificial liposomes). Another example
is liquid-phase cyclohexene oxidation by organic peroxides under the action
of osmium carbonyl clusters, anchored into polymeric matrices. This process
runs with the preferential formation of unsaturated alcohol and the initial
structure and composition of Os3-clusters are not changed during the numer-
ous cycles [103].

Metal nanoparticles are widely used in several so-called “named” reac-
tions. For example, palladium nanoparticles in the well-known and important
Suzuki reaction [104] were obtained by metal salt reduction in the presence
of polymeric stabilizers, such as dendrimers of poly(amido-amine) with ter-
minal hydroxyl groups (Gn-OH, where Gn is the n-th generation), sodium
polystyrene-block -polyacrylate (PS-PANa) and PVP. Such nanostructurated
systems were used in catalytic reaction of cross-combination between phenyl-
boric (or 2-thiophenboric) acid and iodobenzene in aqueous medium at 373 K
during 24 hrs. The Suzuki reaction is a good test for the stability of nanoparti-
cles, which can be evaluated by palladium black formation during a catalytic
cycle. The metallopolymeric nanocatalysts were effective under these condi-
tions, though strong capsulation of the Pd nanoparticles into the dendrimers
decreased their catalytic activity. Probably, these two properties are mutu-
ally opposite, i.e. higher stability means lower catalytic activity, which can
be easily connected with strong nanoparticle capsulation into the substrate.

Interesting results were obtained for the Mannich reaction (aldol con-
densation of silyl enolates with imines) in a supercritical CO2-PEO sys-
tem [105] and many others. Let us describe a specific catalytic reaction,
the Heck reaction (vinylation of aryl halides), shown in Scheme 12.5 and
Table 12.5 [106,107].
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R X + R R
RR

Cat

Toluene, NBu3,
413 K, 3 days

Scheme 12.5

Table 12.5. Heck coupling reactions of aryl iodides, catalyzed by Pd-polymer
catalyst

Aryl Iodide Alkene t, h
Yield, %

trans cis

I

6 93 7

“ CN 6 51 48

“ COOCH3 2 90 10
I

H3C 4 89 11

“ CN 6 61 29

“ COOCH3 4 90 10

Reaction conditions: a molar ratio of 1:1.2:2.4 was used for the aryl iodide
(5 mmol.):alkene:base in 6ml DMF; T = 363 K; molar ratio Pd/ArI =
1:1000

The coupling between aryl iodides and bromides with olefins are mostly
catalysed by expensive palladium complexes in homogeneous solution in the
presence of phosphorus ligands, which are toxic and unrecoverable. The prob-
lem can be substantially solved by the use of a heterogeneous system made
up of supported palladium complexes, which are generally phosphine-free.
Pd nanoparticles, stabilized by PS-block -P4VPy, did not exhibit a consider-
able rise of the catalytic activity in this reaction, but were more stable than
homogeneous systems [108]. At the same time, the palladium metal colloids,
stabilized by the presence of the polymer or mineral supports, exhibited a
great stability and activity (even after 50 000 cycles) and in optimal variants
the product yield exceeded 90% per cycle [109].

The results given in Table 12.5 relate to the reactions with Pd-polymer
catalysts, obtained by copolymerization of Pd(2-(acetoacetoxy)ethylmethac-
rylate) with ethyl methacrylate and ethylene glycol dimethacrylate [110]. The
Pd nanoparticles, coated by an amorphous carbon envelope and obtained
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after ultrasonic radiation of the proper precursors, have similar catalytic
properties [112]. Recently dendrimer-encapsulated nanoparticles Pd were de-
scribed and shown to be versatile catalysts for both the hydrogenation of
styrene and Heck heterocoupling of iodobenzene and methacrylate in super-
critical CO2 [113]. Pd-modified zeolites are active and recyclable catalysts
for the Heck reaction of aryl bromides with olefins [114]. Polyacrylamides
with hydrophobic alkyl groups are effective handles for the recovery of a ho-
mogeneous catalyst and sequence of trace metals in the nonpolar phase of a
biphasic solvent mixture [115].

We do not analyze many dehydrogenization and desulfuration reactions
(including reactions in bimetallic catalytic systems), the Fischer–Tropsch syn-
thesis reactions, the electrophilic oxidation reactions, etc. In general, it must
be concluded that the most important organic synthesis processes, includ-
ing olefin acetoxylation, alcohol oxidation in mild conditions (for example,
the electro-oxidation of alcohols is described with modified electrodes, which
have been fabricated from polypyrrole films with incorporated monophos-
phinic ruthenium complexes [116]), can be effectively catalyzed by polynu-
clear, cluster and nano-sized metal particles being incorporated into a poly-
meric matrix [18]).

Particles of Cu, Fe, Ni/Cr, Al and other metals, arising as a result of the
erosion or wear of reactors, can play an important role in nanocatalysis. Such
particles can influence the oxidation stability of nanocomposites, especially
the active centers of catalytic oxidation [117].

12.4 Nanocatalysis in Polymerization Processes

In Chap. 10 the methods of fabrication of metallopolymeric nanocompos-
ites were analyzed for the catalytic or radical polymerization of the proper
monomers, when an initiating agent was chemically bonded or adsorbed on
the nanoparticle. This approach was advantageously realized in structurally
well-defined polymer-nanoparticle hybrids through integrating colloid and
nanoparticle synthesis with controlled/living radical polymerization [118].
The main scheme of the process was given in Chap. 10 (see Fig. 10.11).
All nanoparticles are coated by polymer, formed under atom transfer rad-
ical polymerization (ATRP), for which the special silica particles, with an
average diameter of 70 nm, surface-modified nanoparticles were then used as
macroinitiators for styrene ATRP [119,120].

TiCl3 (Chap. 4) and VCl3 submicrocrystals with particle sizes 70–100 nm,
encapsulated into polymeric matrices, are very effective catalysts of propy-
lene stereospecific polymerization [121]. Such particles can be produced in
different ways: coprecipitation on MCl3 polymers (M = Ti or V) in situ, re-
duction on polymer-chemiadsorbed MCl4, various methods of joint grinding
and dispergation of MCl3 crystals and polymers, including functionalized PS
and CSDVB, and anion exchange (in the form of NH+

4 -) or cation exchange
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(with carboxylic or sulfoacid groups) resins. MCl3 can be easily deposited on
polymeric surfaces (in particular, if the latter contain excessive electrons) and
the electron donors assist in the grinding of MCl3. In titanium-magnesium
metallopolymeric catalysts (heterosubmicrocrystals with sizes 40–75 nm) the
part of isolated ions Ti3+ (stabilized by TiCl3 or TiCl2 crystallites) and likely
responsible for the polymerization, achieves 50% from the heterogenized ti-
tanium content and the same samples exhibit maximal activity in ethylene
polymerization (550 kg PE/g of Ti·MPa·h) [122,123].

Catalysts based on zirconocene derivatives in combination with methy-
lalumoxane (MAO) have been used for the last 20 years. The use of bridged
zirconium bi(fluorenyl) complexes [Zr(C13H4C2H4C13H8)Cl2] in ethylene
polymerization allowed the achievement of a PE yield of 300 PE tons/g of
Zr·h [124]. Moreover use of this catalyst allows us to control the formation of
stereospecific polymers (e.g. propylene) and polymeric branching (both short
and long ones), as well as the generation of block-copolymers (for this pur-
pose so-called oscillating catalysts are used). This makes it possible to obtain
polyolefins having specific characteristics (for example, to produce materials,
such as LPELD – linear polyethylene of low density).

The main aim of catalyst immobilization on polymer carriers is not to
raise their activity (many of them are highly effective and stereospecific ones)
but to preserve the technological properties of these unstable and nonconven-
tional agents. Novel catalysts used in many cases for industrial applications
allow one to change the working temperature, substitute aromatic solvents
to aliphatic ones, simplify the technological processes of gaseous or suspen-
sion polymerization and regulate the polymer molecular mass, morphology
or other characteristics.

The highly effective nanocatalysts (metallocene/MAO) of olefin polymer-
ization were obtained using the supported-metallocene on zeolites [125] or
molecular sieves of MCM-41 type [126]. The activities are correlated with
the higher zeolite surface acidity [127]. There is a tendency to employ other
nanosized hybrid materials for these purposes, including directly in nanopar-
ticle form (e.g. see [39,40,128]), which can be fabricated using other catalysts
or cocatalysts. They can be produced from functionalized nanoparticles, such
as alumoxane p-hydroxybenzoate with macroligands strictly identical in di-
mensions [129]. On the other hand, inexpensive aluminum oxide nanoparticles
can be prepared by the reaction of the mineral boehmite with carboxylic acids
with size 10–100 nm [130] (Scheme 12.6).

Such a catalyst in combination with zirconocene has a high initial activ-
ity (about 3000 g PE mmole·Zr−1·hr−1) [129]. A unique approach is used
for forming nanosized Ti- and Zr-cenous catalysts, which is based on the
dendronized (first or second generations) of cyclopentadienylic rings use (as
the initial components) (Scheme 12.7) [131]. The catalytic properties of such
systems in combination with MAO and the molecular mass characteristics of
the obtained PE depend on the dendrimer generation degree.
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Another peculiarity of metallocomplex catalysis is the increase in nucle-
ation both at the stage of the formation of active centers and during the cat-
alyzed process. This effect is very widespread in metallopolymer systems [18]
and can be the reason for both their activation (for example, in hydrogeniza-
tion reactions) and deactivation (for example, in ionic-coordinate polymer-
ization). One of the substantial advantages of heterogenized complexes is the
possibility of non-destructive control of the process intermediates. This can
be illustrated by an example of hydrogenization reactions (see Sect. 12.2). An
intermediate can practically always be isolated (sometimes even during the
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catalyzed reaction). Thus, one can study the transition state of a metal and
find the correlation between the catalytic properties and its valence state,
dispersion, and surfacial ratio. Some examples are given below for polymer-
ization catalysis processes.

One of the best studied reactions in the field is the ethylene dimerization
into isomeric butylenes under the action of so-called “nickel” catalytic systems
(of type NiX2–AlRxCl3−x) characterized by high efficiency (the total product
yield achieves 3–5 kg/g of Ni). It is known that a homogeneous catalyst is
practically deactivated over 1–2 hours and, according to [132], this is a result
of the considerably great Ni0 (colloidal) particles formation, which are not
active in the reaction itself (Scheme 12.8):

Ni2+ + AlRxCl3−x → Ni+ + Ni0 → Ni0(colloidal)

Scheme 12.8

Part of the formed Ni0 in such heterogenized “nickel” catalysts is stabi-
lized and this prevents aggregation; another part is involved in a redox-cycle
by Scheme 12.9:
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Scheme 12.9
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The metamorphism of immobilized Ni2+ during ethylene dimerization
was confirmed by magnetic permeability measurements in strong magnetic
fields (up to 70 kOe) and at low temperature (4.2 K) [133, 134]. Under such
conditions the susceptibility of different spin states depends non-linearly on
the magnetic field strength and it allows one to get the distribution of the
nickel states over the magnetic moment values (Table 12.6).

Table 12.6. Ferromagnetic nickel content (%) in interaction of products of
polymer-immobilized ·Ni(CH3COO)2 (A∗) and Ni (napht)2 (B∗∗) with AlEtxCl3−x

and C2H4

System T , K

293 80 4.2

A + AlEt2Cl 0.55 1.2 6.3

A + AlEt2Cl + C2H4 0.18 0.37

B + AlEt2Cl 27 34 37.5

B + AlEt2Cl + C2H4 34 53

A + AlEtCl2 0.34 0.31 2.3

A + AlEtCl2 + C2H4 0.35 0.41 3.8

B + AlEtCl2 31.2 31.6 51.4

B + AlEtCl2 + C2H4 14.5 17.6 43.8

∗A – heterogenized system; ∗∗B – homogeneous system

Particles with size ∼1 nm (containing 10–30 Ni atoms) are formed, which
are not ferromagnetic (supermagnetic) but present polymer-immobilized
clusters with a ferromagnetic exchange. It is known [132] that the hybrid
nickel complexes active in the ethylene dimerization are formed from nickel
compounds of usual oxidation degree (+2) through a number of transfor-
mations with participation of organoaluminum cocatalysts (Scheme 12.9).
Regeneration of active centers is provided by involving the formed Ni0 in a
reduction-oxidation cycle. Their deactivation runs through the colloidal nickel
formation. So, prevention of the generation of nickel particles is an important
condition of the efficiency of such catalytic systems [133].

Polymer-immobilized cobalt catalysts are used for butadiene polymeriza-
tion. In the absence of a polymerizable monomer, a considerable part of Co2+

is reduced to a metallic state and at least 90% of all ferromagnetic cobalt is
concentrated in considerably coarse particles with sizes ∼10 nm [134]. At the
same time under diene polymerization by the “cobalt” systems the monomer
plays a substantial role in the formation of active centers. The cobalt quan-
titative content was analyzed in different magnetic states (ferro (Co0)-, dia
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(Co+)- and paramagnetic (Co2+) states) and it was shown that in interac-
tion of the CoCl2 macrocomplex with Al(C2H5)2Cl (in the absence of the
monomer, so-called system “aging”) half of the cobalt particles were ferro-
magnetic (and about 90% of it was concentrated in big particles, >10 nm)
and the other half were diamagnetic (Co+). In contrast to this system, only
6–8% of ferromagnetic cobalt is formed in the presence of isoprene and the
main part of it remains diamagnetic, which can be explained by the stabi-
lization of polymer-bonded Co+ due to inclusion into a polymerization-active
π-complex, which prevents the subsequent cobalt reduction. Probably, such a
nucleation rise is a characteristic feature of many homogeneous catalysts and
studies of this mechanism gives us a chance to control the catalyst activities.

12.5 Polymer-Protected Nanoparticles in Photocatalysis

In recent years success was achieved in the field of solar energy transfor-
mation into chemical energy and in modelling of molecular photocatalytic
systems. Colloidal nanoparticle solutions have very interesting characteris-
tics for photocatalysis, but their practical use is limited by the necessity to
remove the nanoparticles from the solution after the photocatalytic process.
Therefore use of thin nanoparticle layers on a carrier seems to be more promis-
ing. Mimicking the highly efficient energy transfer system is a subject to
be tackled towards the ultimate goal of establishing solar energy conversion
systems [135, 136]. Since only a small amount of nanoparticles are required
to photosensitize the matrix, the nanoparticles are isolated from each other
and are responsible for charge generation while the polymer is responsible
for charge transport [137]. As a catalyst of the reducing semireaction, no-
ble metal nanoparticles stabilized by polymers are often used, as well as iso-
and heteropolycompounds of Mo and W able to take part in multielectron
oxidative–reductive transformations. Such compounds are the analogue of the
reaction centers in hydrogenase ferments. Colloidal platinum particles with
sizes 1–2 nm in PVA, PAA, cellulose or other matrices are widely used for
such purposes. The particle sizes are extremely important. If the heavy Pt
particles are removed by a centrifugation (20 000 rev·min−1) after catalytic
reaction of hydrogen evolution, the remaining transparent solution contain-
ing about 20% of the initial platinum in very dispersed form becomes con-
siderably more active [138]. These dimensions of Pt particles are critical for
catalytic activity regardless of the nature of the protective colloid. Polymers
based on micelle-protected Pt-clusters with mean size 1–2 nm were obtained
by radical polymerization of unsaturated surfactants (such as sodium unde-
cenoate CH2=CH(CH2)8COO−Na+) and H2PtCl6 reduction by conventional
methods. These polymers are catalytically very active for hydrogen evolution
under the action of visible light in the system EDTA/[Ru(bpy)3]2+/[MV]2+

(electron donor, photocatalyst and electron acceptor, correspondingly), as
shown in Scheme 12.10 [139].
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It is important that a hydrophobic nucleus from such micelle-forming
monomers is formed and a hydrophylic layer is generated on the stabilized
nanoparticle surface, which assists in more effective charge division. The same
principle was used to develop novel type semiconductors (metal sulfide or
TiO2, AgI, Ag) with nanoparticle-polyurea composites, using reverse micellar
systems via diisocyanate polymerization [140], as well as RuS2 nanoparticles,
prepared in reverse micellar system onto thiol-modified PS [141]. They are
effective as photocatalysts for the generation of H2 from 2-propanol aqueous
solution. These catalysts can be prepared also in the form of nanoparticle-
containing transparent film by casting the solution onto a quartz sheet.

Charge separation and fabrication of effective photocatalysts were
achieved using semicoductive nanomaterials, obtained by sol–gel synthesis.
They present mainly TiO2 of three known structural modifications (rutile,
anatase and brookite). Anatase has the highest activity [142, 143]. The ad-
ditional introduction of transient metals ions (in particular, copper) at the
material-forming stage increases considerably the efficiency of the photocat-
alytic reactions [144, 145]. For example, the photocatalytic activity of TiO2

was remarkably enhanced (from 0.1 µmole·h−1 to 2.4 µmole·h−1) by the
addition of Cu ion in TiO2. The discharged H2 amount depends on the var-
ious irradiation conditions and is maximal under the full arc irradiation of
a Xe lamp [145] (Fig. 12.7). The approaches based on the immobilization of
metal-containing chlorophyll (M = Mg, Zn) derivatives into mesoporous silica
to construct an efficient energy transfer system between the chromophores
(Fig. 12.8) [146, 147] and upon irradiating (>420 nm) an indium tin ox-
ide electrode spin-coated with a mixture of TiO2 nanoparticles/PVK and
carotenoid [148], were elaborated. Photocatalytic systems were organized on
the basis of lipidic vesicles and semiconductor nanoparticles [149].

The high photocatalytic activity of the heteronanoparticles TiO2/SnO2

was established earlier [150]. Now the colloidal solutions of semiconductive
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Fig. 12.8. Molecular structure of chlorophyllous pigments (a) and schematic rep-
resentation of the energy transfer process in mesopores (b)

SnO2 particles (with mean diameter ∼3 nm) are produced commercially by
“Johnson Matthey”. Powder P25 (TiO2 with 80% of anatase and 20% of
rutile) is widely used in photocatalytic systems [151].

We do not analyze the series of other photochemical reactions catalyzed
by metallopolymer catalysts, such as unimolecular isomerization, quenching
of triplet or singlet states of other molecules through energy transfer, in-
tramolecular charge-transfer, charge separation in synthetic molecular dyads
and triads, photoinduced electron-transfer to solvent molecules, etc. A new
direction is being intensively developed based on the possibility of singlet
oxygen to oxidize alkenes, for example by polymer-immobilized clusters of
Mo6 [152] or platinum complexes incorporated in Nafion membrane [153].
In the last few years there has been a tremendous growth [154] in the
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utilization of semiconductors as catalysts in solar energy conversion, pho-
tochemical transformations of organic and inorganic compounds and pho-
todegradation of organic pollutants. Therefore, many photocatalytic sys-
tems based on TiO2 particles are being successfully used (TiO2/UV-process)
for waste cleaning (contaminated air, water, microorganisms contamina-
tion) [155].

Chapter 9 made accent on Mn polynuclear complexes as good models
of oxygen evolution in fermentative-type photocatalytic systems. The phys-
ical properties of semiconductor nanoparticles are dominated by quantum
confinement, and the widening HOMO–LUMO gap with decreasing particle
size, which directly affects the photophysics of the material. Photochemical
reaction induction is a very promising direction in the nanocatalysis field.

12.6 Metallopolymeric Nanocomposites in Catalysis

All the results presented above show that metal nanoparticles stabilized by
polymers exhibit peculiarities, allowing us to unite and merge them into a
new separate class of catalysts. In some systems they give the opportunity to
combine high selectivity and high rates of processes. In many cases a polymer
presents an inert stabilizer and works as a medium where many interactions
between the nanoparticle and matrix take place.

Metallopolymer nanocomposites are very active as a bridge between het-
erogeneous catalysis and its homogeneous counterpart. Rational catalyst
design can be proposed via templating polymeric nanostructured materi-
als [156]. The areas of science and technology that have significantly benefited
from advances in molecular recognition, separation or catalysis are very wide
and diversified. It is supposed that the target of mimicking enzyme cataly-
sis appears to be closer due to continued improvements in the synthesis of
nanostructured materials.

The field of investigations and applications is permanently widening. In
recent years some metal nanoparticles were used as catalysts in the produc-
tion of carbon nanotubes (for example, palladium impregnated on graphite
edges [157]) or together with nanotubes. Decomposition of ethane on nickel
nanoclusters allows us to form carbon nanotubes [158]. The catalytic synthe-
sis of nanotubes is carried out under mild conditions (T ≤ 920 K), and the
materials obtained had a relatively high surface area (100–200 m2·g−1), and
mean diameter nanotubes 40–60 nm.

It is interesting that such approaches are not always readily possible until
industrial process conditions are proved. Novel methods are possible as the
polymer–nanoparticles catalysis with the dendrimers provides supports for
recoverable catalysts [159].

Polymer-immobilized clusters and nanoparticles are intermediate objects
of both homogeneous and heterogeneous catalysis that gives us a chance to
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establish the connections in the successive chain of homogeneous, heteroge-
neous and fermentative nanocatalysis [18,20]. On one hand, the nanoparticles
can open a new stage of heterogeneous catalysis, but on the other hand, they
are near to heterogeneous catalysts for many indicators. For example, they
are obtained from usual soluble metal compounds due to a rise of nuclearity
and the polymer plays the role of macroligand and stereochemical surround-
ing, they can functionize under mild conditions, etc. The main features of
heterogeneous catalysts remains the same (the reactions run at an interface,
the substrate is activated by adsorption, the catalysts can be easily separated
from products and regenerated). In nanocatalysis conditions, a situation anal-
ogous to fermentative catalysis is easily modeled (the substrate enrichment,
the structural correspondence, the favorable orientation of reacting mole-
cules, and additional substrate activation due to multicenter catalysis). The
principal relations between these two types of catalysts are given in Scheme
12.11.

Homogeneous
catalysis

Heterogeneous
catalysis

Enzyme
catalysis

Catalysis by nanoparticles
stabilized with polymers

Scheme 12.11

It will be possible in the near future to form active centers for a given
reaction, to control the selectivity and activity of the reaction by changing the
cluster or nanoparticle nuclearity and/or the composition and to use proper
stabilized carriers. The nanocatalysis by metallopolymers is now a rapidly
developing field that give us a chance to create novel highly effective and
selective catalysts, as well as novel processes based on them.
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13 Conclusion

The main objective of this book was to demonstrate that studies of nano-
sized metal-containing particles in a polymeric matrix have become in recent
years a large and independent field of physics and chemistry of the ultradis-
persed substance state. This field can operate by its own widely used objects
(polynuclear, cluster and nanosized particles), has its own methodology and
specific methods of fabrication of hybrid polymer-inorganic nanocomposites.
The methods are based on combinations of inorganic, elementoorganic, col-
loidal, physical and bioorganic chemistry, etc. In other words, the science
of polymer-inorganic nanocomposites has achieved a high level of multidis-
ciplinarity and integration, and this fact on one hand enriches the science,
but on the other hand permanently demands the use of joint investigations
(chemistry, physics, biology, etc.) to solve the problems arising.

In this monograph much attention has been paid to the various possible
applications of the produced materials, from micro- (and even nanometal-
lurgy) and laser treatment of surfaces to material sciences and the solution
of specific catalytic problems. Practical needs will be the main driving force
of the new science and it demands the creation of a new class of investiga-
tion instrumentation for specific nanophase experiments (for example, the
scanning tunnel microscopes allow us to create nanosized tailored clusters on
crystal surfaces).

Another motivation for the intensive studies of nanoparticles arises from
the common nature of many processes running on nanoscales in both living
organisms and inorganic systems. Therefore, much attention is focused on the
so-called biomimetic approaches directed to the imitation modeling of organ-
ism various function and fabrication the novel biomaterial types (including
the processes, connected with biomineralization).

The main successful results in the field are connected with the develop-
ment of synthesis methods, which allow us to get stable nanosized particles in
a wide range of compositions, dimensions, concentrations and polymeric ma-
trices. On the other hand, the specifications of material usage must be always
be considered and accounted for. The high art of synthesis is the main tool of
successful design of the tailored nanocomposites. The search for new mate-
rials and catalysts remains a field of the chemist’s private intuition, because
until now we can’t predict the correct connections between the novel chemical
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substance composition and their properties. In recent years our knowledge
is considerably increasing and now we understand the general problems of
the growth of nanoparticles in the polymer matrix and their role in the very
complicated processes and characteristics of nanocomposites. Sometimes it is
possible even to control particles size and dispersion during formation.

Broadly speaking, the prediction of the characteristics of hybrid nanocom-
posites is a fundamental problem of the near future. At present only the main
mechanisms of particle stabilization by polymeric surfactants are known. The
strength and stiffness of protective layers, their surface conformation and the
methods of nanoparticle attachment to polymers are the main characteristics
of the considered stabilization effects. At least the qualitative level of investi-
gation has considerably increased in recent years. The atomic metal reaction
abilities to the polymer surfaces (i.e. to its functional groups) are now studied
intensively.

There are many other important theoretical problems, first connected
with the physical and chemical peculiarities of the generation and growth
of nanoparticles, as well as the influence of the polymer matrix composi-
tion and the special features of their structure (namely, fractal clusters and
fiber formation, specificity of the cluster–cluster aggregation, and percolation
processes). The investigations of conformational and dynamical properties of
macromolecules now have not only theoretical value, but are of practical in-
terest too, because they play a very important role near the interfaces (both
in composites and biological structures).

The most important and intensively developing field is nanocatalysis.
Metal colloid catalysts are very effective in many-electron processes because
they present unusual electron “basins” where the electrons can easily move
or escape from. Interesting studies relate to the interactions of clusters with
buckminsterfullerenes and their attachment to host microporous channels,
nanowires, dendrimer-templated nanocomposites.

The formation of nanoparticles under thermal transformation of the
metal-containing precursors (being introduced into a polymer matrix by dif-
ferent methods) is a very simple and convenient method of nanocomposite
production, though this method is not yet developed completely. Practical
applications initiated the development of sol–gel methods and the approach
of polymer intercalation into the interlayer space of the host lattices, includ-
ing the various methods of in situ assembling, and without question they will
be used and will develop in future. Special attention must be given to the
action of pore orientation and the influence of interlayer space on the forming
polymer crystallinity and stereoregularity (it is one of the fundamental prob-
lems of polymer and nanocomposite sciences in general). All these directions
form the general problem of the description of chemical transformation in
a systematic way. Now the main goal is to create well-based and informa-
tive models of the nature of nanostructured materials, because without such
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“intelligent” models we can’t interpret the wealth of experimental evidence
that is progressively increasing.

In the near future various methods will be developed to synthesize the
interpenetrating polymer-inorganic networks of “inorganic nets into carbo- or
heterogeneous-chain polymer nets” type and their structure will be studied in
detail. This problem is of great general scientific interest, but at the same time
it has considerable practical relevance (the applications problems probably
would be dominating ones). Therefore the connection between experiments
and technological tests must be well established. Great success is awaited in
the field of nanobiomaterials and molecular self-organizing systems (including
the above mentioned multilayer Langmuir–Blodgett films).

We had tried to present in this monograph a general survey of the mosaic
picture, now containing the newest methods of composite and hybrid material
synthesis, the continuous study of their characteristics and the widest range
of their possible applications in different fields.

Nanoscience is based on the theoretical and experimental possibilities of
direct material creation from atoms and molecules on the level of nanometric
dimensions, studies of their properties or structure and their various (often
very unusual) applications in the different fields of science and technology.
These characteristics often can’t be explained on the basis of classical physics,
but they are unique and in the near future one can expect the development
of novel materials with very high strength, coatings with specific properties,
etc. The design and construction of nanomaterials becomes a very important
problem for material science substances with special physical and chemical
characteristics, especially for aviation and cosmic techniques, when strength
and durability are the main parameters.

The usage of polymers (as the carriers of ultrafine metallic films or par-
ticles) to create coatings with specific characteristics is now widespread.
Nanostructuration has critical importance as an important material base in
the production of light and durable apparatus (for example, in aviation or
cosmic technologies), novel information media materials, nonlinear optical
active media, etc. In the foreseeable future such materials will be used in
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tribomaterials, environmental control devices, solar energy conversion cells,
targeted drug delivery systems, gene technology, electronic and optoelectronic
devices, avionics, computers, and so on.

The connections between chemistry, material science and biotechnology
(as well as with application aspects) are demonstrated in Fig 13.1.

Our future will be based on nanotechnologies, nanomaterials, nanodevices
and nanosystems, which will be the key components of the technical and
scientific progress of the millennium.
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Nanotechnology 3, 23, 480
Nanotubes 346, 350, 402
Nanowires 350, 351, 360, 384
Networks

cluster 305
inorganic 295
interpenetrating 295, 297, 500
organo-inorganic 297
polysiloxane 299, 471
sol-gel 308, 413
telechelate polymer 296

Nucleation
agents 195
cluster cluster aggregation 47
critical nucleus 28, 32
Dubrovsky’s 35
electrochemical 27
heterogeneous 27, 31, 34
homogeneous 27
Mezlak’s 35
model of 28
new phase of 8
quasi-chemical 41
Scillard Farkash 35, 41
Smolukhovsky’s 35

Zeldovich’s 35

Oligosalts 476, 477
Optoelectronics 486
Oxopolymers 278, 296

Particles
aubergine-like 148
deposition electrophoretic 263
electrochemical production 261
electron-dense 188
highly organized 308, 309
latex metallic 525
ligand-protected 9
liophobic colloidal 91
morphology 325
polymer-immobilized 468
size distribution 467
star-like 183
trimetallic 167

Percolation
(fractal) aggregates 156
threshold 51, 52, 475, 476, 479, 481

Perovskite 301, 303, 323
Phase separation 91, 300
Phenomena dimensional 3, 9
Photoconductivity 499
Pigments inorganic encapsulating 124
Plasmatrons 251
Plastic metallization 101, 124
Polyaniline intercalated 333
Polyelectrolyte complex 70, 96
Polymerization

ATRP 287, 288, 451, 465
controlled/living radical 535
coordination 328
electrochemical 335, 360, 479
emulsion 327, 328, 332, 345
gas-phase 328
grafting 118, 158
metathesis 87, 167, 295
oxidative 331, 332, 335, 348
photochemical 332
plasma in 249, 250
post-intercalation 331
radical suspension 471
redox-intercalation 332, 333, 342
ring opening 288, 330, 388
ship-in-the-bottle 327



Index 561

sol gel 306, 310, 326, 340

solution 328
Polymers

amphiphilic 81, 84

benzene plasma 252
chain loop conformation 78
comb-shaped branched 484

daughter chain 102
diffusion of macromolecules 74
hydrated shell 74

metal-containing 467
natural 65, 121, 160, 296
nonionic 97, 98

prevented catalyst poisoning 527
semiconducting 497
template 480

water-soluble 143, 340, 342, 399
Pore distribution 131

Porosity 99
Post-intercalation transformations

327
Process

energy transfer in mesopores 542

graphitization 179, 193
photocatalytic 540
solar energy conversion 540

Properties
electrical 473, 478
electrochemical 304

electroconductive 475
electrophysical 473, 476, 478
ferromagnetic 460

ion-conductive 340
magnetic 463, 467, 471
mechanical 327, 332, 436, 437, 442,

445, 451
metal-polymer adhesion 196

nonlinear 498
optical 303, 332, 459, 486
piezoelectric 483

semiconductive 486
superparamagnetic 464
tribotechnical 196

unusual temperature-dependent
144

Protective function of hydrogen 164,
526

Pyrolysis

cluster-containing diacetylene
olygomers 221

laser-induced 248

Quantum dots 9, 354, 492, 495
Quantum yield 499

Reaction
cyclohexene oxidation 533
dehydrolinalool hydrogenation 530
electrochemical 480
esterification 296
ethylene dimerization 538
exchange 465
Fischer Tropsch synthesis 535
Heck 533, 535
in supercritical CO2 191, 532, 535
L-sorbose oxidation 532
low-temperature CO oxidation 532
Mannich 533
solid-state 465
sonochemical 183
Suzuki 533
water gas shift 516

Recognition molecular 543
Rutile 292

Schiff bases 397
Sefadex 532
Semiconductors

n-type of 345, 360
nanocrystallites of 345
nanostructured 345
p-type of 331

Singlet oxygen alkenes 542
Sol-gel synthesis 279, 286, 288, 291,

292, 303, 308, 311, 336, 340, 378,
399

Sols liophobic 68, 69
Stabilizations

capabilities 70
heterosteric 91
steric 68, 69, 84, 91, 95

Steels multicomponent of M50 type
170

Stoke’s law 76
Structure

adsorption complex 79
bimetallic of nucleus shell 162
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brush type 332

chain 468, 473
closed-packed 479
core shell 326, 346, 382, 383, 388,

459, 465
cubane-type 382

cylindrical multidendrimer 151
delaminated 337
fractal-type chain 187

globular 473
guest-host 21
“hairy ball” 18, 88, 147

hectorite 323
hierarchical 338, 344
layered 322, 325, 341, 346, 351, 361,

473, 482
low dimensional 486

matrix 473
mesoporous 351
mica-type 322

modeling 45
molecular 305, 322

monoclinic 344
nanotube 327
percolation 475

pile 359
polynuclear 378
porous 155

semi-sandwich 246
sheet 329
smectite 322

staffilonuclear group 213
statistical 473
three-dimensional 296

xerogel 308
Superconducting transition

temperature 348
Supramolecular chemistry 9, 21
Surface

atoms 6–8, 12, 17
energy 10
energy at the polymer particle 158

fractal 298
host inner 323
metal concentration in polymer 518

nanoparticle-polymer interfacial
128

pressure 356

specific surface area 278, 356
Surface active substances 531
Surfactants 307, 308

alkane-oxyethylene nonionic 90
layered aggregates of surfactants 83
microstructures 81, 82
non-ionogenic 242
polymer 18, 552
self-assembly of 81

Susceptibility magnetic 465
Synthesis

cryochemical 141, 162, 191, 241
direct solid-phase 118
electrochemical 16
hydrothermal 327
ligand-controlled 18
peculiar mechanochemical 121
target-oriented 326
template 307, 402

Systems
bimetallic 382
biopolymer colloid particle 394
catalytic 389
cobalt 539
concentrated 105
cooperative 126
fermentative-type photocatalytic

543
intercalated 322
liophilic 66
metal-containing polymeric 471
nanostructured 350
optically active 487
organisms and inorganic 551
semiconductor-polymer 345
supramolecular 377
two-component inhomogeneous 473

Technique
colorimetric diagnostics 387
digital X-ray imaging 350
intercalation 328
inverse micelle 310
layer deposition 154
melt-blowing 471
‘naked’ atoms of 237, 361
photolysis 349
plating-out for polymer of 160
polymerization-hydrolysis 345
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radioactive tracers of 246
self-assembly of 16
sol-gel 279, 307
sorption 322
template 260
wire electric explosion 247

Temperature
Curie 460
dependent ligands 528
glass transition (TgTT ) 71, 100, 439
low critical solution (LCST) 430
melting 12
superconductive transition 483

Theory of “molecular solder” 91
Thermolysis

kinetic studies 185
m-carbodicarboxylic acid oligosalts

of 476
metal carbonyls of 173, 175, 480
metal-containing carboxylate of

466
post-heating products 194
post-thermolysis 193

rhodium carbonyl of 342
van der Waalse forces 346

Thickness
lamellae 338
layer of 326, 356

Transport of reagents through a
polymer matrix 523

TritonX-100 86, 242

Ultracentrifuging 83
Ultrasonic treatment 83

van der Waalse
forces 343, 410, 446
interactions 343

Vesicles 83–86, 541

Xerogels 278, 301, 333

Young’s modulus 431, 432

ZSM-5 515
Zwitterion 86
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